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Abstract

As high-k dielectrics are introduced into commercial Si CMOS (Complimentary
Metal Oxide Semiconductor) microelectronics, the 40 year channel/dielectric partnership
of Si/SiOq is ended and the door opened for silicon to be replaced as the active channel
material in MOSFETs (Metal Oxide Semiconductor Field Effect Transistor). Germanium
is a good candidate as it has higher bulk carrier mobilities than silicon. In addition, Si
and Ge form a thermodynamically stable SiGe alloy of any composition, allowing Ge to
be implemented as a thin layer on the surface of a standard Si substrate. This thesis is
a practical investigation on several aspects of Ge CMOS technology.

High-k dielectric Ge p-MOSFETs are electrically characterised. A large variation
in interface state densities is demonstrated to be responsible for a threshold voltage shift
and this is proportional to reciprocal peak mobility due to the Coulomb scattering of
carriers by charged states. A theoretical mobility is fitted to that measured at 4.2 K
and confirms that interface states are the main source of interface charged impurities.
The model demonstrates a reduction in the interface charged impurity density in p-
MOSFETSs that underwent a PMA (Post Metallisation Anneal) in hydrogen atmosphere
and that the anneal also reduces the RMS (Root Mean Square) dielectric/semiconductor
interface roughness, from an average of 0.60 nm to 0.48 nm.

High-k strained Ge p-MOSFETs are electrically characterised and have peak
mobilities at 300 K (470 cm? V=1 s71) and 4.2 K (1780 cm? V~! s71) far in excess of
those measured for the unstrained Ge p-MOSFETs (285 cm? V=1 s71, 785 cm? V~1 571
respectively). Strained Ge n-MOSFETSs perform significantly worse than standard Si n-
MOSFETS primarily due to a high source/drain resistance.

A 10 nm thick SiGe-Ol (On Insulator) layer with a Ge composition of 58% is
obtained from a 55 nm SiggsGeg 12 initial layer on 100 nm Si-Ol substrate via the
germanium condensation technique. For the first time, germanium is demonstrated to
diffuse through the BOX (Buried OXide) during Ge-condensation and into the underlying
Si substrate. An order of magnitude increase in the calculated ITOX (Internal Thermal
OXidation) rate of the BOX in the final stages of Ge-condensation is hypothesised to
be responsible for stopping this diffusion.
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Chapter 1

Introduction

1.1 CMOS Scaling

The exponentially increasing number of components in a single integrated circuit over
time was first recognised, and predicted to continue, over forty years ago [Moore, 1965].
This phenomenon is now known as Moore's law and is still accurate. It is a law of
economics more than anything else and the only way it can continue is through the
shrinking of each component in an integrated circuit, thereby allowing a more complex
circuit in the same area or an equally complex circuit in a smaller area. Either way, a
reduction in semiconductor surface real-estate per component means a cheaper cost per

component.

Logic circuits are predominantly complimentary metal-oxide-semiconductor (CMOS),
which comprises of two types MOSFETs (metal oxide semiconductor field effect tran-
sistor). Thus to scale the integrated circuit exponentially with time we must scale this
most basic component by a constant factor x (> 1) at a fixed time interval. Table 1.1

lists various MOSFET /CMOS parameters and their scaling behaviour with x. For the



Parameters Multiplicative

factor
Scaling assumpsions Device dimensions (toz, L, W, ;) %
Doping concentration (Ng, Ny) K
Voltage (V) 1
Derived device Electric field (Ecs¢) 1
parameters Capacitance (C' = efch) %
Current, drift (1) 1
Derived circuit Circuit delay time (= %) =
parameters Power dissipation = IV é
Power-delay (= CV?) 5
Circuit density (o< 7h) K2
Power density (= %) 1

Table 1.1: Scaling parameters in CMOS circuit design, where, according to Moore's law,
Kk = /2 and is applied every two years. Adapted from Taur and Ning [1998].

purposes of this introduction, the MOSFET can be thought of as a capacitor on a
semiconductor surface with a length L, width W, dielectric (called the gate dielectric)
thickness t,, of dielectric constant e. Each has ion-implanted dopants of concentration
N, or Ny to a depth of x;. When switched on a current I flows and a power supply
voltage V is required for operation. These scaling parameters are derived from constant
field scaling whereby the electric field E.;; at the semiconductor surface directly under
the gate, is kept constant to control so-called short channel effects [Taur and Ning,

1998].

According to table 1.1, not only does scaling allow a higher circuit density but also
increased circuit switching speed and lower power consumption per MOSFET. Specifi-
cally, Moore's law states that circuit density doubles every two years and hence k ~ /2
and is applied every twenty four months when a new generation of integrated circuits
is manufactured for the first time. Scaling MOSFETSs to the next generation means in-

creasing the dopant concentration and shrinking the dimensions; however, this becomes



less and less trivial with each subsequent iteration. So-called roadblocks appear, such
as the requirement of an impossibly shallow ion-implant and they require an innovative
step to overcome (halo-doping in this case). Historically, roadblocks have always been

overcome by applying new techniques to the same semiconductor material.

1.2 Silicon

Silicon has formed the basis of the semiconductor industry, almost since its birth, for

these primary reasons:

1. It is abundant on the earth’s surface.
2. It has a stable, naturally forming insulator: silicon dioxide, SiOs.

3. It has an appropriate band-gap of 1.12 eV.

These factors combine to provide cheap platforms (1) on which to manufacture
reliable (2 and 3) MOSFETSs. Not only is the gate dielectric formed by simply oxidising
the silicon surface but the gate contact is highly-doped poly-silicon. The source and
drain contacts can be formed by doping the silicon or depositing and then annealing a
metal to form a silicide. Thus a functional MOSFET can be almost entirely comprised
of silicon and little else; however, very recently new materials have had to be introduced
into these almost pure silicon structures due to a fundamental limitation. The silicon
dioxide dielectric has been scaled to such a small thickness that a large leakage current
flows through it due to quantum mechanical tunnelling of electrons from the channel.

This limitation is a very good example of a fundamental roadblock, as one of
the dimensions of the MOSFET reached a length comparable to a fundamental physical

process (the tunnelling length of an electron). A hafnium based compound is now used



in place of silicon dioxide as the gate dielectric, which has a greater dielectric constant
(often denoted k or K' — hence high-k dielectric) and hence offers the same capacitance
for a greater thickness, thus reducing quantum tunnelling to an acceptable level. This
allows scaling to continue but now the oxide thickness t,, is an equivalent thickness of
SiO5 and not a real physical dimension.

As silicon technology is scaled further, many more roadblocks will undoubtedly
appear and most will be solved by adapting the current material system. However, some
will inevitably require new materials and this could even mean replacing the silicon that

comprises the active channel region of the MOSFET.

1.3 Germanium

Germanium offers higher bulk carrier mobilities than silicon meaning a greater current
flow for less lateral applied electric field, which translates to a Ge MOSFET potentially
requiring less supply voltage and providing faster switching speeds than the equivalent
Si MOSFET. However, this slightly naive reasoning ignores the problems associated with

germanium:

1. It is not abundant on the earth’s surface.
2. It has no stable, naturally forming insulator.

3. It has a small band-gap of 0.66 eV.

Despite these problems, much interest has been shown in germanium recently,
with a dedicated symposium at EMRS 2006. The problems listed can, in principal, be
overcome by (1) using silicon as a platform for a thin germanium layer on which to

fabricate devices. Germanium is easily integrated with silicon as both are of group IV



in the periodic table and form a crystalline alloy of any Si/Ge composition. (2) SiOs
is no longer used as the gate dielectric in silicon MOSFETs and hence there is no
fundamental reason why the techniques developed to deposit an alternative dielectric
cannot be adapted to germanium. (3) germanium is likely to be introduced after the
geometry of MOSFETSs has changed to so-called thin body architecture and in these

structures, no extra leakage currents will occur due to a reduced band-gap.

1.4 Current Investigation

In general, current germanium research mainly focuses on fabricating standard Ge MOS-
FETs, which show an enhancement over the silicon equivalent. This requires a high
quality germanium starting platform and a reliable gate dielectric; along with other
technologies taken for granted in silicon processing: reliable ion-implantations, chemical
etches, metallisation, etc.

This thesis is a report on an experimental investigation of germanium MOSFETSs
and substrates — the focus is primarily on the former, with only chapter 6 containing
results regarding the latter. Specifically, the germanium condensation technique, which
is a promising method of obtaining germanium-on-insulator substrates. These will most
likely be the platform for future Ge MOSFETSs.

Germanium MOSFETSs with a high-k gate dielectric, fabricated on two different
types of germanium platforms, are investigated. One platform is a thick layer of ger-
manium on a silicon substrate, with the electrical properties of pure bulk germanium
(chapter 4). The other is a thin layer of germanium under compressive strain, which
alters the band structure of the semiconductor (chapter 5). The electrical character-
istics of the MOSFETs are investigated, with a particular focus on low temperature

measurements (down to 4.2 K).



A description of the practical techniques employed to physically and electrically
characterise semiconductor material and devices is given in chapter 3.

Chapter 2 introduces some important general aspects of MOSFETs: device op-
eration, carrier scattering and gate dielectrics. The chapter continues with a detailed
discussion of germanium, which covers: integration with silicon, band-structure and Ge
MOSFETSs.

We begin by briefly introducing some basic physics of semiconductors.



Chapter 2

Background to Germanium

MOSFETs

2.1 Fundamental Semiconductor Physics

This description of basic semiconductor physics summarises that given in the first few
chapters by Jaros [1989]. Treatment of a free electron in a bulk crystalline solid yields
a series of equally separated, closely spaced, discrete allowed energy levels — each
corresponding to a unique set of wave vectors k; . = Q%igw,z, where 7 are integers and

L is a unit distance in real-space. By analogy to a classical particle:

k2h?

Ej, = (2.1)

2m

where Ej is energy and m is mass. The density of states (number of electrons per

energy level per volume of material) is:

3
dN 1 2m\2 L
P:d—E:W(?) By (22)

Gaps are present in the continuum of allowed energy levels close to, and at, the
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Figure 2.1: The reduced representation of a semiconductor band-structure (a) with
Brillouin zones (dashed lines) and standard E-k dispersion curve (dotted line). The
Fermi-Dirac distribution function varying with temperature (b).

Brillouin zone boundaries (located at k = T, where a is the length of a unit cell) due

to interference of electrons interacting with the lattice. A reduced zone representation
of the band structure is graphed by translating each segment of the E-k curve in nth
Brillouin zone by an integer multiple of %’T into the first Brillouin zone. Bands are
numbered from lowest to highest by n and hence any allowed energy is identified by
two quantum numbers: n = 1,2,3... and —% < k < 2. A simplified reduced zone
representation is shown in figure 2.1(a) but for real solids they are not this simple when
all effects, such as crystal potential and symmetry, are considered.

We define the Fermi-energy Er, corresponding to the Fermi-wave vectors of
magnitude kr, as the top of the distribution of energy states filled by electrons at
T = 0. In a semiconductor this lies halfway between the valence band (the occupied

band with the greatest energy) and the conduction band (the unoccupied band of the

lowest energy). The valence band has no empty states at 7" = 0 and therefore electrons



are fixed and current unable to flow in the crystal.

At finite temperatures some electrons gain enough energy to occupy the con-
duction band, leaving behind empty states in the valence band (holes) that are treated
as carriers of unit positive charge. Electrons in the conduction band can move freely as
there are many available energy states and similarly, holes can move freely in the valence
band. The occupancy of the conduction band by electrons and valence band by holes is

obtained from the Fermi-Dirac distribution function (figure 2.1(b)):

Fop(E) = (exp (%) 4 1) B (2.3)

This is approximated to the classical Boltzmann form fg(E) (it is assumed that B, >>

kpT) and an integral performed over the density of states (equation 2.2) so that for

electrons:
o0
n= [ 15(E)(E)E (2.4)
E.q
This evaluates to
3
mikgT\ 2 Er —F
=2(—= — —g) 25
" (m? > eXp<l<:BT>eXp(kBT (25)
A similar integral for holes gives:
kT 2 E
mpkB 2 —Lp
=9 h — 2.6
p=2("0 ) e (1) 29)

The total density of carriers at a given temperature is given by the mass action

law:
kgT 3 -F
2 B * kN2 g
= =4 —= 2 — 2.7
n; =np (27Th2> (mzmy})2 exp <k‘BT> (2.7)
Where the effective mass of the carriers m* is obtained from:
-1
0*’E
* 2 k
m"=h ( 952 ) (2.8)
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Provided the E-k curve has a parabolic form, the effective mass of a carrier will
be a constant and, observing the form of equation 2.1, can be expressed as a fraction of
the electron mass in a vacuum. Band edges are normally approximated as parabolas for
this reason; however, as one moves away from the conduction band minima and valence
band maxima the deviation from parabolic form generally becomes larger. Consider
the carriers in a semiconductor with constant effective masses at finite temperature.
In a perfect semiconductor there should be no interactions of carriers with the lattice;
however, in practice there are many mechanisms by which a carrier can interact and
thus alter its momentum (discussed in section 2.4.2). The average time between these
interactions is called the mean free time ((7)).

If an electric field F is applied then carriers accelerate between the collisions.
We now define the momentum relaxation time ((7)) as the mean free time needed for
a carrier to undergo enough collisions to lose all of its momentum. The velocity gained

by the carrier between collisions, called the drift velocity, is (for an electron):

Vo= — <M) F (2.9)

me
Note that we use q as the electron charge throughout this thesis, except in section 2.4.2

where we use e for the sake of convention.

We define electron mobiliy as:

q ({Tx))
He = TZ (2.10)
Similarly for holes:
v, = upF (2.11)
From these the drift currents are:
JPrift — quenF (2.12)

10



Ty = qunpF (2.13)

In an intrinsic semiconductor, electron concentration n and hole concentration p
are exactly equal, as to excite an electron into the conduction band always leaves a hole
in the valence band. Carrier concentration can be biased in favour of electrons or holes
by introducing dopants into the semiconductor material. These either have one more
electron (donors) than the semiconductor causing an excess of free electrons (n-type)
or one fewer electron (acceptor) causing an excess of holes (p-type). We assume that
dopants are introduced into semiconductors in concentrations low enough so that the
band-structure of the semiconductor can be considered unaltered. Dopant levels are
created just above valence band (p-type) or just below the conduction band (n-type),
called shallow impurity levels.

At T' = 0 the Fermi-level Ef is located at the additional shallow energy level but
as the temperature increases the Fermi-level tends towards the centre of the band-gap
where it is found in the case of an intrinsic semiconductor. This mid-gap value is now
referred to as the intrinsic Fermi-level, F;. The position of the Fermi-level Er compared

to the intrinsic Fermi-level E; in a doped semiconductor is given by:

N
Ep — E; = kgThn (—D) (2.14)

L2

in the case of n-type material with donor doping density Np and

N
E; — Ep = kgThh <—A> (2.15)

n;
in the case of p-type material with acceptor doping density N4. We define n; as the
intrinsic carrier concentration, which decreases with decreasing temperature according to
equation 2.7. This is given for several semiconductors including germanium in figure 2.2.
The interface between a region of n-type and p-type semiconductor, where the

different Fermi-levels of the two regions align, is called a pn-junction. The spatially fixed

11



|018 -

10lﬁ- -

10% [~

102 I

] I 1 1 i 1 |
1
200 400 600 800 1000 1200 1400 %00 1800

T/K

Figure 2.2: The intrinsic carrier concentration n; as a function of temperature for several
common semiconductor materials, reproduced from Thurmond [1975].
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charges in the form of the donor and acceptor ions either side give rise to a potential
across the junction — called the built-in potential. The electric field present due to
the built-in potential causes a drift current across the junction without an external field
being applied. Another current (the diffusion current) arises due to diffusion of electrons
and holes down the respective concentration gradients. The total current across a pn-

junction (in 1 dimension) is therefore .J,, + .J, where:

. 4 d
J, = JDrift 4 gDiff _ quenF+an£ (2.16)
J, = JPrift 4 jDiff — F—qn, P 2.17
»=Jp +J,70 = qunp 1Dy (2.17)

Where the x direction is defined as from the n-type to p-type material, which is in
parallel to the applied field and measured current. In equilibrium the net hole and
electron currents must both be 0 (J,,J, = 0). This allows the Einstein diffusion

coefficients D,, and D), to be obtained as:

Dy = i D, = (2.18)

2.2 The Metal-Oxide-Semiconductor Capacitor

Before attempting to understand MOSFET operation, it is best to begin with the metal
oxide semiconductor (MOS) capacitor. Here we briefly introduce the MOS capacitor
and define the depletion, inversion and accumulation surface conditions. The description
given is after Taur and Ning [1998] but can be found in most applied solid state physics
text books.

A MOS capacitor consists of a metal layer (the gate) atop a dielectric (the gate
dielectric), which sits on a semiconductor surface the bulk of which can be doped n-

type (n-MOS capacitor) or p-type (p-MOS capacitor). A voltage applied to the gate

13



will result in a potential drop across the dielectric and a change in the potential at the

semiconductor surface.

Qs
CO{L‘

Vg = —Voz — s = — — s (2.19)

The potential across the dielectric V. is equal to the charge now present at the interface
Qs normalised by the capacitance of the dielectric C,,. Further into the semiconductor,
away from the semiconductor/dielectric interface, normal bulk potential is restored as the
bands tend to their unperturbed state. For convenience, we define 14 as the perturbation
of the intrinsic Fermi-level band potential at the surface relative to its bulk level. Note
that the perturbations of the conduction band, valence band and intrinsic Fermi-level
band are equal.

Before a voltage is applied to the gate, there will be some band bending at
the surface already — necessary to align the Fermi-levels of the metal gate and the
semiconductor. Therefore a voltage Vy, must be applied to the gate in order to negate
this effect and restore the semiconductor surface to a state of no band bending, known
as the flat band condition (figure 2.3). Flat-band voltage V; is also dependent on the
non-ideal properties of real dielectrics, such as trapped charge, and this will be discussed
later.

The majority of this thesis is concerned with p-MOSFETSs, which are based on a
n-type body, making the theory of n-MQOS capacitor operation more relevant and hence
the rest of this section is written in the context of n-MOS capacitors.

From the flat-band condition the semiconductor surface can be biased into de-
pletion or accumulation (figure 2.4). Accumulation occurs when the band bending is
downwards, giving rise to majority carriers at the surface (electrons) due to the con-
duction band tending towards the Fermi-level. Depletion occurs when band bending

is upwards reducing the number of majority carriers at the interface as the conduction

14



band energy increases. As the electron density decreases, a fixed positive charge is left
behind in the form of ionised donor nuclei and this is known as the depletion charge.
The band perturbation potential ¢ as a function depth from the semiconductor
surface z is approximated as a parabola with its vertex (the point where the bands are
back to the bulk potential) at z = W, where ¢(z = W,;) = 0. At the surface (z = 0)
the band perturbation potential must be equal to the surface potential 1(z = 0) = 1

and taking the inverse of this parabola gives the depletion layer width:

2€0€seVs
W= —— 2.20
= 20 (220

Where €, is the semiconductor relative permittivity and Np is the ionised donor density,
which is normally approximated to be the substrate doping density. The depletion charge
sheet density is approximated by the depletion layer width multiplied by the donor ion
density:

Qd = qNDWd Y, 2€0€seqNDws (221)

As the gate voltage is made increasingly more negative the depletion layer charge
and width increase accordingly. The valence band begins to approach the Fermi-level
and it becomes energetically favourable for holes to occupy the valence band at the
surface. The process of holes populating the valence band at the surface in the n-type
semiconductor is known as surface inversion. The thin sheet of charge comprised of
holes at the surface is referred to as the inversion layer.

As the gate voltage is made further negative, a point will be reached where
enough holes are present in the inversion layer to screen the semiconductor from any
further band bending. This is called the strong inversion condition (figure 2.5) and
any further applied gate voltage will generate more inversion charge, but not affect

the surface potential nor the bands further into the solid. A common definition of
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Figure 2.3: A n-MQOS capacitor with corresponding band diagram at the flat-band
condition with E., F,,, Er, F; denoting conduction band edge, valence band edge, Fermi-

level and intrinsic Fermi-level respectively.
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Figure 2.4: Accumulation (a) and depletion (b) conditions of a n-MOS capacitor.
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the condition for strong inversion is when the inversion charge density is equal to the
depletion charge density. This occurs when the surface potential is twice the bulk

potential:

— o4 — okBT | (ND
Vs = 20 = 2 - ln( ) (2.22)

n;

Ep—FE;
q

Where the bulk potential ¢, =
As the bands are no longer affected by a further negative increase in gate volt-
age, the depletion layer width and therefore depletion sheet charge density are fixed at

maximum values:

4degesckpT In (%)
= : 2.2
Wa 2Np (2.23)
N
Qam = \/4NDeoesekBTln ( D) (2.24)

2.3 The Metal-Oxide-Semiconductor-Field-Effect- Transistor

A MOSFET can be thought of as a modified MOS capacitor structure and hence its basic
operation can be understood from the MOS capacitor surface conditions already given
above. The description of MOSFET operation here does not consider the microscopic
behaviour of carriers in the MOSFET channel and follows the description given by Taur
and Ning [1998] to apply classical approximations in order to derive basic MOSFET
operation.

A standard semiconductor MOSFET consists of a MOS capacitor with a highly
doped source and drain region either side (figure 2.6), each with a respective metal
contact. These relatively simple devices can be p-channel (n-doped body with highly
p-doped source and drain) or n-channel (p-doped body with highly n-doped source and

drain). This is a grossly simplified description as MOSFET design has evolved over the
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Figure 2.5: A n-MOS capacitor at the strong inversion condition, where at the surface
bands are perturbed by s = 2¢;,. Any further increase in gate voltage results in more
inversion charge at the interface but no further band-bending.
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Figure 2.6: A p-MOSFET with key features labelled.

years to cope with higher levels of integration. One such modification of relevance is the
source/drain extensions. These are lightly doped extensions of the source/drain regions
to reduce dopant levels close to the channel region. This helps to control short channel
effects [Taur and Ning, 1998], which are not discussed here.

The highly doped source and drain regions act as reservoirs for carriers. The
p-doped drain is biased negatively for a p-channel MOSFET and the p-doped source
neutral. This means that if they are able, holes will flow from source to drain, attracted
by the negative bias. However, no holes can flow unless a sufficient number are generated
in an inversion layer at the channel surface by applying the appropriate gate voltage,
which will clearly be negative for a p-channel MOSFET. The band bending theory for a
MOS capacitor structure given previously can now be applied to a p-channel MOSFET

device. Throughout we assume that the voltage applied to the source contact V; is zero.

2.3.1 The On-State

A MOSFET is said to be turned on once the strong inversion condition (equation 2.22)
has been satisfied. Then mobile holes further populate the inversion layer with an
increasingly negative applied gate voltage, allowing current to be mediated by holes

from source to drain, referred to as the drain current I;. The gate voltage at which
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this criterion is met is called the threshold voltage V; and is given by substituting the
maximum depletion charge (equation 2.24) and )3 = 2¢;, condition into equation 2.19.
Here we use the flat-band voltage to provide a known surface potential and ignore the

non-ideal specifics of the gate stack.

V 46Oeseq]\[D ¢b

Vi =V —2¢p — C

(2.25)

As described above, the surface potential, and therefore the surface inversion
charge density, is strictly a function of position along the length of the channel x and
depth from the surface z. The MOSFET is assumed uniform across its width, which
means, in general, that only a detailed analysis of the charge distribution into the
semiconductor z and along the MOSFET channel z is required to formally describe the
MOSFET operation. However, the charge sheet approximation invokes the assumption
that the inversion charge is confined to a 2d sheet at the semiconductor surface and
any charge distribution into the depth of the semiconductor z is ignored. A second
assumption is that the surface potential 1, is equal all along the length of the channel.

The inversion charge 0, as a function along the length of channel is now given
by:

sz}(x) = _Cox(% - Vi— ‘/c(x)) (226)

Where V,(x) is the potential at the surface of the channel region.
This layer of inversion charge is made up of mobile holes in the valence band
and their velocity is related to the lateral electric field ' by mobility x which is assumed

to be a constant:

dVe
V= —pg (2.27)

Clearly if the number of mobile carriers and the velocity at which they traverse

the length of the channel are known then the drain current can be found by multiplying
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the two:
I; = —Cox,uW%(—Vg + Vi — V() (2.28)
This can be integrated along the channel length. At the source V.(z = 0) = 0 and at
the drain V.(x = L) = V};. Current must be conserved along the channel length in the
simplest case and thus all terms move outside of the integration, except the channel
potential.
1=, ((Vg, V- %ﬂ) (229)
This equation captures the basic on-state behaviour of a MOSFET, which starts at
Vy < Vi and provided 0 > V; >V, — V; the drain current increases linearly with gate

voltage. This is called the linear region:
W
Idlin = ,ufcox ((Vg - Vt)vd) (2.30)

Note that when V; <V, — V; < 0 pinch-off occurs — a portion of the channel
towards the drain contains no inversion charge. Any further increase in drain voltage
results in no increase in drain current but an increase in length of the highly resistive
inversion charge free region. The MOSFET is said to be in saturation and the drain

current, which is independent of drain voltage, is now given by:
1%
Lysat = M_Coz(v;; - W)z (231)
2L
Note that all electrical characterisation of MOSFET devices reported in this
thesis was performed at low drain bias (50 mV).
2.3.2 The Off-State and Leakage Currents
Subthreshold Slope

When the applied gate voltage is more positive than the threshold voltage (V, > V;) the

p-MOSFET is in the sub-threshold region where it is considered to be in the off-state.
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The drain current is now limited by the emission of carriers over the barrier at the drain

pn-junction to give:

2 R
I; = Mcoxy ((1 + Cdm) - 1> <—kBT> exp (Vg — Vi) (2.32)
L Coz q (1 + %ﬁ-“) kT

where the maximum depletion layer capacitance Cy,, can be approximated by:

Cigp ~o Ose (2.33)

The parameter S follows directly from this equation — the subthreshold slope
(or subthreshold swing), which is a measure of how quickly a device turns off, specifically

the change in gate voltage required to reduce the drain current by one decade:

S = <7d(10g1°(1d))>1 PPLEL) (1 + Cdm) (2.34)

dVg q Coz

Clearly, the lower the subthreshold slope, the faster the device is considered to switch off
with respect to applied gate voltage. Note that according to the equation, subthreshold
slope is dependent on temperature, depletion capacitance and little else; however, a
capacitance due to interface traps (discussed in section 3.1.7) is in parallel to depletion

capacitance and hence the subthreshold slope can be increased by these traps.

Leakage

Any current flowing through the device in the off-state is considered a leakage current
and is undesirable. There are many components that add to the off-state current and
that described by equation 2.32 is usually referred to as the subthreshold current. Gen-
erally this dominates in the immediate subthreshold region but once the current has
been diminished sufficiently by a gate voltage further above V4, it may be limited by

various other leakage current components (figure 2.7) which are described below.
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Figure 2.7: A MOSFET with leakage currents labelled.

A leakage current arises across the MOSFET drain pn-junction when an electron-
hole pair is generated in the region by an electron tunnelling from the valence band to
the conduction band (which leaves a hole in the valence band) [Chan et al., 1987]. In
a p-MOSFET the hole is attracted to the negative drain bias and the electron to the
neutral substrate. A carrier can tunnel from one band to the other by gaining enough
energy to do so from random thermal motion (indirect tunnelling) or tunnelling across
a pn-junction barrier with no change in energy required (direct tunnelling).

In general, indirect tunnelling has an associated activation energy and hence it

is expected to vary exponentially with temperature:

E
Lindirect o T26Xp (_ kBZ—’) (235)

A Richardson plot (In (%) vs T~1) can be used to obtain the activation energy
E, which should be equal to the semiconductor band-gap E, in the ideal case. How-
ever, energy states within the band-gap can reduce the activation energy. These deep
impurity levels can take the form of dislocations, impurities or interface states (at the
dielectric/semiconductor interface).

Direct tunnelling (band to band tunnelling or BTBT) currents generally only

occur when the pn-junction has a large potential difference across it so that the con-
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duction band on one side (the channel in a p-MOSFET) aligns with the valence band
on the other (drain). This can occur due to highly doped source/drain regions (which
is not relevant to this thesis) or arise with a large value of (V; — Vj) in the off-state,
which is known as gate induced drain leakage (GIDL) [Chan et al., 1987]. This leakage
current has been demonstrated to vary little with temperature [Rais et al., 1994]. Ge
MOSFETSs are expected to have increased leakage currents of the types described above
due to germanium’s smaller band-gap compared to silicon.

Gate leakage is also an important current occurring in both the on- and off-state.
Much like the junction leakage mechanisms described, carriers can quantum-tunnel di-
rectly through the gate if it is thin enough. It is this problem that has bought about the
introduction of high-k dielectrics, which are discussed in section 2.5.2. Carriers can also
travel through the gate material via its conduction and valence bands (which should be
at least 1 eV from the band edges of the semiconductor channel material to prevent
this) or through those energy states in the dielectric that lie near the semiconductor
conduction or valence band.

A well-designed, high-quality, relatively thick dielectric is therefore required to
prevent significant gate leakage current. In the presence of significant gate leakage in the
on-state it can be hard to assess MOSFET channel characteristics although corrections

can be applied [Zeitzoff et al., 2003].

2.4 Carriers in the MOSFET Inversion Layer

Having described MOSFET operation on the device level, where inversion charge was ap-
proximated as a 2d-sheet at the interface and carrier mobility was treated as a constant,
we now describe the carriers in the MOSFET channel without these approximations.

This is necessary to investigate the physics of such a carrier, which can be broken into
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two main parts: confinement at the gate dielectric interface and the scattering mecha-
nisms arising from this.

Good descriptions of carrier confinement in the MOSFET channel are given
by Jaros [1989] and Dobrovolsky and Litovchenko [1990]. The latter also describes
scattering processes in the channel, but a more definitive description of this is given
by Ando et al. [1982]. Although scattering in the MOSFET channel is a fairly specific
case, a knowledge of general scattering processes in bulk solids, for example that given

by Lundstrom [2000] and Butcher et al. [1986] may aid understanding.

2.4.1 Confinement

Both the confinement of carriers in the z direction (perpendicular to the channel) and
the freedom of the carriers in the plane of the channel are considered separately and the
respective allowed energy values calculated. These energies are then summed to give

the total allowed energy of a carrier in the inversion layer Er.
Er=FEp+ FE| + E” (2.36)

Where Ep is the energy of band edge associated with the carriers. E| is the confinement
contribution and E) is the energy of a free carrier in a 2d semiconductor:

h?
2m*

h2

By =

Note that this is in the general case of a 2d-semiconductor (analogous to the 3d-case,
equation 2.1) but the notation used is consistent with the inversion layer, where we are
interested in the component of k parallel to the channel: k. The density of states for

a 2d-semiconductor is given as:

1 1
dN 2m*\z E72 k) m*
= === - 2.
P2 = 4E < 12 ) 2 7 (2.38)
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In contrast to the bulk case (equation 2.2), the density of states in a 2d-semiconductor
does not depend on the carrier energy.

In a MOSFET, confinement is normal to the channel (z direction) and gives
allowed energy levels ¥, . An appropriate shape for the potential well can be selected
and the 1d-Schrodinger equation solved for a carrier in the well, in order to obtain the
energy eigenvalues. A simple approximation for the confining potential at the interface
is an infinitely deep triangular well. The assumption is that the potential decreases
linearly from the interface:

V(z) = —ezEeyf (2.39)

Where E.;; is the vertical effective field. Note that we use e as the electron charge
here, as opposed ¢ elsewhere.

We assume that the potential barrier at the gate dielectric/semiconductor inter-
face is infinite and hence the potential is infinite for z < 0. The linear approximation of

the bands allows the 1d-Schrodinger equation to be written:

2
( L +v<z>> ol2) = Bol2) (2.40)

_Qm*@

The solutions are Airy functions with Eigenvalues:

1 2

n? \?® 3meLerr (.3 3
E; = = 2.41
<2m*> (22 0+9)) (240)

Where i = 0,1,2.... Note that the Airy functions are only valid for large ¢ but can be

corrected for the three lowest values by substituting the values of (i + 2) for 0.7587,
1.7540 and 2.7575 for i = 0,1,2 respectively. This gives a series of discrete energy
levels (figure 2.8(a)), the separation of which increases with increasing vertical effective
field E.ry and decreasing carrier effective mass m*. Combining this with E using

equation 2.36 we obtain the energy as a function of k;, k, and i — a series of parabolas
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with their minima increasing with ¢ and all centred at k| = 0. These are known as
sub-bands and at 7" = 0 carriers will occupy the lowest sub-band, filling it to larger
values of energy until the minimum of the next sub-band has a lower value of energy
than the remaining states in the lowest sub-band. Both bands will then fill in tandem
until the third minimum is reached and so on. The density of states poy is constant
with energy in each band and therefore the density of states function is just a series of
steps (figure 2.8(b)), each increment marking the point where the next parabola begins
to fill.

The most basic treatment of scattering is discussed in the next subsection where
we confine all carriers into the lowest sub-band and ignore the higher energy states
(the electrical quantum limit). This greatly simplifies calculations as all carriers are
described by the same wave-function. In a MOSFET channel where high carrier densities
are present, this condition is generally satisfied by cooling to low temperatures where

typically the surface region is degenerate:
Er >> kT (2.42)

Clearly higher sub-bands will be occupied even at T' = 0 if the carrier density is

great enough, hence we must insist:
Ei—FEr>0 (2.43)
Also note that in the fully degenerate electrical quantum limit the inversion

charge sheet carrier density ns will relate directly to the Fermi-wave vector and Fermi-

energy. Integrating equation 2.38 with respect to energy and then rearranging:

h2
Ep=""n, (2.44)
m
and substituting kg for Ef:
kp = (2mn)? (2.45)
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Figure 2.8: The distribution of inversion charge in the lowest sub-band (Ej) from the
semiconductor/gate-dielectric interface, according to the Stern-Howard wave function
Co; along with energy levels of the lowest few sub-bands due to confinement (a). The
2d-density of states p increasing in steps as higher sub-bands become occupied (b).
Adapted from Jaros [1989] and Dobrovolsky and Litovchenko [1990] respectively.
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2.4.2 Scattering

The treatment of scattering here is adapted from that given by Horrell [2001], which is
a detailed derivation of the expressions obtained in Gold and Dolgopolov [1986]. The
latter is generally considered one of the better descriptions of scattering processes in the
MOSFET inversion layer.

To simplify the algebra during scattering calculations, the Stern-Howard wave

function is used in place of the i = 0 Airy function, given as:

1
b3\ 2 b
Co(2) = <5> Zexp <_Ez) (2.46)
Parameter b is chosen so that the energy per carrier is minimised:
1
48rm*e? \ 3 11
b= ——— Ng+ — > 2.47
< e ) (Va-+ g5me (2.47)

This is a self-consistent solution, where the triangular well is modified by the charge
enclosed.

The scattering rate of a particle from wave vector k to k’ is given by Fermi's
golden rule [Lundstrom, 2000]:

Pk, k) = (2%) |M(k,K')|* 6(Ex — By (2.48)

The delta function ensures that all transitions considered are elastic and M (k, k') is the
matrix element for the transition.

The scattering rate for a particle with wave-vector k is given by summing P (k, k')
over all k/. We are interested in the momentum or transport relaxation time 7, hence

each collision must be weighted by momentum change.

% = Z P(k,K')[1 — cos(bxx)] (2.49)
"

Where 0y is the angle between wave-vectors before and after the scattering event.
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Note that the relaxation time appearing in equation 2.10 is averaged over energy:

B (ETy)
(k) = (E) (2.50)

The averages of (1xE) and E are calculated by integrating over all values of E
in both cases; however, consider that scattering only ever occurs from an occupied state
to an unoccupied state. In the degenerate case we cannot assume an infinite number

of empty, nor filled states and hence we introduce a factor of frp(E)(1 — frp(E)) i
8

the integrals to account for this. It can be shown that frp(E)(1 — frp(E))

[Butcher et al., 1986], hence:

/°° TkEafFD
(n)) = % (2:51)
| =55

Clearly as T — 0 the differential of the Fermi-Dirac function tends to a delta spike and

all scattering takes place at an energy F = Er, so that:

(7)) = 7(EF) (2.52)

Not only can we often achieve a degenerate semiconductor surface in the electrical
quantum limit at low temperatures but also ensure that the majority of scattering occurs
at the Fermi-energy.

Treating equation 2.49 as an integral by assuming a parabolic band and substi-

tuting wave-vector for energy using the dispersion relation:

1 2 A |Mkk B k2 R2kK?
— =52 df K dk == $(Ohser )6 - 2.
Tk ho (2m)? / / ekk, 1= cos(Bhac) 2m* 2m* (253)

Where we introduce the dielectric screening function ey, which will be discussed later.
Also note that 2( =P is the number of states per unit area of k-space, introduced to

normalise the density of scattering events.
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This evaluates to:

1 27T A ‘Mkk ’
— = do Oxx 2.54
e N S EAE / 2, (1 oslhacl] (2549

To obtain the matrix transition element |Myy/| we need a scattering potential

V(r, z) and appropriate wave function :

o= \/izexp (ik.r) Col2) (2.55)

The scattering potential is dependent on specific scattering mechanism, which

are considered later. The matrix transition element is given as:

My = (i |V (r, 2)| k) = /gpi‘{/V(r, 2)prdrdz (2.56)

substituting equation 2.55 into equation 2.56 we obtain:

My = / —=exp (—tk.r) o(2)V (r, z)\/izexp (tk.r) (p(z)drdz (2.57)

If K = k + q then:

Mige = % / exp (—iq.r) C2(2)V (x, z)drdz (2.58)

Hence the matrix element My does not depend on the initial and final wave-vectors but
only on the difference between them q and we substitute the matrix transition element
for M. Provided momentum is conserved (figure 2.9), i.e. k = k:

2

* = k? + k'* — 2kK cos(by) = W =1 — cos(Oxx) (2.59)

q has been used to denote the electron charge in previous sections; however, to be
consistent with literature regarding scattering, we use it here to denote the magnitude

of q.
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Figure 2.9: The geometry of a scattering event from k to k’ through angle € in k-space,
reproduced from Horrell [2001].

Note that momentum is conserved in the case of surface roughness scattering

and Coulomb scattering. Differentiating equation 2.59 gives:

, 2
dg = kcos(%)d& = k1 - 4q—k2d«9 (2.60)

We now define the scattering function:
U2 = A|M,|? (2.61)

which must be defined for each scattering mechanism.

Substituting for M (k,k’) and 6 terms in equation 2.54 using equation 2.61;

equation 2.59 and equation 2.60 respectively:

1 1 2k g2 Uz
== adg_ % (2.62)
Tk 2rhEL Jo \/4kj2—q2 €

The dielectric function is given as:

=1+ Flg)[1 - Glq) (2.63)
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Where ¢, is the Thomas-Fermi screening wave-number:

* 2

m*e
=— 2.64
s 27reoeseh2 ( )

And where F(q) is the form factor to take account of the finite extension of the electron

wave function from the interface:

1 60:)3) 9q 3(]2 1 €
— (1 _— 1 —_ = _ = ox
2<+ese <+8b+8b2 5(1_—)

F(q) = o qe“G (2.65)
14 = 1+ =
(1+3) (1+3)
And where G(q) is the local field correction in Hubbard's approximation:
Glg)=—L (2.66)

(24> + k3)'

All that remains is to select an appropriate form of Uq2 for each scattering mech-
anism so that the relaxation time and hence carrier mobility can be obtained for each
scattering mechanism. As phonon scattering is ignored in this thesis, on the grounds
that phonons are frozen out at low temperatures, only Coulomb scattering and surface

roughness scattering are considered here.

Coulomb Scattering

For a fixed charge magnitude e very close to, or in, the inversion layer the scattering
potential will be proportional to €2 and the inverse of the distance r [Stern and Howard,
1967]:

e .

Not considered in detail here is screening, where the high density of carriers in
the inversion layer reduce the scattering potentials. Gold and Dolgopolov [1986] take

this into account and obtain:

Ui = nim [%621 Fi(q)? (2.68)



Where n;,, is the impurity charge sheet density and where F;(q) is a form factor:

1

Fi(q) = (1_'_7%)3

(2.69)

The maximum of the integral in equation 2.62 occurs at ¢ = 2kp and hence
substituting Uq2 for that given in equation 2.68 and assuming a single parabolic valence
band (constant effective mass), Coulomb scattering limited mobility is given as [Emeleus

et al., 1992]:

(2.70)

o = —1s (F(?kmu—aekm]+<2kF/qs>)2

am*Ern;m, F;(2kp)
Surface Roughness Scattering

The interface between semiconductor and dielectric can be modelled as a gaussian func-
tion with perturbation height A(r) and correlation length A. The perturbing potential
is proportional to the asperity height multiplied by the vertical effective field E.f; [Mat-
sumoto and Uemura, 1974]:

Vi(r,z) o< EcprA(r) (2.71)

Transforming this to k-space and considering screening [Gold and Dolgopolov, 1986]:

IN N 2 —o2A2

U? = nA*AN*q2E} (1+ D) exp( q4 (2.72)
S

This is at a maximum when gA = 2 due to the exponential term and noting that the

main contribution of the integral in equation 2.62 is still at ¢ = 2kp (corresponding

to # = 7 according to equation 2.60), we get maximum scattering at krA = 1, i.e.

where the Fermi-wave vector is equal to the inverse correlation length. In the T =0

approximation Emeleus et al. [1992] gives:

eh
m*A%k%Ep

2N, F,(2kp) ?

-2
- } [F(QkF)[l — G(2kp)| + 2kr/qs

nsr = 0.48

(2.73)
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2.5 MOS Dielectrics

Silicon can be oxidised to form SiOy with near perfect properties as a respective semi-
conductor/dielectric system for MOSFET applications. This is the result of years of
research and development, which has revealed many types of defects associated with
the material system. Here we introduce charged defects that affect device characteristics

and briefly discuss high-k dielectrics.

2.5.1 Trapped Charges

A good description of the various charges discussed here is given by Taur and Ning
[1998] and Schroder [2006] with the latter providing more detail. An extremely in-depth
discussion of almost every aspect of Si/SiO, MOS capacitors and MOSFETSs is given

by Nicollian and Brews [1982].

In general, non-mobile charges are present in the gate dielectric in three forms:
oxide fixed charge, oxide trapped charge and interface states. Comparing a device with
these charges to one without would give an apparent applied gate voltage difference

between the two:

Qox

Where Q. is the sum of all contributions to charge trapped in the oxide.

Therefore, a MOSFET with a dielectric containing oxide charge would have
parameters such as flat-band voltage and threshold voltage altered by an amount —AV,.
However, this most basic observation does not account for the interaction of trapped
charge with carriers in the channel and it is this interaction that defines the three oxide

charge types discussed below.
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Oxide Fixed Charge and Oxide Trapped Charge

Oxide trapped charge is present in the bulk of the dielectric, far enough from the channel
to have no interaction with carriers in the inversion layer. A comparison of devices with
and without oxide trapped charge would result in an observation of the gate voltage
shift described above, but no other effects. This charge is still problematic as devices
are usually designed to give, for example, a specific threshold voltage.

Oxide fixed charge is similar to oxide trapped charge except that its proximity to
the channel means that it can scatter carriers via the Coulomb scattering mechanism.
As a result, not only is a gate voltage shift observed but a reduction in carrier mobility

w also.

Interface States

Interface states are energy states distributed over the semiconductor band-gap, present
at the dielectric/semiconductor interface. The density of interface states is usually
denoted D;; with units cm™2 eV L. An electron will occupy any state below the Fermi-
level and as the semiconductor surface bands are biased from accumulation, through
depletion to strong inversion, the distribution of interface states sweeps the Fermi-level.
Hence, the electron occupancy of the interface states is a function of surface potential
and therefore applied gate voltage.

Depending on the nature of a state, when occupied by an electron it will either
be neutral or have unit negative charge and when unoccupied it will either be neutral
or have unit positive charge. We draw an analogy with dopants and define a state that
is neutral when unoccupied by an electron as acceptor-like and one that is neutral when
occupied by an electron as donor-like. Note that we discuss the occupancy of the state

purely with respect to electrons although one can think of the states in terms of hole
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occupancy also.

The accepted model for a silicon dioxide/silicon interface is that all states in the
bottom half of the band-gap (below mid-gap) are donor-like and all states in the top
half of the band-gap (above mid-gap) are acceptor-like, with the intrinsic Fermi-level
of silicon approximately marking the boundary between the two types of state. If the
bands are biased so that the intrinsic Fermi-level is aligned with the Fermi-level (the
mid-gap condition — met at V; = Vjid4ap) then all interface states will be neutral.
In the case of a p-MOSFET, if we bias the gate from this condition towards strong
inversion (Vg < Vinidgap) the donor-like states in the lower half of the band-gap empty
of electrons as they pass the Fermi-level and become positive (figure 2.10). Conversely,
if we bias towards flat-band condition (V; > V,i444p) then acceptor-like states gain an
electron and become negatively charged.

The number of charged interface states per unit area N;;(V) is the integral of

D;(Vy) from mid-gap to V:

Na(Vy) = [ DalVya, (275)

Unlike the static oxide charge types discussed above, the effect on device pa-
rameters is non-linear and depends on not only the number of interface states but also
the distribution over the band-gap. Charged interface states are a source of scattering
sites for carriers in the inversion layer due to their close proximity. With respect to V,,,4,
a larger gate voltage must be applied to obtain the same surface potential in a device
with a higher density of interface states. A very high density of interface states can
lead to Fermi-level pinning — where a maximum value of surface potential is reached
before the expected value at strong inversion of ¥s = 2¢;. Any further increase of
applied gate voltage is balanced by interface states gaining charge instead of population

of the inversion layer/increased surface band potential. Note that if the strong inversion
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Figure 2.10: The donor/acceptor model for interface states in a p-MOSFET for depletion
(a) and inversion (b) conditions. Adapted from Schroder [2006]
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condition is successfully reached, we do not expect more interface states to be occupied

as no further band bending occurs.

2.5.2 High-k Dielectrics

A good review of high-k dielectrics for application to silicon MOSFETs is given by
Robertson [2006], which we briefly summarise here. Note that in this thesis € with
an appropriate subscript is generally used to denote relative permittivity. The "k” in
"high-k dielectric” comes from an alternative notations of the relative permittivity K,
k or k.

According to table 1.1, the oxide thickness t,; is scaled in each generation of
MOSFET. After forty years of Moore's Law, this has led to a 1.2 nm thick silicon
dioxide gate dielectric at the 90 nm node. At this thickness, direct quantum tunnelling
of carriers through the oxide contribute significantly to the gate leakage current. This
current exponentially increases with decreasing oxide thickness and an oxide thickness
of 1.2 nm is the practical limit where more than 25% of circuit power is consumed by
gate leakage [Derbyshire, 2007].

The solution has long been known and requires the substitution of silicon dioxide
for a material with a greater dielectric constant, thereby allowing the same capacitance
to the channel with a thicker gate dielectric and hence reduced tunnelling of carriers
through the gate dielectric. One can see that if the relative permittivity of the dielectric
is increased, then the thickness can proportionally increase to give the same capacitance

per unit area.

Cp = 220 (2.76)

toac
It is normal to express the capacitance of a high-k dielectric as the equivalent

thickness of silicon dioxide offering the same gate capacitance. The slightly naive version
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is the equivalent oxide thickness tpor:

€5i02
€nk

ltEoT = thi (2.77)

Where €g;02 is the relative permittivity of silicon dioxide and tyy is the physical thickness
of the high-k dielectric with relative permittivity €. However, consider that one must
account for the fact that the inversion layer is not confined exactly at the interface, giving
rise to a capacitance contribution in series from the semiconductor at the surface. We
normalise this to an equivalent thickness of SiOs t,. so that it may be added directly to

the equivalent oxide thickness to give the capacitive equivalent thickness:

tcer = tgor + tse (2.78)

torT is the equivalent thickness of silicon dioxide one expects to directly calculate from
a measurement of the oxide capacitance C,, of a high-k gate dielectric MOSFET /MOS
capacitor.

Often the gate metal comprises of highly-doped poly-silicon, which can deplete
during normal MOSFET operation and adds another contribution to tcgp. Poly-Si de-
position on high-k dielectrics results in a poor interface between the two and leads to
Fermi-level pinning of the poly-Si. This results in a significant, unwanted threshold volt-
age shift of the MOSFET. In addition, the highly polarisable bonds in high-k dielectrics
resonate with charge in the poly-Si gate, giving rise to optical phonons that scatter
carriers in the channel. If a real metal gate is employed then this resonance does not

occur due to the higher charge sheet density at a metal surface ~ 10?° cm~2

compared
to ~ 10'® cm~2 for degenerately doped poly-Si. Note that all devices reported in this
thesis have a real metal contact as opposed to poly-Si and hence these effects should

not be present.
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IBM and Intel almost simultaneously announced hafnium-based high-k gate di-
electrics entering production at the 45 nm node in January 2007 [Singer, 2007]. A
hafnium compound was chosen because it has a dielectric constant large enough to
allow years of further scaling, is chemically stable in contact with silicon, is able to with-
stand the temperatures associated with silicon processing, acts as an insulator by having
band offsets > 1 eV with the silicon band edges, forms a good interface with silicon and
contains few electrically active defects. Note that the exact chemical formula of the gate
dielectric and the associated fabrication techniques are closely guarded industry secrets
but hafnium-oxide is well documented to fit these criteria, with a relative permittivity

of ~25 [Robertson, 2006].

2.6 Germanium

This section describes the physical and electrical properties of germanium and explains
why it is considered a potential replacement for silicon as the channel material in future

generations of MOSFET devices.

2.6.1 Substrates

Germanium substrates that are comparable to defect free silicon wafers are required in
order to demonstrate germanium MOSFETs that exceed the electrical performance of
their silicon counterparts. We begin by looking at crystalline layers made of a combina-

tion of silicon and germanium.

SiGe Heterostructures

Silicon and germanium are completely miscible — forming a stable alloy at any com-

positional fraction (1 — ) and x (0 < x < 1) respectively, usually written Si;_,Ge,.
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A large body of publications regarding the electrical and physical properties of these
alloy structures is available, including many reviews: for example that given by Schaffler

[1997], Fischetti and Laux [1996] and Paul [2004].

A Si/Ge alloy is obtained by growth of SiGe on a standard (100) silicon wafer,
either using Molecular Beam Epitaxy (MBE) or the more industry applicable chemical
vapour deposition (CVD). The former allows a far greater parameter space to be explored
in terms of temperature, growth rate and composition; the latter can mass produce
wafers, but growth parameters are not independent due to the reliance on a controlled

chemical reaction at the wafer surface, which depends on temperature, etc.

A bulk germanium crystal has a lattice constant of 5.61 A, compared to 5.43 A
of silicon and the lattice constant of Si;_,Ge, increases approximately linearly with z
between the extremes of x = 0 and x = 1. A SiGe layer lattice matched to the silicon
substrate on which it is grown will therefore be compressively strained in the plane of
the wafer — known as a biaxially strained pseudomorphic layer. As the layer thickness
increases, its strain energy will also increase, until it is energetically favourable for dis-
locations to form, which plastically relax the layer. These are called misfit dislocations
and reside along the interface between the SiGe and the Si substrate. A dislocation
cannot terminate in the bulk of a crystal and hence these are connected to the free top

surface of the SiGe layer by threading arms, which do not themselves relieve strain.

The higher the Ge fraction of a SiGe layer is, the greater its lattice mismatch
with the silicon substrate and hence the greater the strain energy for the given SiGe layer
thickness. This reduces the thickness at which misfit dislocations form — called the
critical thickness ¢.. This has been calculated as a function of z (figure 2.11) by consid-
ering the strain force driving a threading dislocation balanced with the force required for

it to glide [Matthews and Blakeslee, 1974]. As a pair of threading dislocations glide, the
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Figure 2.11: The critical thickness of a SiGe layer grown on bulk silicon (100) including
the metastable region, reproduced from Schaffler [1997].

misfit dislocation connecting them along the Si/SiGe interface increases in length, thus
further relaxing the SiGe layer. This particular derivation of ¢, assumes that thread-
ing dislocations are already present in the SiGe layer, for example nucleated by defects

during growth.

A larger value for the critical thickness is obtained by considering the activation
energy required to nucleate a pair of threading dislocation from the surface, which
ultimately reach the SiGe/Si interface and glide apart. Ensuring that the initial wafer
surface and growth chamber remain free of particles allows a layer free of threading
dislocations to be grown. A low growth temperature prevents threading dislocations

from nucleating at the surface during growth and hence a higher critical thickness can
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be obtained — called the metastable limit [People and Bean, 1985]. Any subsequent
anneals sufficiently high in temperature will nucleate a significant number of threading
dislocations and the layer will relax.

Although one can fabricate MOSFETs on pseudomorphic SiGe layers, they are
more widely used as a platform for a silicon layer on which MOSFETs are fabricated.
Allowing the SiGe to relax before the top Si layer is grown means that it will be biax-
ially tensile strained as it will lattice match to the underlying relaxed SiGe. Strain is
maintained in the top Si-layer by ensuring that it does not exceed its own associated
critical thickness [Samavedam et al., 1999]. The relaxed SiGe platform is often referred
to as a virtual substrate and ideally is completely relaxed with few threading disloca-
tions. Optimising virtual substrates to meet these requirements is the subject of much

research.

Bulk Germanium

Due to limited world supplies of germanium, it is uneconomic to mass produce pure
germanium substrates in the same vast quantities as silicon substrates. In addition,
despite germanium’s similarity to silicon, Ge substrates are far more difficult to handle,
mainly due to their higher density and decreased mechanical strength [Vanhellemont and
Simoen, 2007]. Combined with a lower melting temperature, these properties make the
successful fabrication of devices on a Ge-substrate difficult. Therefore, if germanium is to
become an industry acceptable semiconductor material, it will need to be implemented
as a thin layer on a silicon substrate. Fortunately, silicon and germanium integrate well
and this is certainly one reason for the renewed interest in germanium as an advanced
channel material as opposed to other high mobility semiconductors.

An obvious method of obtaining a bulk-like germanium layer is to simply grow
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germanium directly onto a silicon substrate and exceed the critical thickness by several
microns [Nayfeh et al., 2004]. This results in a fully relaxed germanium layer far thicker
than the vertical dimensions of a typical MOSFET and hence the device should behave
no differently than if it were fabricated on a pure germanium wafer. Indeed high-
performance Ge-devices have been demonstrated on substrates of this sort, for example
those reported by Zimmerman et al. [2006] and Neyfeh et al. [2005]. However, although
in the latter an effort is made to reduce the number of threading dislocations at the
surface, generally leakage current caused by these is a major problem, as demonstrated by
Nicholas et al. [2007b]. It is not entirely clear whether there is a significant contribution
from leakage currents due to the small band-gap of germanium or whether high leakage
is entirely due to high dislocation densities in the Ge layers. Threading density in the
active Ge layer can be reduced by the use of a virtual substrate and has the additional

advantage of allowing a strained Ge (s-Ge) layer [Nicholas et al., 2007a].

Germanium-on-Insulator

To enable MOSFET scaling into the deep sub-100 nm nodes, it is predicted that silicon-
on-insulator (SOI) substrates will replace bulk silicon substrates [Current et al., 2000].
These consist of a top silicon layer, with an insulating layer directly under this, typically
silicon dioxide and hence referred to as the buried oxide layer or BOX. This can range in
thickness from 10's of nm to 10's of um. The whole structure sits on a standard silicon
substrate.

It is ultra-thin SOI, where the top silicon layer is 10 nm—-50 nm thick, that enables
the greatest MOSFET performance advantage over those on bulk-Si. As the junction
depths of MOSFETs are scaled more shallow with each generation (see table 1.1),

it becomes more difficult to activate the source/drain dopants with an anneal whilst
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simultaneously preventing dopants from diffusing, resulting in an unwanted increase in
junction depth. The main advantage of ultra-thin SOI is that the junction depths are
automatically limited by the BOX (the resulting device is called a fully depleted SOI
MOSFET as there is no part of the channel material that is not depleted when the
device is turned on). The buried oxide also enables the potential implementation of a
second gate stack below the MOSFET channel giving twice the gate capacitance for no
increase in the MOSFET area. Thinner SOI top layers (5 nm=10 nm) will enable further
scaling to so-called thin body MOSFET architecture, which offer further enhancements.
SOl also has the advantage of better electrically isolating individual MOSFETs from
each other and the substrate, reducing leakage current.

In light of the above, germanium is particularly suited to this type of substrate

as it has the following issues:

e Dopants generally diffuse more in germanium than in silicon.
e Leakage currents are potentially greater due to germanium’s smaller band-gap.
e Germanium needs to be integrated onto a silicon-substrate.

e Germanium will be implemented (if at all) in the deep sub-100 nm regime where

thin-body architecture is required.

Germanium-on-insulator [Taraschi et al., 2004] can be obtained in two ways:
wafer bonding or the germanium condensation technique. The former involves oxidising
a standard silicon wafer and bonding this to a germanium layer grown on a silicon
substrate (the donor substrate). The bonding process itself involves applying pressure
to the wafers along with an anneal. Once bonding is complete, the large amount of
excess material above the germanium layer is removed by various etches and proprietary

techniques such as smart-cut [Bruel, 1995], which allow a smooth surface to be obtained.
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The smart-cut process involves the implantation of hydrogen ions just below the active
layer in the donor substrate. An anneal after bonding causes the HT ions to form Hs
gas bubbles, which break the wafer in the plane to leave only a very small amount of
material above the active layer. This enables a smooth surface to be obtained by a
selective chemical etch in addition to the donor-substrate being recovered for re-use,

hence thin on-insulator substrates can be obtained from a single starting substrate.

Silicon-on-insulator is routinely obtained via bonding and as a sequence of SiGe
layers is required on the donor substrate for selective chemical etching, the technique can,
in principle, be easily adapted to any top surface layer, including pure germanium that
could be strained or relaxed. Although thin SOI substrates are commercially available,
problems of applying the technique to other top layers, such as germanium, arise from
increased surface roughness and reduced thermal stability [Taraschi et al., 2004; Bedell

et al., 2006].

The germanium condensation technique side-steps these problems by using thin
SOl as a starting substrate, on which a low composition, relatively thick SiGe layer
is grown (figure 2.12). An oxidation is then performed, where oxygen preferentially
bonds to silicon rather than germanium to form SiO2 [Paine et al., 1991]. As silicon is
removed from the SiGe layer by an increasing thickness of oxide, germanium is rejected
at the oxidising interface into the substrate and the overall Ge composition of the SiGe
layer gradually increases. The raised temperature during oxidation allows germanium to
diffuse down towards the BOX while simultaneously silicon diffuses up to the oxidising
interface. One can stop the oxidation at any point to obtain a specific composition of
SiGe-on-insulator (SGOI), but after a sufficiently long oxidation all of the silicon will be
removed and the resulting substrate is pure germanium-on-insulator [Nakaharai et al.,

2003].
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Figure 2.12: The initial (a) and final (b) germanium condensation layers.

There is a large parameter space to explore with regards to the germanium
condensation technique: the initial layer thicknesses, the initial layer composition(s),
the final layer thicknesses, the final SiGe layer composition, the oxidation duration(s)

and oxidation temperature(s). These are related by the following equations:
tix; = tyxy = tim; (2.79)

Where t; and x; are the initial thickness and composition of the SiGe layer and the same
parameters with subscript f denote final parameters. We define the primed values for
convenience, which is the total thickness of all the initial semiconductor layers ¢, and

germanium composition normalised over this thickness z:

t; = tsor + teap + (2.80)
o) = w;,l (2.81)



Where in addition to the silicon-on-insulator thickness tgor, a thin silicon cap of thick-
ness t.qp is usually present. The total oxide thickness at the end of the Ge-condensation
process t,, is given by:

1
tox = 0.44 (t; - tf) (282)

Each single unit thickness of oxide consumes 0.44 unit thicknesses of silicon [Sze, 1985].
The oxidation time and temperature are related to the oxide thickness by the Deal-
Grove model [Deal and Grove, 1965], which can be used as an estimate of the oxidation

time/temperature required.

A 4B
tr = 5 [\ 1+ 7~ 1 (2.83)

Where 7 is the oxidation time % and B are the linear and parabolic rate constants of

the form Doexp(fk—%). Dy has a value of 7.8 x 105 ym hr=! and 665 x 10° ym hr—!
for the linear and parabolic constants respectively and E, has values of 2.01 eV and
1.21 eV respectively. Due to variation between different oxidation furnaces and the
small tolerance of the thicknesses required for the Ge-condensation process, it is not
normally practical to assume oxidation times will match that predicted by the Deal-
Grove model, although it can provide a useful initial estimate of the times required. The
oxide thickness is usually obtained by calibrating a furnace with a number of silicon test
samples.

Having related the initial and final state variables, we now look at the process
dynamics and associated design constraints. The most important of these is that the
oxidation temperature should not exceed the melting temperature of any of the layers,
which decreases with increasing germanium composition, as shown in figure 2.13. Any
oxidations performed should be at a temperature below the lower line in this figure (the

solidus line). An anneal temperature in the liquidus-solidus region results in inhomoge-
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Figure 2.13: The liquidus-solidus phase diagram for SiGe alloy, reproduced from Kasper
[1995].

neous layers and in the liquidus region results in large surface roughness [Usami et al.,

2003].

Dry-oxidation of Si/SiGe progresses more slowly than wet-oxidation due to water
catalysing the latter reaction and hence that the rate constants for dry oxidation are
lower. It is this slower oxidation rate that allows a sufficient supply of silicon to the
oxidising interface. Oxygen preferentially bonds with silicon rather than germanium to
form SiOy and hence germanium is rejected from the oxide into the semiconductor.
Note that Ge cannot occupy the oxide interstitially but only substitute a silicon atom
[Minke and Jackson, 2004] and hence if all oxygen bonds to silicon, germanium must be
rejected from the oxide. It has been demonstrated that performing a slow wet-oxidation,
by reducing oxygen concentration in the furnace atmosphere, allows germanium to be
rejected from the oxide in contrast to a normal wet-oxidation [LeGous et al., 1988]. Sim-

ilarly increasing the dry-oxidation rate by pressurising the oxidising atmosphere causes
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germanium to be incorporated into the oxide [Paine et al., 1991]. This supports the ar-
gument that it is the difference in oxidation rates between the wet- and dry-oxidations,
rather than a difference in the chemistry of the reactions, that results in germanium
incorporation /rejection into/from the oxide.

Once incorporated into an SiOy matrix the germanium will diffuse freely [Minke
and Jackson, 2004] and under certain conditions, segregate into Ge-islands [Nobutoshi
et al.,, 2007]. Germanium can be introduced to an SiOs matrix by ion implantation
[Nobutoshi et al., 2007] or oxidation of certain SiGe layer structures [Stoica and Sutter,
2006] including over-oxidation in the Ge-condensation process to consume all Ge and Si
into the oxide [Lai and Li, 2007].

One often overlooked oxidation process that occurs during Ge-condensation is
the internal thermal oxidation (ITOX) of the buried oxide. As well as reacting with
silicon at the top oxidising interface to form SiO2, oxygen will diffuse into the underlying
semiconductor material [Haas, 1960]. When oxidising an SOl wafer, oxygen will reach
the BOX interface, where it will react to form SiOy [Takahashi et al., 1994]. This
results in the BOX layer increasing in thickness and generally improves the quality of the
BOX/Si interface [Matsumura et al., 2003]. It is the investigation of this process on low
Ge composition SGOI wafers that lead to the invention of the germanium condensation
technique [Mizuno et al., 2002].

A model has been proposed [Nakashima et al., 1996] for ITOX on pure silicon-
on-insulator substrates, which considers the concentration gradient of oxygen through

the top thermal oxide and SOI layers giving the ITOX layer thickness Y:

(2.84)

2Dg;
Y = K'ln (L + sifkz )

tsor — 0.44t,, + (2Dg;/k2)
Where tgor is the initial SOI thickness L is the thickness of an initial oxide cap and
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is the thickness of oxide grown. K’ is a constant given by:

ki + 2k‘3) (DSZ‘/O.88]€2)

K/:(
k14 k3

(2.85)

and Dyg; is the diffusion coefficient of oxygen in silicon [Haas, 1960] with units of

—2.55
Dg; = 0.21exp ( T > (2.86)
B

ki,ks and ks are reaction rate constants [Nakashima et al., 1996] [Ghez and van der

Meulen, 1972] with units of pm/min:

~1.91
— 10
k1 = 2.47 x 107 exp < T > (2.87)
—1.44
ko = 9.6 x 10%exp ( T ) (2.88)
ks = 1.15 x 10%exp <_k(;;8) (2.89)

each corresponding to the chemical reactions at the oxidising interfaces:

(Si—Si) + 0y — (Si— O —Si)+ O (2.90)
(Si—Si) + 0 — (Si— O — Si) (2.91)
0y < 20 (2.92)

Other secondary considerations are important, when designing a Ge-condensation
process, to maximise the quality of the final material layer. The diffusion of germanium
from the oxidising interface into the substrate should be maximised and hence the
temperature of the oxidation should be as high as possible, but not so high as to
melt the SiGe layer. This promotes a uniform germanium composition throughout the
semiconductor layers, reducing the strain gradient and subsequently reducing dislocation

density [Sugiyama et al., 2004] and stacking fault density [Bedell et al., 2006]. If there
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is a large difference in the initial and final germanium concentration of the layers, then
a stepped temperature profile can be employed so that diffusion is maximised in the
early stages of oxidation without melting the layers towards the end of the process
[Mukherjee-Roy et al., 2005].

As with SiGe layers grown on a standard silicon substrate, SiGe layers associated
with Ge-condensation are now understood to relax by misfit dislocations [Rehder et al.,
2003], which has supplanted a suggested mechanism involving the compliance of the
BOX layer [Di et al., 2005a]. A good agreement with the Matthew and Blakeslee critical

thickness is demonstrated by Bedell et al. [2006] for many samples down to 40 nm.

2.6.2 Band Structure and Electrical Properties

The reduced zone representation of the band structure of germanium is displayed in
figure 2.14. The energy levels of the top of the valence band and bottom of the
conduction band (the respective band edges) define the energy gap as Eg = 0.66 eV.
Note that the valence band edge is at the Brillouin zone centre and the conduction band
edge is on the [111] directions.

The valence band edge is two-fold degenerate, being comprised of the so-called
heavy-hole (HH) band and light-hole (LH) band. In the parabolic approximation the
band edge hole masses are (equation 2.8): myy = 0.3mg and mpy = 0.04my. Using
these values in equation 2.6, 96% of holes per unit volume of germanium material are
heavy holes.

The conduction band edge comprises of eight ellipsoidal surfaces, each centred
at the zone edge on one of the eight [111] directions and are known as the L-ellipsoids
(figure 2.15(a)). This gives four-fold conduction band degeneracy, as each Brillouin

zone contains eight half-ellipsoids, modelled as four complete ellipsoidal surfaces. The
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Figure 2.14: The band structure of germanium reproduced from Seeger [2004].

symmetry axes of the ellipsoids is down the [111] directions and hence in these directions
is the longitudinal electron mass m; = 1.59mq. In the planes normal to these axes is

the transverse electron mass m; = 0.08my.

The effective hole masses in germanium are lower than the equivalent in silicon
where mg}} = 0.53mg and m(LiZI) = 0.15myq. The electron masses for silicon are ml(tSi) =
0.19m¢ and ml(Si) = 0.91mg. Whereas the valence band edge in both semiconductors
are almost identical in terms of band structure, the conduction band edge in silicon
is comprised of six ellipsoids on the [100] directions (figure 2.15(b)), known as the
A-ellipsoids.

Applying strain to a germanium or silicon layer changes the respective energies
of the heavy hole and light hole band edges, along with distorting both bands to alter

the respective effective masses. Here we assume that the strain is derived from a

standard SiGe virtual substrate, i.e. it is biaxial in the substrate plane: compressive for
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Figure 2.15: The Ge (a) and Si (b) conduction band edges approximated to ellipsoidal
minimum energy surfaces.

a germanium layer and tensile for a silicon layer. This can be applied more generally to

a relaxed Si,_1Ge, virtual substrate with Si,_;Ge, surface layer.

Under compressive strain (y < x) the heavy hole band edge increases in en-
ergy and light hole band edge decreases in energy (figure 2.16). The heavy hole band
edge becomes sharper to give a decreased m gy and the light hole band edge becomes
shallower to increase mpp. It is possible to have myy < mpyg, referred to as mass
inversion. Tensile strain (y > x) has the opposite effects: the the light-hole band edge

increases in energy and its effective mass increases also.

The most common wafer surface orientation is (100), which means bi-axial strain
in the surface plane will break the symmetry of the A-ellipsoidal minima, comprising the
conduction band in silicon, but not the L-ellipsoids in germanium. The energies of the
various bands in silicon and germanium as a function of y are given by Schaffler [1997]
and are reproduced in figure 2.17. Note that the split-off (SO) valence band has not

been mentioned as it is a minimum of 250 meV below the HH/LH bands of (strained)
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Figure 2.16: The heavy hole (HH) and light hole (LH) valence bands in bulk germanium
(solid lines) and compressively strained germanium (dashed lines).

germanium; however, it does affect hole transport in silicon where its separation is
comparable to kg1 at room temperature.
The room temperature bulk electron and hole mobilities of germanium,

3900 cm? V=1 57! and 1800 cm? V! s™! respectively, greatly exceed those of silicon:
1450 cm? V=1 57! and 505 cm? V=1 s=!. This can be attributed to the lower effective
carrier masses and lower band degeneracies. The hole mobility is the highest of any semi-
conductor, which is particularly important as the performance of silicon p-MOSFETs is
significantly worse than that of Si n-MOSFETSs [Takagi et al., 1994a]. Room temper-
ature hole mobilities of 2700 cm? V=1 s=! in compressively strained germanium have
been reported by Irisawa et al. [2002]. The improved mobility over bulk-Ge is thought
to be due to decreased effective hole mass and the split degeneracy of the heavy hole

and light hole bands [Sawano et al., 2005].

2.6.3 MOSFETs

It is the high bulk-mobility of electrons and holes in germanium, compared to those
in silicon, that makes it a MOSFET channel material that could replace silicon in the

future [Shang et al., 2006]. However, for this to happen the higher bulk mobility must
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Figure 2.17: The various band edge alignments of strained germanium (a) and strained
silicon (b) on a Siy_;supGeysup Virtual substrate of (100) orientation. Note that although
the energy level of the L-orbital conduction minima is altered with strain in germanium,
its degeneracy is not split in contrast to the Si-like A minima. Reproduced from Schaffler
[1997]

translate into an enhanced effective mobility in the MOSFET inversion layer. Any alter-
native semiconductor/dielectric material system is generally compared to silicon/silicon
dioxide by comparing the effective mobility as a function of vertical effective field to the
silicon universal mobility curves [Takagi et al., 1994a,b]. Germanium p-MOSFETSs (with
a channel length of about 100 xm) with an enhancement in channel mobility of 40% over
the silicon universal curve have been demonstrated with a basic Ge-oxynitride/Ge-oxide
gate dielectric [Shang et al., 2003]. After these promising early results, the technologies
required to fabricate germanium MOSFETs of shorter channel lengths, have begun to
emerge. 10 um Ge p-MOSFETs, with a hafnium-oxide high-k dielectric, have 3x mo-
bility enhancement over the silicon universal mobility [Zimmerman et al., 2006]. Shorter
devices with the same gate stack have recently been demonstrated and outperform sil-
icon p-MOSFETSs at 125 nm [Nicholas et al., 2007b] — although these devices suffer

from large drain leakage. This problem could be solved by switching to GOI substrates:
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working devices have been demonstrated on these [Park et al., 2006] with lower leakage
and better on-state performance than the SOI equivalent.

Further mobility enhancements have been demonstrated by fabricating p-MOSFETs
with strained Ge channels, using virtual substrates [Nicholas et al., 2007a] (4x silicon
universal) and locally induced strain [Takagi et al., 2006] (up to 10x silicon universal).
The latter locally applies the Ge-condensation technique to the MOSFET channel region
only.

Despite the promising enhancements observed for Ge p-MOSFETs; Ge n-MOSFETs
have yet to show any enhancement over silicon n-MOSFETs, despite germanium’s higher
bulk electron mobility. Part of the problem lies with poor n-dopant activation in the
source/drain regions due to the high anneal temperature required (>600 °C), which can
damage the gate stack and result in too much diffusion of the junction dopants. A laser
anneal has been applied, which allows the gate stack to remain cooler as the dopants are
annealed at the appropriate temperature. This lead to reduced source/drain resistance
and a corresponding increase in mobility but still not above the silicon universal [Zhang
et al., 2006]. Maikap et al. [2007] demonstrates n-MOSFETs on strained Ge on (111)
oriented substrates, which allows degeneracy splitting of the Ge-conduction band and
results in a 40% mobility enhancement over the silicon (111) n-MOSFET universal curve
but again not higher than the silicon (100) n-MOSFET universal curve. The advantage
of the local Ge-condensation technique, is that it allows another type of channel material
for n-MOSFETs (strained silicon for example) alongside Ge p-MOSFETs [Takagi et al.,

2006; Shang et al., 2006].
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Chapter 3

Electrical and Physical

Characterisation Techniques

Here, the practical techniques used to electrically and physically characterise semicon-
ductor devices and materials are described. This chapter is based on Schroder [2006]

— a definitive source for nearly all modern semiconductor characterisation techniques.

3.1 Electrical Characterisation of MOS Devices

All measurements were performed using a probe station — either a standard one or the
low temperature probe station detailed in section 4.1. They are operated in essentially
the same way and have a basic set of similar components. These include an electrical
shield along with high quality connections and coaxial cable throughout to ensure that
the signal is protected from interference right to the probe needles. There is an elec-
trically connected substrate chuck as many device batches have the substrate contact
as metallisation on the back of the wafer. A good electrical contact between wafer

and chuck is required and is normally achieved by many small perforations in the chuck
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with a small pump sucking air through them. In the case of the low temperature probe
station, the sample merely rests under its own weight. To improve the electrical contact
a eutectic is smeared on the back of the sample before it is placed on a thin piece of
copper and then the whole assembly onto the sample chuck. The needles themselves
are manipulated with micrometers by the operator, whilst monitoring the tips through
a microscope. When contacting the probe needles it is important to be consistent with
the pressure applied and the position on the contact pads. In large or specialist insti-
tutions it is normal to have an automatic prober which, using a custom needle set to
match a specific mask, will, once aligned, automatically perform consistent electrical

measurements over an entire wafer with precision.

The room temperature probe station has a movable substrate chuck, which
enables the sample to be moved relative to the probe needles. As devices on a sample
usually have identical contact pad configurations, movement of the chuck, rather than
individual probe needles, greatly reduces the time taken to probe many devices. Once
contact to a device is made, the measurement chamber is closed or covered to provide

a dark, electrically shielded environment.

The most common measurement to perform on a MOSFET is an 1;-V, sweep: a
gate voltage is applied to achieve the off-state and incremented to the on state (positive
to negative bias for p-MOSFETSs), a constant bias to the drain is applied and the
resulting drain current is measured. Normally the currents in the source, gate and
substrate are measured in addition to the drain (four-terminal measurement) to check
that the MOSFET is operating normally without excessive leakage. The substrate and
source are generally held at 0 V; however, some techniques require a substrate or source

bias.

All I-V measurements presented in this thesis were made with a Agilent 4156¢
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parameter analyser. This is extremely sensitive (minimum detectable current of the order
of a femto-Ampere), industry standard piece of equipment and allows for measurements
to be made efficiently with a programmable interface. It contains in-built integration
to minimise noise effects — although as with all sampling based noise reduction this
increases the measurement time significantly. Quasi-static C-V is also performed with
this equipment, which measures the capacitance (usually) between substrate and gate

whist incrementing a DC gate voltage.

LCR (inductance, capacitance, resistance) measurements were made on an Agi-
lent 4284 A precision LCR meter. This operates by oscillating a small AC voltage signal
about a varying DC voltage level at a selected frequency (20 Hz to 1 MHz) on the gate
contact and measuring the resulting AC current through the source, drain or substrate
contact. Note that the capacitance measured is %, i.e. the charge which responds

to the AC signal. All charges respond to the DC signal provided that the time delay

between DC voltage steps is large enough.

By default the components between the terminals are modelled as a capacitance
in parallel with a conductance, which are obtained as a function of DC voltage. Once the
signal frequency, DC voltage range, time delays and signal averaging parameters have
been specified this is all performed automatically by the 4284A. Various corrections
must be performed to take into account the position and length of the cables, which
themselves exhibit a capacitance and conductance. There is a built in function which

determines correction parameters automatically.

To further simplify its operation a computer program was written in TestPoint.
This program provides a user-friendly interface to specify measurement parameters and
allows a sequence of measurements over a range of frequencies to be performed. The

program graphs the capacitance and conductance measured as a function of DC voltage
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Figure 3.1: (a) Equivalent circuit for a MOS capacitor with C,;,Coce,Cyq,Ciny and
Ci+ as the oxide, accumulation, depletion, inversion and interface trap capacitances
respectively, adapted from Schroder [2006]. (b) Assumed circuit by 4284A precion LCR
meter.

to allow a quick analysis by the user as to whether the measurement was successful.
This program was completed by the author in conjunction with Andrew Dobbie of the
Nano-Silicon Research Group, Department of Physics, University of Warwick.

The rest of this section describes the interpretation of current, capacitance and

conductance data measured for a MOS device with the equipment described above.

3.1.1 Equivalent Circuits

A MQOS capacitor being characterised with the LCR meter is treated as equivalent circuit,
shown in figure 3.1(a). Depending on the measurement frequency used and the condi-
tion of the surface potential (determined by the DC applied gate voltage) the charge
associated with a particular capacitance is either not present, acts as a short circuit
or cannot respond fast enough to the AC signal and hence the circuit simplifies. This
allows the assumed equivalent circuit by the LCR meter to be applied (figure 3.1(b))

and MQOS capacitor parameters extracted based on the measured capacitance.
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In accumulation the large number of free majority carriers at the surface (elec-
trons in a n-MOS capacitor) electrically short the dielectric interface to the substrate
and the only capacitance measured is C,, (figure 3.2(a)). Biasing the gate so that the
MOS capacitor reaches the depletion condition gives the depletion region capacitance
Cy in series with the oxide capacitance (figure 3.2(b)). Interface states with capacitance
Cit can also respond, depending on the measurement frequency and act in parallel to
Cd.

When the MOS capacitor is in inversion the fixed depletion layer width Wy,
gives rise to a response time for the minority carriers that make up the inversion layer.
The generation-recombination current density for minority carriers is:

_ qniWy

Jr
t

(3.1)

Where ¢ is the minority carrier lifetime. The time required to generate an inversion
charge density equal to the depletion charge is therefore:

Qa _ (&) y (3.2)

ng

Hence, at high frequencies minority carriers do not respond and the measured
capacitance remains at Cy (figure 3.2(c)), which will be fixed at or approaching its
smallest value due to the depletion layer width being at its largest value Wy,,. A
low frequency signal allows the inversion charge to respond and once a high inversion
charge density is achieved, it shorts the surface to the substrate and hence the measured
capacitance tends to C,, (figure 3.2(d)).

Note that for each surface condition, the equivalent circuit simplifies to one that
corresponds almost directly to that assumed by the 4284A. An example of high and low

frequency C-V curves obtained from a n-MOS capacitor are shown in figure 3.3(a).
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Figure 3.2: Equivalent circuits for a MOS capacitor in (a) accumulation, (b) depletion,
inversion at (c) high frequency and (d) low frequency. Solid lines through a capacitor
represent free charge shorting the surface to the bulk of the semiconductor. Adapted
from Schroder [2006]
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Figure 3.3: Typical C-V curve for a n-MOS capacitor (a) and split C-V curves for a
p-MOSFET (b).
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A MOSFET has the advantage of two extra contacts, which allow a more so-
phisticated LCR characterisation. Clearly if the source and drain are left floating and
the capacitance measured through the substrate contact, the MOSFET should behave
as a MOS capacitor (perhaps with some difference due to source/drain giving rise to a
parasitic capacitance). However, if this measurement is performed with the source and
drain contacts earthed then the depletion capacitance is obtained. The inversion layer
charge is earthed and hence does not contribute to capacitance measured. Swapping
the connections so that the substrate is earthed and the source and drain are connected
as the measurement terminals, allows the measurement of the inversion capacitance
independently of the depletion capacitance. These two terminal configurations are used
in the split C-V technique to determine depletion charge and inversion charge inde-
pendently — referred to as the gate body branch (GB) and gate channel branch (GC)
respectively. The C-V curves obtained by performing split C-V on a p-MOSFET are
shown in figure 3.3(b) and the connection configurations for this technique are shown

in figure 3.4.

3.1.2 Flat-band Voltage

The gate voltage at which there is no band bending at the surface (15 = 0) is called the
flat-band voltage V;, = Vy;,. This is an important parameter when analysing capacitance
curves as it marks the boundary between accumulation and depletion. Schroder [2006]
gives an experimental technique to obtain the flat-band voltage as plotting égf against
Vg, where the lower knee in the curve will correspond to Vy;. A high AC signal frequency
is used to prevent acceptor-like interface traps from responding (n-MOS capacitor).
However, traps will still respond to the DC signal, which reveals why an experimental

technique is more appropriate than a theoretical calculation of flat-band voltage.

65



Gate contact
(Applied signal)

Cox
Cacc Cd
Source_ L Drain Substratel
contact | contact contact |
| |
GC branch: Current measured GC branch: Earthed
GB branch: Earthed GB branch: Current measured

Figure 3.4: Equivalent circuit for the split C-V technique with dashed lines representing
external cables.

Judging by eye where the knee in the C%Qbf curve is located is difficult, but it
will coincide with the steepest differential. Therefore, performing two differentiations
gives a peak, the maximum of which coincides with V. Unfortunately, differentiating
amplifies any noise in the signal. Using small DC voltage increments (<0.01 V) or a lot

of signal averaging usually reduces the noise to acceptable levels.

3.1.3 Inversion Charge, Depletion Charge and Vertical Field

The split C-V technique is applied to obtain inversion capacitance Cjy,,,(V,) and deple-
tion capacitance Cy(Vj), from which inversion charge density Q;,(V,) and depletion

charge density Q4(V,) are obtained by integrating from the flat-band voltage:

Vfb
QuVy) [ CalVav, (3.4)
Vfb

For a p-MOSFET.
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The vertical electric field is given as:

Qa + %va

€0€se

Eepp = (3.5)

This expression is obtained by treating the inversion and depletion charge as infinite
sheets and applying the appropriate Gaussian surface (pillbox). The empirical factor of
% accounts for the distribution of holes (1 for electrons in n-MOSFETSs) in the inversion
layer. Note that this factor was given as % for the scattering theory in section 2.4.2
according to equation 2.47. As mentioned s allows a direct comparison of mobility

to the universal silicon curve [Takagi et al., 1994a].

3.1.4 Threshold Voltage

There are many techniques to extract threshold voltage and in general they do not
agree on a single value. Unlike the idealised MOSFET described in section 2.3, a real
MOSFET is subject to leakage currents, source/drain resistance and a non-constant
channel mobility. This means that drain current will not be absolutely linear in the
linear region, nor will there be zero current in the off-state nor will drain current keep
increasing with gate voltage indefinitely.

We assume that threshold voltage corresponds to the condition s = 2¢;, which
should also be the point at which current begins to flow from source to drain. However,
in a real MOSFET, the gate voltage at which significant current begins to flow is open
to interpretation and it may or may not correspond precisely to the strong inversion
condition. This gives rise to some confusion over the definition of the threshold voltage
in a real device. From the point of view of creating a working CMOS circuit, the
threshold voltages need to be defined as the point at which enough current flows to

consider the devices as turned on. When studying the physics of MOSFET devices, it is
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Figure 3.5: A comparison of the drain current (a) and transconductance (b) for an ideal
p-MOSFET and a real p-MOSFET in the linear region. In the latter, the transconduc-
tance method, used in this thesis, is demonstrated.

more convenient to use the strong inversion condition than a practical definition of the

threshold voltage.

Figure 3.5 compares the I;-V,; and transconductance characteristics of a real and
idealised MOSFET (low drain bias). Four common techniques to extract threshold volt-
age are: finding a gate voltage corresponding to a particular pre-selected drain current
(constant drain current method); linearly extrapolating to the gate voltage axis from
the steepest gradient in the drain current curve (linear extrapolation method); linearly
extrapolating to a gate voltage from the steepest gradient in the transconductance curve
(transconductance method); taking the gate voltage at which the peak in differentiated
transconductance curve occurs (transconductance derivative method). In the case of
the idealised MOSFET, all techniques always agree on a single value of threshold volt-
age (except the first technique, which only does if the chosen value of I; is very small)

whereas for a real MOSFET they, in general, do not.
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In chapter 4 of this thesis we use the transconductance method to measure
threshold voltage, which was first proposed by Tsuno et al. [1999]. A theoretical consid-
eration, given by the authors, reveals that it is assumed that the transconductance, and
therefore the channel mobility, is proportional to the density of charged impurities at low
carrier densities. Coulomb scattering is conclusively demonstrated to dominate mobility
at peak transconductance in the Ge MOSFETSs reported in chapter 4 and hence the
assumption is valid for these devices. Furthermore, there is a large variation in the areal
density of charged impurities in these devices and given that a relationship is inferred
between threshold voltage and mobility, any modification of the threshold voltage by
these charges must be taken into account, lest a systematic error in threshold voltage
determination lead to a erroneous relationship. The technique conveniently satisfies this
criterion and has the advantage of being insensitive to gate length; hence, if the study is
extended to Ge MOSFETSs of shorter gate lengths, then the transconductance method

will still be applicable.

3.1.5 Source/Drain Resistance

Between the probe needle tip on a source/drain contact pad and the MOSFET channel,
there is electrical resistance called the source/drain resistance Rg;. Contributions to this
resistance arise from the metallisation and doped source/drain regions of semiconductor.
It is an important parameter as it affects all of the measurements made using these
contacts on a MOSFET. The most common method used to extract the resistance is to
treat the MOSFET as an equivalent circuit of three resistors in series (figure 3.6): the
source (R;), drain (R4) and channel (R.,). Note that Ryq = Rs + Ry.

Assuming that R, is a constant and that R, for a given gate overdrive (Vy; =

Vy — V;) is proportional to gate length (i.e. it has a constant resistivity per unit length
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Figure 3.6: A MOSFET with equivalent circuit used for Rsq and AL extraction.

p(Vgt)) then one can calculate R4 from an array of MOSFETS of different gate lengths
L. ‘I/—j against L is plotted for several values of Vj;, which are typically small (see
figure 4.2(a) for an example). Note that V; must be known for each device and that

the method used to measure it must not be systematically affected by gate length.

Straight lines of best fit are then drawn through each series of points associated
with each gate overdrive. These lines of best fit should intersect at a single point with
coordinates (AL, Ryq). AL accounts for the fact that the written gate length L (as
defined by the mask during fabrication) is not necessarily the real gate length L'. We

define L':

I'=L-AL (3.6)

Hence, a positive value of AL means that the channel is shorter than the written gate
length. As with Rq, this has the greatest effect on devices with a short gate length
where R.; and L are comparable to R,q and AL respectively. Once measured, the

source/drain resistance and channel length difference are used to correct the applied
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drain bias and gate voltage:

Vd, =Vy— IRy (3.7)
Vg/ =Vy —I4Rsq (3.8)

More accurate values of AL and Ry; may be obtained by plotting the intercept
against the gradient of each line of best fit (see figure 4.2(b) for an example). This
allows a better assessment of how good the original lines of best fit agree on a single

value of Rgq and AL, and removes the need for judging by eye where the lines intersect.

3.1.6 Channel Mobility

The mobility of a MOSFET channel y is calculated by considering the drift and diffusion
drain current components of both electrons and holes. In a p-MOSFET we ignore
electrons as the hole density is far greater in both the channel and p-doped source/drain
regions. This leaves the hole drift current and hole diffusion current to contribute to
the drain current. Normally the diffusion current is ignored and an expression for the
mobility based on the drift current alone, is used. Using equation 2.13 and substituting
for gp with the inversion charge sheet density (;,,, lateral field with Vf and noting that

current sheet density is given as 3:

L I;(Vy)

(3.9)

Hence, determining MOSFET channel mobility requires the measurement of the
inversion charge and the drain current. Typically a voltage of -50 mV is applied to the
drain (for p-MOSFETSs) as we are interested in the low lateral field mobility. Inversion
charge density can be accurately obtained from the split C-V technique as a function of
gate voltage. Note that the application of this technique also allows the vertical effective

field at the channel surface E.;; to be obtained as a function of V. Hence, with a
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combination of I;-V, and split C-V, mobility can be measured as a function of vertical

effective field and compared to the silicon universal mobility [Takagi et al., 1994a].
Equation 3.9 is the one most commonly used to obtain effective mobility but is

not necessarily the most accurate. We reintroduce the hole diffusion current and hence

from equation 2.17:

Iy kT dQiny
= — Winv V 5 E:): -
W Qinv( g T)p p A

(3.10)

We must recognise that with a finite applied drain voltage, the inversion charge is not
uniformly distributed over the channel length — the charge density decreases towards
the drain, hence @, is a function of position along the channel x and applied gate
voltage V. The lateral field E, will also be dependent on this charge distribution.
Therefore, obtaining mobility from this expression is not as simple as the drift-current

only case. Sodini et al. [1982] defines a function 0 < F(V;) < 1:

in'n/U
F(V,) = —% (3.11)

Cou + 85

Where (), is the total charge at the semiconductor surface. Provided drain bias is low:

Cmv(viq) - F(V:q)com (3'12)

Where Cjy,,, is the measured inversion charge capacitance and, ignoring interface states,
is simply the measured gate channel branch capacitance in the split C-V technique. It

is also shown that:

V.
By = F(Vy) = (3.13)
and that
inm) CondF(‘/;])

=— .14
dx L (3.14)

Substituting these three expressions into equation 3.10 yields:

L I(Vy) Qino(Vy) | kT\]™!
Vy) = =2 | Cinu(V, : )} 3.15
(V) = 5 | CunaVy) (S0 4 22 (3.19)
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Which is a more accurate expression for mobility. Note that no extra measurements are
required than when mobility is calculated with equation 3.9. One point not raised in
Sodini et al. [1982] is that MOSFET inversion layers are often degenerate at large gate
voltages, where the Fermi-energy must be substituted for k7. When the two energies
are comparable, no simple expression for mobility is forthcoming.

Note that equation 3.15 will, in general, give a lower mobility than equation 3.9.
It is worth pointing out that the diffusion corrected mobility expression has been mis-
interpreted in the past [Palmer, 2001; Nicholas, 2004] so that the diffusion current
contribution actually increases the channel mobility. This is, of course, incorrect as if
we measure a drain current and accept that some contribution has arisen due to diffu-
sion, then we must see that a drift-only current would be lower and thus the diffusion
correction must decrease channel mobility. Hence, the diffusion contribution increases
the denominator in the diffusion-corrected expression for mobility (equation 3.15).

A convenient method of obtaining the channel mobility from a single I; — V,
measurement (provided C,, is known) is now described. In general, the mobility obtained
with this technique does not agree with the effective mobility (described above) and to
avoid confusion, is called the field effect mobility upr. We make the approximation
that Qiny(Vy) = Cor(Vy — Vi) and initially assume that mobility is constant with gate

voltage, so that differentiating equation 2.30 gives:

L 1 diy L 1
— —_4 _ = - 3.16
HEE = Wy VaCor dVy W VdCoxg (3.16)

Where g,, is the transconductance.
However, mobility is actually a function of vertical field, which in turn is a

function of gate voltage. Hence, we repeat the differentiation with 1(Vj):

Lgm Vg — ‘/t dM
V.)) = 1 g - 3.17
nre(Vy) WCWVD< A dvg> (3.17)
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Figure 3.7: A comparison of the field effect mobility urgr and effective mobility picf ¢
measured as a function of gate voltage and demonstrating an agreement at the peak
values. Reproduced from Kang et al. [1989].

Taking the peak field effect mobility uﬁ;?g“’“)(vg) with respect to V;, ensures that

the differential term is zero and we observe that, at the maximum, equation 3.17 is
equivalent to equation 3.16. Provided the approximation Qin,(Vy) = Corp(Vy — V4) is
reasonable, peak field effect mobility will be equal to peak effective mobility M%gak) =
pP€ak) - This has been demonstrated experimentally [Kang et al., 1989], shown in

figure 3.7.

3.1.7 Interface State Density

Interface states give rise to an extra capacitance in series with C,;, as shown in fig-
ure 3.1(a). Traps respond to DC and AC voltages applied to the gate, but only the latter
if the signal frequency is not greater than the associated response time of a trap. Traps
respond in depletion and weak inversion, as the surface potential of the semiconductor
changes in these regions. Several techniques are now described, which allow D;; or Ny

to be measured.
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High-Low Frequency C-V Technique

This technique is applied to a MOS capacitor structure and exploits the finite response
time of an interface trap. Consider a low frequency or quasi-static capacitance mea-

surement:

C —(1 + 1 )_1 (3.18)
7 \Cor " Cy+Ci ‘

This can be rearranged to give Cj;, from which D;; can be calculated:

_cit

Dy
K3 q2

(3.19)

The depletion capacitance is eliminated by making a high frequency measure-

ment:
Cowchf

C, = 2o hf
¢ Coz_chf

(3.20)

This gives a final expression for D;;, which requires only a single low frequency

and a single high frequency capacitance measurement to be performed:

Coz Cl f / Coz Ch f / Cox
Dy = — 21
! q2 <1_le/cox 1_Chf/coz (3 )

Cir and Cjy are a function of gate voltage and hence D;; is obtained as such.

In accumulation the curves should tend to a common level C,,. In inversion the curves

deviate as Cjy — C,; and Cpy — Cyp,. Therefore the band-gap is probed from the

onset of depletion to the onset of inversion. D;; is obtained as a function of surface
potential (zero corresponding to the flat-band condition) by:

Vg2
as = /gl (1— Ciy/Crp)dV, + A (3.22)
Where A is an integration constant equal to qi; at V,; = Vj;1 and hence setting Vj; =

Vi, gives A = 0. Therefore, the integral should be split into two parts, one integrating

from flat-band to strong inversion and one integrating from flat-band to accumulation. If
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performed correctly and the MOS capacitor is relatively uniform, with no significant gate
leakage, then gis will generally correspond to the valence band edge in accumulation
(for an n-MOS capacitor). Hence D;; can be plotted as a function of energy within the

semiconductor band-gap.

Conductance Technique

The conductance technique is one of the most sensitive methods of determining D;;
[Schroder, 2006]. It relies on the process of filling and emptying interface traps being
"lossy”, so that the equivalent circuit in figure 3.2(b) is modified with a resistance R;;
in series with Cj; (figure 3.8(a)). The response time for an interface trap 7;; will now
correspond to the RC value: 75 = CiR;;. The 4284A precision LCR meter simulates
circuits as a parallel capacitance and conductance, and so far we have not looked at any
technique that requires the measurement of the latter. However, here we require both
capacitance and conductance for our equivalent circuit, which is a parallel conductance
Gpa and capacitance Cp,, both in series with C,, (figure 3.8(b)).

Assuming that only interface states with an energy equal to qis respond, it is

given that [Schroder, 2006]:

Cit
pr— - '2
Cpa Cy+ I (WTit)2 (3 3)
Gpa  qwTitDy (3.24)

w 14 (wr)?
Where Cj; is substituted for D;;q.
However, generally traps kg1 above and below ¢i)s respond and hence equa-

tion 3.24 is modified to account for this:

Gpa _ qut
w 2wt

I |1+ (wrie)?] (3.25)
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Figure 3.8: The modified equivalent circuit for a MOS capacitor in depletion as used for
the conductance technique (a) and the same circuit modelled as a parallel conductance
G)pq and capacitance Cp, in series with the oxide capacitance C,, (b). Reproduced from
Schroder [2006]

which has a maximum at w ~ T% hence:
k3

Djy ~ 25 <Gpa) (3.26)
q w max

We now relate the capacitance and conductance of the equivalent circuit to those mea-

sured (C,, and G, respectively):

Gpa WGy C2,
w G2+ w2(Chp — Cpp)?

(3.27)

Measurements are usually performed by a sequence of DC voltage sweeps, each with
a superimposed AC signal of a different frequency. To ensure that the maximum %
is observed, the frequency range needs to be large (=100 Hz to ~1 MHz) as does the
number of frequencies used. % is plotted as a function of w and the peak corresponding
to D;; found. This is repeated at each applied DC gate voltage to obtain D; as a

function of gate voltage, which can be converted to D;; as a function of band-gap

energy using equation 3.22.
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Subthreshold Slope Technique

A MOSFET turns off through weak inversion to depletion and the rate at which the
current decreases (the subthreshold slope) is strongly dependant on the interface trap ca-
pacitance, which is in parallel with the depletion capacitance. We modify equation 2.34
to take this into account:

g ln(lo)k‘BT (1 n Cy+ Czt)

; = (3.28)

The depletion capacitance can be measured using the gate body branch of the
split C-V technique or estimated from equation 2.33 by assuming Cy = Cly,,, provided
the substrate doping density is known.

Hence, using D;; = C;;q°, the interface state density can be obtained from the

subthreshold slope of a MOSFET:

Coa a5 Ca
Dy — S AN 3.29
TP (ln(IO)kBT ) q? (329)

Threshold Voltage Technique

At the strong inversion condition, any interface traps between mid-gap and the surface
energy 2qis will be charged (figure 2.10). In a p-MOSFET, this will be donor-like states
with a positive charge. Given that threshold voltage corresponds to the strong inversion
condition, we will observe a negative threshold voltage shift AV; in a p-MOSFET after
inducing interface states. This is normally done by applying a high-voltage to the gate
for an extended length of time. Assuming that before the pulse there are no states and

after there are N;; charged states (per area) at strong inversion then:

N
COQ?

AV, = (3.30)

Note that only the donor-like states (p-MOSFET) contribute to the threshold

voltage shift as at V; = V,4 no interface traps are charged, hence AV,,;, = 0. An
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average value of D;; in the band-gap between mid-gap and strong inversion can be

obtained:

(Dit) AE = Ny (3.31)
Where AFE is the energy range from E(V,,,) to E(V}):

AE = qéy, (3.32)

Effect on Split C-V

It has already been shown that MOS capacitor capacitance measurements are affected
by the presence of interface traps. Split C-V measurements performed on a MOSFET
are also affected — the traps add an unwanted capacitance in parallel to the depletion
charge capacitance and inversion charge capacitance in the gate-body and gate-channel
branches respectively. This leads to an over-measurement of both charges, which in turn
gives an under-measurement of effective mobility and an over-measurement of vertical
effective field. The effect of interface traps is particularly noticeable in the gate-channel
branch, where a shoulder will appear at low inversion charge density [Schroder, 2006].
A reliable split C-V measurement can be performed by selecting a frequency high
enough so that the signal period is greater than the interface trap response time. How-
ever, high frequency measurements are more attenuated by resistances (source/drain,
channel, gate and substrate) and hence the chosen measurement frequency should not
allow traps to respond but also not be significantly attenuated by resistances [Zhu et al.,

2004].

Charge Pumping

Charge pumping is a useful technique as it can be used to extract D;; as a function of

surface potential in a MOSFET of any size. This is in contrast to the other techniques

79



described above, which only apply to large MOS capacitors; or give an average interface
state density or D;; at a single energy level, in a MOSFET.

The source and drain are biased to attract inversion charge. A short voltage
pulse that is applied to the gate, biases the MOSFET from inversion to accumulation
and back again. At the start of the pulse, inversion charge carriers flow out through the
source and drain. Interface traps of an energy close to the band edge also empty and
the liberated carrier flows into the source or drain. However, those traps lying further
from the band edge have a longer response time and hence keep their charge. Note
that this takes place before the surface potential reaches flat-band and at the onset of
accumulation, majority carriers arrive at the surface and recombine with charges in the
interface states. At the end of the gate pulse the surface is biased back to inversion and
those majority carriers that have not recombined with traps, leave the surface. Thus, by
comparing the number of majority carriers that enter and leave the MOSFET in a single
pulse, one obtains D;;. The number of carriers is normally inferred from a measurement
of the substrate current. By varying the height of the pulse, one probes the band-gap

at different energies.

3.2 Physical Characterisation of Materials

3.2.1 Transmission Electron Microscopy

Before a sample can be examined with a transmission electron microscope, it must be
thin enough to allow a significant number of electrons to pass through, i.e. electron
transparent (a few 100 nm). This is achieved by first mechanically grinding and polishing
the sample and then using ion guns to erode the sample further to create the final, very

thin viewable region. In the case of a silicon wafer, generally the region of interest is
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at the surface and can be viewed from above (plan-view TEM or PVTEM) or in cross-
section (XTEM). The former simply requires a small piece of substrate to be ground
and polished from the back until it is about 30 pum thick, whereas the latter requires
glueing to silicon support blocks and then grinding and polishing both sides to achieve

the same thickness.

For grinding and polishing, samples are stuck with wax onto a flat metal block
or glass slide, the latter having the advantage of allowing one to observe light passing
through the sample when it is thin enough. Once sufficiently thin, a small copper ring
with &~ 1 mm aperture is glued on to the surface over the region of interest, and excess
material is removed. The is wax melted to allow the, now supported, sample to be lifted

off of the block/slide.

After a clean in boiling Isopropanol, a small region of the sample is made electron
transparent by the use of a precision ion polisher (PIPS). lons (in this case argon) are

°-5°) and on impact, erode

accelerated at the sample surface at a shallow angle (3
material. The sample is constantly rotated, thus resulting in a conical dimple with
a pinhole at the centre. The 100 pm? of material surrounding this hole is electron

transparent, generally the thinnest material at the hole edge offers the best TEM images.

The sample is then loaded into the electron microscope, which consists of an
evacuated column through which electrons, emitted from a filament, travel. They are
focused by a series of magnetic lenses before transmitting through the sample and finally
onto a fluorescent screen, where the image is viewed. Electrons are accelerated with a
typical voltage of =100 kV resulting in a wavelength of less than 0.01 nm. This gives a
theoretical image magnification of 100,000 and resolution of significantly less than 1 nm
[Schroder, 2006]. However, in practice it is the aberrations of the magnetic lenses, which

focus the beam, that limit the resolution and hence the 200 kV electron microscope used
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to characterise samples in this thesis (Jeol 2000 fx) cannot resolve individual atoms.

Contrast in the image arises from the different electron absorption coefficients
of the various material layers (for example SiGe layers of higher Ge-composition will
appear darker) and the diffraction of electrons, called diffraction contrast. In general,
the latter results in contrast due to the displacement of atoms from normal lattice
sites. One form of this displacement is from dislocations within the material (diffraction
contrast arising from this is specifically referred to as dislocation contrast), for example
threading and misfit dislocations are common in SiGe virtual substrates. Also, if a layer
of material is under global strain, for example a thin layer of germanium grown on a
silicon substrate, then atoms in a particular plane are displaced from their normal lattice
sites, which results in diffraction contrast, specifically referred to as strain contrast. A
force is exerted by a strained layer on a relaxed layer at their interface, and hence the
lattice distortion extends into the latter. Therefore, at these interfaces we expect strain
contrast some way into the relaxed layer.

Both dislocation contrast and strain contrast in the SiGe heterostructure system
can be maximised by tilting the sample to the appropriate 2-beam diffraction conditions,
which are (220) and (004) respectively. XTEM reported in this thesis is fairly basic and
used primarily to measure layer thicknesses; however, one should be aware of diffraction
contrast when examining any TEM image and more a technical discussion of this, in

SiGe heterostructures in particular, can be found in Nash [2005].

3.2.2 Secondary lon Mass Spectroscopy

Secondary lon Mass Spectroscopy (SIMS) is one of the most powerful techniques in
analysing the composition of materials [Schroder, 2006]. An ion beam (the primary

beam) is incident on the sample, which sputters material from the surface. The sputtered
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material consists of uncharged particles, ions and electrons; the charged particles are
focused by an electric field into a mass spectrometer. This measures the flux of a
particular element. However, note that the signal ratio of several different elements does
not necessarily correspond directly to the ratio of these elements within the material.
The primary beam sweeps an area of the order of 100 um?, gradually drilling
into the sample surface and hence SIMS profiles can generally be obtained as a function
of depth into the sample. A depth calibration is performed by sputtering a material for
different amounts of time and then measuring the depth of the pit created by running a
stylus over it. Note that different material layers will have different sputtering rates and
therefore calibrating depth can be difficult. For this reason SIMS is often employed in
conjunction with XTEM, allowing the SIMS profile to be matched to the TEM image.
Material is sputtered from the side of the pit also and hence it is standard
procedure to use electronic (quadrupole) or optical (magnetic sector) gating so that the
ion flux is not measured when the beam is sputtering at the extremes of the target area.
Charge build-up on a sample surface can deflect the primary beam off target, sputtering
material from the crater sides, or sample surface when it is not aimed there. Therefore,

this effect must be avoided to obtain an accurate SIMS profile.
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Chapter 4

Germanium p-MOSFETs with

High-k Dielectric

4.1 Low Temperature Probe Station Development

Many low temperature measurements (down to 4.2 K) were performed on the devices
reported in this thesis. A low temperature probe station is ideally suited to the task as
it allows many devices to be probed in a single cooling cycle. This is in contrast to a
cryostat, which generally requires devices to be mounted onto a chip packet and then
gold wire bonded to the contact pads, hence limiting the number that can be measured
in a single cycle. Also, the devices reported here have TiN contact pads — ill-suited to
bonding.

A Desert Cryogenics low temperature probe station (figure 4.1) was used to
perform electrical measurements. The probe station is a completely closed chamber
as it needs to be under vacuum when cooling for thermal insulation and removal of

moisture from the chamber environment. A vacuum of ~ 10~% mbar is achieved with
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a two-stage pumping system consisting of a rotary roughing pump and a small turbo
pump.

There are four probe arms operated with three micrometers each, allowing move-
ment on all axes. The range of motion in each direction is large enough to allow any
point on the substrate chuck (3 cm X 4 cm) to be reached by any of the four probe
needles. Probe arms are able to move while maintaining vacuum with bellows, which

expand and contract thus keeping the chamber sealed.

The region around the sample is kept free of electrical noise by a shield, which
the probe arms enter through metal-braided holes that maintain a closed conducting
surface around the sample area. Probe needles are thermally connected to both the
shield and the substrate chuck with thick copper braids to ensure that the probes cool
somewhat before having contact with the sample. A glass window is present above
the sample, in the shield and the vacuum chamber, to allow the probe needles to be
aligned with a microscope situated above. The shield window is lead plated so not to

compromise the electrical shielding.

Temperature sensors are present both at the shield and substrate chuck, which
are monitored electronically by a Lakeshore 330 temperature controller. This also con-
trols two heaters, one under the substrate chuck and one under the shield, automatically
using a negative feedback algorithm to achieve the user-specified temperature. Cryo-
genic liquid (nitrogen or helium) is contained in a closed dewar. The internal pressure
of the dewar pushes liquid up a transfer tube, where it evaporates and flows through
into the low temperature probe station. It travels under the substrate chuck and back

out to vent.

Although a commercial piece of equipment, successful measurements require

that it is well maintained and installed correctly. This was not the case when initial
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Figure 4.1: Schematics of the low temperature probe station from above (a) and in
cross-section (b).
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low temperature measurements were carried out on the devices reported in this chapter
and hence considerable time and effort was put in by the author to rectify this. Simple,
albeit non-trivial, problems included insufficient electrical isolation between noisy vacuum
pumps and probe station resulting in large noise in electrical measurements. The solution
was merely the application of an electrically insulating vacuum O-ring in the appropriate
place (between pump and probe station). Making matters worse, was a temporary
solution to the noise problem - implemented before the author's involvement - consisting
of a glass slide placed between sample and substrate chuck. Although this prevented
electrical noise from interfering with measurements, the glass slide was also thermally
insulating, meaning that it was very unlikely that the sample was reaching the desired
low temperature and indeed measurements were not repeatable with this set-up. Once
the electrical noise had been eliminated at it's source, the glass slide was removed and
the operator could be sure that the sample reached the chuck temperature. Although
the chuck was now earthed cleanly, some measurement techniques require a signal to be
applied or measured at the substrate contact. Fortunately, the manufacturer supplies a
chuck with a thin, electrically insulating layer that conducts heat and once implemented

all electrical measurements could be performed at low temperature.

Once this work was complete, measurements at 77 K (that of liquid nitrogen)
were repeatable; however, those at other temperatures, including 4.2 K, were not. After
much experimentation it was found that, for any measurement to be successful, it is
important that the probe needles are at the same temperature as the sample and as
they are thermally connected to the shield, care must be taken to ensure that the shield
temperature is as close to the chuck temperature as possible. Measurements at 77 K
with liquid nitrogen are the most simple, as the shield and the substrate chuck both reach

the required temperature. However, as temperatures above this are achieved by use of
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Step Action

Start cryogenic flow

Enter temperature set point if required

Reduce flow so heater is on as lower power output as possible

Allow shield to stabilise (drift<1 °C/minute)

Contact probe tips to unused sample area for 20-30 minutes

Reconnect probes to sample area to be measured for 10 minutes

Reconnect and measure

Repeat measurement after 5 minutes — check for connection failure or

data indicating temperature shift

9 Repeat step 8 until measurement consistent

10 Move probes one at a time to contact next structure

11 Measure and repeat (from step 8)

12 Once all measurements at the current temperature are complete, raise
probes and warm/cool to next temperature

O NO OB WN -

Table 4.1: The measurement procedure, developed for the reliable low temperature
electrical characterisation of Ge MOSFETsSs, using a Desert Cryogenics low temperature
probe station.

the heaters, in general the shield temperature is greater than the chuck temperature.
This is also the case for 4.2 K measurements with helium, where the shield will only

reach about 12 K.

To minimise the temperature difference, the flow rate of the cold vapour must be
adjusted so that the chuck remains at the required temperature while the heater power
can be as low as possible. For this reason a computer program was developed by the
author, which plots the temperature of the chuck and shield over time so that the user
can better adjust the flow rate to that required for minimising the shield temperature.
In the case of liquid helium measurements, the flow rate must be as high as possible.
The flow rate can be increased by pumping the vented gas through with a rotary pump;
however, this can have the effect of an unstable flow rate which causes temperature

fluctuations.
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Probe needles deform with changes in temperature and hence cannot be in
contact with the sample whilst cooling, which means they are generally warmer than
the sample before a measurement. Only when the needles have been in contact with the
sample surface for some time will they be at the desired temperature, but they can warm
up again between measurements. For this reason the measurement procedure outlined

in table 4.1 was developed by the author.

4.2 Overview

The devices reported here are germanium p-MOSFETs (with accompanying n-MOS
capacitors) fabricated on the Pilot Line at IMEC — a large microelectronics research
facility in Leuven, Belgium. The Pilot Line is used to fabricate non-silicon devices on
200 mm diameter wafers. The device batch is part of the Ge/Ill-V CMOS project with
the ultimate goal of high-performance germanium p-MOSFET and 1lI-V semiconductor
(e.g. GaAs) n-MOSFET devices, fabricated simultaneously on a single wafer that would
have separate regions of both material types. The wafers, which the devices reported
here are fabricated on, are standard (100) silicon substrates with a several micron thick
fully-relaxed germanium layer on the surface. This layer was grown by chemical vapour
deposition by ASM international — a large corporation specialising in wafer processing
technologies.

Three samples were provided to the author with the principal aim of a low-
temperature electrical characterisation. All samples were cleaved from a single wafer at
IMEC — two from the centre (sample C and sample H) and one from the edge (sample
E). Sample H underwent an additional 400 °C anneal after fabrication (known as a post-
metallisation anneal or PMA) in a pure hydrogen gas atmosphere. The mask set, used

to define the electrically active areas during fabrication, contains n-MQS capacitors, p-
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MOSFETSs from 10 um down to 125 nm gate lengths and MOSFETSs with no gate stack
(null-FETS). MOSFETS are arranged in lines (referred to as arrays) so that source/drain
contact pads are shared between two neighbouring devices in order to save space on the
wafer surface. The MOSFET gate lengths decrease down the length of each array. The
germanium layer is n-doped by ion-implantation to give a substrate doping density of

7x10% ecm—3.

The gate-stack is formed by partially oxidising a thin silicon cap (=6 A) on the
Ge-surface by a dip in ozonated water. The hafnium-oxide high-k dielectric (=4 nm
thick) is immediately deposited via atomic layer deposition, directly onto the silicon
dioxide to prevent any further oxidation. This results in a final gate dielectric stack from
the Ge-surface of: Si/SiO/HfO,. The reported capacitive equivalent thickness is 16 A

[Zimmerman et al., 2006].

Metallisation that electrically connects the devices to contact pads, is still in the
development stage with the aim of obtaining as low as resistance as possible. Three
different source/drain geometries are available with different areas of metal overlapping
the doped source/drain regions. No detailed investigation into the different source/drain
configurations was performed; but there was however, a configuration that had a lower
source/drain resistance than the others. For simplicity we shall refer to these as "opti-

mised source/drain contacts”’ and the others, with a higher resistance, as " unoptimised”.

The source/drain resistance is reported to be 55  for the MOSFETSs with
optimised source/drain contacts, with a large contribution from the contact pad itself.
By changing the position of a probe needle on the source/drain contact pad it was
shown to vary peak transconductance by 25% in a 125 nm device [Zimmerman et al.,
2006]. This makes reliable Ry, extraction challenging as probe needle placement clearly

has a large effect on this parameter. Also contributing to the resistance, is the lightly
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doped drain (LDD) extension region, which is incorporated into the MOSFET design to
reduce short channel effects by lowering the doping density close to the channel region.
Already published [Zimmerman et al., 2006] are the room temperature device
characteristics. This includes the demonstration of an effective mobility 3x greater
than the silicon p-MOSFET universal mobility curve [Takagi et al., 1994a]. This was
extracted from a MOSFET on a sample that had undergone hydrogen anneal as samples
that had not, showed large variation in transconductance and threshold voltage and had
generally lower mobilities. This was qualitatively demonstrated to be due to interface
states with charge pumping measurements — the hydrogen anneal resulted in a reduction
in interface state density and an improvement in device performance and uniformity.
We begin with a source/drain resistance extraction in section 4.3 before a room
temperature electrical characterisation of MOS capacitors (section 4.4) and MOSFETs
(section 4.5). A full low-temperature electrical characterisation is detailed in section 4.6.
With the data obtained, a detailed, quantitative investigation of the interface states

(section 4.7) and carrier mobilities (section 4.8) of these devices is reported.

4.3 Source/Drain Resistance

The source/drain resistance was measured at 300 K, 77 K and 4.2 K using the low
temperature probe station. As will be shown in later sections, there is a large random
variation in device performance between MOSFETs on a given sample, and a more
systematic variation between samples. Sample H, which had been annealed in hydrogen,
was chosen as it is reported to contain the most uniform MOSFETs and it is assumed
that the hydrogen anneal has no effect on the source/drain resistance. First, a suitable
array of working devices was selected, which was considered to be that which contained

the best performing devices on initial inspection. That was defined as those with the
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highest transconductance, lowest gate leakage (generally not an issue anyway) and good
rectifying behaviour. This initial assessment was made from [;-V, measurements with

V4=-50 mV (not shown).

A single array of devices was chosen, rather than individually top performing
devices of different gate lengths scattered over the sample, to minimise the distance
between devices and thus time between contacting on the low temperature probe station.
This helps to ensure that the probe needles remain cool between measurements at low
temperatures, which is of particular importance at 4.2 K. However, this resulted in
many device lengths on the mask not being included in the Ry, extraction, as they
either performed less well than other devices in the same array, did not function at all,

or the contact pads became damaged before sufficient data was collected.

As mentioned, there are different types of source/drain contacts on the mask
set. The Ry, extraction was performed on an array with the optimised source/drain
configuration, i.e. that which has the lowest resistance. 1;-V, measurements with
V4=-50 mV (not shown) were performed on the MOSFETs of different gate lengths.
From the data obtained, a plot of ‘I/—;l = Ry, for different gate overdrives against the
written gate length L (that measured from the photo lithography mask) was made and
is generally referred to as a 1st regression plot (see section 3.1.5). Clearly, gate overdrive
requires the threshold voltage to be known. This was measured from the same -V},
data using the transconductance method (see section 3.1.4), which is particularly suited
as it is reliable to short gate lengths [Tsuno et al., 1999]. This was performed at room
temperature and repeated at 77 K and 4.2 K. A second regression plot, which is of the
intercept against the gradient of the lines of best fit for each gate overdrive in the 1st
regression plot, is displayed next to each of the corresponding first regression plots in

figure 4.2. The values at which the straight line of best fit of the 2nd regression plot
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intercepts the vertical and horizontal axes, is the R;y and AL values respectively of

these devices.

Note that only the lowest gate overdrives are used to obtain Rsy and AL in the
second regression plot at room temperature, as higher gate overdrives result in a decrease
in source/drain resistance, as can be seen in figure 4.2(b). This can be explained by
the lightly p-doped drain extension (lightly doped drain or LDD) that overlaps the gate
stack. It is thought that, as a greater gate overdrive is applied, the LDD is biased into

accumulation, thus decreasing in resistance and in turn decreasing the overall R4 value.

To gain further insight into the effect of the LDD, an array of null-FETs (MOS-
FETs with no gate stack) was electrically characterised at 300 K and 77 K. These devices
vary in width along a given array and due to the lack of gate stack, only have source
and drain contacts. The drain voltage is ramped between a small positive bias and small
negative bias, which results in a proportional current and allows the calculation of resis-
tance between the contacts. Due to the lack of channel region, the resistance measured
for each should simply be equal to the R, value extracted for a standard MOSFET at
a given device width. We expect this resistance to be inversely proportional to device
width and hence the resistance is plotted against 1/W to give a straight line fit and
allow Rg4 to be inferred, by extrapolation, for a null-FET of any width (figure 4.3).
However, this value of Rs; will not include a contribution from the lightly doped drain,
as the highly doped source and drain regions of the null-FET will dominate due to their

close proximity.

According to figure 4.3, the resistance of a 10 um wide null-FET has decreased
from 47 Q at room temperature to 36 2 at 77 K. This is in contrast to a standard
MOSFET, that has increased source/drain resistance with decreased temperature, as

evident in figure 4.4(b). Furthermore, the source/drain resistance of a MOSFET is al-
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Figure 4.2: First and second regression source/drain resistance plots for hydrogen an-
nealed p-MOSFETSs with optimised source/drain contacts. These were selected for their

uniformity and it is assumed that the anneal has no effect on the source/drain resistance.
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ways significantly greater than that of a null-FET with the same width, at the same
temperature. Therefore, as the only difference in the source/drain regions of the two

devices is the lack of lightly doped drain in the case of the latter, we must conclude that:

1. The lightly doped drain contributes significantly to the source/drain resistance of
the MOSFETs.

2. The LDD increases in resistance with decreasing temperature.

3. There would be a decrease in the source/drain resistance of a MOSFET with de-

creasing temperature if the lightly doped drain was not present.

An explanation is that the dopants in the lightly doped drain of a MOSFET freeze-out
when the temperature is decreased. The lightly doped drain makes a large contribu-
tion to the source/drain resistance at room-temperature and at low temperatures this
contribution increases greatly.

The values of Ryq and AL plotted in figure 4.4 as a function of temperature are
used to correct all relevant electrical characterisation data from here in. The reported
problem [Zimmerman et al., 2006] of probe needle placement having a large enough
effect on the source/drain resistance to alter the peak transconductance of a 125 nm
gate length MOSFET by 25%, makes the accurate electrical characterisation of short
channel length MOSFETSs difficult. Indeed this was an issue when performing the above
R,y measurements on shorter devices. Therefore shorter device lengths are ignored
and the focus of the rest of this chapter is on the characterisation of 10 pmx10 pm

MOSFETs.
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Figure 4.4: Measured values of AL (a) and Ry (b) as a function of temperature
for Ge p-MOSFETSs with optimised source/drain contacts. Both parameters appear to
decrease linearly with increasing temperature; however, due to lack of data and device
non-uniformity, this relationship is far from certain.

96



4.4 MOS Capacitor Characteristics

Room temperature C-V curves, measured at various frequencies using the 4284A preci-
sion LCR meter, for the n-MOS capacitors on the wafer centre (sample C) and hydrogen
annealed (sample H) are shown in figure 4.5. Immediately apparent is the deeper 500 Hz
curve through depletion in sample H. Note that minority carriers (holes) respond up to
frequencies of 50 kHz. Interface states show a clear response at 10 kHz but at fre-
quencies higher than 50 kHz, neither minority carriers nor interface states respond.
At 1 MHz, attenuation in accumulation is apparent. This is caused by the resistance
of the substrate contact and/or gate contact affecting high frequency measurements.
For this reason, 100 kHz was chosen to measure the oxide capacitance (figure 4.6):
0.022 F m=2 £ 0.001 F m~2 giving a capacitive equivalent thickness of 0.17 nm, con-
sistent with the value of 16 A already reported [Zimmerman et al., 2006].

There is little variation between capacitors located on a particular sample, al-
though it should be noted that each sample does not contain many. Capacitors located
at the wafer edge (sample E) have slightly deeper depletion regions at low frequency
(not shown) than those on sample C, suggesting a lower interface state density. Those
on sample H show by far the deepest valley at 500 Hz, probably due to the reported

reduction in interface state density after a hydrogen anneal [Zimmerman et al., 2006].
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Figure 4.5: A family of C-V curves measured for n-MOS capacitors with an area of
10161 pm? located on a sample C, from the wafer centre (a) and sample H, that
underwent hydrogen anneal (b). Note the improved low-frequency C-V curve after
hydrogen anneal with a deeper depletion region, which indicates a reduction in interface
state density.
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Figure 4.6: A 100 kHz C-V curve from a 10161 um? hydrogen-annealed n-MOS ca-
pacitor used to determine C,, = 0.022 F m~2 from the maximum capacitance in the
accumulation region.
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Figure 4.7: I4-V, (a) and corresponding transconductance curves from the derivatives
(b) measured at V; = —0.05 V for 10 umx10 pum p-MOSFETSs located on the wafer
centre (sample C) and wafer edge (sample E), and those that underwent a hydrogen
anneal (sample H). In general, devices located on the wafer edge are more uniform and
have on-currents and transconductances than those in the centre. A hydrogen anneal
can lead to a greater transconductance.

4.5 MOSFET Characteristics

14—V, was performed with a low drain bias (-50 mV) on over one hundred 10 zzmx10 yum
MOSFETSs at room temperature with the aim of investigating variation in device charac-
teristics and the effect of the post metallisation anneal. The standard room temperature
probe station was used because of the large number of devices that were probed; how-
ever, a few measurements were repeated in the low temperature probe station at 300 K
to ensure the different probe needles and contact pressure did not affect the measure-

ments.

14-V,4 characteristics and the corresponding transconductance curves are shown
for many devices, from all samples, in figure 4.7. This demonstrates a large variation in

device performance over each sample and between samples. Sample E (wafer edge) is the
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most uniform, whereas sample H (hydrogen annealed) contains devices with the highest
transconductance and on-current. This is in contrast to sample C (wafer centre), which

is the least uniform and contains the devices with the worst on-state characteristics.

Threshold voltage was extracted for each MOSFET by linear extrapolation from
the point of steepest gradient in the transconductance curves to the gate voltage axis
(transconductance method, details given in section 3.1.4). The extracted threshold volt-
age correlates strongly to the peak transconductance (shown alongside low temperature
data in figure 4.8) of a given MOSFET. The threshold voltages of MOSFETSs located
on samples C and E vary from ~-0.3 V to ~0.3 V, giving a range of ~0.6 V. MOS-
FETs on sample C generally have more negative threshold voltages, whereas those on
sample E have more positive threshold voltages with less variance. Sample H contains
devices which fit the peak transconductance-threshold voltage trend observed for the
other two samples; and some that form a separate trend. Due to the more limited
number of devices available on sample H it is more difficult to infer a clear trend for

these MOSFETs.

The off-state current device characteristics (figure 4.9(a)) also show variation al-
though, unlike measured threshold voltages and transconductances, this is not systematic
with sample and devices that have undergone a post-metallisation anneal (sample H)
show no improvement in this respect. Gate induced drain leakage (GIDL) is apparent

at high positive gate biases, indicated by a large increase in off-current.

The minimum subthreshold slope S was extracted from the I;-V, data for each
device with care taken to remove noise that would lead to an erroneous value. The sub-
threshold slope varies between devices, from about 100 mV /decade to 400 mV /decade,
but is not related to the minimum off-current of a given device. One must be careful

that this is the case as in general, a device with a higher off-current can exhibit a higher
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Figure 4.9: A sample of 10 umx10 pum p-MOSFET characteristics in the off-state at
Vg = —0.05 V (a) demonstrating a large variation in off-state currents which show

no correlation between wafer position or hydrogen anneal.

Subthreshold slope plot-

ted against threshold voltage for many p-MOSFETSs both non-annealed and hydrogen

annealed (b).
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Figure 4.10: Gate-channel branch split C-V curves measured at 10 kHz (a) and I;-V
(b) for 10 umx10 um p-MOSFETs A, B, C and D. A higher interface state density, as
qualitatively indicated by the interface state shoulder size in the GC-branch, corresponds
to a negative threshold voltage shift, as demonstrated by the I;-V; curves.
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Figure 4.11: 100 kHz split C-V for a 10 umx10 pum p-MOSFET located at the wafer
centre (a) and post hydrogen anneal (b). Note the shallow valley over the depletion
region in the former, in contrast to the deep, well-defined valley present in the latter
due to lack of interface state shoulder.

subthreshold slope due to the smaller difference between I, and I,¢s. As there is no
correlation between the off-current and the subthreshold slope measured here, it is safe
to assume that higher off-currents do not increase the measured subthreshold slope. As
with transconductance, subthreshold slope does correlate with threshold voltage (fig-

ure 4.9(b)).

Split C-V was performed on several devices from each sample at 10 kHz and
there is a prominent feature in most of the gate-channel branch curves in the form
of a shoulder. For a given MOSFET, the larger this shoulder is, the more negative the
threshold voltage. This is demonstrated by a simple comparison of the GC C-V curve to
the drain current for a few MOSFETS (figure 4.10). It is difficult to imply a quantitative
relationship as the size of the shoulder is not well defined. This shoulder remains even
at 100 kHz (figure 4.11(a)) despite interface states apparently not significantly affecting

MOS capacitor characteristics at this frequency. Attenuation of both branches of the
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split C-V occurs at frequencies greater than this (not shown — but demonstrated
in 1 MHz MOS capacitor curves in figure 4.5). Hence, reliable split C-V' cannot be
performed on MOSFETS with a high density of interface states as no intermediate
frequency unaffected by interface states and parasitic resistances exists [Zhu et al.,
2004]. However, sample H contains some devices that do have very good split C-V
characteristics at 10 kHz/100 kHz (figure 4.11(b)) with no interface state shoulder and

a slightly lower depletion capacitance in the GB branch.

4.6 Low Temperature Measurements

As interesting, generally unexpected, strong correlations between certain MOSFET pa-
rameters (threshold voltage, peak transconductance, subthreshold slope and split C-V/
GC-shoulder) are observed at room temperature, we aim to see if these are still present
at low temperature. As the low temperature probe station has a limited sample area only
one or two chips could be placed on the chuck giving a total of twelve 10 pmx10 pm
devices per cycle — assuming 100% device yield. 77 K is an appropriate temperature
as liquid nitrogen is relatively cheap and readily available meaning that many cycles
can be performed. Also, both the shield and chuck reach 77 K and hence, once cool
the probe needles remain at this temperature, which further simplifies the contacting
procedure. In addition to the 77 K measurements, a more limited number of MOSFETs
were characterised at 4.2 K using liquid helium.

14-V, performed at 77 K and 4.2 K reveals that the variation in device perfor-
mance observed at 300 K is still present at lower temperatures. Figures 4.12(a)-(d)
show the drain current and transconductance as a function of gate voltage for a device
located on sample C (wafer centre) and a top-performing device located on sample H

(hydrogen annealed). As expected, all devices improve in performance with decreasing
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temperature, showing greater drain current and transconductance at 77 K and 4.2 K
than at room temperature. The split C-V characteristics at 10 kHz (figures 4.12(e),(f))
demonstrate very sharp transitions between accumulation, depletion and inversion. Note
that there is now no interface state shoulder, which could be explained by an increased

response time of the interface traps.

There is a strong correlation between peak transconductance and threshold volt-
age (figure 4.8) at 77 K, not dissimilar to that observed at room temperature (shown
in the same figure). The peak transconductance increases with decreasing temperature
and the threshold voltage for any given device becomes more negative. This change
in threshold voltage is expected as the Fermi-level in the channel material (EFr) tends
towards the conduction band edge due to the decrease in intrinsic carrier concentration
(figure 2.2). Hence, the strong inversion condition 15 = 2¢;, corresponds to a more neg-
ative threshold voltage than at room temperature. However, we observe that a device
with a more negative threshold voltage at room temperature experiences a greater neg-
ative threshold voltage shift with decreasing temperature, compared to a MOSFET with
a more positive threshold voltage at room temperature (figure 4.13). One would expect
all MOSFETSs to undergo the same threshold voltage shift and the plot of V(77 K)
against V;(300 K) to give a gradient of unity with a negative intercept. This is assum-
ing that the substrate dopant concentration (implantation and activation anneals were
highly controlled) and intrinsic carrier concentration (a material property) is equal over

the whole substrate from which the samples were cleaved.

Whereas at 300 K the off-state drain current at low drain bias varied greatly
between MOSFETsSs, at 77 K devices fall into two groups. Some exhibit minimum off-
currents of a single femto-amp (1 x 10~7 A pum~! when normalised by the device

width of 10 gm) — the smallest measurable current with the 4156¢ parameter analyser.
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Figure 4.12: 14-V,, transconductance and split C-V at temperatures of 300 K, 77 K
and 4.2 K on a p-MOSFET located at the wafer centre (a), (c), (e) and post hydrogen

anneal (b), (d), (f). 106
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Figure 4.13: Threshold voltages measured with V; = —0.05 V for many 10 ymx10 pum
non-annealed p-MOSFETs at 77 K against the same at 300 K. p-MOSFETSs with a more
negative threshold voltage at 300 K experience a larger negative threshold voltage shift
with decreasing temperature, as indicated by a gradient greater than unity.
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Figure 4.14: The off-state drain current with V; = —0.05 V for two 10 ymx10 um
p-MOSFETSs (a,b) that are representative of the two different behaviours observed over
all devices measured. Whereas the drain current in the former decreases exponentially
with decreasing temperature, the latter sees almost no reduction in drain current. Cor-
responding Richardson plots (c) gives an activation energy of 0.13 eV for the latter and
effectively no barrier at the source/drain for the former.
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The others have a large minimum off-current of about 10 nA (1 x 1073 pA um~—1). As
was the case at room temperature, the off-state drain currents do not correlate with
sample, which implies that the hydrogen anneal has no effect. Several devices with high
off-currents and several with low off-currents were selected and the off-currents of each
measured at a range of temperatures. An example of each of the device behaviours
is shown in figure 4.14(a) and 4.14(b), along with the corresponding Richardson plots
(figure 4.14(c)).

MOSFETSs with the lower off-state currents at 77 K give an activation energy of
0.13 eV. Although this could correspond to a single deep impurity level, it is more likely
caused by the continuum of interface states in the gate/drain overlap region [Touhami
and Bouhdada, 2005]. The devices with a large off-state current at low temperatures
have a very small, or even no, activation energy and this cannot be interpreted as

thermionic emission over a barrier.

4.7 Interface States

As it was proposed by Zimmerman et al. [2006] that N;; (determined from charge
pumping), transconductance and threshold voltage are related, we now investigate the
interface state density of the MOS devices in an attempt to explain the variation in

performance observed in the previous sections.

4.7.1 MOS Capacitors

The capacitance data displayed in figure 4.5 is used to extract the interface state density
in the band-gap, utilising the high-low frequency capacitance technique. Ideally the low
frequency measurement should be quasi-static, where the capacitance is measured by

incrementing a DC voltage applied to the gate. Even a small gate leakage current is
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Figure 4.15: A comparison of a 500 Hz C-V curve with a Quasi-static C-V curve,
measured for a 10161 xm? n-MOS capacitor. The good agreement through depletion
demonstrates that all interface states respond to a 500 Hz signal.

problematic for these measurements as it causes a large amount of noise in the signal. A
quasi-static measurement was performed using the 4156¢ with a gate voltage increment
of -0.01 V and high signal averaging, in an attempt to eliminate noise. This is compared
to a C-V measurement on the same capacitor with the 4284A precision LCR meter in
figure 4.15. The latter was performed at 500 Hz with the same DC voltage increment

but far lower signal averaging.

This shows that the two techniques agree and as the 500 Hz measurement has
less noise, is quicker to perform, records the measured conductance and can be part of
a sequence of measurements at different frequencies without changing connections; it

is used in place of the quasi-static.
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Figure 4.16: The density of interface states through the bandgap measured using
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10161 pm? n-MOS capacitor at the wafer centre and the same after hydrogen an-
neal. Of note is the agreement between the techniques and the order-of-magnitude
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however, the hydrogen anneal appears to have less effect.
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The high frequency was selected as 100 kHz, as it showed minimum attenuation
due to substrate/gate contact resistance and no evidence of interface trap response. The
interface state density as a function of band-gap energy is shown in figure 4.16. Flat-band
voltage was needed for the calculation of band-gap energy using equation 3.22 and was
extracted for each capacitor individually, using the technique described in section 3.1.2.

Clearly there is a large difference in the interface state density between samples
C and H, with the hydrogen anneal (sample H) reducing it by one order of magnitude.
Note that there is a high density of interface states throughout the band-gap and that
this density increases towards both the valence band edge and the conduction band edge.
Sample H shows a sharper increase in interface state density at the band edges than
sample C, suggesting that the hydrogen anneal has reduced the interface state density
significantly throughout the band-gap, but not as much towards the band edges.

The measured conductance over the range of frequencies was also used to cal-
culate the interface state density as a function of energy using the method described in
section 3.1.7. This agrees well with the capacitance technique (displayed in the same

figure).

4.7.2 MOSFETs

In general, a shoulder present in the gate-channel branch of a split C-V curve indicate
the presence of interface states (see section 3.1.7). As demonstrated for these Ge p-
MOSFETs in figure 4.10, this shoulder increases in size when a more negative threshold
voltage is associated with a particular MOSFET. We therefore assume that the negative
threshold voltage shift is caused by interface states and we can thus calculate AN;; of
any given device, where we define ANj;; as the relative value of the charged interface

state density per unit area of device 1 Nl-(tl) compared to that in device 2 Ni(f) where
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1 2
NV > NG
ANy = N - N@ (4.1)
and hence according to the threshold voltage technique (section 3.1.7):

v _yeha,
q

ANy = ¢

(4.2)

Where V; is the threshold voltage associated with each device. Note that this technique
has been subtly modified as it is normally applied to a single MOSFET before and after
a stress applied to the gate in order to induce interface states. Here, we exploit the
large range of threshold voltages associated with individual MOSFETs due to interface
traps.

Using 0.6 V as the range of threshold voltages measured gives an initial estimate
of the maximum value of ANy ~ 10 cm™2. This is interpreted as the difference
in the charged interface state density at strong inversion between the device with the
most positive threshold voltage and the one with the most negative. Note that this is
considered as a large charged interface state density and explains the extreme variation
in device performance observed.

The interface state density can also be extracted from the subthreshold slope
method described in section 3.1.7, which will give D;;(V, = Vi) where V, is the gate
voltage at which the minimum subthreshold slope occurs. From the specified substrate

-3

doping density of 7 x 101> cm™3 we estimate the maximum depletion layer capacitance

as 5 x 1077 F cm~2 from equation 2.24. A value determined from the GB-branch in
figure 4.11 gives a lower value of 1 x 1077 F cm™2.
As the subthreshold slopes are relatively large, even exercising caution and us-

ing the greater value of depletion capacitance in equation 3.29, when calculating Dy,

makes negligible difference in the value obtained. The interface state capacitance ap-
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pears to completely dominate the subthreshold slope and we obtain a range of D;; of
1 x 10 cm™2 eV~! to 6 x 103 cm™2 eV~! in non-annealed MOSFETs from sam-
ples C and E. Sample H (hydrogen annealed) contains devices with a subthreshold slope
corresponding to interface state densities as low as D;; = 5 x 1012 cm™2 eV~

To compare AN;; extracted using relative threshold voltages with D;; extracted
using the subthreshold slopes, we convert AN;; values for a given MOSFET from a
relative value to an absolute value N;; and then divide by the energy range which the
interface states are spread over to obtain an average value of interface states per unit
energy (Dit).

The conversion to an absolute value is accomplished from the charge pumping
data published in Zimmerman et al. [2006], which shows that a non-annealed device
(samples C and E) with a threshold voltage of ~ 0.3 V has N;; ~ 10'2. As the
distribution of threshold voltages at room temperature shown in figure 4.8, begins at
Vi = 0.3 V the relative value of interface state density can be converted to an absolute

value by:

Nj =~ ANy + 102 cm™2 (4.3)

To convert the Nj; values to (D;;) we assume that the donor/acceptor model
applies and hence use equation 3.31. Given the interface state shoulder in the gate-
channel split C-V branch, we can assume that the interface states are physically close
to the channel and therefore most likely present at the SiO2/Si interface. With the
donor/acceptor model, we expect AE to be from mid-gap to strong inversion and
assuming that threshold voltage corresponds to ©¥; = 2¢, then AE = Ep — E; =
q®p, which is easily estimated from equation 2.14. With a substrate doping density of
7 x 10 cm~3 and looking up the intrinsic carrier concentration for germanium at room

temperature in figure 2.2 we get AF = Er — E; =0.15 eV.
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This enables the values of N;; to be divided by AE = q¢, to give the average
interface state density (D;;) between strong inversion and mid-gap. Now that a value
of D;; at a specific point in the band-gap is known from the subthreshold slope of each
device in addition to an average value (D;;) between mid-gap and strong inversion, a

comparison is made between the two in figure 4.17.

There is good agreement between the two values when applied to non-annealed
MOSFETs (located on samples C and E) with the distribution overlapping and almost
parallel to the unity line. Some hydrogen annealed MOSFETSs (sample H) appear to
lie in this distribution and some form a separate trend with a greater value of (D)
compared to D;; determined from subthreshold slope. This could be because the density
of interface states increases more sharply towards the valence band-edge in sample H,
compared to samples E and C (figure 4.16). Although the subthreshold slope is reduced
by reducing the density of interface states around mid-gap, a large threshold voltage

shift is still possible due to a high density of states near the strong inversion condition.

Interface states also explain the larger negative threshold voltage shift observed
at 77 K in devices with a more negative threshold voltage (and thus higher (D;;)) at
300 K as shown in figure 4.13. As a device is cooled, the Fermi-level tends towards the
conduction band edge and hence a greater band bending is required to reach the strong
inversion condition (i.e. ¢ is larger). But consider that for a device with interface
states in the lower half of the band-gap, as the band bending required to reach strong
inversion increases, so does the number of interface states crossing the Fermi-level and
gaining a positive charge. Hence, the negative shift in threshold voltage observed with
decreasing temperature has two components, one due to the increased band bending
required to reach strong inversion and the other due to the charging of more interface

states. The second component is larger for a device with a higher density of interface
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states (and therefore a more negative threshold voltage at room temperature) and a
larger threshold voltage shift with temperature decrease is observed.

The threshold voltage and subthreshold slope of a given MOSFET have been
related by the presence of interface states. In turn these parameters offer a means of
estimating the interface state density of a particular MOSFET. Every point on the graph
in figure 4.17 references a particular device and each device is therefore easily assigned
a value of D and (D).

As only limited charge pumping data is published Zimmerman et al. [2006], the
author arranged for further measurements by Lidia Lukasiak at the Institute of Micro-
electronics and Optoelectronics in Warsaw, Poland. According to these measurements
and those published, the range of Dy is 1 x 102 cm™2 eV~! to 5 x 10!3 cm™2 eV~ 1.
This agrees well with that determined from the techniques applied to MOSFETs here.

Note that there is significantly less variation between interface state density
extracted from capacitors (not shown) than that from MOSFETs. This could be because
there are far fewer capacitors to characterise and that they have a significantly larger
surface area: ~10000 um? compared to 100 pm? for the MOSFETs — effectively

averaging out variation.

4.8 Mobility Analysis

It has been quantitatively demonstrated that interface states are responsible for the
threshold voltage shift and range of subthreshold slopes observed in this device batch.
However, we also observe a large decrease in peak transconductance with more negative
threshold voltages (figure 4.8). It is a reasonable assumption that the decrease in peak
transconductance is caused by the presence of interface states as it correlates strongly

with threshold voltage, subthreshold slope and increasing interface state shoulder in the
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gate-channel split C-V branch. Transconductance is directly related to the field effect
mobility as described in section 3.1.6. Remember that only peak field effect mobility
can be trusted as a reasonable measure of the effective mobility in the channel. We
therefore begin with a simple analysis of peak field effect mobility before moving on to

a more detailed analysis of the effective mobility as a function of vertical effective field.

4.8.1 Peak Field Effect Mobility

We have assumed that the interface states in the bottom half of the band-gap are donor-
like and gain a positive charge as the device tends towards strong inversion. Given their
close proximity to the channel (as indicated by the interface state shoulder in the gate-
channel split C-V branch), these will then act as scattering sites for the holes that make
up the inversion charge and increase the Coulomb scattering rate [Zhu et al., 2004].
The scattering rate will be proportional to the areal density of charged impurities
Nnym- Using Mathiessen's rule we see that the reciprocal of the total measured mobility

should be proportional to the Coulomb scattering limited mobility:

- — (4.4)

In turn Coulomb scattering is inversely proportional to the number of charge scattering

sites nim:
1

e X (4.5)

im
It is now assumed that the main source of scattering sites is the charged interface
states in inversion. Alternative sources could be other types of trapped oxide charge
near the interface or impurities such as dopants in the channel. There is no evidence
that these vary greatly or at all between devices and as we are performing a comparative

study here, these constant factors are ignored. We therefore approximate n;,, ~ N;;. It
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has already been shown that N;; oc V; so now:

1 1
— o< — o< N o V4 (4.6)
Ko He

Therefore, we expect that the reciprocal mobility of a carrier in the MOSFET
channel will be proportional to the threshold voltage of that MOSFET. Peak transcon-
ductance has already been extracted for a large number of devices at 300 K and 77 K
(figure 4.8) giving an easy method of calculating the peak field effect mobility purg
which can be compared to the corresponding threshold voltage of each device. A plot of
u;}g against V; demonstrates an extremely good linear relationship over the entire range
of non-annealed devices (those from samples C and E) at 300 K and 77 K (figure 4.18).
Note that the points at room temperature segregate into two groups, one above the line
of best fit and one below. The MOSFETSs with the higher peak mobility have optimised
source/drain contacts and as expected have a lower Ryy than the other, unoptimised
ones, lying on the lower peak mobility trend. All measurements are corrected for R4 but
only a single value — that extracted for the optimised devices — is used. It is expected
that if the source/drain resistance was accurately measured for the unoptimised devices
and used to correct the data, all devices would fit on the same trend.

To the author’s knowledge, this linear trend of reciprocal peak field effect mobility
against threshold voltage has not been observed before and therefore warrants some
discussion. Zhu et al. [2004] demonstrates a decrease in peak effective mobility at low
fields due to Coulomb scattering by interface traps, but with five data points compared
to the one hundred or so here. A threshold voltage shift due to interface traps is
well documented [Schroder, 2006] and therefore the relationship between mobility and
interface traps demonstrated here is expected. A lack of previous publications could be
for several reasons, the most obvious of which, is that it is rare to have such a variation in

interface state density across a processed wafer. Normally when fabricating MOSFETSs
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Figure 4.18: Reciprocal field effect mobility against threshold voltage extracted for
many 10 umx10 um p-MOSFETs with V; = —0.05 V at 77 K and 300 K. (a) in-
cludes hydrogen-annealed devices and (b) omits them to better demonstrate a linear
relationship between the two parameters for those devices that did not undergo anneal.

for research or commercial purposes one hopes to obtain a uniform wafer with a low
interface state density. Here we have quite the opposite and hence the application of a
hydrogen anneal to achieve a more uniform, better performing set of devices (note that
all subsequent germanium device batches fabricated at IMEC undergo hydrogen anneal
as part of the standard fabrication process).

Once annealed in a hydrogen atmosphere, the devices appear to either fit the
same linear relationship but lye at the high peak mobility end of the distribution, or
to form another, apparently linear, relationship but increasing in mobility as threshold
voltage becomes more negative (figure 4.18(b)). It is these devices that generally exhibit
the highest peak field effect mobilities. It is difficult to assess the physical reason for
this transition to a new trend. The initial state of the devices is unknown, only that they
probably more closely resembled those found at the wafer centre (sample C) as opposed

to the edge (sample E) as sample H did not come from the very edge of the wafer. This
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means that before hydrogen anneal there was most likely a large range of interface state
densities over sample H. Whereas a MOSFET with a high interface state density would
be expected to move towards the more positive threshold voltage end of the trend with
a hydrogen anneal; the post-anneal interface state density of a MOSFET with a low
initial interface state density could be small enough that D;; no longer dominated its

characteristics.

4.8.2 Effective Mobility

A more detailed investigation is now performed, examining the effective mobility as a
function of vertical effective field or inversion charge density. The split C-V' measure-
ments at room temperature (figure 4.11) show a large dependence on interface state
density and therefore can only be used to reliably calculate the inversion charge and
depletion charge as a function of gate voltage if the interface state density is low. This
is the case in some of the hydrogen annealed MOSFETSs (sample H) and hence the mo-
bility as a function of vertical field is calculated for a MOSFET on sample H at 300 K
and compared to the strained-Ge devices in the next chapter (figure 5.13(a)). Here we
are more interested in the effective mobility at 4.2 K.

Split C-V curves from measurements at low temperatures (77 K and 4.2 K) are
not distorted by the presence of interface states. The threshold voltage shift associated
with interface states at 300 K is still observed at low temperatures and therefore we
assume that the interface states respond to DC voltages but not to the AC signal used in
C-V measurements. Therefore, inversion charge and depletion charge can be accurately
calculated from split C-V measurements at low temperatures for any device irrespective
of its interface state density.

Mobility as a function of inversion charge density at 4.2 K was calculated for
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nine MOSFETs from the wafer centre (sample C — labelled C1-C9) and two MOS-
FETs that underwent hydrogen anneal (sample H — labelled H1 and H2). Curves are
fitted to this data based on carrier transport in the inversion layer in the electrical quan-
tum limit described in section 2.4.2. First, we ensure that all carriers are in the lowest
sub-band (i.e. the electrical quantum limit applies) by the condition specified in equa-
tions 2.42 and 2.43. Values of Er and Eq — Ej calculated from equations 2.41 and 2.44
are compared in figure 4.19(a) over the entire range of vertical effective field applied to
the channel. Note that the same figure demonstrates inversion layer degeneracy over

the entire vertical field range.
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Figure 4.19: The Fermi-energy Er and 1st sub-band energy E; plotted against vertical
effective field E.s¢ (a) demonstrating that at 4.2 K the electrical quantum limit applies
as F1 > Er and that the inversion layer is degenerate as EFr >> kT. The mobility of
p-MOSFETs measured at 4.2 K is proportional to Ee}lf at high vertical effective fields
(b) implying only local surface roughness scattering.

Only two scattering mechanisms are considered here: interface impurity scatter-

ing and surface roughness scattering. It is assumed that phonon scattering is negligible
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at this low temperature [Takagi et al., 1994a]. Hafnium-oxide does have a very low
optical phonon energy of 12.40 meV [Fischetti et al., 2001] but this is still far greater
than the thermal energy of 0.36 meV at 4.2 K. Scattering from fixed charges away
from the interface (remote impurity scattering), for example located in the hafnium
gate dielectric, should also not have a significant effect [Emeleus et al., 1992]. This has

-2

been demonstrated for carrier densities greater than ~ 1 x 10'2 cm™2 in s-Ge channels

[Rossner et al., 2004].

Surface roughness scattering from interfaces other than the SiO2/Ge interface,
where the carriers are confined (remote interface roughness scattering), for example the
hafnium-oxide/silicon dioxide interface, can also be ruled out. At high fields p Ee_flf
(figure 4.19(b)), which is exactly the relationship expected for holes at the SiO; interface
in silicon based MOSFETs [Takagi et al., 1994a]. This dependence has been demon-
strated to be due to direct surface roughness scattering using self-consistent simulations

by Jallepalle et al. [1996].

The heavy-hole band constant effective mass of germanium (m; = 0.3myg) is
used as the majority of holes will occupy this band. Non-parabolicity of the band is
ignored. We also assume all scattering occurs at the Fermi-energy E'r corresponding to

the Fermi-wave-vector kp, i.e. the T'= 0 relaxation time approximation is used.

The corrected effective mobility term (equation 3.15) is applied to all data with
Er in place of kgT as the inversion layer is degenerate throughout the measurement.
The R, correction is also applied and it is ensured that all MOSFETSs have optimised
source/drain contacts as this is the source/drain resistance that has been measured at

4.2 K (see section 4.3).

The effective mobility fit as a function of vertical effective field E. is obtained

by adjusting the two parameters of interface impurity sheet density n;,,, and root mean
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square (RMS) surface roughness A. The Coulomb mobility and surface roughness mo-
bility are summed using Mathiessen's rule to give the total mobility as a function of
vertical effective field. Parameters are adjusted until the total mobility gives the best
agreement with the data for each device. Note that surface roughness generally limits
the mobility at high vertical fields and interface impurity scattering limits mobility at low
fields, hence the two contributions can be adjusted relatively independently from each
other. A family of mobility curves for both mechanisms for various values of impurity

density and RMS surface roughness is given in figure 4.20.
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Figure 4.20: The surface roughness (a) and Coulomb scattering (b) limited mobility
calculated for a Ge p-MOSFET with various RMS values and charged impurity sheet
densities respectively. This is in the electrical quantum limit for a single sub-band of
constant effective hole mass 0.3mg and in the T = 0 approximation.

Mobility fits were successfully obtained for all eleven p-MOSFETSs with two such
mobility fits shown in figure 4.21 and figure 4.22. The interface impurity sheet density
nim and RMS surface roughness A used to fit mobility curves for each MOSFET,

along with the interface state density extracted from the threshold voltage, are given in

table 4.2. A plot comparing the interface state density to the interface impurity density
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is given in figure 4.23(a). The RMS surface roughness is compared for each device in

figure 4.23(b).

As expected, the hydrogen annealed MOSFETs (sample H) have a lower areal
charged impurity density at the interface and note that the number of impurities deduced
agrees reasonably with the (D;;) values measured for each MOSFET. However, the
interface states are not spread over 1 eV but about 0.15 eV (at room temperature)
between mid-gap and strong inversion, as calculated previously. This means that the
number of interface impurities n;,, used to obtain the mobility fit is actually significantly

greater than the charged interface state density N;;.

Consider that interface state densities were extracted at room temperature where
states were assumed to be present from mid-gap to the Fermi-level at strong inversion.
At lower temperatures, the surface potential at strong inversion will tend towards the
conduction band edge and hence the energy range over which interface states contribute
to Ny, is larger. This could be closer to 0.33 eV as opposed to 0.15 eV estimated at
room temperature, due to the decrease in intrinsic carrier concentration. We must also
take into account the sharp increase in interface state density observed towards the
conduction band edge in all samples (figure 4.16). Any change in the surface potential
towards the conduction band edge at the strong inversion condition will give rise to a
disproportionately large increase in the number of charged interface states. Therefore
we might expect the density of charged interface states measured at strong inversion
at room temperature to underestimate the 4.2 K density. As the number of charged
impurities used to obtain the mobility fit correlates with the interface state density we
conclude that the interface states are the main source of charged impurities at the

interface.

An unexpected result is that surface roughness is reduced by the hydrogen anneal.
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RMS roughness is reduced from an average of 0.60 nm in a MOSFET that has not been
annealed in hydrogen (sample C) to an average of 0.48 nm on an hydrogen annealed
MOSFET on sample H — a reduction of approximately 20%. Hydrogen anneals have
been shown to reduce the RMS roughness of a free germanium surface [Nayfeh et al.,
2004] but not the same at a dielectric interface before. As the dielectric interface in
these MOSFETs is potentially quite complex as it has two interlayers of Si and SiOq
and it is difficult to assess how the roughness is decreased. It could be a diffusion based
process, for example, where Ge movement is aided by the presence of hydrogen [Nayfeh

et al., 2004].
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Figure 4.21: The measured mobility (points) of a 10 umx10 um non-annealed p-
MOSFET C4 (located at the wafer centre) with V; = —0.05 V at 4.2 K and theoretical
mobility (solid line) calculated using Mathiesen's rule to sum the modelled Coulomb and
surface roughness scattering mobility components. Values of fitting parameters of RMS
surface roughness A and charged impurity sheet density n;,, are shown.
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Figure 4.22: The measured mobility (points) of a 10 umx10 pum hydrogen annealed p-
MOSFET H2 with V; = —0.05 V at 4.2 K and theoretical mobility (solid line) calculated
using Mathiesen's rule to sum the modelled Coulomb and surface roughness scattering
mobility components. Values of fitting parameters of RMS surface roughness A and
charged impurity sheet density n;,, are shown.
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Device Djy) em=2 eV—1 Njm €M~ 2 Anm
it

C1 4.1x10'3 5.5x1013 0.65
C2 45x10'3 5.5x1013 0.65
C3 3.8x10"3 3.5x1013 0.58
Ca 3.6x10!3 3.1x10!3 0.59
C5 3.9x10"3 2.6x1013 0.62
C6 4.2x10'3 2.9x10!3 0.57
C7 4.0x10'3 2.5x1013 0.57
C8 2.9x10!3 2.0x10!3 0.56
C9 4.3x10!3 3.4x10"3 0.59
H1 3.0 x10'3 1.5x10'3 0.48
H2 1.0 x1013 0.6x10%3 0.48

Table 4.2: Measured interface state density (D;;) for 10 umx10 pum non-annealed (C)
and hydrogen annealed (H) p-MOSFETs alongside charged impurity sheet density n;,,
and RMS surface roughness A values used to fit theoretical mobility curves to those
measured at 4.2 K.
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Figure 4.23: Charged impurity sheet density n;,, used to fit theoretical mobility curves
against measured interface state density for p-MOSFETs (a). The RMS surface rough-
ness A used to fit theoretical mobility curves is plotted for the same devices (b).
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4.9 Summary

In this chapter we have investigated bulk-Ge p-MOSFETs with a high-k gate stack.
These were shown to have a large range of interface state densities through thresh-
old voltage shift and subthreshold slope. Although somewhat limited data is available,
charge pumping measurements agree with the range of states measured. The high-low
C-V and the conductance technique were used on n-MQOS capacitors to measure the
interface state density as a function of bandgap energy. All these techniques demon-
strate a decrease in interface state density after a post-metallisation anneal in hydrogen
atmosphere.

There are several clues as to the nature of the interface states. We see that they
have a fast response time, appearing in the gate-channel branch split C-V curve as a
shoulder at a measurement frequency of 100 kHz. This implies that they are physically
close to the channel, most likely at the Si/SiOs interface. What's more, a hydrogen
anneal is known to reduce the interface state density in silicon dioxide [Nicollian and
Brews, 1982], further supporting the theory that they reside at this interface.

Not yet considered, is the physical process by which the interface states arose in
these devices during fabrication. We now discuss this briefly with the assumption that
the interface states are at the Si/SiOq interface. The silicon dioxide was not formed by
standard thermal oxidation but by a dip in ozonated water, which is a proprietary process
developed at IMEC. It is not clear why this would lead to a high density of interface
states but the oxide certainly could have different properties to that of a standard thermal
oxide. In addition, the germanium substrate consists of a relaxed, several micron thick
Ge layer on a standard Si-substrate. This is not optimised and has a high threading
density, which could potentially cause interface states to appear during oxidation of the

Si-cap (figure 4.24(a)i,ii); however, this does not explain why more interface states are
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present in devices at the wafer centre than at the edge.

Another aspect of these devices, not investigated in much detail here, was the off-
state current leakage. Whereas some devices had the expected thermionic emission over
a barrier, others did not have a barrier at all at the source/drain in the off-state. This
could be due to interface states in the source/drain regions acting as a leakage path for
carriers. As the gate stack is deposited over the entire wafer and then selectively etched,
it could be this removal process that creates the states (figure 4.24(b)i,ii). Indeed, the
chemistry of germanium device processing is in an experimental stage and far from
perfected. Devices at the edge of the wafer had far lower interface state densities than
those at the centre of the wafer, which could be to do with how it was handled when
the gate etch was carried out. However, no correlation was found between the interface
state density of a device and the off-state leakage current, although further investigation

is needed.

The presence of interface sates had a large effect on the channel mobility of a
given p-MOSFET. Peak field effect mobility (determined from peak transconductance)
of a given device was shown, conclusively, to be inversely proportional to interface state
density (determined from threshold voltage shift). It is proposed that the interface states
are charged when the device is in the on-state and hence Coulomb scatter carriers in
the channel. This scattering will be proportional to the areal density of these charged
states. It was assumed that the SiOy donor/acceptor model of interface states applies
(justifiable, given that the states appear to be at the SiO2/Si interface) and therefore,

the states will have a positive charge in the on-state.

However, although simple to measure, peak field effect mobility is far from ac-
curate due to the inversion charge being approximated to C,;V,; and hence to confirm

the interface state/mobility relationship, a number of devices were cooled to 4.2 K and
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Figure 4.24: Dislocations present in the Si-cap before oxidation (a.i) result in interface
states after oxidation (a.ii). Blanket deposition of gate stack (b.i) followed by a selective
etch (b.ii) that introduces interface states in the source/drain regions where the etchant
is active.

effective mobility accurately measured by split C-V. Applying an analytical model [Gold
and Dolgopolov, 1986] to these mobility measurements quantitatively demonstrated that
a higher interface state density resulted in a decreased channel mobility due to Coulomb
scattering and that after a hydrogen anneal, the interface state density was reduced and
the mobility increased.

A further, unexpected, effect of the hydrogen anneal was to reduce the RMS
surface roughness, found through fitting the theoretical mobility to that measured at
4.2 K, by 20%. Given the simplicity of the analytical model applied, this result needs
to be confirmed, perhaps with either a detailed computer simulation of these devices
or experimentally by directly measuring the surface roughness. Despite this uncertainty,
it is difficult to see what other scattering mechanism could be reduced by a hydrogen

anneal and give an increase in mobility at high vertical fields/carrier densities.
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Chapter 5

Strained Germanium MOSFETs

with High-k Dielectric

5.1 Overview

The process used to fabricate the devices outlined in the previous chapter was repeated
on a wafer with a strained germanium layer. This layer was obtained by first growing a
relaxed Sig.2Geg.g buffer layer on six standard silicon (100) wafers by chemical vapour
deposition. This was performed by AdvanceSiS — a spin-off company from the Uni-
versity of Warwick Department of Physics, specialising in epitaxial CVD Si/Ge material
growth. Strained germanium layers were grown on the buffer layers with target thick-
nesses of 15 nm and 25 nm. A silicon cap was added for surface passivation and this
also had two different thickness targets: 1 nm and 2 nm. Owing to time constraints,
a detailed characterisation of the wafers before device fabrication was not performed,
nor was the CVD recipe developed beyond an initial design based on similar structures

grown previously. p-MOSFETSs were fabricated on four wafers and n-MOSFETs on two.
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Wafer  Device type s-Ge thick- Si-cap

ness thickness
W1 n-MOSFET 15 nm 1 nm
W2 n-MOSFET 15 nm 2 nm
W3 p-MOSFET 15 nm 1 nm
W4 p-MOSFET 25 nm 1 nm
W5 p-MOSFET 15 nm 2 nm
W6 p-MOSFET 25 nm 2 nm

Table 5.1: Wafer specification for the s-Ge MOSFET device batch.

The wafers are referred to as W1-W6 and specified in table 5.1.

The wafers were 150 mm in diameter, which is incompatible with the Pilot Line
processing facility at IMEC and therefore a simplified process was used to fabricate
devices. The mask set used was also different than the one described in the previous
chapter and, due to the simplified process flow, only a fraction of the structures worked.
These are three MOSFETs of different gate lengths (defined in table 5.2) and capacitors
of various sizes. Because of the simplified process flow, the MOSFETs are a primitive
structure with a central dot as source/drain contact, a ring surrounding this as the
gate stack and a further ring around the perimeter as the second source/drain contact
(figure 5.1). Whereas the mask-set used in the previous chapter is old and well-tested,
the mask used here is previously untested. Also, the simplified process flow means that
there could be leakage current issues due to lack of proper device isolation. Note that
all wafers here underwent post metallisation anneal in a pure hydrogen atmosphere at

400 °C for 20 minutes.

We begin with a physical characterisation of the wafers in section 5.2 before a
detailed electrical characterisation of the p-MOSFETs on W3-6 in sections 5.3-5.6. The

n-MOSFETs are electrically characterised in section 5.7.
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MOSFET Gate Length Effective Width

D2 50 pum 453.2 pm
D3 100 pm 571.9 um
D4 150 pum 679.9 um

Table 5.2: Strained germanium (s-Ge) Ring MOSFET device dimensions.

> Gate *

length

Figure 5.1: Plan-view schematic of a ring MOSFET.
5.2 Physical Characterisation

Cross-sectional transmission electron microscopy was performed on W1 and W2 after
device fabrication to confirm the presence of the s-Ge layer and accurately measure the
thickness of the different silicon caps. XTEM images are displayed in figure 5.2 and
show that the silicon caps are thicker than the specified 1 nm and 2 nm for W1 and
W?2 respectively. Note that this is post-fabrication and some of the Si-cap will have
been consumed during processing, for example in preparation for high-k deposition by
the ozonated water dip. Therefore, the Si-caps as-grown will have been significantly
greater than the specified thicknesses. From the XTEM images shown, the silicon cap
thicknesses were measured as 1.3 nm=%0.2 nm and 2.2 nm=£0.2 nm for the 1 nm and

2 nm target thicknesses respectively. The s-Ge layer with a 15 nm target thickness was
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80% SiGe virtual substrate

Figure 5.2: XTEM images of the relaxed 80% SiGe buffer (a), 15 nm target s-Ge layer
(b) and Si-caps of two different thicknesses (c): 1 nm target (i) and 2 nm target (ii).
Images are from the surface of wafers after device fabrication.

measured as 10 nm. No XTEM was performed on the thicker s-Ge target samples but

it can be assumed that this layer is also thinner than specified.

At the request of the author, X-ray diffraction was performed on W4 by Jon
Parsons, Nano-silicon Group, Department of Physics, University of Warwick with the
aim of measuring the residual strain of the s-Ge layer [Koppensteiner et al., 1994]. A
sample with a thicker s-Ge layer was chosen as a thicker layer will give a stronger signal;
however, it could not be detected and only the SiGe buffer appeared on the X-ray scans

(not shown). This was confirmed as fully relaxed.
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5.3 p-MOSFET Off-state and Leakage Currents

14-V4 measurements were performed for p-MOSFETSs on each wafer at 300 K, 77 K and
4.2 K (W3 and W4 only), and are shown in figure 5.3. Immediately apparent is the
high drain current in the off-state at room temperature, which decreases significantly
(six orders of magnitude) when the temperature is reduced and implies a thermally
activated tunnelling mechanism. There are several possibilities for this high leakage
current: dislocations, poor junction activation or poor device isolation. Each of these is

considered in detail below.

5.3.1 Junction Activation

In order to minimise the risk of relaxing the top s-Ge layer, junction activation anneal
temperatures were reduced from the usual 500 °C for germanium p-MOSFET processing
to 450 °C. This temperature has proved effective in the past for boron activation in
germanium; however, normally the Ge-layer is several microns thick. The thin s-Ge layers
in this case mean that the junction depth (=100 nm) greatly exceeds the thickness of
the top s-Ge layer (10 nm—30 nm). If 450 °C is insufficient to activate the dopants in the
underlying SiGe buffer layer then this is a viable path for leakage current. For this reason
a series of anneals was performed to investigate whether the dopant activation could
be improved. Improved activation should lead to a reduced off-state leakage current at
room temperature.

The anneals performed were 450 °C, 500 °C, 550 °C, 600 °C, 700 °C, 750 °C for
5 minutes in addition to 700 °C for 10 minutes, all in nitrogen atmosphere. No reduction
in the off-state current is forthcoming in any of the annealed devices (figure 5.4(a)),
suggesting that poor dopant activation is not the cause of high leakage. Anneals of

450 °C - 550 °C for 5 minutes have no effect on device performance (figure 5.4(b))
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Figure 5.3: 14-V, characteristics at V; = —0.05 V for best performing ring p-MOSFETs
of size D3 (L=100 um, W=572 um) on wafers W3 (a), W4 (b), W5 (c) and W6 (d)
at room temperature, 77 K and 4.2 K. The drain contact was at the central dot of the
device and note that off-state leakage current, although high at room temperature, de-
creases exponentially with decreasing temperature suggesting that the dominant leakage
mechanism is thermionic emission over a barrier.
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Figure 5.4: Drain current (a) and corresponding transconductance (b) measured at
Vg = —0.05 V for p-MOSFETsS of size D3 (L=100 pzm, W=572 pim) on W4 pre-anneal
and after 5 minutes and 10 minutes at 700 °C. A 5 minute anneal leads to a threshold
voltage shift but no degradation in device performance, whereas 10 minutes increases
the off-state current and reduces peak transconductance.

implying that they do not significantly affect the s-Ge layer nor gate stack. Anneals of
600 °C and 700 °C (only the latter shown) for 5 minutes give a threshold voltage shift
of -0.1 V, which could be evidence of the gate stack being degraded as it is not normally
subjected to temperatures this high. Anneals of 700 °C for 10 minutes and 750 °C
(only the former shown) for 5 minutes have the same effect of severely degrading device
performance, which is not surprising as the melting temperature of germanium (940 °C)
is not much higher. The degradation is probably due to a combination of damage to

the gate stack and s-Ge layer.

Low dopant activation can be ruled out as a cause of leakage, as no improvement
in off-state current is observed for any of the anneals. It has been observed that anneals
up to 550 °C (data not shown) do not affect the devices, which could be useful knowledge

for future s-Ge device processing.
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Figure 5.5: Comparison between drain current measured at the inner dot contact (a)
and source current measured at the outer ring contact (b) of a size D3 (L=100 pm,
W=572 pm) ring p-MOSFET with V; = —0.05 V at 300 K and 77 K. In the former
we observe a decrease in off-state current with decreasing temperature whereas in the
latter an increase.

5.3.2 Device Isolation

Due to the simplified process there is no proper device isolation, and this potentially
allows leakage current into a device from all over the wafer. The most vulnerable contact
to this leakage is the outer ring which can be designated the source or drain contact
during measurements. The drain contact is more susceptible to leakage in general,
due to the voltage applied to it, hence the central dot contact was used as the drain.
Figure 5.5 is a comparison of the source and drain currents measured at 300 K and 77 K
with this contact configuration.

The drain current decreases significantly with a reduction in temperature but the
source current increases. This suggests that as the temperature is reduced, the outer
ring contact (source) becomes more electrically connected to the substrate than the
MOSFET channel in the off-state. This could be due to dopants freezing out in the
source/drain regions. The central dot contact (drain) therefore becomes more isolated

from the source and hence the off-state current measured at the drain is significantly
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reduced while that in the outer source contact is increased.

The current measured at the outer source contact in the off-state at room tem-
perature is slightly lower than that at the central drain contact at room temperature.
This is not consistent with the leakage currents measured at low temperature implying
that the leakage mechanism described above does not dominate at 300 K. Therefore,
although substrate leakage through the outer contact due to poor device isolation is
clearly an issue at lower temperatures, the high leakage observed at room temperature

in both contacts is caused by some other effect.

5.3.3 Threading Dislocations

Threading dislocations in the s-Ge layer are visible in the XTEM image of the virtual
substrate presented in figure 5.2(a). This implies a high density of threading disloca-
tions as the visible area of the XTEM image is small and having ruled out other leakage
mechanisms, they are most likely responsible for high junction leakage at room tempera-
ture. The high density of threading dislocations provides a thermally activated tunnelling
mechanism for current from either the source or drain contact into the substrate. If all
leakage was due to this alone we would expect to see an exponential decrease in off-
state current in both the inner dot and outer ring contacts; however, it has already been
shown that this only occurs for the inner contact.

The unusual off-state currents measured as a function of temperature to the
inner and outer contacts have been explained by a combination of isolation of the
outer contact at lower temperatures due to dopant freeze-out and a high density of
threading dislocations. Note that the on-state characteristics are not affected by contact
configuration but we use the inner contact as the drain in subsequent measurements to

avoid any contribution to the drain current by poor device isolation.
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Figure 5.6: Gate leakage current normalised to gate stack area as a function of applied
gate voltage for the ring p-MOSFETS of sizes D2, D3, D4 at 300 K (a) and 77 K (b).
Note that the measured current density does not vary with gate area implying negligible
leakage current around the perimeter of the gate stack. Gate leakage current changes
little with temperature also.

5.3.4 Gate Leakage

Gate leakage is low (figure 5.6) and, even in the large area devices available for charac-
terisation, not great enough to have significant impact on I;. I, scales with MOSFET
area, meaning that no parasitic leakage current around the perimeter of the gate stack
due to a processing error or poor mask design, for example. It is also relatively invariant

with temperature.

5.4 p-MOSFET Characteristics

Drain current is plotted as a function of gate voltage at V; = —50 mV for p-MOSFETs
located on W3-W6 at 300 K, 77 K and 4.2 K in figure 5.7. At room temperature there
is little variation between devices on different wafers. A feature of note is that the drain

current decreases with more negative gate voltages at high gate overdrives. Reducing the
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measurement temperature exaggerates this effect with very prominent double shoulders
in the drain current curve appearing at data obtained at 77 K and 4.2 K. Note that
throughout this chapter 4.2 K data is available for W3 and W4 only.

A thin silicon cap (W3 and W4) leads to a double peak in the drain current
which is most prominent at 4.2 K. A thick cap (W5 and W6) gives a broader first peak
with a far larger decrease in current with gate voltage. This behaviour is consistent with
buried channel MOSFETSs [Palmer, 2001] and is observed here due to the thicker than
specified silicon caps allowing carrier confinement in the cap. As the Si-cap begins to
populate with inversion charge at more negative gate voltages, we measure the drain
current mediated by carriers confined at the Si/SiO; interface in addition to the drain
current mediated by carriers confined at the s-Ge/Si interface. The transconductance
plots in figure 5.8 derived from the drain currents in figure 5.7 highlight the two peaks
in channel conductance. Note that the samples with a thinner cap (W3 and W4) offer
a slightly higher peak transconductance at room temperature. At 77 K there is a far

greater transconductance in W3 and W4 than in W5 and W6.

5.5 n-MOS Capacitor Characteristics

C-V was performed on capacitors on W3-W6 at 300 K, 77 K and 4.2 K at 10 kHz.
Due to a fabrication error there is no metallisation on the back of the wafers, which
is used as the substrate contact. This adds greatly to substrate resistance and hence
causes severe attenuation at frequencies greater than 10 kHz in C-V measurements at
room temperature (figure 5.9). One might expect dopant freeze-out in the substrate at
lower temperatures to degrade the electrical contact between it and the substrate chuck
further, thus introducing attenuation at lower frequencies; however, this was not the

case. This could be due to the InGa eutectic applied to sample substrates as standard
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Figure 5.7: 14-V; characteristics with V; = —0.05 V for the best performing ring p-
MOSFETS of size D3 (L=100 pm, W=572 um) on wafers W3 (a), W4 (b), W5 (c) and
W6 (d) at 300 K, 77 K and 4.2 K. In each graph, it is clear that drain current decreases
at high gate overdrive, which is inconsistent with normal MOSFET behaviour.
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Figure 5.8: Transconductance measured with V; = —0.05 V for the best performing

ring p-MOSFETSs of size D3 (L=100 um, W=572 um) on wafers W3 (a), W4 (b), W5
(c) and W6 (d) at 300 K, 77 K and 4.2 K. At lower temperatures for samples with a
thinner Si-cap (W3, W4) there is a clear second peak in the transconductance. This is
caused by holes populating the silicon cap at higher gate overdrives.
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Figure 5.9: C-V curves measured at room temperature for a 250,000 um? n-MOS
capacitor on W4 (25 nm s-Ge, 1 nm Si-cap) at a range of frequencies. Note the severe
attenuation in the measured capacitance as the frequency increases due to the resistive
substrate. This was caused by a lack of metallisation on the back of the substrate due
to a processing error.

procedure for low temperature measurements.

Present in the inversion region (negative gate voltage) of the C-V curves for all
samples, is a shoulder (figure 5.10). This is thought to be due to the relatively thick
silicon cap present in this device batch and we observe that the shoulder is lower for
those samples with a thicker cap (W5 and W6 - the former shown in figure 5.10(b)).
This is explained by holes preferentially occupying the Ge/Si-cap interface rather than
the Si-cap/SiOq interface at lower gate overdrives. Until populated by carriers, the
silicon cap acts as an extra capacitance in series with the oxide capacitance C,, so that
the shoulder capacitance Cy is given as:

1 1 1
= 1
Ctot Cox * Ccap (5 )

Where C.,), is the silicon cap capacitance given by:

€0€Si
Ccap =

tcap
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Figure 5.10: C-V curves measured at 500 Hz on 250,000 zim? n-MOS capacitors on
wafer W3 (a) and wafer W5 (b). The former has a 1 nm Si-cap and the latter a 2 nm
Si-cap, which has a significant effect on the shape of the inversion regions of the C-V
curves. Before the cap populates with inversion charge it acts as an extra capacitance
Ceap in series with the oxide capacitance C,, and hence reduces the gate capacitance
with holes in the s-Ge layer.

Where t.q, is the Si-cap thickness. Taking C,,=0.023 F m—2 (determined from the
accumulation maximum) and Cy,;=0.015, 0.013 F m~2 as measured from the shoul-
ders in the C-V profiles of samples with the thinner (W3, W4) and thicker caps (W5,
W6) respectively; we calculate t.q, = 2.5,3.6 nm respectively. These are significantly
larger than the values measured from the XTEM images which are 1.3 nm and 2.2 nm
respectively. As the inversion charge is not confined exactly at the interface but a dis-
tance determined by the maximum of the Stern-Howard wave function (figure 2.8(a)),
this could contribute to lowering C},; but not by the magnitude of the discrepancy be-
tween the XTEM images and electrical measurement. Especially when we consider that
germanium has a higher relative permittivity than silicon.

An explanation is forthcoming when we consider that the silicon caps were not

measured under a MOS gate stack in the XTEM, but on a piece of bare wafer surface
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Figure 5.11: The band alignments of the s-Ge and s-Si cap lattice matched to a relaxed
80% Ge virtual substrate. At the flatband condition holes will occupy the s-Ge whereas
electrons will occupy the Si-cap; however in inversion the bands will bend upwards for a
p-MOSFET, resulting in holes occupying the Si-cap.

after device fabrication. High-k deposition is performed early on in the device fabrication
process and therefore the silicon cap under the gate stack will have been protected from
chemical etches performed later on in fabrication, whereas that on the wafer surface
was exposed. This could well mean that the silicon cap in a device channel is greater

than elsewhere on the wafer.

The accumulation region does not show any shoulder at all, suggesting that
it is energetically favourable for electrons to occupy the silicon cap for any applied
gate voltage. Assuming that the germanium and silicon cap are 100% strained (lattice
matched to the underlying 80% SiGe buffer) we can use figure 2.17 to estimate the
band offsets. These are shown in figure 5.11 and confirm that holes will preferentially

occupy the s-Ge layer, whereas electrons will preferentially occupy the Si-cap.
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5.6 p-MOSFET Mobility

I4-V, measurements were performed on many MOSFETs at 300 K on each wafer (W3-
W6) and the peak field effect mobility extracted from the peak transconductance. The
MOSFETs with the highest room temperature mobilities were cooled to 77 K and
4.2 K, where the peak field effect mobility was extracted again using the same method.
Approximating the inversion charge to C,; (V;—V;) in the normal way will under estimate
the peak field effect mobility, as the capacitance is significantly lower than C,, due to

the silicon cap adding a capacitance contribution in series. A better approximation for

Ccapcoz
! Ccap +Coz '

the inversion charge is to use the combined cap and oxide capacitance in
place of C,;. The peak field effect mobility calculated with and without the silicon cap
correction are shown in figure 5.12 and compared to the best performing p-MOSFET
on sample H reported in the previous chapter.

The mobilities of carriers in strained germanium p-MOSFET channels are far
in excess of those on bulk-germanium. The highest peak mobility was measured at
4.2 K on sample W4 at 1780 cm? V! s=! compared to the bulk-Ge mobility at the

same temperature of 785 cm? V~1 s71

. Note that without the silicon-cap correction
(figure 5.12(a)) the peak mobility extracted from p-MOSFETs on W5 and W6 are
far lower than those on W3 and W4, but correcting for the presence of the Si-cap
(figure 5.12(b)) reduces the difference to be negligible at 300 K and 100 cm? V! s71-
200 cm? V~1 s71 (~10% reduction) at 77 K. It is not clear whether the thicker s-Ge-
channel in samples W4 and W6 gives higher mobilities than the thinner channels in W3
and W5. At 300 K and 4.2 K the thicker channel appears to give a slight enhancement
but at 77 K it does not.

Effective mobility was extracted as a function of vertical effective field by split

C-V measurements at 300 K, 77 K and 4.2 K on the best-performing sample, W4.
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Figure 5.12: Peak field effect mobilities measured with V; = —0.05 V for the best
performing ring s-Ge p-MOSFETs (W3-W6) and bulk Ge p-MOSFET from the chapter
4 (sample H) at 300 K, 77 K and 4.2 K. (a) assumes that the gate capacitance is equal
to Cbz=0.023 F m~2 whereas (b) corrects for the presence of the Si-caps substituting
Cyy for % This should offer a more accurate mobility as otherwise the inversion
charge is overestimated and hence the mobility is underestimated. The difference in
apparent peak field effect mobility between samples is significantly reduced by taking
the cap into account but it is not clear whether a thicker s-Ge layers has a significant

effect on mobility.
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This is compared to the silicon universal curve and that extracted from sample H in
the previous chapter at 300 K, 77 K and 4.2 K in figure 5.13. In addition, at room
temperature state-of-the-art silicon p-MOSFET mobilities are included for comparison.

The effective mobility is far in excess of the silicon universal mobility over the
whole vertical effective field range at all temperatures. The biggest enhancement is at
low fields but towards high fields there is a rapid decrease towards a mobility comparable
to that of the bulk-Ge p-MOSFET. This is due to significant population of the silicon
cap by carriers and it expected that a larger mobility enhancement would be present
at higher fields if the cap was thinner. Both the strained Ge and bulk Ge p-MOSFETs
(chapter 4) exceed state-of-the-art silicon mobilities at room temperature, in particular
the s-Ge devices. These mobilities are from recent publications by intel [Ghani et al.,
2003] and IBM [Yang et al., 2003] and use novel techniques (process induced strain and

(110) orientation) to enhance the silicon hole mobility.

5.7 s-Ge n-MOSFETs

In contrast to the relatively good germanium p-MOSFETs presented in this chapter
and the previous chapter, the s-Ge n-MOSFETs reported here perform poorly. These
were fabricated alongside the s-Ge p-MOSFETs reported above but with n-dopants
implanted into the source/drain regions and a slightly higher junction activation anneal
of 500 °C compared to 450 °C for the p-MOSFETs. A further anneal performed on the
p-MOSFETs at higher temperatures was shown to have no effect on device performance
in the section 5.3.1. The n-MOSFETs on samples W1 and W2 have silicon cap targets
of 1 nm and 2 nm respectively and identical s-Ge layers of 15 nm thickness. Figure 5.14
shows p-MQS capacitor C-V curves at 10 kHz of W1 and W2 that are very similar to

that of the n-MOS capacitors on W3-W6. The holes (now the accumulation charge) still
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Figure 5.13: (a) mobility against E.¢r at 300 K of a s-Ge p-MOSFET and hydrogen
annealed bulk Ge p-MOSFET from chapter 4. Mobility was measured with V;=-0.05 V
and exceeds state-of-the-art strained silicon [Ghani et al., 2003] and (110) oriented
silicon [Yang et al., 2003] p-MOSFET mobilities (data taken from Dobbie et al. [2008]).

Ge p-MOSFET mobilities are also compared to silicon universal p-MOS at 77 K (b) and
4.2 K (c).
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Figure 5.14: C-V curves measured for 250,000 um? p-MOS capacitors located on W1
and W2 performed at 500 Hz.

occupy the s-Ge before being confined in the Si-cap at higher gate voltages, as indicated
by the shoulders in the profile. Electrons (inversion charge) still show no confinement
to the s-Ge channel and occupy the Si-cap, as expected for the band offsets between
the s-Ge and Si-cap calculated previously (figure 5.11).

It could be argued that the inversion charge is entirely confined in the silicon-cap
and therefore the s-Ge channel layer is superfluous. However, consider that the inversion
layer should be thick enough to penetrate some way into the germanium if only in the

case of the W1 with the thinner Si-cap. Drain current as a function of gate voltage at low
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Figure 5.15: Drain current (a) and corresponding transconductance (b) measured at
300 K with V; = 0.05 V for ring n-MOSFETs of size D3 (L=100 pm, W=572 pm)
on wafers W1 (1 nm Si-cap) and W2 (2 nm Si-cap). The latter has roughly double
the peak transconductance of the former, suggesting that a thicker Si-cap improves
channel mobility. It is thought that more of the inversion charge in W1 occupies the
s-Ge channel, which has a lower mobility than the Si-cap and thus decreases device
performance overall. It is this sample therefore, that better represents a true s-Ge
n-MOSFET with no Si-cap.

drain bias, along with transconductance curves, are shown in figure 5.15. Note that W1
performs significantly worse than W2 with a lower on-current and transconductance. If
all carriers were confined to the Si-cap in both cases; we would expect to see no difference
in device performance or if anything, W2 to perform worse as its thicker silicon cap has
more chance of relaxing due to its increased thickness. This would introduce defects,
thus reducing the mobility of carriers in this layer further [Olsen et al., 2005]. The fact
that W1 shows poorer characteristics suggests that more carriers occupy the s-Ge layer
in this sample due to the thinner Si-cap, which would appear to result in worse device

characteristics.
Split C-V was performed on n-MOSFETs located on W1 and W2 to extract
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Figure 5.16: Effective room temperature mobility against vertical effective field mea-
sured with V; = 0.05 V of D3 (L=100 pm, W=572 pzm) s-Ge n-MOSFETs (a) compared
to the universal silicon n-MOSFET mobility curve. Low temperature mobility extrac-
tion was not possible due to decreasing drain current with decreasing temperature as
shown in (b). Below room temperature, gate leakage, which does not vary with temper-
ature, completely dominates the on-state drain-current due to increasing source/drain
resistance.

effective mobility as a function of vertical field and is compared to the universal silicon
n-MOSFET curve at room temperature in figure 5.16(a). Unsurprisingly both W1 and
W2 have mobilities far lower than this. No extraction could be performed at lower
temperatures as drain current decreased greatly with decreasing temperature in both
samples (figure 5.16(b)). It is assumed that this is due to increased source/drain resis-
tance caused by dopant freeze-out, which would have a significant effect if the doping
density were too low. As shown previously, gate leakage is invariant with temperature
meaning that at temperatures of 200 K and under, all drain current measured was due

to gate leakage.

Peak field effect mobility was extracted from peak transconductance for many

devices of various gate lengths on sample W1. The mobilities extracted are plotted
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against gate length and compared to those for s-Ge p-MOSFETs on sample W4 in
figure 5.17(a). Whereas there is no correlation of peak mobility with device length for
sample W4, peak mobility decreases significantly with decreasing device length in the
case of W1. The source/drain resistance must be exceedingly high to be a significant
factor for the long gate lengths here. Finally we directly compare absolute drain and
gate currents measured for an n-MOSFET on W1 and p-MOSFET on W4 at room
temperature in figure 5.17(b).

The drain current measured in the s-Ge n-MOSFET device is one to two orders
of magnitude lower than in s-Ge p-MOSFET, which is explained, in part, by the higher
source/drain resistance. The gate leakage as a function of gate voltage is identical for
both but is higher for positive gate voltages than the equivalent negative gate voltage.
Therefore, gate leakage is greater for the on-state for n-MOSFETs than for the p-
MOSFETSs and combined with the reduced drain current, means that a large proportion
of the device on-current is gate leakage. This increased gate leakage is qualitatively con-
sistent with the band-offsets between the hafnium-oxide and semiconductor conduction
bands. The hafnium-oxide conduction band offset is far lower than the corresponding
valence band offset with both silicon [Robertson, 2006] and germanium [Afanas’ev et al.,
2004]. Hence, holes have a greater energy barrier to overcome in order to enter the gate

dielectric than electrons.

5.8 Summary

Compressively strained germanium MOSFETSs have been electrically characterised. Whereas
p-MOSFETs show a large enhancement over the silicon universal curve, n-MOSFETs
perform poorly. The silicon cap, used for surface passivation before oxidation and high-

k deposition, was thicker than specified, as determined from XTEM and capacitance
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Figure 5.17: Room temperature peak field effect mobility measured with V; = 0.05 V
as a function of s-Ge MOSFET channel length (a) showing that even with these long
devices, source/drain resistance is still an issue for the n-MOSFETSs as indicated by the
decreasing mobility with decreasing channel length. A comparison of absolute drain
currents and gate currents of s-Ge D3 (L=100 yum, W=572 pum) p-MOSFET and n-
MOSFET reveals that the latter's downfall is it's aforementioned large source/drain
resistance and high gate leakage.

measurements, and played a large role in the performance of the p-MOSFETs and n-
MOSFETs. Whereas holes preferentially occupy the s-Ge at low gate overdrives in the
former, electrons always occupy the Si-cap; hence, there is a large mobility enhance-
ment for holes in the p-MOSFETs until conduction in the cap at high gate overdrives,
in contrast to electrons in the n-MOSFETs where most conduction takes place through

the Si-cap at all gate overdrives.

A thicker Si-cap results in an improved n-MOSFET mobility. It thought that
this is because electron mobility in the Si-cap is higher than in the s-Ge channel and
that those n-MOSFETSs with the thinner Si-cap have an inversion layer that penetrates
significantly into the s-Ge, thus lowering the overall measured mobility. Even in the

relatively large n-MOSFETs (50-150 pum gate lengths) measured here, source/drain
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resistance is significant and degrades the mobility measured. A reduced measurement
temperature (250 K and lower) results in a greatly decreased drain current. It is thought
that this is due to the doping density in the source/drain region being too low, and hence
the drain current is reduced due to dopant freeze-out with a relatively small decrease in
temperature. In turn, this gives rise to a large increase in source/drain resistance. At
temperatures of less than 200 K, the drain current in the on-state is equal to the gate
leakage current, and hence a low temperature electrical characterisation of these devices
was not possible.

In the case of the s-Ge p-MOSFETSs, the mobility measured far exceeds that
of state-of-the-art strained and (110) oriented silicon p-MOSFETSs. Although there is
undoubtedly a large mobility enhancement due to strain, a portion of the overall mobility
increase must be due to the fact that the inversion charge carriers are removed from the
dielectric interface by the Si-cap. Indeed, Nicholas et al. [2007a] shows that for these
particular devices, it is the thicker Si-cap that gives the highest peak mobility. This
is consistent with the findings of the previous chapter, that demonstrates that surface
roughness scattering and Coulomb scattering, both at the dielectric interface, to be the

dominating factors in limiting the mobility at room temperature.
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Chapter 6

Germanium Condensation

6.1 Overview

The germanium-condensation technique has received much attention from the semicon-
ductor industry in the last few years [Bedell et al., 2004]. The large systematic studies
performed require access to state-of-the-art processing facilities and a large number of

ultrathin-SOI (30 nm) wafers — the latter, in general, not being commercially available.

The investigation here, is performed on a smaller scale and the wafers are the
thinnest (100 nm) CVD-grade SOI that could be obtained commercially in a small
quantity. This makes it interesting for two reasons: first, Ge-condensation has not been
attempted on an initial substrate this thick and second, if successful it would mean that
thin (S)GOI layers were obtained from relatively thick initial SOl wafers. The latter is of
technological interest as currently, the Ge-condensation technique offers no advantage
over wafer bonding in terms of processing [Bedell et al., 2006] as one must begin with
an ultra-thin substrate. If a thicker, and therefore more simple to manufacture, initial

SOl substrate could be substituted for the thinner, then Ge-condensation could be a
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more commercially viable way of obtaining thin (S)GOI.

6.2 Process Design and Execution

There are three elements needed for the Ge-condensation process: SOI substrate(s),
SiGe-layer growth and oxidation(s). All must be of the highest quality if the process
is to succeed and hence each was outsourced to a specialist company and the various
parts of the project coordinated by the author.

Seven SOI wafers were used in total, all with 2230 nm buried oxide layer (BOX)
and 100 nm silicon-on-insulator top layer (SOI). Although the SOI layer thickness is
highly controlled, the buried oxide layer is approximate. It is relatively uniform over each
wafer but can vary significantly between wafers. These were purchased from Soitec, a
leading manufacturer of industry standard SOl wafers, and were manufactured by wafer
bonding a donor silicon layer onto an oxidised Si-wafer.

On the author’s request, a SiGe layer capped with a thin layer of silicon (&5 nm)
were grown on each wafer by AdvanceSiS using CVD. The SiGe layer had a target Ge-
composition of 15% and target thickness of 60 nm. Although calibration growths of
these layers, performed on bulk silicon wafers, came out almost exactly to specification
(confirmed with XTEM by the author; ellipsometry and X-ray refraction by AdvanceSiS
— none shown), the growth of the layers on the SOl substrates gave a thinner SiGe
layer (55 nm) with a lower Ge-composition (x = 0.12) than specified (figure 6.1(a)).
This is thought to be due to the lower wafer surface temperature during growth because
of the insulating buried oxide layer.

One wafer was characterised by XTEM (sample 1) to measure the initial layer
thicknesses and then the remaining six processed at Innos (a spin-off company of the

University of Southampton based in Eindhoven, Netherlands; specialising in silicon-based

160



(@)

Silicon cap *
5nm Thermal oxide
SiGe (x=0.12) 55nm
Oxidation
Silicon on insulator ¢100nm
Si substrate Si substrate

Figure 6.1: Initial (a) and post oxidation (b) Ge-condensation layers used here. The
ultimate aim is to obtain a Ge-composition close to 1 but there will be many intermediate
samples with low x.

device fabrication), where various oxidations were performed (figure 6.1(b)). To obtain
a high composition of germanium in the final SiGe layer (>50%) its thickness will have
to be less than or equal to 10 nm (equation 2.79), which requires about 350 nm of silicon
dioxide (equation 2.82) to be grown. This is an extremely thick oxide compared to those
grown in more standard silicon fabrication processes. A stepped oxidation temperature
profile was employed to maximise diffusion of the germanium into the substrate whilst
ensuring that the lower-melting temperature of the higher SiGe composition layers was
not exceeded in the latter stages of the process [Mukherjee-Roy et al., 2005]. This had
the added advantage of reducing the total oxidation time compared to the use of a
constant, lower oxidation temperature.

To oxidise the silicon cap without germanium diffusing to the surface, a rapid
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thermal oxidation (RTO) at 1150 °C was applied first. This novel step minimises diffu-
sion as the sample is heated to the oxidation temperature in a few seconds, where the
silicon cap is oxidised immediately, thus preventing Ge reaching the surface before an
oxide is formed. This eliminates the need for an initial low temperature oxidation before

full ramp-up as suggested by Sugiyama et al. [2007].

After the RTO, an oxidation at 1050 °C was performed in a standard oxidation
furnace with a relatively long ramp-up time in a nitrogen atmosphere. To obtain a par-
ticular thickness of oxide, the oxidation process was repeated several times and between
successive oxidations, the oxide thickness measured. Once the oxide thickness grown
reached 200 nm, the oxidation temperature was reduced to 900 °C and more successive

oxidations performed until a final target oxide thickness of 350 nm was obtained.

Between oxidations, oxide thicknesses were measured using a Nano-Metrics NanoSpec
— a simple spectroscopic, single-layer thin-film thickness gauge, designed for non-
destructive rapid characterisation and usually employed in fabrication facilities. Note
that bulk-Si wafers (called drop-outs) are oxidised alongside the Ge-condensation sam-
ples and the oxide thickness grown is measured from these as the SGOI layer structure is
too complicated for this type of characterisation. It was assumed that the oxide grown

on a bulk-Si wafer is equal to that grown on the SiGe-structures [Sugiyama et al., 2004].

Note that the oxidation times for each stage are approximate as the moments
at which oxidation begins and ends are generally not well defined. However, we are
more interested in the oxide thicknesses grown than the times taken to grow them.
Only sample 7 was subjected to the entire process described above. Samples 2-5 were
aborted at various intermediate points so that they could be characterised. Table 6.1
shows how much of the entire Ge-condensation process, as described above, each sample

went through.
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Sample | Oxid- Oxid- Oxid- Oxid- Oxid- Oxid-

number | ation ation ation ation ation ation
tempe-  time tempe-  time tempe-  time
rature 1 rature 2 rature 3
1 2 3
°C) (minutes) | (°C) (minutes) | (°C) (minutes)
1 _ _ _ _ _ _
2 1150 25 (RTO) | - - - -
3 1150 2.5 (RTO) | 1050 30 - -
4 1150 2.5 (RTO) | 1050 190 - -
5 1150 2.5 (RTO) | 1050 190 900 450
6 1150 2.5 (RTO) | 1050 190 900 950
7 1150 2.5 (RTO) | 1050 190 900 1500

Table 6.1: The oxidations comprising the Ge-condensation process that were performed
on each sample before characterisation.

6.3 Characterisation

Each sample was characterised with XTEM and SIMS, which allowed the thickness
and germanium composition of the various layers at the surface of each sample to be

determined. These are listed in table 6.2.

SIMS measurements were performed by Richard Morris of the Analytical Science
Projects Group, Department of Physics, University of Warwick; on the instruction of the
author. The sample surfaces were sputtered with a 1 keV O; beam and the secondary
ion fluxes for Si and Ge ejected from the surface was measured. This low energy beam
was chosen to give a high depth resolution. At this low beam energy the recorded signal
levels of each element correspond to the ratio of Ge and Si in the sample [Dowsett et al.,
2003]. Positive charge build-up on the surface, which could deflect the primary beam,
occurred due to the insulating BOX layer. This was counteracted by use of an electron

beam, which required careful calibration.
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The sputtering time was converted to a crater depth into the sample by sputtering
sample 1 for a series of different amounts of time and measuring the corresponding crater
depths. Note that calibration was only performed to depths not greater than the Si/SiGe
layers and hence the sputter rate through silicon dioxide was not calibrated. Thus, any
conversion of a sputtering time to a depth is only valid for regions of Si/SiGe and note
that although the sputter rate is assumed constant through these regions, germanium

does in fact increase the sputter rate.

The buried oxide was always sputtered through completely so that a constant
silicon signal level was obtained corresponding to the underlying Si-substrate, on which
the BOX sits. This signal was consistent over all of the samples and hence the back
interface of the BOX layer could always be identified in the SIMS profiles. A comparison

of two SIMS profiles as a function of sputtering time is shown in figure 6.2.

As the silicon dioxide sputter rate was not calibrated, the absolute depth of the
SiGe layers is unknown due to different thicknesses of silicon dioxide on the sample
surfaces. However, this oxide is of little interest and hence when converting the SIMS
profiles from a function of sputtering time to depth, the top BOX/Si(Ge) interface is
defined as zero depth. The SIMS profile as a function of depth corresponding to a
XTEM image of sample 1 is shown in figure 6.3 alongside the calculated germanium

fraction through the sample depth by comparing the signal ratio of Si to Ge.

This was repeated for all of the samples to give a SIMS profile corresponding to a
XTEM image for each, shown in figure 6.4. The average germanium composition of each
layer in table 6.2 was calculated by integrating over the SIMS profile of the SiGe layer and
dividing by the layer thicknesses measured from each corresponding XTEM image. The
expected Ge-composition of these final layers was calculated from the measured final

thicknesses and the initial layer SiGe compositions/thicknesses using equation 2.79.
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Figure 6.2: SIMS profile for the initial structure, sample 1 (a) compared to that for
sample 3 (b), which has been oxidised.

The germanium-condensation process applied was a success, in that the final
layers were crystalline (confirmed by observing the diffraction pattern of crystalline SiGe
using XTEM) and of a greater average Ge-composition 2’ than the initial layers. The
final layer in sample 7 (figure 6.4(f)) has a Ge-composition of 58% and is 10 nm thick.
However, early on in the process (sample 3, figure 6.4(b)) dislocations in the SiGe layer
and agglomerated germanium in the in thermal oxide are visible. The SIMS profile

confirms the presence of Ge in the oxide.

XTEM and SIMS were used to measure the layer thicknesses and unfortunately
both are prone to over estimating the thickness of the final 10 nm SGOI layer. Although
not measured, we must assume that the final layer has significant residual compressive
strain, as consistent with the wider Ge-condensation literature [Nakaharai et al., 2003;
Bedell et al., 2006]. The XTEM image will therefore have a component of contrast
resultant from the strain. This strain, and hence contrast, will extend some distance

into the surrounding oxide.
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Sample Measured SOI Peak Average Oxide Expected Melting

number SiGe thick- Ge Ge thick- average  temperature
thick- ness como-  compo-  ness Ge of SiGe
ness sition sition compo-  layer
(nm) (nm) (nm)  sition (°C)

1 55 100 0.12 0.12 0 - 1300

2 55 100 0.11 0.11 20 0.12 1300

3 130 0 0.17 0.04 70 0.05 1300

4 70 0 0.17 0.08 204 0.09 1300

5 50 0 0.29 0.11 250 0.13 1200

6 30 0 0.40 0.17 300 0.21 1150

7 10 0 0.77 0.58 340 0.63 1000

Table 6.2: The measured layer thicknesses and compositions of each sample determined
with a combination of XTEM and SIMS measurements.
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Figure 6.3: XTEM image of sample 1 (a), and the SIMS profile as a function of depth
(b) with Ge-fraction as a function of the same calculated from the ratio of Si and Ge

fluxes (c).
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Figure 6.4: Ge-depth profiles determined from SIMS and corresponding XTEM images
of samples 2-7 (a—f respectively).
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SIMS is prone to broadening of features as a function of depth and this generally
increases with primary beam energy. This, along with strain contrast in the XTEM,
means that the final SGOI layer is most likely thinner than reported here. Furthermore,
as the layer thickness is used to calculate the average Ge-composition of the SGOI
layer, this will be underestimated. One solution is to perform SIMS at successively
higher energies to increase the broadening effect. The apparent SGOI layer thickness
could then be plotted as a function of primary beam energy and an extrapolation to the
thickness at " 0-energy” could be performed, which should correspond to the condition

of no broadening and hence give the real layer thickness.

6.4 Germanium Diffusion in the BOX

Note that the germanium composition of the Ge-condensated layers (samples 3-7) are
lower than expected in each case, which means that the germanium is not completely
conserved by the diffusion barriers of the BOX and thermal oxide. The SIMS profiles
(figure 6.4(b)—(e)) suggest that germanium is diffusing through the buried oxide layer
during the oxidations. The Ge-diffusion profile through the BOX is consistent over all
the samples except in samples 1 and 2 where no Ge is at the BOX/SOI interface and
sample 7 where the germanium tends to a negligible level a short distance (~80 nm)
into the BOX. In addition, we observe that where there is Ge-diffusion through the BOX,
there is a high concentration of germanium at the BOX/Si-substrate interface. Note
that the germanium fraction through the buried oxide is low, exponentially decreasing
from 1% to 0.1% from the top to the bottom of the BOX layer. Most publications
focus on the germanium profile through the SGOI layer and disregard the BOX entirely;
however, we will look for evidence of germanium diffusion through the BOX in the

published literature.
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A SIMS profile in Sugiyama et al. [2004] shows germanium content in the BOX
layer of about 1%—-2%. A linear scale of germanium fraction is used and the profile
remains constant to a depth of 50 nm into the BOX. However, the wafers used are not
bonded but fabricated by the SIMOX process, which involves implanting oxygen into
the substrate and annealing to form a BOX layer. Therefore, incorporation of Ge at
this stage cannot be ruled out and hence, the validity of the comparison with samples

reported here is questionable.

Di et al. [2005a] and Di et al. [2005b] show evidence for Ge diffusion into the
BOX in high resolution XTEM images. Energy dispersive X-ray spectra (EDS) of the
same sample [Di et al., 2005a] suggest a concentration of Ge of ~0.04% about 5 nm

into the buried oxide layer.

The use of linear intensity scales for Ge-composition through the BOX layer will
conceal low Ge concentrations in most publications. Park et al. [2006] includes a before
and after Ge-condensation SIMS profiles plotted on a logarithmic intensity scale. This
shows germanium in the buried oxide, at the BOX/Si-substrate interface both before
and after Ge-condensation. No mention is given to this large anomalous germanium

peak and therefore the publication is of little use here.

Out of the context of Ge-condensation, germanium is well-known to diffuse sub-
stitutionally in silicon dioxide with the diffusion coefficient given by Minke and Jackson
[2004]. The movement of Ge in SiO3 is often exploited to obtain Ge-quantum-dots as
it can agglomerate under certain conditions. This is demonstrated by Nobutoshi et al.
[2007] with the low temperature annealing of ion-implanted germanium in a SiO2 layer
on a silicon substrate; however, more relevant is the reported behaviour (in the same
research paper) of the germanium at higher anneal temperatures (900 °C and above)

where germanium pile-up at the Si/SiOy interface is observed. This is exactly what we
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observe, at the same temperature or higher temperature, in samples 3-6.

The reason given for this pile-up by Nobutoshi et al. [2007], is that the germanium
diffuses at different rates in silicon and silicon dioxide. We would expect pile-up of Ge
at this interface if it diffused more slowly in Si than in SiOs, but the reverse is true: the
diffusion rate of germanium is far greater in silicon than in silicon dioxide [Minke and
Jackson, 2004; McVay and DuCharme, 1974]. However, consider that the diffusion of
Ge in SiOy is for a block of silica and not thermally oxidised silicon; therefore, we cannot
rule out that Ge could diffuse faster than suggested by Minke and Jackson [2004]. In
fact, a principal conclusion of the paper is that Ge diffusion in silicon dioxide is defect
mediated and if the BOX here, or silicon dioxide in Nobutoshi et al. [2007] obtained by
the thermal oxidation of silicon had a higher density of defects, then we would expect to
observe a higher Ge-diffusion rate. Hence, germanium could be diffusing faster through
the oxide than the underlying Si-substrate, in which case pile-up would be expected at
this interface. However, we cannot rule out that the observed Ge-peak is an artefact
from the SIMS measurements, for example a discharge of positive ions from the surface

when the insulating BOX is breached by the primary beam.

Sample 7 does not show significant germanium in the BOX. Note that it has
been subjected to an anneal over 500 minutes longer at 900 °C than sample 6 and
hence if the diffusion of Ge into the BOX stopped, then the Ge already there would
most likely have time to dissipate into the Si-substrate. A small Ge-peak is observed
at the BOX/Si-substrate interface in the SIMS profile for sample 7 (not shown), but it
is barely above the background noise, peaking at 0.0001% Ge. It is therefore assumed
that the Ge-diffusion into the BOX does stop at some point in the final stages of the

oxidation process that only sample 7 was subjected to.

As mentioned in section 2.6.1, little or no consideration has been given to the
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internal thermal oxidation of the buried oxide in previous publications regarding Ge-
condensation. Here, we calculate the rate at which the buried oxide is growing due to
ITOX in the Ge-condensation process performed. It is assumed that the reaction rate
constants k1, k2 and k3 (see equations 2.87-2.89) are the same as for the oxidation of
pure silicon, as the dry-oxidation rate of silicon at the interface is not enhanced by the
presence of germanium [Sugiyama et al., 2004]. The end product of the reaction is the
same (SiO2) as germanium is rejected into the semiconductor and therefore, reactions
involving germanium are ignored.

Another important parameter is the diffusion rate of oxygen through silicon Dg;.
This is applicable to pure SOI substrates, but here we have SGOI substrates of various
Ge-compositions. There is no data available for the diffusion rate of oxygen in SiGe
alloys but it can be assumed that Dg; will suffice for the low Ge composition alloys in
the majority of samples here; however, for higher germanium concentrations (sample 7),
the diffusion of oxygen through the SiGe layer may be more accurately described by the

diffusion coefficient of oxygen through pure Ge (units of cm? s=!) [Haas, 1960]:

2.02
DG@ = 017€Xp <_k—T> (61)
B

The calculated internal oxidation rate of the BOX is plotted in figure 6.5. As
the SiGe layer decreases in thickness, we see that the ITOX rate increases. Due to the
greater diffusion rate of oxygen in germanium, compared to silicon, we expect a further
increase in the ITOX rate towards the final stages of the Ge-condensation process.

When oxidising SiGe, if there is a sufficient supply of silicon to an oxidising
interface, germanium is rejected from the oxide. The same should be true for the
internal oxidation of the buried oxide. However, in the absence of significant internal
oxidation, germanium could diffuse into the buried oxide and note that the ITOX rate is

an order of magnitude lower in samples 5 and 6, compared to sample 7 (if one includes

171



0.1

0.01

ITOX Growth Rate (nm/minute)

0.001

ITOX growth

rate of BOX for SOI

ITOX growth rate of BOX
for pure GOI

_

ITOX rate closer
to that of GOI
as x>0.5

Sample 7
x=0.58

Sample 6
x=0.17

Sample 5
x=0.11

300

600 900 1200 1500 1800
Total Oxidation Time (minutes)

Figure 6.5: The calculated rate at which the internal thermal oxidation (ITOX) of the
BOX layer is progressing in the final stages of the Ge-condensation process. The ITOX
rate is calculated assuming oxygen diffusion through the SiGe layer is that for pure Si

and pu

re Ge.

172



1 - e |
. Sl ] f

el Lod |
3 L L‘ Ge peak at
L%‘a BOX/Si-substrate
.g i interface

4] a |
Z S’v * %

0 500 1000 1500 2000 2500 300
Depth (A)

Figure 6.6: SIMS profile of a sample that has undergone Ge-condensation followed by a
2 hour anneal in argon at 1050 °C. Although plotted on a linear scale, a small Ge-peak
can be seen at the BOX/Si-substrate interface. Reproduced from Sadaka et al. [2004].

the enhancement due to increased Ge composition). Therefore, it is proposed that
the internal oxidation of the buried oxide layer is responsible for acting as an efficient
diffusion barrier for germanium and not the static buried oxide layer alone, as generally

assumed in the Ge-condensation literature.

Sadaka et al. [2004] includes a SIMS profile of Ge-condensation sample that has
been annealed in argon for two hours at 1050 °C, reproduced here in figure 6.6. Although
on a linear intensity scale, a Ge-peak at the BOX/Si-substrate interface is clearly visible.
This could be the same Ge pile-up effect that is observed here and reported in Nobutoshi
et al. [2007], and could suggest that there was significant Ge-diffusion into the BOX
during the argon anneal. There is no internal oxidation of the buried oxide layer when
annealing in argon and hence, if the ITOX hypothesis is correct, then we would expect

to see germanium diffusing into the BOX in this case.
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Balakumar et al. [2007] reports on the observation of SiGeO forming at both the
top oxidising interface (as would be expected before Ge-rejection into the SiGe layer)
and at the BOX/SiGe interface during a standard Ge-condensation process. Despite
witnessing the formation of GeO at the BOX interface, they give no mention of the
internal oxidation of the buried oxide, which could provide an alternative explanation to
the one given (to do with the metastability of the SiGe at temperatures close to the L-S

region).

6.5 Summary

An initial 55 nm SiGe layer with 5 nm Si-cap on 100 nm SOI substrate was oxidised for
various times and temperatures to obtain a series of samples with various SGOI layer
thicknesses and Ge-compositions. 1700 minutes of oxidation resulted in a final 10 nm
thick SGOI layer with a Ge-composition of 58% and this is the thinnest, highest Ge-
composition layer ever obtained, from thick (¢#;=160 nm) initial Si/SiGe layers of low
Ge-composition (2'=4%). Furthermore, this layer could be thinner and, therefore, have
a higher Ge-composition than reported here due to systematic errors occurring in both
XTEM and SIMS measurements.

Ge was found to be present in the BOX after longer oxidations, except in sam-
ple 7, which underwent the longest final oxidation. Although the presence and subse-
quent absence of Ge in the BOX is explained with a hypothesis not inconsistent with
the wider literature regarding Ge-condensation, it should be emphasised that results
are based on a characterisation of a single sample set. Therefore, repeatability of this
anomalous Ge-diffusion and the confirmation that ITOX does play a significant role in
stopping this, has not been demonstrated conclusively. A peculiarity of these samples,

for example inconsistent or non-uniform initial SOl wafers, cannot be ruled out.
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Chapter 7

Conclusion and Further Work

A future CMOS technology with germanium as the active MOSFET channel material
requires high-quality substrates and devices that offer a significant enhancement over
the silicon equivalent. Both of these have been investigated, to varying degrees, in this

work, which we now conclude.

State-of-the-art bulk and strained Ge p-MOSFETs with a high-k gate stack
showed a large mobility enhancement over the universal silicon mobility and, particularly
in the case of the latter, state-of-the-art silicon p-MOSFETs (strained [Ghani et al., 2003]
and (110) [Yang et al., 2003] fabricated by intel and IBM respectively). The gate stack is
far from perfect: a large variation of interface state densities in the bulk-Ge devices was
observed. The states had a fast response time suggesting a close physical proximity to
the channel; hence it was concluded that they reside at the Si/SiO5 interface. Consistent
with this, is that a hydrogen anneal greatly reduces the interface state density of a given

device. Indeed, it was the hydrogen annealed devices that offered the highest mobilities.

The systematic variation of interface state densities allowed a detailed investiga-

tion into their effect on channel mobility. It was demonstrated, for the first time, that
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peak field effect mobility is inversely proportional to the threshold voltage of a device if
interface states dominate both parameters. The former is reduced by Coulomb scatter-
ing of carriers in the channel; whereas the latter is shifted by the filling of states, rather

than the population of the channel with carriers, in the subthreshold regime.

Effective mobility measurements were made on a more limited number of devices
at a temperature of 4.2 K. This required the development of a low temperature probe
station and reliable measurement procedure, which are both documented in this thesis.
To the resulting effective mobility curves (corrected for both source/drain resistance
and diffusion) was fitted a theoretical mobility curve, which was the sum of a Coulomb
scattering component and a surface roughness scattering component. The theoretical
mobility was calculated using the model proposed by Gold and Dolgopolov [1986], which
assumes that 7' = 0 and that the electrical quantum limit applies (this was demonstrated
to be the case). Fitting parameters of areal charged impurity density and RMS surface
roughness were used to adjust the theoretical mobility curve to obtain the best fit to

the data.

The areal charged impurity density correlated to the measured interface state
density for each device, confirming that Coulomb scattering by interface states is indeed
responsible for the mobility variation. More interesting however, is the 20% decrease
in RMS surface roughness, inferred by the model, after a device has been hydrogen
annealed. Given the complexity of the gate stack, it is difficult to suggest an exact
physical mechanism for this decrease but a diffusion based process is feasable. To the
authour’s knowledge, this has never been observed at a MOSFET gate-dielectric/channel
interface before. Hence, this result does need to be confirmed, either by applying a more
detailed model to the existing data or by a direct physical characteristion of this interface.

Note that on the instruction of the author, computer simulations of these devices are
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currently being performed at Universidad De Granada, Spain.

Strained Ge n-MOSFETSs were also fabricated alongside the s-Ge p-MOSFETs at
IMEC. They suffer from a particularly high source/drain resistance due to a low dopant
density and, partly due to this, have mobilities far lower than the universal silicon n-
MOSFET mobility. Their performance decreases rapidly with decreasing temperature
and at 250 K the drain current is equal to the gate leakage current; hence no detailed
low temperature characterisation was performed. In contrast to p-MOSFETSs, Ge n-
MOSFETs are well documented to perform badly [Shang et al., 2006] and hence current
thinking is that if Ge p-MOSFETs are ever to be implemented, it will be alongside

strained silicon or GaAs n-MOSFETSs [Takagi et al., 2006].

Despite showing high mobilities, leakage currents of the bulk Ge p-MOSFETSs
and strained Ge p-MOSFETs are unacceptably high. A more detailed investigation of
the latter demonstrated that it is most likely caused by a high density of threading
dislocations. The substrates on which these devices have been fabricated are far from
optimised and hence this is not necessarily a fundamental roadblock to Ge CMOS; it
does however, highlight the need for good quality substrates. One potential method of
obtaining these is the Ge-condensation technique and is the subject of the final results

chapter.

The Ge-condensation technique was investigated using thicker SOI substrates
(100 nm top Si-layer) than normally used (=30 nm) in this process. This resulted in
very long oxidation times (1700 minutes in total) to achieve a final SGOI layer 10 nm
thick and with an average Ge-composition of 58%. Furthermore, due to strain contrast
in the XTEM image and broadening in the SIMS profile, this layer will most likely be
thinner and of a higher Ge-composition than reported. It is proposed that a series

of SIMS profiles is obtained at successively higher primary beam energies to allow an
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extrapolation to "0O-energy”, which should give the layer thickness without broadening.

The thin, high Ge-composition layer obtained demonstrates that it is possible
to obtain SGOI, or even GOI, substrates from relatively thick SOI starting substrates.
These are easier to manufacture than thinner SOI substrates (100 nm were the thinnest
commercially available from Soitec when the experimental work was carried out). How-
ever, a new phenomenon detrimental to the Ge-condensation process was observed:
germanium diffused through the BOX during the oxidations. It has long been thought
that silicon dioxide acts as a diffusion barrier to germanium and hence the presence of
Ge in the BOX here, is somewhat surprising. An explanation was proposed, which is that
usually the ITOX reaction at the SGOI/BOX interface that prevents Ge from diffusing
into the BOX. The thicker SOI used here suppressed this reaction and hence allowed Ge
to enter the BOX, except in the final stage of the process, where the SGOI layer was
thin enough and contained sufficient germanium to increase the ITOX rate sufficiently

enough that it stop germanium from entering the BOX.

General suggestions for further work are now proposed. The s-Ge p-MOSFETSs
investigated here had a thicker than specified silicon cap, which lead to buried channel
behaviour. This resulted in artificially low mobilities at high vertical fields due to carrier
population of this cap, but there is evidence to suggest that the peak mobility, which
occurs at low vertical fields, was slightly enhanced by the presence of this Si-cap [Nicholas
et al., 2007a]. Furthermore, due to the wafers being an inappropriate size, only very
large s-Ge MOSFETSs were fabricated. Therefore, reprocessing the batch on wafers with
a thin silicon cap and of a size compatible with the main non-silicon processing facility
at IMEC should be a priority. This would allow a more accurate assessment of the
effect of strain in both long and short p-MOSFETs. Of particular relevance here, is

that in shorter devices surface roughness has been identified as a critical parameter that
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must be minimised [Du et al., 2005] and hence the hydrogen anneal could be even
more important for these. Since the experimental work was carried out for this thesis,
125 nm Ge p-MOSFETs with halo implants have been fabricated at IMEC [Nicholas
et al., 2007b] and hence applying this process to s-Ge substrates should be trivial.

s-Ge n-MOSFETs could be improved by changing the substrate orientation to
(111), which would result in the degeneracy splitting of the conduction band. This
would be a formidable challenge however, as (111) virtual substrates would have to be
grown and the fabrication process adapted to these. Given the poor performance of
n-MOSFETSs here and in the wider literature, it is unlikely that such a device batch
would be commissioned.

Finally, the ITOX process in Ge-condensation needs further investigation and
has been completely ignored in the literature regarding the subject. It is proposed that
a series of SOI wafers of different thicknesses are used in a Ge-condensation process.
The ITOX rate of each should be calculated with the model used here and, in general,
will be greater for samples that begin with a thinner SOI substrate. This experiment
would perform several functions, not least of which is to confirm that the Ge-diffusion,
that we observed here, was a real effect and not due to a peculiarity associated with
this sample set, for example a damaged buried oxide. It would also test the proposed
hypothesis — that ITOX is responsible for preventing Ge from entering the BOX — and
allow the critical ITOX rate for this to occur to be ascertained. Finally, the SGOI/BOX
interface of each sample could be studied using XTEM to see if ITOX affected it. The
quality of this interface will be of significance if Ge MOSFETs are fabricated on thin
GOI wafers obtained with the Ge-condensation technique and it is therefore critical that

the dynamics of this interface during Ge-condensation are understood.
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