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Abstract

With the continuous reduction of the dimensions of metal-oxide-
semiconductor field-effect transistors (MOSFET), issues related to the
formation of source and drain contacts by ion implantation appear. A
new source and drain architecture based on metallic contacts over silicon
was proposed to replace conventional highly doped extensions. To real-
ize such a device, the so-called Schottky barrier (SB) MOSFET, requires
working with materials presenting low Schottky barrier heights (SBH) to
silicon. For n-type MOSFETs, rare-earth silicides, alloys between silicon
and a rare-earth metal, are the best candidates. For Schottky barrier
MOSFETSs to compete with conventional ones in terms of on- and off-
currents, the SBH of rare-earth silicides is intrinsically still too high and
must accordingly be further reduced. Such a barrier decrease can be
achieved with the dopant segregation technique, where a thin dopant
layer is interposed between the silicide and silicon.

In the first two chapters of this thesis, we expose the theoretical
aspects of metal-semiconductor (MS) contacts. Chapter 1 starts with
a recall of the main steps of the long history of MS contacts. Next,
the simplified energy band structure of metals and semiconductors is
briefly described and applied to establish the energy band diagram of MS
contacts. Then, the principal models of SBH formation are developed.
Finally, ohmic contacts and the notion of specific contact resistance are
tackled. The purpose of chapter 2 is to present the electrical extraction
techniques of SBHs and the methods of material characterization that
are used extensively in the two following chapters.

Chapter 3, devoted to the growth and the characterization of er-
bium (Er) silicide contacts on n-type silicon, is the central part of this
work. Different techniques of metal deposition and thermal treatment
are successively considered. Evaporation and growth in ultrahigh vac-
uum conditions leads to reference Er silicide thin films with excellent
morphological and electrical characteristics. Fx situ growth with a pro-
tective titanium capping layer produces Er silicide with a state-of-the-art
SBH of 0.28 eV at the optimal annealing temperature. It is also inferred
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that the observed SBH drop with increasing annealing temperature can
be associated to the progressive transformation of amorphous Er sili-
cide into crystalline Er silicide. However, these films are plagued by
superficial oxidation due to oxygen penetration through the titanium
cap. By optimizing the process conditions (annealing atmosphere and
cap thickness), oxygen-free Er silicide films can be fabricated. Finally,
the last chapter of this text deals with the SBH modulation of Er silicide
contacts on n-type silicon by dopant segregation. The extraction of an
effective SBH of about 0.1 eV and the dopant redistribution in the sili-
cide both testify to efficient segregation. The SBH reduction turns out
to be all the more efficient that the dopant concentration at the interface
is elevated. In the end, through quantum simulations, low temperature
deviations of the current-voltage characteristics of silicide/silicon con-
tacts are attributed to the nanoscale modulation of the SB profile by the
applied voltage.
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Introduction

Metal-semiconductor (MS) interfaces play a fundamental role in solid-
state electronics and optoelectronics because they are intensively used as
a link between the solid-state device and the outside world. An ideal MS
interface should not alter the current flow through the device. More pre-
cisely, this means that an ideal MS contact should be characterized by
a linear relationship between the current and the resulting voltage drop
i.e. obey to Ohm’s law. For obvious reasons, such a contact is called an
“ohmic contact”.

One of the most important properties of MS interfaces is their “Schot-
tky barrier height” (SBH), which characterizes the energy mismatch be-
tween majority carriers on each side of the interface. The SBH regulates
the electronic transport across MS interfaces. If the SBH is too high, the
MS contact presents asymmetric current-voltage characteristics which
considerably differ from Ohm’s law. These contacts belong to the cate-
gory of “rectifying” or “Schottky contacts”, named so in honor of Walter
Schottky who was the first to explain their physical behavior. Unfor-
tunately, most of MS contacts are of Schottky-type. In consequence,
producing ohmic contacts is a permanent challenge in semiconductor
technology, what is in turn a good thing since it provides a lot of work
to engineers and scientists (and by the way, a subject to this thesis)!

The issue is particularly blatant in the integrated circuit technology
with the continuous dimension downscaling of metal-oxide-semiconductor
field-effect transistors (MOSFETs). Ohmic contacts to MOSFETs are
conventionally realized by metallic contacts over heavily doped Si source/
drain (S/D) implants. Usually, the metallic contacts are created by al-
loying highly doped Si S/D to a given metal (Ti, Co, Ni, etc.), creating a
new compound called a “silicide” (see Fig. 1(a)). Silicides are preferred
over pure metals because of their greater thermal and chemical stability.

But the more the dimensions of MOSFETs are reduced toward the
10 nm node, the more the constraints on the classical implanted S/D
tighten [1|, due to increasing process difficulties essentially related to
dopant activation to achieve (i) heavily doped junctions (for low sheet
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Midgap
silicide
Source Drain
Heavily doped Band-edge silicide
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Segregated
junction

Midgap/Band-edge
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Figure 1: Different S/D architectures for MOSFETs: (a) conventional
architecture with heavily doped S/D regions contacted with a midgap
silicide, (b) SBMOSFET with band-edge silicide S/D, and (c) DS-
SBMOSFET with either bangap or midgap silicide and dopant pile-up
at the MS interface.

resistance), (ii) extremely steep lateral profiling, and (iii) low specific
contact resistance. In order to overcome these problems, it was pro-
posed to replace the strongly doped S/D by metallic Schottky S/D [2]
in the so-called Schottky barrier (SB) MOSFET architecture (see Fig.
1(b)). Compared with heavily doped diffusion, metallic S/D possess
the advantage of a low resistivity and, in the case of silicide, can form
atomically abrupt junctions with Si. The main challenge associated to
this architecture is to reach a very low specific contact resistance. This
objective can in principle be achieved working with very low SBHs.

A first approach to the SBMOSFET concept is based on band-edge
silicides? which present low SBHs? either to holes (like platinum silicide)
or to electrons (silicides from the rare-earth (RE) family like erbium (Er),
ytterbium (Yb), etc.). Metallic Schottky S/D based on platinum [3-7] or
RE [3,8-12] silicides were successfully used for the realization of p- and
n-MOSFETS, respectively. However, the performance of both p- and n-
SBMOSFETs are too limited to compete with conventional MOSFETSs

2As opposed to midgap silicides like TiSia, CoSiz or NiSi successively used in
conventional technology.
3 Arbitrarily defined here as SBHs less than 0.3 V.
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because of the still too high SBHs to holes (0.15 €V) and electrons (0.28
eV) on low doping Si.

From modeling considerations, it was recently stated that the SBH
should ideally be at most 0.1 eV [13,14]. However, even though a large
spectrum of metals that could lead to very low barriers to Si is available,
it is very difficult in practice to modulate the SBH below 0.1 ¢V due
to the intrinsic physico-chemical properties of MS interfaces. Since that
objective cannot be reached with “simple” MS contacts, some new “tricks”
must inevitably be used to get around the problem.

Techniques based on the passivation of the Si surface to facilitate SBH
tuning were proposed and successively implemented in simili-SBMOSFET
structures with pure metals [15,16] but their application to self-aligned
MOSFETs is not an easy task.

Another approach that is more compatible with self-aligned processes
consists in introducing a high concentration of dopants in a very thin
layer at the silicide/Si interface in a SBMOSFET [17] (see Fig. 1(c)).
The so-called “dopant segregation” (DS) involves dopant implantation
followed by a dopant pile-up at the silicide/Si after thermal budget.
The dopant-segregated layer causes a drastic reduction of the effective
SBH. It could be argued that this concept is paradoxical since issues
related to the formation of ultra-shallow junctions were at the source of
the interest in the SBMOSFET architecture. In conventional processes,
efficient dopant activation requires annealing at high temperatures that
provokes lateral impurity diffusion. Still, lateral diffusion can be limited
with the DS scenario because it allows to achieve dopant activation at
significantly lower temperatures. DS-SBMOSFETs can be realized either
with midgap® (mostly NiSi [18-22]) or band-edge silicides [23-26], each
flavor presenting its own interest. The ideal case would be to use two
different low SBH silicides for complementary MOS (CMOS) technology,
but at the expense of process cost and simplicity. Midgap silicides are
convenient since a single silicide can be used for both n- and p-type
MOSFETs, with the appropriate doping species [22]. But, compared
with band-edge silicides, their relatively high SBHs limit the current
drive. A third intermediate solution is to make use of a single band-edge
silicide combined with the adequate dopant for each MOSFET type.

As already unveiled by its title, the objective of this thesis is to study
the formation of RE silicides. Since a comprehensive study of the RE
family is not possible, we have limited our investigation to Er silicide
which is probably the most documented amongst the RE silicides. The

4Contrary to non-segregated SBMOSFET, thanks to the possible use of either
donor or acceptor impurities.
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present manuscript is divided into four chapters. In the first introductive
chapter, the theoretical aspects of MS contacts are treated. The second
chapter is dedicated to the description of the characterization techniques
abundantly used in this work, both electrical and physical. The next two
chapters constitute the main contributions of this thesis to the scientific
knowledge. More specifically, chapter 3 deals with the formation of Er
silicide under various process conditions, while chapter 4 exposes the
implementation of DS to Er silicide based on the results of chapter 3.
Finally, this text ends with a summary of the principal achievements and
some perspectives for future work are given.



Chapter 1

Metal-semiconductor contacts

In this theory-oriented chapter, we present the important concepts
thoroughly used in the abundant literature about MS contacts. First, we
give an historical context regarding the evolution of the understanding
of the underlying physical mechanims of MS contact formation. Then,
we introduce some basic concepts that will lead to a classification of MS
contacts in two types: Schottky and ohmic contacts. The third section
progressively exposes the main models developed to unveil the formation
mechanism of Schottky contacts. Finally, the last section of the chapter
deals with ohmic contacts.

1.1 Historical milestones

The purpose of this introductive section is to provide the reader with
a brief summary of the already long history of MS contacts. The author
believes that before entering into details, it is important to give a context
where the major advances in the field of MS interfaces can be placed in.

In 1874, Ferdinand Braun [27] first discovered that current flows
freely in only one direction at the contact between a metal point and
a galena crystal (which is a semiconductor). The discovery earned him
the 1909 Nobel Prize in physics together with Guglielmo Marconi. That
specific regulation of the electronic current is called “rectifier effect” or
“rectification”. The phenomenon was explained only thirty years later,
in 1939, jointly by Walter Schottky [28] and Sir Nevill Mott [29]. In
his paper entitled Zur Halbleitertheorie der Sperrschicht- und Spitzen-
gleichrichter' [28], Schottky explained that the rectifying behavior of
MS contacts is due to an energy mismatch between the metal and the
semiconductor. The resulting energy barrier between the metal and the

!Semiconductor theory of the blocking layer and of the peak rectifier.
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semiconductor is so high that the region of the semiconductor right at the
MS interface is depleted of majority carriers at thermodynamic equilib-
rium. In consequence, the fixed dopant atoms in that region are ionized
and form an insulating space charge zone that causes current rectifica-
tion.

Mott in 1938 [30] and Schottky in 1940 [31] were the first to pro-
pose a simple rule to determine the energy barrier height. The so-called
Schottky-Mott theory predicts that the energy barrier ¢®p,, (the SBH in
fact) between a semiconductor (considered n-type here) with an electron
affinity ¢x and a metal with a work fonction ¢®y; should be given by:

q®Bn = ¢®m — qX, (1.1)

with ¢ the electronic charge. This expression is the “Schottky-Mott re-
lationship”.

But the experimental results were not compatible with the strong
dependence of the SBH on @y (0®p,, /0Py = 1). This insensitivity of
the experimental SBH to the metal work function (i.e. 9®g, /0Py < 1)
is called “Fermi level pinning”. All the scientific work that was performed
after the pioneer work of Schottky and Mott to reconciliate experiment
and theory consisted in fact in finding a physical explanation underlying
the Fermi level pinning phenomenon.

Some years later (in 1947), to explain Fermi level pinning, Bardeen
introduced the concept of “interface states” that might absorb charge
[32]. The resulting charge density on the metal side of the contact is
then balanced by an identical charge density of opposite sign on the
semiconductor side, which is shared between the space charge zone and
the interface states.

In 1965, Cowley and Sze [33] quantified the concept of interface
states, deriving the dependence of the SBH on the interface states and on
the metal work function (the so-called “fixed separation model” for sur-
face states). These states are an intrinsic property of the semiconductor
only and no assumption was made regarding their physical nature.

At the same time, Heine [34] gave a physical origin to the surface
states: they are induced by the penetration of the metallic wave func-
tions into the semiconductor. Louie and Cohen [35] clearly confirmed
the existence of these states and called them “metal-induced gap states”
(MIGS).

Tejedor et al. [36] introduced the concept of “neutral point” or “charge
neutrality level” (CNL) for MS interfaces. The CNL controls how the
charge is transferred between the semiconductor and any other crystal

2Also equivalently designated as “surface states” or “gap states”.
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deposited on it. The Fermi level position relatively to the CNL of the
MIGS determines their donor- or acceptor-like character. Moreover, the
CNL causes strong pinning of the interface Fermi level. In 1984, Tersoff
[37] proved the generality and simplicity of the Fermi level pinning close
to the CNL. The previous models always assumed the MIGS properties
to be intrinsic to the semiconductor.

With quite a different point of view, another interesting attempt to
shed light on the physical mechanism underlying the SB formation was
proposed by Spicer et al. in 1979 in their “unified defect model” [3§],
where the SBH is determined by discrete “defect-induced” gap states®.
Instead of discrete defect levels, Hasegawa and Ohno [39] proposed in
1986 a continuum of defect levels in the band gap to explain the Fermi
level pinning.

It was only in 1999, after a progressive conceptual enhancement,
that Monch verified Heine’s idea of MIGS by a host of experimental
data [40]. Shortly after that, in 2000, Tung [41] made the last major
theoretical breakthrough regarding the physical understanding of the
SB mechanism formation. His “bond-polarization” theory is based on
the intuitive idea that the Fermi level pinning must be somehow related
to the chemistry and the structure of the MS interface. Contrary to the
MIGS model which considers the interface states as a characteristic of the
semiconductor only, the bond-polarization model rests on the fact that
the SB depends both on the semiconductor and metal properties. With
that picture of chemical bonding, the author gave a successful prediction
of the mechanism of SB formation, in good agreement with experimental
data [41].

Table 1.1 gives the list of the main concepts of MS contacts the-
ory tackled in the present historical summary, in association with the
corresponding year and author name(s).

1.2 Basic concepts

Before jumping to more theoretical developments, it is good to re-
mind the reader of some important concepts founding the theory of
MS contacts. The following presentation is based on several reference
books [42-47].

3 Also called “disorder-induced” gap states.
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| Author(s) | Major advances |
Schottky (1938) qPBn = qPn — qXx
Mott (1940)
Bardeen (1947) Surface states

Cowley and Sze (1965) | Fixed separation

model for surface states
Heine (1965) Metal-induced gap states
Tejedor et al. (1977) Charge neutrality level
for MS interfaces

Spicer et al. (1979) Defect-induced gap states
Tung (2000) Bond polarization

Table 1.1: Main concepts in the field of MS contacts.

1.2.1 Simplified energy band structure of metals and semi-
conductors

In this section, we make the choice to present a simplified and in-
tuitive approach for the energy band structure of metals and semicon-
ductors, sufficient to tackle the energy band diagram of MS contacts, as
usually proposed in common books on semiconductor device physics. For
more rigorous and complete quantum treatment, we invite the reader to
refer to adequate reference books like [48].

Once the band structure of a given material is known, we still need to
find out which energy levels are occupied. The electrical characteristics
of the considered material are determined by the degree of occupancy of
specific energy bands. The energy bands can be empty, partially filled
or completely filled.

Empty bands are not expected to contribute to the electrical con-
ductivity of the material since they do not contain electrons. Partially
filled bands do contain electrons as well as unoccupied energy levels at
slightly higher energies. These available states enable carriers to gain
energy when moving in an applied electric field. Electrons in a partially
filled band therefore do contribute to the electrical conductivity of the
material. Completely filled bands contain a lot of electrons but do not
contribute to the conductivity of the material. This is because the elec-
trons cannot gain energy (at least a “reasonably small” amount) since all
energy levels are already filled. Only the electrons located in the highest
energy bands, the “valence band” and the “conduction band”, can par-
ticipate to conduction. On the other side, the other electrons from the
inner shells (the core electrons) are too tightly bound to the atom to
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escape. In solids, the valence band is the highest range of electron ener-
gies where electrons are normally present at absolute zero temperature.
The conduction band is the range of electron energies, higher than that
of the valence band, sufficient to free an electron from binding with its
individual atom and allow it to move freely within the atomic lattice
of the material. At 0 K, the highest occupied energy level for an elec-
tron is the “Fermi level”. The fundamental difference between a metal
and a semiconductor resides in the characteristics of their valence and
conduction bands, respectively.

The two possible scenarios for a metal (metal 1 and metal 2) are
presented in Figs. 1.1(a) and 1.1(b). In the first case (all elements with
an odd number of electrons), the valence band is only partially filled with
electrons at 0 K. In fact, the valence and conduction band for metal 1
are the same. For the second case (pair number of electrons), the valence
band is completely filled at 0 K and partially overlaps the conduction
band. The common point between the two scenarios is that the electron
virtually needs no extra energy to get free from its atom and to move in
the crystal.

In a semiconductor, at 0 K, the valence band is completely filled and
the conduction band empty (pair number of electrons), but contrary to
metal 2, they do not overlap and are separated by an energy bandgap E,
(see Fig. 1.1(c)). For higher temperatures, some electrons have enough
thermal energy to be transferred to the conduction band and circulate in
the crystal. To be promoted into the conduction band, the electrons in
the valence band have to “jump over” the energy bandgap. This means
that an electron must be supplied with a significant amount of energy (at
least E) to leave the atom to which it is bound and to be able to move
freely in the crystal. Finally, the difference between a semiconductor and
an insulator is arbitrary and essentially depends on the magnitude of Fg
(see Fig. 1.1(d)).

After making the distinction between a metal and a semiconductor,
we can now give a more detailed description of their band structure.
Figures 1.2(a) and 1.2(b) show the energy band diagrams of a metal and a
semiconductor, respectively. The vacuum level represents an energy state
in which an electron is at rest (with a null kinetic energy) and far away
from the influence of the potential of the solid (at an “infinite” distance).
It is symbolized by Ey.csc and Egacp for the semiconductor and the
metal, respectively. To characterize the metal, we only need to know
the position of its Fermi level Egy relatively to the vacuum level. The
semiconductor can be described by its valence band maximum Fy and
its conduction band minimum FE¢, with the Fermi level Epgc somewhere
in between, in the bandgap (for a non degenerate semiconductor). With
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Conduction band

Energy bandgap
Metal 1 Metal 2 Semiconductor Insulator

(a) (b) () (d)

Figure 1.1: Four possible scenarios for the simplified energy band dia-
gram of a crystal: (a) metal 1: valence band partially filled with elec-
trons, (b) metal 2: valence band completely filled with electrons and
overlap with the conduction band, (¢) semiconductor: valence band com-
pletely filled with electrons without overlapping the conduction band,
and (d) insulator: same as (¢) with a larger bandgap.

these definitions, we see that ¢®yr, ¢Pgc and ¢x are the energies required
to extract one electron with an energy Fmy; from the metal, one electron
with an energy EFrgc from the semiconductor, and one electron with an
energy Fco to the vacuum, respectively.
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Erm

Metal Semiconductor
(a) (b)

Figure 1.2: Energy band diagrams of (a) a metal and (b) a semiconduc-
tor, respectively.

1.2.2 Energy band diagram of a metal-semiconductor con-
tact

To understand the formation of MS contacts, we can consider in-
finitely separated materials, beyond any mutual influence, and see what
happens when they come into contact, how thermodynamic equilibrium
is established. Before that, it is important to briefly discuss the problem
of the energy reference.

For infinitely separated materials, the Fermi level is constant but
it cannot serve as an energy reference for both materials. They are
isolated from each other and their respective Fermi levels are in no way
related to each other. However, since the potential energy of an electron
in the vacuum is a priori the same for any material (i.e. Eyacsc =
EvacMm), both vacuum levels can be used as a reference. When the contact
is established, the Fermi level must be unique and horizontal in the
structure at thermodynamic equilibrium. The vacuum level on each side
is then determined by the respective work functions. It will not especially
be constant throughout the structure since, in the semiconductor, the
work function near the interface can be different from the bulk one,
because it is affected by the electron redistribution.

On a thermodynamic point of view, two reservoirs of electrons, char-
acterized by their respective Fermi levels, will reach (diffusive) equilib-
rium by a transfer of carriers, identically to two reservoirs of water reach-
ing thermal equilibrium by heat transfer from the hottest to the coldest.
The chemical potential (i.e. the Fermi level), which characterizes the
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statistical distribution of electrons, plays the same role as the tempera-
ture in the establishment of the equilibrium: when the two materials are
brought into contact, carriers diffuse from the material with the highest
Fermi level and are redistributed in such a way that the Fermi level be-
comes unique throughout the structure. From the previous discussion,
it follows that we can distinguish three cases for MS contacts (see Fig.
1.2): (1) Py = Pgc (OI‘ Ery = Epsc), (2) Py > Py (OI‘ Erp < Epgc),
and (3) v < Pgc (or Epm > Epsc). Considering the Schottky-Mott
relationship (equation (1.1)), we can see that ®p,, is positive for cases 1
and 2 while it can be positive, null or negative for case 3.

Let us consider the case of a n-type semiconductor? with a given dop-
ing concentration. Suppose large and flat surfaces of metal and semicon-
ductor parallel to each other. Moreover, the semiconductor is assumed
not to possess surface states. In that case, when the separation is infi-
nite, the energy bands of the semiconductor are flat up to the interface
(as in Fig. 1.2).

1.2.2.1 &\ = Py

The band structure is not altered by the action of contacting the
metal and the semiconductor since their Fermi and vacuum levels are al-
ready aligned before (Fig. 1.3(a)). The Fermi and vacuum levels of the
unique structure are Er and Ey,., respectively. Thermodynamic equi-
librium is realized without any electron transfer through the interface.
Because the bands are horizontal throughout the structure, the system
is qualified “flatband” or “neutral”.

4The same reasoning can be easily applied to p-type semiconductors.
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Erm

(b)

Figure 1.3: Energy band diagram of a flatband-type (& = ®gc) MS
structure (a) before and after (b) contact, respectively.

1.2.2.2 &y > Py

The energy band diagram before contact is depicted in Fig. 1.4(a).
When the materials are stuck together (Fig. 1.4(b)), a transfer of elec-
trons takes place from the conduction band of the semiconductor to the
metal. During the process, each electron leaves a positively charged
dopant atom behind. The ionized impurity atoms cause the establish-
ment a built-in electric field that opposes the diffusion of electrons. Elec-
trons flow into the metal until the balance is reached between the diffu-
sion from the semiconductor into the metal and the drift of electrons in
the semiconductor caused by the built-in electric field. The Fermi levels
on both sides are then aligned.

The thin layer in the semiconductor right in contact with the metal,
depleted of electrons, is called the depletion zone or the space charge re-
gion. In the energy band diagram in Fig. 1.4(b), the electron depletion
is expressed by a progressive increase of the Ec — Er separation and an
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Erm

Figure 1.4: Energy band diagram of a depletion-type (®y > Pgc) MS
structure (a) before and after (b) contact, respectively.

upward band bending, since the Fermi level of the system is horizontal.
The Ec — Er separation reaches a maximum at the interface, where the
electron population is minimal. The accurate shape of this band bend-
ing (represented by the maximum of the potential at the MS interface,
the so-called built-in voltage Vpr) in the depletion region will be calcu-
lated hereafter. The vacuum level in the semiconductor follows ¢y, since
qx is a constant and is independent of the doping concentration, con-
trary to g®gc. The depletion charge is the only source of charges in the
semiconductor since there are no surface states.

On the other hand, in the metal, which is considered as a perfect
conductor, the transferred electrons accumulate in an infinitely thin layer
on the metal side of the MS interface and no band bending occurs. The
large size difference between space charge regions in the metal and the
semiconductor is related to their respective charge concentrations. In a
metal, the density of states in the conduction band is in the 10?2 cm™3
range while, in the semiconductor, the density in ionized atoms depends
on the doping level, typically 10! to 10'® cm™3.

These contacts can be called “depletion-type” contacts, in analogy
to the MOS capacitor analysis. They are also called Schottky contacts.
From Fig. 1.4(b), we can see that, for electrons coming from the metal,



1.2. Basic concepts 15

the SBH ¢®p,, is simply given by the difference between ¢®y; and gy,
which is nothing else but the Schottky-Mott relationship (see equation

(1.1)).

1.2.2.3 o < Pgc

Figure 1.5(a) shows the energy band diagram before contact. After
contact, electrons migrate in the other direction, as opposed to the pre-
vious case, from the metal to the semiconductor. A positive space charge
zone appears in the metal and a negative one in the semiconductor. Since
the space charge zone in the semiconductor is enhanced with electrons
(i.e. an accumulation layer), the band bending is downward (see 1.5(b)).
Compared to the metal, the space charge in the semiconductor spreads
over a much larger area. However, its size is much smaller than the de-
pletion zone of the previous case since the effective density of states in
the conduction band is approximately 10'® cm™3. This kind of structure
is called an “accumulation-type” contact.
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(b)

Figure 1.5: Energy band diagram of an accumulation-type (®n < ®gc)
MS structure (a) before and after (b) contact, respectively.

1.3 Schottky barrier height models

In practice, however, it is difficult to obtain flatband- or accumulation-
type MS contact. In general, most of MS contact are of Schottky-type
on both n- and p-type semiconductors. As already mentioned in section
1.1, it is hard to alter the barrier height taking advantage of the large
range of avalailable work functions because of the Fermi level pinning.
For about seventy years, a lot of work has been dedicated to understand
the formation mechanisms of Schottky contacts and more specifically the
physical origin of the Fermi level pinning.

In the present section, our intention is to detail the main concepts
related to SB formation® without running the risk the reader to fall
asleep. Many other soporific reference books could for sure better achieve
the job!

5The same concepts having already been introduced before, in section 1.1.
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First, we present the model conceived by Schottky for the depletion
region. Then we give a mathematical proof of the Schottky-Mott rela-
tionship. It is next shown how the occurrence of surface states causes
Fermi level pinning near their CNL. Thereafter, the CNL concept is used
to develop the fixed separation model of surface states. The last part of
the section is devoted to models for intimate MS contacts namely MIGS
and the bond polarization theory.

1.3.1 Schottky’s model of the depletion zone

Before we go deeper into details about the various models developed
to describe Schottky contacts, we present the model of the depletion
zone, as proposed by Schottky in 1941 [49].

Suppose an n-type semiconductor with a donor concentration Np.
The electrostatic potential ¢(x) is defined as %[ECbulk - Ec(:lr)] where
Fcpuxk is the value of the conduction band maximum in the semicon-
ductor bulk. It can be evaluated in the depletion zone by means of the
one-dimensional Poisson equation:

2

TN - (@) o) 40, (02
where p is the charge density, egc the dielectric permittivity of the semi-
conductor, NS the concentration in ionized donor impurities, n the elec-
tron density in the conduction band, and p the hole density in the valence
band. At room temperature, all the impurities are ionized, which means
that Ng = Np. Schottky’s depletion approximation assumes that (i)
the charge in the semiconductor is uniquely due to the ionized impuri-
ties, meaning that the free electron and hole concentration is negligible
relatively to Np (n,p < Np) and (ii) that the corresponding charge den-
sity is constant throughout the depletion zone. In that case, p is simply
assumed to be a step function:

() = qNp forO0<z<w
PET=9 0 for z > w,

where w is the depletion width.

Setting the origin of the z-axis where the depletion zone ends in the
semiconductor and the orientation towards the MS interface (see Fig.
1.6), ¢(x) is readily calculated to be equal to:

qNp

2
1.3
o, (13)
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do(z)

with the following boundary conditions: ¢(0) = 0 and W‘xzo = 0.
The corresponding electric electric field E is:
Y
_#nTs (1.4)
€sc

with & the x-axis unit vector. The depletion width is simply calculated
by imposing that ¢(w) = —Vpi, leading to:

2esc
= ‘/ V; 1.5
w N BI, ( )

where the built-in potential Vp; is given by:

qVB1 = q®B, — qWn,

with ¢V the difference between Ec and Ep.
The surfacic charge density in the depletion region is simply given

by:
Qsc = aNpw = /2qNpescVar. (1.6)

Figure 1.6: Energy band diagram of a MS heterostructure.

1.3.2 Non interacting Schottky barrier height models

Non interacting models of the SB formation include the Schottky-
Mott model and various models based on the fixed separation view of
the interface states. They suppose that no intimate contact is made
between the metal and the semiconductor and that there is a fortiori no
charge rearrangement at MS interfaces.
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1.3.2.1 The Schottky-Mott model

In section 1.2.2, we have presented an intuitive approach to explain
the formation of a Schottky contact and how to determine the Schottky-
Mott relationship from an energy band diagram of the structure. We
now give a mathematical derivation of the same relationship based on a
Gedankenexperiment, as proposed by Tung [50]. The hypotheses are ex-
actly identical as before, except that an electrical connection is now made
between the metal and the semiconductor, resulting in the alignment of
the Fermi level both sides before contact (see Fig. 1.7). In other words,
the metal and the semiconductor are in thermodynamic equilibrium.

Suppose a tiny gap between the semiconductor and the metal. Since
®yp > Py, there exists an electric field in the gap. This electric field
can penetrate the semiconductor, which leads to the accumulation of
identical charge densities with opposite sign on the surface of both solids.
The electric field in the gap Eg can be calculated in a similar way to the

~
-
—~——
e —— ——

Figure 1.7: Energy band diagram of a semiconductor without surface
states held at a distance § from a metal. The metal and the semiconduc-
tor are connected to each other, resulting in a unique Fermi level through
the system.

field between the two plates in a capacitor. The corresponding potential
drop between the semiconductor and the metal is given by:
AVsom = —@,
€0
with Q = Qgsc, 0 the gap width, and €y the vacuum permittivity.
According to the energy band diagram in Fig. 1.7, we can determine
that:

q®n = gx + qVBr + ¢Vn — ¢AVsc)m-
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Knowing the expression for Qgc given by equation (1.6) that we com-
bine to the previous equation, we can easily determine Vpr as a function
of the gap width ¢:

qVir(8) = ¢y — qx — aVx + Es — \/ Es (Es + 20y — 2qx — 2qVx),

with
B = qzﬁsc;sQND
€0
the norm of Eg.
We can see that, when the gap is infinite (and there is thus no inter-
action between the two materials), there is no band bending (Vg1 = 0).
When the gap tends towards zero, Es = 0, and one obtains:

qVB1 = q®m — gx — ¢Wn,

which is equivalent to the Schottky-Mott relation. It is a first order
theory for the formation of a SB. As pointed out by Tung [50], the
Schottky-Mott relationship is simply related to the absence of a gap
between the semiconductor and the metal, and not to the absence of
semiconductor surface states, as profusely expressed in the literature!

1.3.2.2 Charge neutrality level and Fermi level pinning

At the surface of any crystal lattice, where the periodicity is broken,
there exist specific electronic states with no equivalent in the band struc-
ture of the bulk crystal. In the case of semiconductors, the presence of
surface-specific states in the bandgap is known to pin the Fermi level of
the semiconductor. To better understand the origin of the Fermi level
pinning by surface states, we can introduce herethe concept of CNL.

At zero temperature, due to the step-like shape of the Fermi-Dirac
statistics, the surface states are populated up to the Fermi level. The
CNL is defined as the position of the Fermi level for which the net surface
charge density is zero at 0 K, or, in other words, the surface is neutral. So,
if the Fermi level is lower than the CNL, the surface presents a positive
net charge while there is an excess of negative charges if the Fermi level
is above the CNL.

Figure 1.8 features the energy band structure for a semiconductor
with acceptor surface states. Electrons in the semiconductor populate
the surface states. The occurrence of these negatively charged surface
states involves the formation of a positive space charge region at the
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semiconductor surface and an upward band bending. There is a pre-
existing depletion region at the semiconductor surface even before any
contact with the metal is made and the band diagram is no more flatband
as it was in Figs. 1.3(a)-1.5(a).

A
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A/QGS A  / i qVN
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Figure 1.8: Energy band diagram for a semiconductor with surface
states.

If one assumes that the density of surface states, Dgg, is roughly
constant around the CNL, we can write, based on Fig. 1.8:

Qas = ¢Dgs(Ppy, + Pont, — Eg) <0,

where QQgg is the gap states charge density, ®cny, the CNL position
relatively to the maximum of the valence band, and ®g,, the difference
between the minimum of the conduction band and the Fermi level at the
surface of the semiconductor. It must be noted that ®p,, is only used by
analogy to the SBH between an n-type semiconductor and a metal, since
it is a convenient notation, even though there is no SBH in the present
case. Charge neutrality at the interface (Qsc + Qas = 0) leads to:

V/2escqNp Vit + ¢Das (q®Ppn + ¢Pont, — Eg) = 0.

The position of the Fermi level relatively to the conduction band
minimum at the interface is easily deduced from that equation:

qPB, = By — qPenL+

escNp — (/€2 NE + 2escq>?Np Déy(Eg — ¢®ent, — gWN) L7)
¢*Dig ' .
The implication of surface states in Fermi level pinning clearly appears
from that equation: even a relatively low value for Dgg positions the
surface Fermi level close to the CNL. This is even more true for high Dgg
since the last term of equation (1.7) tends towards 0 for Dgg — +oc.
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1.3.2.3 Surface states at metal-semiconductor interfaces: fixed
separation model

In this section, we develop the most popular model that considers the
influence of gap states on the electrostatics of the SB [33]. As explained
in the previous section, the surface states essentially determine the band
bending at the semiconductor surface. To account for deviations from
the Schottky-Mott relationship, the fixed separation model supposes the
presence of an interface dipole. The interface dipole is the central ele-
ment of any theory attempting to explain Fermi level pinning [50]. The
existence of this additional electric dipole involves a physical separation
between charges of opposite sign. To create such a gap, the model ar-
tificially introduces a dielectric layer between the semiconductor (with
surface states) and the metal. The MS interface properly speaking does
not exist anymore! The model also makes the assumption that the gap
states are a property of the semiconductor only. The influence of the
metal on the SBH is reduced to its work function.

The energy band diagram of the structure is depicted in Fig. 1.9.
The interfacial dielectric layer is characterized by a thickness §iyt and a

i A
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Qas

Figure 1.9: Energy band diagram for the fixed separation model of
surface states. The metal and the semiconductor are separated by a
dielectric layer.

permittivity €. With the same definitions as in section 1.3.2.2, charge
neutrality can now be expressed as:

Qsc + Qas +Qm = 0,

with @y the charge on the metal. Qy is easily determined:

€int AVing

)
(5int

Qum =
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where AVjy is some kind of potential drop through the dielectric layer.
Because AV, symbolizes a correction to the Schottky-Mott relationship,
it is called the “Schottky dipole” and can be written:

qAVint - qq)Bn - q(I)M + qx.

It is worth noting that the Schottky-Mott relationship is indeed restored
if AVipe = 0. Plugging the previous expressions for Qsc, Qm and Qgs
into the charge neutrality equation leads to:

6ir1t(<I>Bn — O\ + X)

=0.
5int

Vv 2escqgNp VBt + ¢Das(qPrn + qPont — Eg) +

That equation is a second degree equation in ®p, and leads to a com-
plicated expression for ®p,,. Usually, Qgc is small comparatively to Qwm
and Qgs and can be neglected. With that approximation, the following
expression can be found:

q®Bn = ¢yas(®m — x) + (1 —vas)(Eg — q¢®enn), (1.8)

where s is a constant defined by:

¢*0int Das ) -1

€int

yas = (1+

It is interesting to note that g weakens the dependence of the SBH on
®y, in better agreement with the experimental observations. Moreover,
if the density of gap states is very high (i.e. ygs < 1), the second term
of equation (1.8) is dominant and the SBH is pinned near E; —®cnr,, the
same result as the one established in section 1.3.2.2 but for MS contacts
this time.

1.3.3 Models on bonds and dipoles at metal-semicondu-
ctor interfaces

Other models were developed to overcome the limitations of the non-
interacting ones. Their main drawback is that these models do not work
for intimate MS contacts (remember the dielectric layer). Indeed, they
neglect the presence of interfacial chemical bonds that have a strong
influence on the interface dipole and on the SBH itself. Hereabove, we
give a short description of the two main rival approaches: the well-known
MIGS model and the recently proposed bond-polarization model.
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1.3.3.1 Metal-induced gap states

The MIGS model assumes that a metal in close proximity to a semi-
conductor can induce gap states, due to the penetration of the metal wave
functions into the semiconductor, with a characteristic decay length.
Nevertheless, it is important to notice that, even though MIGS are in-
duced by the metal, they are actually supposed to be an intrinsic prop-
erty of the semiconductor only. The presence of a continuum of gap
states gives a metallic character to the semiconductor region in contact
with the metal.

In this section, we only present the fixed separation version of the
MIGS models (see Tung [50| for other models and more details). The
model hypothesizes that the density of gap states, the CNL and the
decay length are fixed for a given semiconductor, independently on the
metal in contact with it!

This model is in fact identical to the fixed separation model for sur-
face states presented in section 1.3.2.3. It assumes that the charge related
to MIGS is still located on a plane at a fixed distance from the metal sur-
face, to allow the existence of an electric dipole. The main difference with
the previous model is that the dielectric layer is replaced by a superficial
layer in the semiconductor where the metal wave functions penetrate and
the MIGS are generated. The thickness of that layer roughly corresponds
to the decay length of the MIGS dag. In consequence, Fig. 1.9 is still
adequate to describe the fixed separation model of the MIGS, even if the
ingredients of the recipe are slightly different.

For a uniform density of MIGS, equation (1.8) is still valid, with
slight modifications for ygg that can be written as:

¢*SasDas ) -1

Yas = (1 +
€GS

The permittivity is no more the permittivity of a dielectric layer but
rather the permittivity of the interfacial semiconductor layer, eqg, where
surface states penetrate. It is likely to suppose that egg differs from egc.

1.3.3.2 Bond-polarization theory

The main problem with the MIGS model resides in its basic assump-
tion that the properties of the MIGS are determined by the semiconduc-
tor only, what is in clear disagreement with plenty of experimental re-
sults. Indeed, there is no a priori good reason to think that the response
(i.e. the MIGS) does not depend on its “stimulus” (i.e. the metal). So,
each MS interface must be characterized by a specific set of Dgs, ®onr,
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and dips. That view is more representative of the chemistry at work at
MS interfaces, which is usually different from a given MS couple to an-
other, and is more in agreement with the intuitive picture of the SBH
formation mechanism.

Following that line of thought, Tung proposed in 2000 [41] a physi-
cally sound theory to explain the Fermi level pinning, theory based on
physico-chemical methods used to analyze the chemical bonds of small
molecules. Tung’s model assumes that the interfacial dipole arises from
a transfer of charges between the metal and the semiconductor, consider-
ing the MS interface as a giant molecule. The charge transfer is assumed
to occur only between the atoms directly involved in the interface bonds
(see Fig. 1.10)! The interface is supposed to be atomically flat. Without
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Figure 1.10: Schematic representation of the interface between two crys-
tals. The charge transfer between the crystals is assumed to occur only
between the atoms directly involved in the chemical bonds at the inter-
face.

entering into the mathematical details, which can be found in Tung’s
very interesting paper [41], we directly jump to the final expressions for
the Schottky dipole and the SBH, respectively:

_ qNpdus(¢®m — gx — Ey/2)
Eint(Eg + /f)

AVvint =

)

q®pn = qyB(Pp — X) + (1 — VB)jg,
where )
q°Npdms

=1 _
7B 6int(-E‘g + ﬁ)
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with N the density of chemical bonds at the interface, dyig the distance
between the interfacial planes, and x an energy parameter regrouping all
the interactions between (direct) neighbor atoms (hopping interactions).

This equation has the same functional form as the equation for the
fixed separation models (equation (1.8)), with E, /2 instead of Ey—®cnr,,
even though both equations are obtained from very different basic physi-
cal hypotheses. The conceptual difference between the bond-polarization
and the MIGS approaches is contained into yg.

1.4 Ohmic contacts

According to Sze and Ng [42], an “ohmic contact” is defined as a MS
contact with a negligible junction resistance relative to the total resis-
tance of the semiconductor device. A good ohmic contact should ideally
not limit the current flowing through the device, with a voltage drop
small enough compared with the drop across the active region of the
device. It presents linear (ohmic) or quasi-linear current-voltage char-
acteristics. Ohmic contacts are of prime importance in semiconductor
technology since they provide an interface between the semiconductor
device and the outside world.

Even if metals with sufficiently low work functions (®y < ®gc) to
produce very low or even negative SBHs do exist, “natural” ohmic con-
tacts are rarely observed in practice because most of MS interfaces are
plagued by Fermi level pinning. If it were the case, scientists would not
be devoting so much effort into getting very low SBHs and the present
thesis would be without purpose (at least from a practical point of view)!

The macroscopic parameter qualifiying an ohmic contact is the spe-
cific contact resistance p.. It is defined as the reciprocal derivative of
the specific contact resistance p. with respect to the voltage across the

interface V: AT -1
e (8

with units in Q cm?. When evaluated at V = 0, p. is an important factor
to measure the quality of ohmic contacts.

As already mentioned in the introduction, two solutions emerge to ap-
proach ideal ohmic contacts: (i) passivating the semiconductor surface to
repair the defects causing Fermi level pinning (see Fig. 1.11(a)) or (ii) to
introduce a thin high doping layer at the surface of the semiconductor to
enhance current injection by tunneling (see Fig. 1.11(b)). With the first
approach, interface states are suppressed and it is possible in principle
to restore the Schottky-Mott relationship and to fabricate accumulation-
like contacts with the appropriate metal. The second method proposes a
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different philosophy consisting in “hiding” all the phenomena occurring
at the MS interface behind a heavily doped shallow layer. An evolution
of that technique is DS where an extremely thin and highly doped layerS
is accumulated at the MS interface. Experimental realizations of this
concept will be presented in chapter 4.

Ep

Er

(b)

Figure 1.11: Energy band diagram for the two techniques to achieve
ohmic contacts: (a) passivation and (b) high doping shallow junction.

In the remainder of the section, the discussion is limited to ohmic
contacts realized by metallic contacts over highly doped junctions. A
shallow doping layer with a high concentration at the semiconductor
surface does not change the SBH properly speaking. On the other hand,
it yields a thinning of the barrier promoting current injection into or out
the contact via tunneling”, resulting in an lower “effective” SBH.

The specific contact resistance can be expressed as [51]:

4m\/escm* . O
peocexp (TP R]).

with N the doping of the shallow junction, m* the effective mass in
the semiconductor, and h the Planck constant. This equation is calcu-
lated from the expression for tunnel injection as derived by Padovani and

51deally a Dirac distribution.
"This is why this type of contact is sometimes called a “tunnel contact”.



28 METAL-SEMICONDUCTOR CONTACTS

Stratton [52]. As we can see, p. can be tuned via the SBH and/or the
doping concentration.

The contact resistance R is also dependent on the current injection
surface. With the device miniaturization, Rc becomes increasingly dom-
inant. In a very simple case where the current density is uniform over
the surface of the contact A, Rc and p. are trivially related by:

= Pe
e
In the case of horizontal (or lateral) current flow into or out of a contact

(typically in the case of a MOSFET) as featured in Fig. 1.12, the contact
resistance is determined by [53]:

Rc (1.9)

Pc L
= th(—
Re =7y coth(Z )

where W is the contact width, L the contact length, Lt = \/p./Rs the
transfer length, and Rg the sheet resistance of the diffusion layer. The
transfer length can be thought as the length over which the voltage due
to current transfer through the MS contact has dropped to 1/e of its
maximal value. For x < 1 (L <« L), coth(z) ~ % and we find that
Rc = fp—ljv, identical to equation (1.9). In the other limit case (L > L),
coth(z%) ~ 1 and Rc = 25, meaning that the effective (electrical)
contact area LTW is much smaller than the actual (physical) surface
LW. The current density flowing across the contact is then higher than
if the contact was completely active, which can cause degradations to
the device.

i

Figure 1.12: Current flow for a metallic contact to a horizontal diffusion
layer.

1.5 Summary

In the present chapter, we presented an overview of the MS contact
theory. The first section gave a chronology of the key achievements in
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the field, from the first explanation of the rectifying effect by Schottky
and Mott to the last major advance brought by the bond-polarization
theory of Tung. Next, we reminded the concept of energy band both for
metals and semiconductors. That consideration led to the distinction
of three kinds of energy band diagrams for MS contacts. Afterwards,
the principal SBH models found in the literature were exposed. First,
non-interacting models, which assume no intimate contact between the
metal and the semiconductor, have been reviewed. Then, the attention
was focused on models on bonds and dipole at intimate MS interfaces.
Finally, we discussed the ohmic contacts and introduced an important
technological parameter, the specific contact resistance.






Chapter 2

Characterization techniques

After exposing the essence of the SB physics in chapter 1, we turn
now to the electrical and physical characterization techniques that will
be used extensively to study the properties of MS contacts. The first
section is dedicated to electrical characterization and the second one to
material characterization.

2.1 Electrical characterization

The understanding of current injection in MS rectifying junctions
and how the current flow is affected by the SBH can be used to extract
the SBH. To that purpose, we tackle hereafter the electronic transport
through MS rectifying contacts also called “Schottky diodes”. The first
section deals with the principle of operation of the Schottky diode. Then,
it is shown that the applied voltage has some influence on the SBH
through the “Schottky effect”. Next, the main part of the chapter is
devoted to the electron transport mechanisms at work in the Schottky
diode. Afterwards, the principal existing SBH extraction techniques are
detailed. We also present the new method used in this work, more fitting
to extract low SBHs. Finally, our experimental setup for SBH extraction
is presented.

2.1.1 The Schottky diode
2.1.1.1 Principle of operation

The thermal equilibrium band energy diagram of the Schottky diode
was already presented in chapter 1 at Fig. 1.4(b). Let us now exam-
ine what happens when an external bias is applied to the structure. If

31
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we apply a forward bias (i.e. 4 on the metal and — on the semicon-
ductor) Vg, the Fermi level in the semiconductor (still n-type) is raised
with respect to the Fermi level in the metal (see Fig. 2.1(a)) and the
equilibrium is disturbed. As a result, the barrier for electrons coming
from the semiconductor is reduced to ¢(Ver — V&) (and the depletion
region depth accordingly) and more electrons can diffuse from the semi-
conductor to the metal. On the other side, ®p,,, the barrier for electrons
flowing into the semiconductor, is independent on the polarization and
remains unchanged. If a reverse bias Vg is applied to the system, the
barrier for the electrons coming from the semiconductor is increased to
q(Ver + V&) (see Fig. 2.1(b)). The electron flow is then limited by ®p,
and the Schottky junction exhibits a pronounced rectifying behavior. In
both cases, equations (1.5) and (1.6) for the depletion width and charge
remain valid, replacing Vg1 by Vgr — V¥ or Vg1 + VR.

1 q(Ver — W)
Ersc

qVF

Erm

(b)

Figure 2.1: Energy band diagram of a Schottky junction under (a) for-
ward and (b) reverse bias.

2.1.1.2 The Schottky effect

In reality, the SBH shows a slight dependence on the applied bias,
through the Schottky effect. The Schottky effect is the lowering of the
Schottky barrier due to the combined effect of the image-force of an
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electron and the electric field in the depletion region. Indeed, image
charges build up in the metal electrode of a MS junction as electrons
approach the MS interface (see Fig. 2.2(a)). It can be shown that the
resulting electric field in the semiconductor is identical to that of the
carrier itself and another carrier with opposite charge at equal distance
but on the opposite side of the interface (see Fig. 2.2(b)). This charge
is called the image charge.

+
_l’_
+
N Electron Charge N Electron
image
+
+
+
Metal Semiconductor Metal Semiconductor

(a) (b)

Figure 2.2: (a) Field lines and surface charges due to an electron in close
proximity to a perfect conductor and (b) equivalent field lines due to an
electron and its image charge.

The barrier lowering (BL) is determined by calculating the potential
due to the image charge and adding it to the potential within the deple-
tion region (see Fig. 2.3). The attractive electrostatic force F exerted
between the electron at a distance x of the MS interface and its image
charge is simply given by:

i S
47 (2x)2esc 16mescx?

F =
This force confers the electron a potential energy —% relatively to
an electron located at an infinite distance from the metallic plan. For the
sake of simplification, the electric field in the depletion region is assumed
to be constant and gives the electron a potential energy —gFEx. Finally,
the total potential energy of the electron PE is given by:

q2

————— —qFE=x.
16megcx

PE(x) =

The BL (also referred to as “image-force” lowering) A® can be deter-
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X
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16megox
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Figure 2.3: The Schottky effect results from the combined effects of the
electric field in the depletion region and the image charge.

mined by calculating the minimum of PFE, what leads to:

Xy Lo
dmego

Finally, if we replace E by its maximum value i.e. at the MS interface
(E(w) = —gNpw/egc from equation (1.4)), the BL can be written as:

2.1.1.3 Current transport mechanisms

Based on the energy band diagram displayed in Figs. 2.4(a) and
2.4(b), we can roughly discriminate three regimes for the current trans-
port in a Schottky diode: (i) thermionic emission (TE) over the Schottky
barrier, (ii) field emission (FE) near the Fermi level by tunneling through
the barrier, and (iii) thermionic-field emission (TFE), combination of TE
and FE, by tunneling of thermally excited carriers through a thinner bar-
rier than FE. The relative contributions of each component depend on
the absolute temperature and the doping level. For example, at room
temperature, TE occurs at a low doping level (N < 107 cm™3), TFE
is favored at moderate doping (107 < N < 10! cm™3), and FE is pro-
moted at high doping (N > 10! cm™3). A more general classification
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is based on the comparison between the thermal energy k7" (with k the
Boltzmann constant and T' the absolute temperature) and the param-
eter Eyg = %m*}\efsc, which is characteristic of the semiconductor: TE,

TFE, or FE dominates the current transport if k7" > FEgyg, kT =~ Eyg, or
kT < Ey, respectively.

q®s

Ersc
I qVr

Metal Semiconductor

(a) (b)

Figure 2.4: Energy band diagram of a Schottky diode with the three
principal transport regimes (TE, TFE, and TE) under (a) forward bias
and (b) reverse bias, respectively.

2.1.1.3.1 Thermionic emission At room temperature and with-
out external bias, only a few electrons from the semiconductor will have
enough thermal energy to overcome the barrier and to reach the metal.
This current is noted Is_,,, (after the notation used in [42]). This cur-
rent is counterbalanced by a current in the opposite direction, from the
metal to the semiconductor, I,,—,;. Without applied bias, we have thus:
I, = —I 5. In forward mode, since the SB for the electrons coming
from the semiconductor is lowered, more electrons are transmitted to the
metal and I5_,,, increases. Simultaneously, the number of electrons flow-
ing in the opposite direction remains unchanged and I,, .5 is constant.
In reverse mode, I;_,,, decreases since the barrier increases while I, .4
keeps constant.

At room temperature and low doping, the electronic transport be-
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tween the metal and the semiconductor is realized by TE above the
Schottky barrier. Hans Bethe developed the TE theory from the hy-
potheses that (i) ¢®p,, > kT, (ii) thermodynamic equilibrium is estab-
lished at the plane that determines emission, and (iii) the existence of
a net current flow does not disturb this equilibrium. The corresponding
current can be expressed as follows':

o * 2 _q(I)Bn %
Is—>m - AA T eXp( k;T )exp( kT )7 (21)

where A is the area of the contact, Vo the applied voltage, and

B Argm* k>

A* 3

the effective Richardson constant for TE. Remembering that (i) Is—,;, =
—I—s for Vo = 0 and that (ii) [,,—s does not depend on Vi, I,—s is
readily deduced to be:

op
I o = —AA*T? exp(—L8Bn).
exp( T )

The total current flowing through the MS junction is given by the sum
of Is_.,, and I,,—s:

op qVa
[ = AAT? exp(—L2n ( EAE —1).
exp(—L2%) (exp(L2)
Taking into account the image-force lowering, the previous equation can
be directly rewritten as:

I = AA*T? exp ( - W) (exp(qkl;) - 1).

Considering the semiconductor series resistance Rgc between the diode
contacts, the equation can be finally modified as:

I = AA*T? exp ( — w> { exp (W) — 1}. (2.2)

2.1.1.3.2 Thermionic-field emission Several models of TFE or
FE exist, based on slighly different starting hypotheses. In the present
text, we expose the approach developed by Crowell and Rideout [55],
which has the advantage over the other models (for example Padovani
and Stratton [52]) to provide a smooth transition between TE and FE
transport regimes.

!The full derivation can be found in [42] or in the original paper of Bethe [54].
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Forward mode The detailed energy band diagram of a MS inter-
face is shown in Fig. 2.5, together with the definition of the variables.
Let us introduce the energy Epp = q(Vpr — V&), which represents the

W
A EpiUE
X 0 Eo
qWn
q®pn - Ersc
qVr
Erm
Metal Semiconductor

Ey

Figure 2.5: Detailed energy band diagram of a MS interface.

total band bending energy at the MS interface in the semiconductor
depletion region. An electron at position z possesses an energy F rela-
tively to E¢. The transmission probability 7 through the SB under the
Werner-Kramers-Brillouin approximation for £ < Egp is expressed as:

+(E) = exp [774” /x " (2m* (a0a") - E))l/ z}dx’.

When E > Egg, the probability is equal to 1 and we are then in the
case of pure TE.
The forward current density Jg (for carriers flowing from the semi-
conductor to the metal) can be written as:
A*T [
o | fe®rEne, (23
0

where fgc is the occupation probability in the semiconductor. The oc-
cupation probability can be approximated by the Maxwell-Boltzmann
distribution:

El — EFSC qVN + E
et xp(—

0 —exp(- LS, (2.4)

exp(—
the electron energy E’ being equal to Frsc + qVn + E (see Fig. 2.5).
It is interesting to introduce here the flatband current density Jp,,
facilitating the final writing for Jg:

—qVN
).

A2
Jm = AT exp( T

(2.5)
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It corresponds to the absence of band bending i.e. Vg = Vg1 in equation
(2.1). After integration (see appendix A for the complete calculation),
the normalized forward current density can be written as:

JF EBB /1 { _EBB kT
e exp (
0

Jnm KT
where a = ELBB is the normalized energy and y(«) is a dimensionless

function defined as:

1+v1l—«
=+v1—-a—-alog(———).
o) = VI=a - alog(—Y=1)
The first term of this sum represents FE (tunneling through the barrier
for E < Epp) and the second one is nothing else but the TE component
(see equation (2.1)).

—Egp
);

), (26)

(@t E—Ooy(a)) }da + exp(

Reverse mode Crowell and Rideout limited their calculations to
the forward mode. The model was extended to the reverse mode by
Dubois et al. [4]. In a similar way to the forward mode case, the reverse
current density Jg (for carriers flowing from the metal to the semicon-
ductor) can be written as:

A*T [
o | morEa.

where fyr is the occupation probability in the metal. When a non-
equilibrium state under an externally applied voltage is considered, the
occupation probability in the semiconductor and in the metal are con-
nected through the following relationship:

fsc(E) = exp (_(q‘z\;rE)) = fu(E) exp(ﬁ),

what directly implies that Jp and Jg are related by the following rela-
tionship:

qVr

qVr

JF = JR eXp(ﬁ)
Since Vg = —Vf, the previous equation becomes:
_ Ve
Jr = Jrexp( T ).

From equation (2.6), it is easy to show that Jr can be expressed as:

with
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2.1.2 Determination of the Schottky barrier height

Basically, the methods to measure SBHs can be regrouped into two
categories: photo-emission and electrical measurements. The electrical
characterization techniques of Schottky diodes are: (i) current-voltage
(I-V), (ii) capacitance-voltage (C-V'), and (iii) activation-energy. The
purpose of this section is to review the previous methods and to put the
emphasis on their limitations when applied to the extraction of (very)
low SBHs on low doping semiconductor substrates. After constructively
criticizing the previous techniques, we justify the new method extensively
used throughout the present text.

2.1.2.1 Photoemission measurement

Photoemission measurement relies on the well-known photoelectric
effect whose theoretical description was developed by Fowler [56]. The
working principle is illustrated in Fig. 2.6(a). When a MS junction is
illuminated by photons with an energy hr (with v the light frequency)
higher than the SBH (hv > ¢®pg,,), electrons can be emitted from the
metal to the semiconductor (process 1 in Fig. 2.6(b)), giving rise to a
photocurrent. In addition to photoemission, there is a second contribu-
tion to the photocurrent by band-to-band excitation (process 2 in Fig.
2.6(b)). This mechanism is parasitic and can be avoided if hv < E,.
The photocurrent is measured and can be used to calculate the pho-
toyield which represents the photocurrent per absorbed photon. The
SBH is then extrapolated from Fowler plots, i.e. the photoyield versus
the incident photon energy.

The technique is appropriate to the extraction of midgap SBHs (at
least 0.4 €V) but not to band-edge SBHs for the following reasons. First,
the analytical expression of the photoyield becomes inaccurate for high
and small photon energies. Secondly, the photocurrent level is typically
in the pA range and is plagued by thermally-activated current (especially
for low SBHs), which renders its detection rather difficult.
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Figure 2.6: Working principle of the photoemission technique.

2.1.2.2 Electrical techniques

2.1.2.2.1 Current-voltage technique The I-V characteristics of
the Schottky diode in forward mode (considering only TE) was given by
equation (2.2). Since A* and A® are weak functions of the applied bias,
this equation is often transformed into:

I = AA*T? exp ( — %){exp (W) - 1},

where the ideality factor n is an empirical constant used to account for
all dependences on the applied bias and/or the temperature. If Rgc is
negligible, n can be written as:

B (1 L dAD n k_len(AA*)>—1
a dVa q dVa '

As far as the extraction of low or very low SBHs on low doping semi-
conductors is concerned, the I-V method proves somewhat inaccurate
because Rgg strongly dominates the total resistance of the system. An-
other drawback is the introduction of the ideality factor n which could
hide many other physical mechanisms at work in the current transport.



2.1. Electrical characterization 41

Finally, the proper measurement of a Schottky diode requires a back-side
ohmic contact which could affect the determination of very low SBHs
since their impact on the current could be of the same order of magni-
tude.

2.1.2.2.2 Capacitance-voltage technique If the electron concen-
tration n is not neglected in equation (1.2), the depletion charge Qsc
can be shown to contain a supplementary term [40]:

V/2escqNp (Va1 — Va — kT/q).

It is preferable to work in reverse mode (VA = —Vp) since the capacitance
associated to the depletion zone Cp is larger. In that case, Cp can be
calculated as:

Cp = 0Qsc _ gescNp
OVr 2(Ver+ Ve — kT/q)

Reminding that Vg; = ®,, — Vi, @B, can determined from 1/(Cp)3-Vr
plots by the following relationship:

(I)Bn = VN + k?T/q - VRinta

where VRint is the intercept on the voltage axis.

Several criticisms can be emitted as for the application of the C-V
technique to very low SBH extraction on low doping substrates. First,
a precise extraction of VRiy depends on the linearity of the 1/(Cp)%-Vg
diagram that can be altered by unaccounted for BL mechanisms (image-
force, etc.). In addition, a low doping value implies a steep slope and an
inaccurate determination of Vgjy. The technique supposes depletion of
the semiconductor layer in contact with the metal, correct assumption
for high barriers but not necessarily for low ones. Finally, for low SBHs,
a non negligible current component can be emitted over the barrier by
TE and must consequently be taken into account in addition to the dis-
placement current associated to the capacitance. All previous criticisms
point out that the C-V method is inefficient for low SBH measurements.

2.1.2.2.3 Activation-energy technique The big advantage of that
technique is that it does not require the knowledge of the current injec-
tion area. As we already mentioned in section 1.4, the actual (geometric)
contact area can considerably differ from the electrical surface of injec-
tion.
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The method is once again based on the thermionic equation (2.2),
used either in forward or in reverse mode. In forward mode, neglecting
the effect of Rgc and A®, the TE current equation can be transformed
into: I o

n (1) = m(aa”) - W
with Ir the current in forward mode. I-V measurements are performed
at several temperatures and a so-called “Arrhenius plot”, which displays
Iy /T? versus 1/T, can be generated. The SBH is given by the slope of
the Arrhenius plot. The main problem of the technique is the impact of
Rgc on V. If Ry is too large, it limits the current flowing through the
system and renders the SBH extraction impracticable.

Alternatively, it is possible to reduce the voltage drop on Rgc oper-
ating in reverse mode, since most of the bias spreads over the Schottky
junction. In that case, the reverse current Ig can be written as:

In (%) =In(AA¥) — %,

and the barrier can be determined the same way as in direct mode. For
pure TE theory, the SBH is independent on VR and Iy is supposed to
saturate with VR. In practice, however, Ig does not saturate because
the SBH shows some dependence on Vi through BL (A®(Vg)) and tun-
neling. In addition, for low SBHs and low doping substrates, the effect
of the Rgc must be accounted for, because the magnitude of Ig is much
higher, causing a large voltage drop on Rgc. As previously, if Rgg lim-
its the current flow, the separation of the respective contributions of the
Schottky junction and Rgc is difficult and the SBH cannot be determined
precisely.

Owing to all limitations of the classical methods exposed previously,
Dubois et al. proposed to use Crowell and Rideout’s model to extract
low or very low SBHs. Remind here once again that the original model
includes TE and FE, and is further enhanced with image-force lowering?.
Both FE and image-force lowering introduce non negligible contributions
to the total current that must be taken into account for an accurate SBH
determination. The measured system is not a single Schottky diode but
a symmetric structure (Rgc comprised between two “back-to-back” or
“face-to-face” Schottky diodes for MS contacts on p- or n-type semi-
conductor, respectively) emulating the architecture of a SBMOSFET. It
avoids the need to realize a backside ohmic contact that could impair
an accurate SBH determination. The temperature dependence of Rgc is

2This model will be denominated as the “TFE+BL” model in the rest of the text.
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modeled by a superlinear relationship:

T \a
Rsc = Rsc(300) (30()) :
where the coefficient a is greater than 1.

It is still an activation-energy method where a voltage V is applied
between the two contacts and the resulting current I measured at various
temperatures 7. The Schottky contact can be qualitatively character-
ized by an equivalent Schottky resistance Rgogn = (8[ /81/)71 at low
voltage. For given SBH and Rgc, the current is limited by Rsgc at high
temperature, while the transport is governed by Rs, at low temperature
(more specifically, I is limited by the diode in reverse mode). The I-V-
T characteristics are converted into an Arrhenius plot where the ohmic
and Schottky regimes can be clearly discriminated: positive slope in the
ohmic regime since I increases with decreasing T" and steep negative slope
since I decreases exponentially with decreasing 7. The Arrhenius plot
is fitted thereafter with the previous model of the face-to-face structure.
For a fixed V', we can define a transition temperature at which the cur-
rent transport switches from ohmic to Schottky behavior (Rgc = Rsch)-
The transition temperature is a good empirical indicator of the SBH be-
cause the lower the transition temperature, the lower the SBH. For the
sake of illustration, typical experimental I-V-T characteristics and the
corresponding Arrhenius plot for a contact between Er silicide and n-Si
are given in Figs. 2.7(a) and 2.7(b), respectively. In both cases, the
ohmic and Schottky regions are easily distinguishable from each other.
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Figure 2.7: (a) Typical experimental I-V-T' characteristics for a contact
between Er silicide and n-Si. The measurements were performed between
150 and 290 K. The 150 and 290 K curves are colored in blue and red,
respectively. The I-V curves in the ohmic and Schottky regions are
dotted and dashed, respectively. (b) The corresponding Arrhenius plot,
with the separation between the ohmic and Schottky regions.
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2.1.3 Experimental setup for the Schottky barrier height
extraction

The cryogenic system that we use to perform low temperature mea-
surements is featured in Fig. 2.8(a). It consists in a can with a sample
holder at one end which is introduced into a dewar filled with helium
or nitrogen. The sample holder (see Fig. 2.8(b)) is wired to a Fischer
push-pull connector located at the other end of the can. The location
of the sample is indicated by the green ellipse and the thermometer by
the red one. The Fischer connector is then joined to coaxial connectors
fixed to a box (see Fig. 2.8(c)) via a cable. These coaxial connectors
can be in turn linked to various instruments in a rack (sources, lock-in
amplifiers, multimeters, etc.).

Figure 2.8: (a) Experimental setup used for low temperature SBH ex-
traction: on the left side, dewar and can; on the right side, box with
coaxial connectors and rack with measurement instruments. (b) Closer
view on the box with coaxial connectors. (c¢) Sample holder.

In our work, the SBH is determined from I-V curves of two face-to-
face Schottky diodes measured by four-point contact technique (remem-
ber section 2.1.2.2.3). A voltage (Vac) is applied between two contacts
and the real voltage drop (Vj¢) is measured between the two other ones.
The experimental I-Vyc-T curves are then transformed into Arrhenius
plots for some selected Vyc biases. As depicted in Fig. 2.9, the face-to-
face Schottky diodes are simply a two-contact structure (two large silicide
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squares separated by a silicon gap). The sample holder necessitates to
encapsulate the face-to-face Schottky diodes onto a chip with 16 pads.
To do so, the wafer is diced in small pieces with diodes, then the pieces
are stuck with epoxy on the chip and the diodes finally bonded with
aluminium wires. We perform four-contact measurements to eliminate
the parasitic resistances external to the device. The advantage of the
wire bonding is that the contacts do not move during the measurement
session due to cooling, contrary to probing with needles.

Figure 2.9: Top view of two silicided contacts bonded with four Al wires.

2.2 Physical characterization

The different methods for material characterization used in the present
work are briefly detailed here. The purpose of this chapter is to pro-
vide the reader, who might not be familiar with these techniques, with
sufficient information to understand the experimental results exposed
in next chapters. We deal with four physical characterization meth-
ods namely “x-ray diffraction (XRD), “x-ray photoelectron spectroscopy”
(XPS), “transmission electron microscopy” (TEM), and “secondary ion
mass spectroscopy” (SIMS). Their description is inspired from the follow-
ing reference books: [57] for XRD, [58| for XPS, [59] for TEM, and [45]
for SIMS.

2.2.1 X-ray diffraction

When a wave characterized by a wavelength ) is sent on an array of
regularly organized obstacles (planes of atoms in a crystal for instance)
separated by a distance d the order of magnitude of A, diffraction occurs.
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The wave scatters over each obstacle, producing spherical waves which
can interfere with each other. In most directions, the waves cancel out
each other through destructive interference while they add constructively
in a few specific directions, given by the well known “Bragg’s law” (see
Fig. 2.10):

2dsin = mA,

with 6 the incidence angle and m any integer.

dsiné

Figure 2.10: Schematic representation of wave diffraction by planes of
regularly organized objects. Constructive interference occurs only in di-
rections where the path-length difference 2dsin 6 equals an integer mul-
tiple of A.

If diffraction is applied to the peculiar case of atoms within a crystal,
x-rays are used as incident waves, with typical wavelengths in the 1-100
A range. The related technique is XRD. It is a very common method
used to yield the crystalline structure of a given material. It relies on
the elastic scattering of x-rays from the electronic cloud surrounding the
atoms constituting the material.

Table 2.1 regroups the experimental configurations used in practice
for diffraction. They are implemented in a way to satisfy Bragg’s law.
The “Debye-Scherrer” approach consists in collecting reflections from
polycrystalline samples (most often as a powder) hit by a monochro-
matic radiation. A second technique, the “Laue” method, makes use of a
polychromatic (or “white”) source with a large spectrum of wavelengths
illuminating a single crystal. The combination of a polycrystalline sam-
ple with a polychromatic beam is not useful because it produces too
many diffractions. Finally, the structure determination of a specific crys-
tal (which is our concern here) with a monochromatic source is called
“single-crystal diffraction”.

When they land on a screen, these scattered x-ray beams form a
diffraction pattern of spots (for single crystals) or rings (for polycrystals),
corresponding to constructive interferences. For single-crystal XRD, each
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Radiation
Sample type | Monochromatic Polychromatic
Powder Debye-Scherrer None
Single crystal | Single-crystal methods | Laue

Table 2.1: Experimental methods for diffraction.

spot is called a reflection, since it corresponds to the reflection of the x-
rays from one set of evenly spaced planes within the crystal. In an x-ray
diffractometer, as the crystal is gradually rotated, the intensities and
angles of the diffracted beams are recorded by an x-ray detector and a
goniometer, respectively. A typical diffraction pattern comprises a list
of detector counts versus the angle(s).

In an x-ray powder diffractometer, the angles between the x-ray
source, specimen, and detector must be accurately determined. More
specifically, two angles are required: the angle of incidence called w in the
general case and the angle between the incident and detected beam (26).
A very convenient disposition of the specimen, detector and source is
the “Bragg-Brentano” geometry (see Fig. 2.11) i.e. the detector and the
source are located on the same circle and the sample surface is tangen-
tial to the center of the circle and touches the geometrical diffractometer
axis (w = 6). Such a goniometer is called “two-circle” since two motors
are necessary to perform the two circular movements. Two configura-
tions are possible with the Bragg-Brentano geometry (in both cases, the
detector is mobile):

e 0-20 (Fig. 2.11(a)): the x-ray source is kept fixed and the sample
holder can rotate. We can see that if the sample holder is in turn
rotated by an angle 8%, the detector is rotated by 26*, hence its
name. Mechanically speaking, it is the simplest mounting since the
x-ray source is the heaviest part of the diffractometer.

e 0-0 (Fig. 2.11(b)): the x-ray source is mobile and the sample holder
is fixed.

In a powder diffractometer, only two degrees of freedom are enough
to modify the diffraction conditions (rotation of the sample and of the
detector). In contrast, more degrees of freedom are required to obtain
diffraction patterns from single crystals with a monochromatic wave. To
get more information from those samples, it is necessary to rotate them
in the three spatial directions. In comparison to polycrystalline spec-
imens, diffractions from single crystals are more intense but measure-
ments necessitate a considerable amount of time due to the additional
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Figure 2.11: The two configurations in the Bragg-Brentano geometry
(i.e. the detector and the source are located on the same circle): (a)
6-20 and (b) 6-6.

parameters. In addition to the detector angle 26 and the incidence angle
w, we can add the tilt angle x and the spin angle ¢. Such a mounting is
called a “four-circle” diffractometer and can be realized by the “eulerian
geometry” illustrated in Fig. 2.12.

Specimen

Figure 2.12: Vertical view of a four-circle diffractometer in the eulerian
geometry, with the additional x and ¢ angles.

2.2.2 X-ray photoelectron spectroscopy

“Photoelectron spectroscopy” is based on the well-known photoelec-
tric effect: as a photon impacts on the surface of a material, an electron
is liberated and emitted into vacuum with a given kinetic energy. This
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technique can be used to determine the elemental composition, the em-
pirical formula, the chemical state, and the electronic state of the ele-
ments (H and He excepted) which compose a material. For low energy
photons (E < 100 eV), only electrons from the valence band can be ex-
tracted. The corresponding method is called “ultraviolet photoelectron
spectroscopy”. For more energetic photons (i.e. for XPS), electrons can
be ejected from any orbital as long as their binding energy (BE) is lower
than the incident photon energy. This allows to explore the core levels of
a material, which depend on the chemical state of the sample. For that
reason, XPS is also called “electron spectroscopy for chemical analysis”.

It is a surface-sensitive technique because the emitted electrons orig-
inate from the very surface of the material (first 5-50 A), even though
the x-ray penetration depth is much higher (1-5 pm). All deeper pho-
toemitted electrons, which are generated as the x-rays penetrate into
the material, are either recaptured or trapped in various excited states
within the material. The “electron escape depth” is defined as “the dis-
tance into the sample measured from the physical surface from which
all but a fraction 1/e of the particles or radiation detected have origi-
nated”. The escape depth is related to the “inelastic electron mean free
path”, which depends on the considered material and on the electron
kinetic energy. Because of the very small electron escape depth, XPS
requires to work under ultrahigh vacuum (UHV) conditions since any
superficial contamination makes it impracticable. Another reason why
UHV is mandatory is to allow the electron to reach without collision the
detector which is located several tens of centimeters from the surface of
emission. Depth profiling is possible with an ion gun that sputters the
surface (typically Ar™). The surface of the sample is analyzed between
two sputtering cycles. The drawback of ion sputtering is that it can af-
fect the oxidation state of the sample under analysis?. And it is of course
a destructive technique. Another way to perform profiling is to tilt the
sample (called “angle-resolved XPS”).

Let us now give more details about the working principle of XPS (see
Fig. 2.13). The photons from the light source impinge on the sample and
the electrons excited by the photoelectric effect are analyzed with respect
to their kinetic energy (Fx) and their momentum p’ (via their respective
angle with the incident light and the surface). Knowing the energy of
the light hr and the work function of the material @, it is possible to
extract the BE Ep (referenced to the Fermi level) of the electrons via

3This is of course more particularly the case for oxygen-sensitive elements like RE
metals.



2.2. Physical characterization 51

the following expression:
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Figure 2.13: Working principle of XPS: an x-ray beam illuminates the
surface of the sample. Core electrons are subsequently excited and emit-
ted.

In practice, the photoemission is very often described by a process
in three distinct and independent steps called the “three-step model”.
The first step is photoionization: one electron absorbs one photon and is
thereby excited. During the second step, the electron travels through the
sample to reach the surface. In the third and last step, the electron passes
through the surface and enters into the vacuum where it can be detected.
In principle, the photoemission should be considered as a whole. But the
results obtained by the intuitive three-step model are not significantly
different from those of a more realistic one-step theory.

A typical XPS spectrum is a plot of the number of electrons detected
(sometimes per unit time) versus the BE of the electrons detected. Each
element produces a characteristic set of XPS peaks at characteristic BEs
that directly identify each element that exist in or on the surface of the
material being analyzed. These characteristic peaks correspond to the
electron orbitals of the electrons within the atoms, for instance, 1s, 2s,
2p, 3s, etc. The number of detected electrons in each of the character-
istic peaks is directly related to the amount of element within the area
(volume) irradiated. To generate atomic percentage values, each raw
XPS signal must be corrected by dividing its signal intensity (number of
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electrons detected) by a “relative sensitivity factor” and normalized over
all of the elements detected.

2.2.3 Transmission electron microscopy

TEM is a microscopy technique whereby an electron beam is trans-
mitted through a very thin sample. The interaction between the sample
and the beam produces an image which can be visualized on a screen
via CCD detectors (in modern instruments at least). In practice, the
diffraction patterns from x-rays are more quantitative than their elec-
tron equivalent. In return, the latter present an important advantage:
electrons are easy to focus. This implies that they can be used to study
microscopic regions from a specimen and even single microcrystals. The
working principle of a TEM can be visualized by means of the ray di-
agram for a two-lens system as shown in Fig. 2.14. The “back focal
plane” of lens 1 (called the “objective lens”) contains groupings of rays
that have left the specimen at the same angle. The diffraction pattern
of the sample is therefore formed at the back focal plane. An aperture
(called the “objective aperture”) can be placed there. The image of the
specimen through lens 1 is focused in the “image plane”. Lens 2 (the “in-
termediate lens”) is used to either produce an image (“imaging mode”) or
a diffraction pattern (“diffraction mode”) of the specimen on the “viewing
screen”.

In the simplest form of the imaging mode (“bright-field” or “aperture-
less” imaging mode), all transmited and all diffracted electron beams
leaving the specimen are combined to form an image on the viewing
screen (see Fig. 2.14(a)). The bright-field image mode produces poor
contrast images of the specimen. Thanks to the “objective aperture”, it is
possible to select either the transmitted beams (bright-field image mode,
see Fig. 2.14(b)) or some specific diffracted beams (“dark-field” image
mode, see Fig. 2.14(c)). This technique is called “diffraction contrast”
and considers the variation in intensity of electron diffraction through
the sample.

With another aperture placed in the image plane, it is possible to
confine a diffraction pattern to a selected area of the sample (the size
limit is around 1 pm). This mode is called “selected area diffraction”.
The techniques presented before belong to “conventional TEM”.

To perform real nanodiffraction, more sophisticated techniques like
“convergent-beam electron diffraction” must be used. With convergent-
beam electron diffraction, the shape of the incident beam can be con-
trolled accurately, which makes it possible to analyze nanometer size
regions from the sample.
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Figure 2.14: Ray diagram for a two-lens system, representative of the
TEM optics: (a) apertureless bright field image mode, (b) bright field
image mode, and (c) dark field image mode.
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Besides the intensity of diffracted electron beams, it is also possible
to take advantage of their phase. The phase of the diffracted electron
wave is preserved after passing through the specimen and interferes with
the transmitted beam. This technique of “phase-contrast imaging” is
exploited in “high-resolution TEM” (HRTEM) to create pictures with
atomic resolution.

In addition to imaging, the highly energetic electrons in the TEM
can be used to perform “analytical TEM”. These electrons can provoke
electronic excitations in atoms of the sample and provide useful chemical
informations. Two types of spectrometric techniques are:

e “energy-dispersive x-ray spectrometry” (EDS): a small region of
the specimen is exposed to a focused electron beam and produces
x-rays from electron deexcitations. The extracted x-ray spectrum
allows for identifying the constituent atoms (characterized by spe-
cific energy peaks) and determining atomic concentrations (in a
similar way to XPS).

13

e “clectron energy-loss spectrometry” (EELS): the technique mea-
sures the energy losses of electrons to plasmons or core excitations
after passing through the specimen.

2.2.4 Secondary ion mass spectroscopy

The basic principle of SIMS is illustrated in Fig. 2.15. Material from
the analyzed sample is progressively removed by ion beam sputtering
(the primary ion beam) and sent to a mass spectrometer. The secondary
atom beam is constituted by the sputtered material and mostly contains
neutral particles. A small fraction only (approximately 1%) is ejected as
positive or negative ions and can be analyzed by the mass spectrometer,
which determines the mass/charge ratio of the ions. This allows to reveal
the elemental, isotopic, or molecular composition of the surface. SIMS
is the most sensitive surface analysis technique, with detection limits in
the 10'2-10'6 ¢cm™ range, depending on the element.

During the sputtering process, ions transfer their momentum to atoms
in the substrate, causing their displacement. Sputtering takes place when
the incident projectiles transfer enough energy to the atoms of the sur-
face to allow them to escape from the solid. The primary ions lose their
energy as they come to rest in the sample and are consequently implanted
into the specimen, causing lattice damage. The “sputtering yield” is de-
fined as the average number of atoms sputtered per incident primary ion.
It depends on the target material, its crystallographic orientation, and,
of course, on the nature, energy, and incident angle of the primary ion
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Figure 2.15: A primary beam of Y ions is projected over a crystal consti-
tuted by X atoms. A secondary ion beam containing ions of the type X,
X, X-Y*, X-Y, etc. is produced and analyzed by mass spectrometry.

beam. Typical primary ions are Cs*, OF, O7, and Ar". What matters,
in practice, is not the total yield but the yield of the ionized particles.
For a given species, this secondary ion yield is influenced by the type
of primary ions in use. For example, for Si, B, and Al (electropositive
elements) are better detected by OF while As, P, and Sb (electronega-
tive elements) have greater yields with Cs*. SIMS can be used in two
modes of operation: the “static mode”, for very low sputtering rates and
superficial analysis, and the “dynamic mode”, at a higher sputtering rate,
for depth profiling?.

2.3 Summary

This second chapter described the electrical and material characteri-
zation techniques abundantly used in the experimental part of this thesis,

*This configuration is used in this work.
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tackled in the next two chapters. The extraction techniques of the SBH
are based on the electrical characteristics predicted by the theory of cur-
rent injection in a Schottky contact. In consequence, the mechanisms
of current transport in a Schottky diode were first detailed. We have
illustrated that the current flow is the result of a combination between
TE above the SB and FE through the SB. It was also shown that the
voltage has an influence on the SBH through the Schottky effect. Af-
ter assessing the different SBH extraction methods, we presented a new
technique very appropriate to low SBH determination, combining TE,
FE, and BL by image-force. In the second part of this chapter, we ex-
posed the material characterization techniques, very complementary to
get a clear picture of the material under study. XRD is useful for the
unambiguous identification of crystalline compounds. XPS is a valuable
tool to inspect a compound subject to chemical transformations. TEM
can provide various informations, mainly structural and morphological,
but also of crystallographic or chemical nature, and is probably the most
comprehensive technique of all. Finally, SIMS is the most sensitive tech-
nique to detect very small concentrations of a chemical species into a
material.



Chapter 3

Formation of Er silicide
contacts

The present chapter is dedicated to the growth and the characteriza-
tion of Er silicide thin films. We first give a very complete state of the
art concerning the fabrication and the physical properties of RE silicide
films, with a specific focus on Er silicide. The last two sections of the
chapter detail the work performed during the thesis about the structural
and electrical characterization of Er silicide grown in various conditions.
Section 3.3 deals with Er silicide formed in UHV conditions while section
3.4 exposes growth by ex situ annealing with a protective capping layer.

3.1 Introduction

Among all existing metals, the RE elements, or lanthanides, are
known to present the lowest SBH to n-Si. Only a few research groups
provide a value for the SBH of RE silicides. The most studied one is Er
disilicide, ErSis.y, which presents a SBH of about 0.28 eV [60,61|. Clas-
sically, like other silicides, RE silicides are formed by metal deposition
followed by heating, involving solid-state reaction with Si. In addition
to exhibit the lowest SBH to electrons, RE silicides possess several other
advantages such as a relatively low resistivity [60], a low lattice mismatch
with Si [62] and the possibility of epitaxial growth [60,62]. RE metals
are also very sensitive to contamination by oxygen during deposition and
annealing, and thus quickly oxidize [63,64], causing a deterioration of the
quality of the formed silicide films and a possible increase in ®p,, [65].
This high sensitivity to oxygen implies the need to perform the anneal-
ing under special conditions. Ideally, the solid-state reaction should be
performed in situ in UHV conditions, just after evaporation, without

o7
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breaking the vacuum. Alternately, if the vacuum is broken between
the evaporation and the annealing, it is necessary to cover REs with a
capping layer preventing the penetration of oxygen after deposition and
stopping the diffusion of residual oxygen during ex situ annealing.

Furthermore, the formation of RE silicide films by solid-state reaction
is commonly plagued by various kinds of defects [66,67], like “pinholes”,
“pits” or pyramids. These defects result in short circuits or direct contact
of upper layers to Si substrate, thereby degrading the device performance
and decreasing device reliability. Their occurrence can be suppressed
by deposition of an amorphous Si capping overlayer [66, 68, 69], pre-
amorphization of the Si substrate [67] or deposition of an amorphous Si
interlayer |70, 71].

3.2 State of the art

The list of references selected to write this state of the art is of course
not an exhaustive one but it is representative of the most relevant pub-
lications related to RE silicides, and more specifically Er silicide. As
much as possible, we try to expose the advances in the field following a
chronological order. Those papers mainly deal with the process condi-
tions necessary to get low SBH Er silicide contacts to n-Si with a good
film morphology.

The first publication regarding the formation of RE silicides over a
Si wafer [63] considers the solid-state furnace reaction (also called solid-
phase reaction) of Er, Th, and Y on Si(100) and Si(111) substrates. It
is shown that the reactions on Si(111) occur at temperatures approxi-
mately 100 °C higher than the reactions on Si(100). The discrepancy
might be due to a slower diffusion related to the Si substrate orientation.
The as-formed alloys are Si-rich silicides (with a composition close to
RESi; 7) and present an hexagonal AlBs-type structure, with defects in
the occupancy of the Si sites (one out of six Si atoms is missing whence
the notation ErSij 7 or ErSisx where 2 = 1/6). Furthermore, the reac-
tion on Si(100) processes with dramatic suddenness within a few Kelvins,
indicating that nucleation is probably the growth mechanism. For the
authors, this “critical temperature” behavior suggests the existence of a
sharp threshold for silicide growth by nucleation.

An alternate interpretation to the “threshold temperature” phenomenon
is given in [70]. Ton implantation is used to modify the formation of sili-
cide phases. With a low ion bombardment through the metal-Si interface
or the deposition of amorphous Si (a-Si) between the metal and the Si
substrate (without breaking vacuum!), a change of reaction kinetics from
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an abrupt silicide formation at higher temperature (like [63]) to a layer-
by-layer silicide formation at lower temperature is observed. The effect
of ion implantation is believed to lead to the dispersion of interfacial
contaminants (mainly Si or RE oxides), responsible for the threshold
temperature and the abruptness of reaction typical of unimplanted sam-
ples. Regardless of the preparation method of the Si substrate, samples
exposed to air before Er deposition always result in an abrupt reaction.

RE metals oxidize very quickly in air even at room temperature
[63,64], preventing the silicidation from occurring or giving a poor qual-
ity oxidized silicide. To avoid oxidation when vacuum is broken for an-
nealing, Tu et al. [72] propose to cover REs with a bilayer of W and
Pt, successively evaporated in one step. Pt is a very efficient barrier
for oxygen diffusion and W prevents RE and Pt from intermixing [73].
For the first time, the authors extract the SBH of RE silicides (by I-V
measurements) and find a value of 0.37-0.39 eV for n-type Si and 0.7 eV
for p-type Si. These values are confirmed by [74] both by electrical and
photoemission extractions.

The surface morphology of RE silicides grown by furnace annealing is
found to be dominated by heavy pitting when the surface of the wafer is
only prepared in normal pressure conditions [75], without further treat-
ment in the deposition chamber. The pits are rectangular or square,
suggesting that they are crystallographic by nature, reflecting the un-
derlying symmetry of the Si(100) substrate. In the same conditions, the
formation of pits is avoided when an a-Si layer is sandwiched between the
Si substrate and the Er film. Furthermore, if the Si surface is treated
under vacuum conditions (backside heating) prior to Er deposition or
the Si-metal interface exposed to ion mixing to break up and disperse
interfacial contaminants, the surface presents a low density of very shal-
low pits. According to the authors, interfacial contamination is the most
likely hypothesis for the formation of pits. Since Si is known to be the
main diffusing species in Er silicide formation [76], the pits result from
a localized restriction of the Si flow during silicidation due to interfacial
contaminants.

There is a close link between the pit formation and the sudden onset
of rapid silicide growth at a critical temperature, both of them caused by
the interfacial barrier. So long as this interfacial layer is not broken down,
the silicidation is inhibited. Assuming the presence of an interfacial
barrier, it is possible to relate the critical temperature to an activation
energy for its dissolution |77]. Moreover, samples studied in that work
are annealed by e-beam and exhibit a very smooth surface, smoother
than that produced by furnace annealing.

This pitting is shown to be detrimental to the electrical properties of
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Schottky diodes created with Er silicide [68]. More precisely, Wu et al.
fabricate pitted (single Er deposition over Si) and unpitted (Er with an
a-Si capping layer over Si) Er silicide films by solid-phase reaction and
observe an increase of the SBH to holes (¢®g,) for planar films.

The nature of this interfacial barrier is firstly considered to be Si oxide
only, but Knapp et al. [78] propose that it is more likely attributable to a
carbon layer, since Si oxide is readily broken down by the highly reactive
Er upon deposition. The cleaning technique might be at the origin of
this supplementary layer [79]. In the best conditions, a SBH of 0.78 eV
is obtained on p-type Si.

In two different papers [80,81], Wu et al. investigate the formation
of Er silicide under special conditions. In the first one [80], the effect on
the SBH of the presence of a thin interfacial Si oxide film is studied. It
is found that there is a correlation between the SBH and the presence
of the thin oxide film. Samples with oxide exhibit a SBH to p-type Si of
0.68 eV while clean samples show a higher SBH of ~0.8 ¢V. The authors
also report the SBH of Er and Er silicide on oxide-free p-type Si to be
identical (~0.8 eV), suggesting that the stoechiometry of the metallic
contact does not appear to affect the SBH, as long as a specific metal
is present at the interface. In the second article [81], the presence of
Ge in Er silicide and its effect on the SBH formation is explored. It
is shown that the Ge/Er ratio in the formed Er-Si-Ge alloy affects the
SBH in a significant way, indicating that the SBH of a metallic compound
on Si also depends on the composition of the alloy, in addition to the
dependence on the metallic species.

So far, only a few publications are devoted to the formation of epi-
taxial RE silicides, except for a few results reported in [63,76]. In fact,
epitaxial growth between Er silicide and Si(111) is possible since their
lattice mismatch is very small [62]. Knapp et al. [62] demonstrate the
formation of epitaxial RE silicides on Si(111) by fast e-beam heating.
In another paper, they suggest the presence of Si vacancies organized
in a superlattice [82], while Baglin et al. [63,76] rather mention a ran-
dom distribution of the vacant positions. As already noticed hereabove,
the main difficulty with furnace annealed RE silicides is to get smooth
silicide layers, unless special care is taken to prepare the Si surface.

After presenting many results regarding Er silicide, we focus now our
attention to the growth of Y silicide by furnace annealing. In effect,
the formation mechanism of pits and the solutions for producing silicide
films with a good morphology is better documented for Y silicide with
respect to Er silicide.

Gurvitch et al. [83] demonstrate that it is possible to produce one of
the best epitaxial silicides with Y over Si(111) substrates, using sputter
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deposition and high vacuum (HV) annealing. The grown films are ap-
parently pinhole- and Si vacancy-free. The substrate cleaning method
has outmost importance to reach epitaxial quality. A SBH of 0.36 €V is
extracted from n-type wafers.

In a following thorough study, Siegal et al. [84] report about the
growth of Y silicide over Si(111) in UHV by four different methods.
Solid-phase epitaxy, reaction between a metal overlayer and the Si sub-
strate, results in poor epitaxial quality and triangular pinholes. Reactive
deposition at 300 °C (i.e. deposition on a heated substrate) with a Si
capping improves the epitaxy but pinholes are still present. The situation
worsens as the annealing temperature increases but both the epitaxial
quality and the resistivity of the film improve. Reactive deposition with
templates (i.e. a pre-formed thin Y silicide film) gives better epitaxial
quality and lower pinhole density than reactive deposition with a Si cap-
ping. Despite the increased degree of structural order, the resistivity is
higher. Combining reactive deposition to templates and a Si capping
does not lead to any significant amelioration. In addition, the lowest
pinhole areal coverage is shown to be obtained with the thinnest silicide
film. Even though the authors do not succeed in suppressing the pin-
holes, they point out that the pinhole issue appears to have its roots in
the initial reaction between Y an Si.

Pursuing their investigation on Y silicide, Siegal et al. [85] explain
that, since the growth of Y silicide from Y overlayer is controlled by
nucleation [63,76], such a reaction invariably leads to the formation of
pinholes. The only way to avoid the pinhole formation is to prevent the
reaction between Y atoms and atoms from the Si substrate, in order
to promote layer-by-layer growth instead of nucleation. Such conditions
can be achieved by successive deposition of Y and Si in a stoechiometric
ratio at room temperature. Indeed, the activation energy for the reaction
between deposited Si and Y is lower than the nucleation one because
of a lower interface free energy. When the deposition temperature is
below the nucleation threshold (300 °C), the layer-by-layer growth is
favored and pinhole-free films can be formed. Moreover, subsequent
high temperature annealing, necessary to reach epitaxy, does not open
pinholes.

Lee et al. [86] report the first observation of “solid-state amorphiza-
tion” for RE metal/Si systems [87] i.e. the formation of a Si-rich amor-
phous silicide interlayer during the deposition of Y at low (room) tem-
perature on Si. There exists a critical thickness for the amorphous inter-
mixed layer, thickness beyond which the formation of crystalline phases
starts. That critical thickness for the Y /Si couple turns out to be excep-
tionally high among all metal /Si systems.
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After this long digression on the mechanisms of defect formation in
Y silicide, we resume now our discussion about Er silicide. Using UHV
codeposition of Er and Si (called “molecular beam epitaxy codeposition”)
followed by solid-phase reaction in a furnace, Arnaud d’Avitaya et al. [88]
obtain pit-free films with a high epitaxial quality. The films are continu-
ous and monocrystalline, and form a vacancy-rich hexagonal AlBo-type
lattice, as already observed several times here above. Duboz et al. [60]
study the electrical properties of such thin epitaxial erbium silicide films.
Low temperature resistivity measurements show that the resistivity de-
creases with temperature and tends to a limiting residual resistivity at
low temperature (~20 K), typical behavior of a crystalline semi-metallic
material. The room temperature resistivity is found to be equal to 34
pf2em. SBH measurements on p-type and n-type Si give SBHs of 0.74
and 0.28 eV, respectively (smaller than reported in [72]). The reason
why the sum of ¢®g,, and ¢®p,, is not equal to the bandgap of Si is not
explained.

In a similar but more complete study, Sagnes et al. [89] find that
the residual resistivity strongly increases when the silicide thickness de-
creases, due to surface scattering. Using the transmission line method,
the specific contact resistance of Er silicide on n-Si(100) (from 10*® to
10%° cm™3) is found to be as low as 3.7 x 1078 Qcm? [90] (comparatively
10* lower than that for Al). The experimental data are also compatible
with a SBH of 0.37 eV. It is shown that, upon annealing, p. rapidly drops
(within 2 min) and then remains independent on the anneal time (for a
fixed annealing temperature). Identically, p. is found to be independent
on the anneal temperature (for a fixed annealing time).

Unewisse et al. [61] identify two kinds of silicides, obtained in very
close conditions but at two slighlty different temperatures. At 410 °C,
the barrier is equal to 0.28 eV and equal to 0.36 eV at 450 °C. These
values are in agreement with the previously reported results. This SBH
difference is likely related to the roughness of the silicide-Si interface:
the smoother the interface, the lower the barrier.

Summarizing the previous results obtained for ®p,,, Muret et al. [91]
clearly establish that the values are grouped around two distinct num-
bers: ~0.38 |72,74,90] and ~0.28 eV [60,61]. When the preparation
conditions and the morphologies of the samples studied in those arti-
cles are carefully analyzed, it appears that they cannot be correlated to
the SBH. Very different preparation methods can result in very similar
SBHs, or, conversely, very similar preparation conditions can give dif-
ferent SBHs. After growing Er silicide films in various conditions, the
authors find no clear correlation with the SBH. In another paper by the
same group [65], the authors show that there exists a correlation between
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the SBH and the oxygen content into the silicide: a concentration lower
than 0.3% is necessary to obtain a SBH of 0.28 ¢V. However, Grimaldi
et al. [92] show that introducing a small amount of oxygen during Er
deposition improves the crystalline quality of the silicide. The proposed
explanation for that finding involves the incorporation of oxygen in sub-
stitutional position in the Si vacancies.

Kaltsas et al. [93] explore the epitaxial growth of erbium silicide on
Si(100) in a more conventional evaporator operating under HV condi-
tions. The films are prepared either by (1) Er deposition and annealing
or (2) codeposition of Er and Si and in situ annealing. In case (1), the sili-
cide film is found to present a high crystalline quality but exhibits rough
interfaces. The films formed in case (2) are smooth and double-layered:
polycrystalline at the surface and crystalline under. The codeposited
samples exhibit a lower resistivity than the other ones, probably due to
lower oxygen content in the silicide film. It is also observed that silicide
in the neighbourhood of SiO5 reduces oxygen from it with a consequent
resistivity increase of the silicide. Conditions of case (1) lead to a SBH on
p-type Si of 0.71 eV, lower than the one obtained for Er silicide grown by
molecular beam epitaxy [60,88]. This may be correlated to a rough inter-
face, as in [61]. The same group also shows that the phase of the silicide
is tetragonal, of the ThSis-type (induced by the (100) orientation of the
Si substrate), for samples prepared by single Er deposition [94] and an
hexagonal /tetragonal mixture for samples prepared by codeposition of Si
and Er [95]. Indeed, for the single Er deposition samples, the silicidation
starts from the interface and so the influence of the substrate orientation
is stronger. In a complementary work, Travlos et al. [96] show that the
crystalline structure depends on several other parameters: the method
of growth (single Er layer deposition, Si cap over Er or codeposition),
the temperature of growth, the stoichiometry of the layer and, to a lesser
degree, the stress developed in the layer during growth. Furthermore,
the resistivity is found to be the smallest for the tetragonal phase (~70
pQcm) (see also [97]).

In a series of papers [69, 98, 99|, researchers add a supplementary
ingredient ignored so far to the understanding of the defect formation
in RE silicides, namely the solid-state amorphization. Luo et al. [98]
study the growth kinetics of Er and Tb silicides. Identically to Y [86],
they show that the Er/Tb silicide film is amorphous when the annealing
temperature is low and the annealing time short enough. Upon higher
temperature (< 300 °C) and/or prolonged annealing, as the amorphous
layer thickens, the diffusion flux becomes limited and isolated epitaxial
regions start to nucleate at the interface to Si, between two amorphous
regions, initiating a competitive growth between the amorphous and the
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crystalline phases. The epitaxial regions act as diffusion barriers for Si,
which diffuses then preferentially through the openings, progressively
creating recess areas. This results in the formation of a high density
of amorphous recess regions between two epitaxial ones. Finally, the
growth of the amorphous phase slows down and the epitaxial islands can
continue grow to form a continuous uneven epitaxial film. No pinholes
are observed but the rough interface observed at relatively low annealing
temperatures is a sign that annealing at higher temperature could cause
pinhole formation. A similar behavior is observed for Gd silicide [99]
except that the growth of epitaxial GdSis y is facilitated compared with
ErSio and TbSis i because of a smaller lattice mismatch. As result,
unlike Er and Th, the growth of the (Gd-Si amorphous layer is suppressed
with the onset of epitaxial GdSis.x nucleation.

In a following paper [69], the same group pursues its investigation of
RE silicide growth (with Dy) for higher annealing temperatures. Based
on cross-sectional TEM (XTEM) pictures, they deduce a “Stranski-Kras-
tanov” growth mode (layer-by-layer plus island growth) for Dy silicide
i.e. epitaxial islands, where the Si consumption is greater, form between
two planar epitaxial regions. This growth process is slightly different
from the “Volmer-Weber” growth (i.e. growth by islands) typical of Er
and Tb [98] at low temperatures. Due to the Stranski-Krastanov growth
behavior, the epitaxial Dy silicide film presents a high density of re-
cessed regions at the initial stage of the silicidation. When the growth
is performed at higher temperature (700 °C), Dy silicide in the recessed
regions evolves to a polycrystalline state, due to the bad lattice match in
these curved regions. The polycrystalline nature of the recessed regions
is beneficial to the diffusion of Si from the substrate along the grain
boundaries towards the Er film. As a result, the recessed regions become
deeper and larger with the annealing time. In the end, the silicide film
in the recessed regions can break apart due to thermal instability and
form pinholes. The solution proposed to obtain pinhole-free Dy silicide is
thus to minimize the consumption of Si from the substrate by depositing
an appropriate thickness of amorphous Si over the Er film (calculated
taking into account the unavoidable formation of the amorphous inter-
layer after RE deposition). That Si capping layer is consumed during the
silicidation instead of Si atoms from the bulk. In a further paper very
similar to the previous one [66], the authors obtain pinhole-free epitaxial
Yb and Er silicides on atomically clean Si(111) using the same method.

Alternately, Travlos et al. [100] propose a different mechanism for the
formation of pinholes (with Dy). As already mentioned in the previous
papers, a thin amorphous RE silicide film forms during the deposition
of RE metals at room temperature because of solid-state amorphization.
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At the initial stages of silicidation, Si diffuse through the amorphous
interlayer to react with Dy, increasing the thickness of the a-layer. At
the same time, a thin part of the a-layer in contact with Si crystallizes.
Further Si diffusion increases the thickness of both the crystalline and
amorphous layers. All of a sudden, both the silicide and the unreacted
Dy layers lift off from the substrate in some places, probably because
of intense stresses associated with volumetric changes during the silicide
formation. Si can continue to diffuse through the regions still in contact
with the substrate, which causes roughening of the interface because of
a local depletion of Si under the lifted areas. When the Dy layer is
completely consumed, stresses decrease and the silicide film can get back
into contact with the Si substrate.

To prevent the pinhole formation, Tan et al. [67] successfully propose
to amorphize the Si substrate (by Ar plasma clean or shallow Si im-
plantation) prior to Er deposition. Er silicide formed on unamorphized
Si present “hump-like” defects but are highly epitaxial. On the other
hand, amorphized samples present no defect but Er silicide becomes
polycrystalline. In a next paper [101], light is shed on the formation of
above-mentioned “hump-like” defects. Unlike the pits that form under
a local depletion of Si atoms [69,98,99], those pyramidal defects form
under epitaxial strains arisen from the Er silicide growth. More specif-
ically, during the silicide growth, the silicide film separates from the Si
substrate to release compressive epitaxial stresses (similarly to [100]).
Then Si can diffuse into the void left by the buckling of the silicide film,
which gives the pyramid-like structures. This illustrates again that RE
silicides are extremely sensitive to the crystallographic properties of the
underlying substrate. In a third paper [102]|, the same authors argue
that pre-amorphization of the Si substrate globally improves the elec-
trical performance of Er-silicided Schottky diodes, causing at the same
time a reduction of ®p, and of the ideality factor.

Jiang et al. [71] produce pinhole-free Yb silicide films introducing a
thin amorphous layer between the Si sustrate and the Yb film. The as-
formed films are more polycrystalline than the one grown without the
interlayer and are not contaminated by oxygen thanks to a Ti/TiN bi-
capping [103]. The technique works even if the thickness of the Si layer is
so small that silicidation still requires the consumption of Si atoms from
the substrate, contrary to the Si capping method, requiring an accurate
control of the Si thickness.

Huang et al. [104] perform the annealing of various Er thicknesses
without capping in a very pure nitrogen atmosphere. They show that
the type of defect formed depends on the thickness of the Er layer: pyra-
mids are formed for thin layers and pinholes for thicker layers. Both
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kinds of defects have a rectangular or square shape, reflecting the (100)
orientation of the underlying Si substrate. Since the thinner films are
strongly oxidized, the authors perform SBH extraction for thick samples
only. They find that (i) the SBH varies with the annealing temperature,
(ii) it is best fitted with a model taking SBH inhomogeneities into ac-
count, and (iii) it is comprised between 0.34 and 0.43 e¢V. Using a W
capping layer, the same authors [105] obtain a very smooth, unoxidized
Er silicide film, and extract a relatively low SBH of 0.41 eV. Contrary
to Si deposition, both capping and interlayer methods, that technique
presents the advantage to be compatible with device integration. In two
almost identical articles [106,107], Jun et al. observe a dependence of
the SBH on the measurement temperature (at low temperature) and
attribute it to trap-assisted tunneling.

Huda et al. [108] are the first authors to report the formation of Er
silicide over a silicon-on-insulator (SOI) substrate. They show that the
grown film is stable for an annealing temperature below 800 °C and
extract a low SBH of 0.27 e¢V. In another study devoted to the Er silicide
growth over SOI wafers, Kim et al. [109] show that the deposited Er
thickness must be less than 1.5 times the Si thickness to fully silicide the
Si film. If more, an Er-rich film forms between the silicide and the buried
oxide which provokes the removal of the silicide during the stripping of
unreacted Fr.

The growth of germanides [110] and silico-germanides [111] is also
investigated. In the first case [110], Er germanide is formed for annealing
above 400 °C but the samples are heavily contaminated by oxygen if no
precaution is taken. Growth in vacuum or with a Ti cap decreases but
does not suppress the oxygen contamination and results in defect-free
and low resistivity Er germanide films. The same observation can be
made for the growth of Er silico-germanides [111].

In two separate papers [112,113], Reckinger et al. investigate the
SBH dependence on the annealing temperature of contacts between Er
silicide and n-Si. The SBH is shown to decrease progressively with tem-
perature increase to reach a minimal value of 0.28 eV. The SBH drop is
associated to the formation of crystalline Er silicide [113]. On the other
hand, the SBH is found to raise slightly if the annealing temperature is
further increased [112|. This augmentation appears in correlation with
an enhanced oxygen diffusion upon high temperature annealing.
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3.3 Formation in ultrahigh vacuum conditions

Before investigating the growth of Er silicide with a protective cap-
ping layer, we process reference samples deposited and annealed in UHV,
without breaking the vacuum between the two steps. The SBH extrac-
tion from such samples can serve as a calibration since the ErSisy/Si
contacts produced in UHV conditions result in a well-established SBH
of 0.28 eV [60,61].

3.3.1 Sample preparation

The initial bulk substrates are n-type lowly doped Si(100) wafers
(phosphorus-doped with a resistivity of 5-10 Q2cm). The test structures
for SBH measurement consist in two 1000 ,um2 square contacts separated
by a micrometer gap defined by e-beam lithography to produce face-to-
face diodes. To define the pattern, a negative tone e-beam resist called
hydrogen silsesquioxane (HSQ) is used. After annealing, HSQ holds the
remarkable property to evolve from a cage-like monomer to a network-
like polymer that approaches the structure of Si dioxide (SiOg2). The
thickness of the obtained oxide is 200 nm. Si pieces are also left bare for
structural characterization.

First, the samples are cleaned in sulfuric peroxide mixture (SPM),
mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2Oz2). After
rinsing in de-ionized (DI) water, they are dipped into 1% hydrofluoric
(HF) acid to remove the grown oxide, rinsed, and dried with No. The
wafers are immediately inserted into the evaporation chamber, to limit
oxide regrowth in ambient air. The deposition is performed in an e-beam
evaporator operating under UHV (base pressure ~5x10~? mbar). 20 nm
of Er are deposited without breaking the vacuum. Then the samples are
transferred to the adjacent annealing chamber, without breaking the
vacuum and annealed during 1 hour at 500 and 600 °C, respectively.
After cooling down to room temperature, the samples are unloaded and
the unreacted Er is removed by SPM. The samples including face-to-face
diodes are diced and wire-bonded for SBH determination.

3.3.2 Physical characterization

In order to evaluate the quality of the deposition, we display in Fig.
3.1 a high magnification micrograph for an as-deposited Er film cov-
ered with a protective 10 nm thick Ti layer. The Er and Ti thicknesses
measured from Fig. 3.1 are found to be close to their respective initial
target of 25 and 10 nm. It is also interesting to notice the presence of
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a thin amorphous Er-Si (a-Er/Si) layer between the Er layer and the Si
substrate. This intermixing of two metallic elements to form amorphous
interlayers is the solid-state amorphization already evoked in section 3.2.

Si SRR
a-Er/Si —

|

Figure 3.1: High magnification XTEM micrographs of an as-deposited
Er film evaporated in UHV conditions and covered with a protective Ti
layer.

The phases formed after annealing of Er in UHV at 600 °C are iden-
tified by 6-20 XRD. Figure 3.2 presents the XRD spectra for the 600 °C
sample before and after stripping, respectively. In both cases, we can
observe the occurrence of a unique peak with very similar intensities lo-
cated at 20 = 27.1°. It corresponds to the 100 reflection of ErSis . This
result confirms the formation of ErSis , along with the preservation of
the ErSis « film after stripping.

The XTEM analyses featured in Fig. 3.3 lend support to the XRD
conclusions. In Fig. 3.3(a), we can observe a residual Er layer of ~4 nm
on a 33 nm thick ErSio_y film. The SPM stripping leaves the silicide film
absolutely intact and removes Er nearly completely (see Fig. 3.3(b)).
The interface between the ErSio_y film and the Si substrate is very sharp
and the ErSis « film is very homogeneous in thickness and regular.

Scanning electron microscopy (SEM) overviews of the surface of the
ErSis « film exhibit pyramidal defects with a square base and the apex
in the Si substrate (see Fig. 3.4(a)). The typical concentration of these
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Figure 3.2: XRD spectra for ErSisx grown in UHV at 600 °C before and
after stripping of unreacted Er. A nearly identical intense ErSis.«(100)
peak can be observed in both cases.

defects amounts to ~10° cm~2 [101]. As we can see in Fig. 3.4(b)
which focuses on one of the reversed pyramids, their typical size is in the
micrometer range. Figure 3.4(c) reveals a high magnification scan of the
ErSis . surface which shows some apparent superficial roughness.

XPS depth profiling is performed to investigate the composition of
the ErSiay film. Core level spectra are recorded for erbium (Er 4d),
oxygen (O 1s), and silicon (Si 2s). The XPS analyses are performed with
a Physical Electronics 5600 spectrometer fitted in an UHV chamber (base
pressure ~1071% mbar). We use a monochromatized Al x-ray source (hv
= 1486.6 €¢V) and the detection angle is 45° with respect to the sample
surface normal. Depth profile analysis is realized by sputtering using an
Art ion gun operated at 1 keV with a beam raster of 5 x 5 mm?. The
pass energy is set to 47 eV for depth profiles and 23 eV for more resolved
spectra, leading to overall resolutions as measured from the full width at
half-maximum of Ag 3ds /5 about 0.9 and 0.7 eV, respectively. Figure 3.5
exposes the corresponding intensity profiles for Er 4d, O 1s, and Si 2s.
The depth profile discloses that oxygen is confined to the very surface
of the silicide film. This oxygen could originate from ambient air during
the transfer to the XPS analysis chamber. The ratio between the Er
4d and Si 2s signals is constant, testifying to an homogeneous chemical
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Figure 3.3: XTEM micrographs of ErSis y grown in UHV at 600 °C (a)
before and (b) after stripping of unreacted Er.
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Figure 3.4: SEM pictures of the surface of ErSis x grown in UHV at 600
°C after stripping: (a) many pyramidal defects are observed at small
magnification, (b) zoom on one of these defects, and (c) high magnifica-
tion scan of the ErSis_ surface.
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Figure 3.5: XPS intensity depth profiles of ErSis « grown in UHV at 600

°C.

3.3.3 Electrical characterization

Figure 3.6 exhibits the Arrhenius plots for ErSis x grown in UHV
at 500 and 600 °C, respectively. In addition to the experimental data
represented by red squares (500 °C) or black circles (600 °C), the fit for
600 °C is also displayed. The I-V measurements are performed between
150 and 290 K with a step of 20 K. The selected V¢ biases range from
0.1 up to 1 V with a step of 0.15 V. The experimental data are fitted
with the TFE4+BL model. The corresponding SBHs are determined to
be equal to 0.3 (500 °C) and 0.295 eV (600 °C), respectively. These
values are in good agreement with the state-of-the-art value of 0.28 eV.
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Figure 3.6: Arrhenius plots of ErSioy grown in UHV at 500 and 600 °C,
respectively.

3.4 Formation with a Ti cap by ez situ annealing

Compared with growth in UHV conditions, the capping layer ap-
proach is interesting since it would considerably simplify the integration
of RE silicides in an industrial CMOS process. A few authors have inves-
tigated the formation of RE silicides with a capping layer, for instance,
Pt/W/Er [72], Pt/Si/Er [90], Si/Er [114], Mo/Er [98]|, Pt/Er [115],
Ti/TiN/Yb [103], or W/Er [105]. In the perspective of RE silicide in-
tegration, the question of the removal of the sacrificial protecting layer
must be taken into account. In the case of Pt, aqua regia is the only
known stripping recipe. However, RE silicides are easily removed in a
solution containing halogen ions [116]. Second, Pt mixes with RE metals
even at 300 °C [73]. A Si capping layer is also incompatible with modern
CMOS technology since the silicidation is performed all over the wafer,
creating a single silicide layer that short-circuits all devices. W proves
to be efficient to prevent oxidation but diffuses through the stack during
the silicidation [105], which could have a negative impact on the SBH.
On the opposite, Ti is a good candidate to serve as capping layer, since
it is readily removed in SPM and does not mix with REs even at 800
°C |73].
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3.4.1 Evaporation in ultrahigh vacuum conditions

In the present section, we investigate the efficiency of the capping
layer technique to yield a low SBH with Er silicide grown over n-Si. More
specifically, we explore the formation of Er silicide for Er evaporated in
UHYV conditions and covered with a thin Ti capping layer. The annealing
is performed ex situ on a wide temperature range. The SBH is extracted
for all considered annealing temperature, in correlation with physical
characterization by XRD, TEM, and XPS.

3.4.1.1 Sample preparation

The initial bulk substrates are the same as previously written. First,
they are cleaned in SPM. After rinsing in DI water, they are dipped
into 1% HF acid to remove the grown oxide, rinsed, and dried with Ns.
A Ni mechanical mask fixed on the wafers is used to pattern face-to-
face Schottky diodes for SBH extraction. The wafers are immediately
inserted into the evaporation chamber. The deposition is performed in
the same e-beam evaporator operating under UHV conditions. 25 nm
of Er and 10 nm of Ti are successively deposited without breaking the
vacuum. Samples are also deposited without the protective Ti layer.
The wafers are then brought to ambient conditions, transferred to an ez
situ rapid thermal annealing (RTA) system and thermally activated in
forming gas (95% Ny + 5% Hy) for 2 min, from 300 to 600 °C with a step
of 50 °C. One sample is left unannealed. The samples including diodes
are diced and wire-bonded for SBH determination. The capping layer is
not stripped to protect the surface of the silicide film and to facilitate
bonding.

3.4.1.2 Schottky barrier height extraction

The SBH extraction is performed using /-V measurements at temper-
atures ranging from 150 to 290 K with a step of 20 K. The selected V¢
voltages range from 0.1 up to 1 V with a step of 0.15 V. The experimental
data are fitted with the TFE+BL model. Figure 3.7 displays the depen-
dence of the SBH on the annealing temperature. For the as-deposited
sample, the extracted SBH amounts to 0.43 eV. After annealing at 300
°C, the SBH drops to 0.37 ¢V and is again substantially reduced to reach
0.28 eV upon annealing at 450 °C. Beyond that value, the SBH slightly
increases. The remainder of this section is devoted to the explanation
of the SBH dependence on the annealing temperature exhibited in Fig.
3.7, distinguishing two annealing temperature regions: below and above
450 °C).
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Figure 3.7: SBH of capped Er silicide contacts to n-Si as a function
of the annealing temperature for the as-deposited sample and for the
samples annealed between 300 and 600 °C with a step of 50 °C.

3.4.1.3 Low annealing temperature region

To emphasize further the strong impact of the annealing temperature
on the electrical characteristics of the grown Er silicide film, we illustrate
in Fig. 3.8 the evolution of the experimental Arrhenius plot for the
as-deposited, 300, and 450 °C samples, respectively. We can observe
that the transition temperature between the ohmic regime (positive slope
in the Arrhenius plot) and the Schottky regime (negative slope in the
Arrhenius plot) lowers with the annealing temperature, sign that the
SBH decreases accordingly.

The formed phases are identified by 6-20 XRD. Figure 3.9 presents
the XRD spectra for the as-deposited, 300, and 450 °C samples, respec-
tively. For the as-deposited sample, the intense peak registered at 20 =
32° matches the (002) peak of hexagonal Er. At 300 °C, the Er(002)
peak disappears and a dominant peak at 26 = 30.4° (d = 2.96 A) is now
recorded. This peak does not belong to the diffraction pattern of body-
centered cubic (BCC) Er sesquioxide (ErgOg). A similar peak (d = 2.95
A) was previously reported for incompletely oxidized Er films [117,118],
with a lower oxygen content than ErsO3 (denoted ErOy, with x < 1.5).
At 350 °C, three peaks of similar intensities are detected. These peaks
can all be related to Er compounds. The peak at 20 = 27.1° can be asso-
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Figure 3.8: Arrhenius plots for the as-deposited, 300, and 450 °C sam-
ples, respectively.
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Figure 3.9: XRD spectra for the as-deposited sample and for the samples
annealed between 300 and 450 °C with a step of 50 °C.
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ciated to the (100) peak of hexagonal ErSis «. In addition to the peak of
ErOy, another one appears (at 20 = 29°), which is relevant to the (222)
peak of BCC EryO3. In consequence, we can infer that Er atoms in close
contact to Si preferentially react with Si, while upper Er layers rather
react with oxygen to form ErOy and EroOgs. Indeed, some residual oxy-
gen present in the annealing atmosphere can diffuse through the Ti cap
during the thermal treatment and react with Er. When the annealing
temperature is incremented to 400 °C, the ErSis «(100) peak becomes
dominant. More precisely, the intensity ratio between the ErSis «(100)
and BCC Erp03(222) peaks is drastically increased, showing that the
silicidation is now preponderant. Moreover, the ErOy peak is replaced
by a new peak at 20 = 30.7°. This peak does neither belong to the
diffraction patterns of hexagonal ErSis.y or EroOg. That peak could be
relevant to a mixture phase of Er, Si, and O (Er pyrosilicate [111] or Er-
Si-O [67]). More specifically, since Si is known to be the main diffusing
species during the growth of ErSis « [76], it is likely to diffuse to the top
region of the Er layer where it is also in presence with oxygen diffusing
through the Ti cap. This results in the formation of a layer containing
Er, Si, and O above ErSis . At 450 °C, the ErSis.(100) peak prevails,
with small amounts of Er-Si-O and EryOs.

With the aim of better understanding the SBH dependence on the
annealing temperature, we inspect the MS interface by TEM. Figures
3.10(a)-3.10(c) display XTEM images of samples annealed at 300, 350,
and 400 °C, respectively. We can see that crystalline ErSis « forms at
the interface with Si (hardly visible at 300 °C). That layer clearly thick-
ens with the annealing temperature. In addition, Figs. 3.11(a)-3.11(c)
exhibit HRTEM micrographs of the samples considered in Fig. 3.8. In
Fig. 3.11(a), the thin interfacial film already discovered between Er and
Si in Fig. 3.1 is measured to be ~3 nm thick. At 300 °C (Fig. 3.11(b)),
we can see that the intermixed a-Er/Si layer continues to grow, reaching
a thickness of approximately 12 nm. Simultaneously, crystalline ErSio_
islands start to nucleate at the MS interface [98]. On the other hand,
Er completely reacts with Si to form a crystalline ErSis film at 450 °C
(Fig. 3.11(c)), as already revealed by the XRD measurements. From
that analysis, it results that upon increasing annealing temperature, the
Er-Si alloy progressively evolves from an amorphous state of undeter-
mined composition to a crystalline one with the FErSis_y phase. Since the
SBH decreases accordingly, we may believe that there is a correlation
between the SBH lowering and the formation of crystalline ErSis .

Very few research groups have investigated the parameters that in-
fluence the SBH of RE silicides. One study in particular provides some
evidence for a correlation between the oxygen content in the silicide and
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Figure 3.10: XTEM micrographs of the (a) 300, (b) 350, and (c) 400 °C
samples, respectively.

the SBH [65]. To further reinforce our previous assertion, the possible
oxygen contamination of the MS interface must be examined. To do
s0, changes of chemical composition are explored by XPS depth profiles.
We focus on the as-deposited and 300 °C samples!. They are both intro-
duced in the analysis chamber immediately after the evaporation to avoid
oxidation in ambient air. Core level spectra are recorded for erbium (Er
4d), oxygen (O 1s), silicon (Si 2s), and titanium (Ti 2p). Figures 3.12(a)
and 3.12(b) display the corresponding Er 4d, O 1s, and Si 2s intensity
profiles, whereas Ti 2p is omitted for clarity. Figure 3.12(c) illustrates
the evolution of the Er 4d and Si 2s BEs versus the sputter time (ST).
Labels (capital letters) are used to mark specific positions in the stack.
From Fig. 3.12(a), it is disclosed that only the top of the Er layer
is contaminated by a small amount of oxygen. Starting from marker

!The interface of the 450 °C sample, considered in section 3.4.1.4, will prove to be
oxygen-free.
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ErSi,, islands

Figure 3.11: HRTEM micrographs of the MS interface for the (a) as-
deposited, (b) 300, and (c) 450 °C samples, respectively.

A (ST = 40 min), the typical Er 4d BE is equal to 167.1 eV, relevant
to metallic Er. Above marker A, no oxygen can be detected, within
the experimental accuracy. Si appears at marker B (ST = 84 min), as
indicated by a corresponding Si 2s BE of 149.5 eV. Since this BE is not
relevant to elemental Si (Si 2s BE = 150.5-150.6 €V), it clearly suggests
that a small part of the Er film is alloyed to Si, what is supported by
the previous HRTEM pictures. Such a large Si 2s shift of ~1.1 eV is
comparable to the Si 2p shift noticed for an a-Er/Si mixture where Si
atoms are more diluted into Er than in ErSisy [119,120]. In addition,
the Er 4d BE is found out to slightly shift towards 167.3 eV at marker B.
Since it coincides with the detection of Si, it might be a supplementary
signature of the Er-Si alloying.

At 300 °C (Fig. 3.12(b)), we can see that oxygen penetrates deeply
into the sample. Roughly, between markers A’ (ST = 64 min) and B’
(ST = 124 min), Er is oxidized (Er 4d BE = 169.5 V), corresponding
to the ErOy layer revealed by the XRD data. The layer located between
positions B’ and C’ (ST = 176 min) is essentially composed of a mixture
of Er silicide and Er oxide, with a decreasing proportion of Er oxide.
Oxygen disappears at marker C’. After that position, the Si 2s BE pro-
gressively shifts towards the peak relevant to elemental Si, reached in D’
(ST = 220 min) (see Fig. 3.12(c)), which position marks the interface
with the Si substrate. Concomitantly, the typical Er 4d BE amounts
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Figure 3.12: XPS depth intensity profiles for the (a) as-deposited and
(b) 300 °C samples. (c) Er 4d and Si 2s BEs versus ST for the 300 °C
sample.

to 167.4 eV and starts to differ beyond D’. The layer between C’ and
D’ can be very likely assimilated to the a-Er/Si layer with crystalline
ErSis « inclusions disclosed by HRTEM in Fig. 3.11(b). In any case, it
is established that the respective MS interfaces of the as-deposited and
300 °C samples are both oxygen-free, within the experimental accuracy.

3.4.1.4 High annealing temperature region

3.4.1.4.1 Uncapped Er on n-Si Figure 3.13(a) shows a low mag-
nification SEM picture of the surface for the uncapped sample annealed
at 450 °C. In this image, many defects of various sizes can be observed.
Figure 3.13(b) illustrates a zoom on one of these defects. This volcano-
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like feature is very similar to the crack-like features in Er germanide
reported by Liew et al. [110] for whom the formation of those cracks
could be associated to the release of stress induced by the formation of
Er oxide. Typical dimensions for those volcanoes range from 0.5 to 15
pm. In the central part of the volcano, the stress is so important that
the surface is completely dislocated. At the periphery, the surface visibly
underwent some stress, as it appears buckled, but the stress was not high
enough to break apart the layer.

Figure 3.13: (a) Low magnification SEM picture of the surface of the
uncapped sample annealed at 450 °C: the surface is scattered with many
defects. (b) Focus on one of those defects.

Whatever the annealing temperature, the surface of the wafer is found
to be nonuniformly silicided. Er is likely to oxidize when exposed to air
before the annealing or/and during the annealing due to the presence of
residual O in the RTA chamber. In Fig. 3.14, results of XTEM analysis
performed for a silicided area of the sample annealed at 600 °C confirm
that the ErSioy film is very irregular, most likely heavily oxidized.

it scnaie

Figure 3.14: XTEM micrograph for the uncapped sample annealed at
600 °C.
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3.4.1.4.2 Ti-capped Er on n-Si The necessity of a protecting layer
to prevent oxidation during annealing has been illustrated by the poor
quality of ErSipy films grown without capping. In order to avoid ox-
idation during ez situ annealing, a Ti layer is deposited over Er. To
identify the formed compounds and to confirm the formation of ErSis_y,
0-260 XRD analyses are performed for each annealing temperature, as
exhibited in Fig. 3.15. A very intense ErSis«(100) peak is detected for
all samples. The observation of such a strong peak is indicative of the
formation of either highly textured or epitaxial ErSis thin films, with
an orientation relation of the type ErSis«(100)//Si(100). Another peak
(at 20 = 30.6°) is also disclosed for all annealing temperatures. As ar-
gued before, this peak is most likely relevant to Er-Si-O compounds. It is
worth noting that the capping layer is not detected, probably because it
is amorphous or too thin. Moreover, contrary to a recent publication [71],
we do not observe the presence of diffraction peaks which could be related
to Ti-Si phases.

_ ErSiz_X(‘l 00)—
=
S, .
> Er-Si-O
2
9
£ — "Si(200)"
> 600 °C
550 °C
500 °C
450 °C
10 15 20 25 30 35 40 45 50
20[°]

Figure 3.15: XRD spectra for the capped samples annealed at 450,
500, 550, and 600 °C, respectively. An intense ErSis «(100) peak can be
observed for all annealing temperatures.

To further investigate the transformations of the Ti/Er/Si stack upon
thermal annealing, we perform XTEM analyses. Figures 3.16(a)-3.16(d)
exhibit low magnification XTEM micrographs of samples annealed by
RTA at 450, 500, 550, and 600 °C, respectively (without cap strip-
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ping). These images provide information on the global morphology of
the ErSisy films. The ErSisy/Si interface is found to be remarkably
sharp in all cases. This result agrees with Chen et al. [121], showing that
RTA eliminates interface roughness often observed for Er silicides formed
in furnace. Besides, the capping layer remains intact and is visibly not
mixed with Er during the annealing. No pits are observed in the ErSis_y
film, what could be due to the presence of the capping layer. Recently,
Huang et al. [105] have indeed shown that capping layers can improve
the morphology of ErSis y thin films.

Figures 3.17(a) and 3.17(b) present higher magnification micrographs
for the samples annealed at 450 and 600 °C, respectively. From these
figures, it clearly appears that the stacks resulting from annealing at
450 and 600 °C are divided into three distinct layers: the capping layer
on the top, an intermediate layer of unknown composition, and finally
the ErSisy one. Even though the exact composition of the intermediate
layer is not known, it is likely mainly composed of Er atoms since the
capping layer and the Er layer do not mix. It probably corresponds to
the XRD peak identified as Er-Si-O.

XRD and XTEM analyses allow to evidence that the Ti/Er/Si stack
is transformed into three distinct layers after annealing: (i) the capping
layer mainly containing T1i, (ii) the intermediate layer possibly consisting
of an Er-Si-O alloy and (iii) the bottom one composed of ErSisy. In
order to reveal the nature of the second layer and to investigate the
modifications of the chemical composition in the stack after thermal
treatment, XPS depth profiling is performed. Core level spectra are
recorded from nitrogen (N 1s), titanium (Ti 2p), oxygen (O 1s), erbium
(Er 4d), and silicon (Si 2s). The depth profile analysis is achieved by
sputtering using an Ar" ion gun operated at 2 keV with a beam raster
of 2 x 2 mm??.

Figure 3.18 exhibits the atomic concentration depth profile of the
Ti/Er/Si stack annealed at 450 °C. Figure 3.19 displays the correspond-
ing core level spectra for N 1s, Ti 2p, O 1s, Er 4d, and Si 2s, respectively.
For each element, we limit the plot to their zone of interest. To facilitate
the discussion, we use different markers to locate specific positions in
Figs. 3.18 and 3.19.

The Ti 2p signal can be found down to a depth corresponding to ST
= 6 min. The top surface of the capping layer (marker A) is essentially
composed of Ti dioxide (TiOz), as indicated by the BEs of the Ti 2p3 /9
(458.4 eV) and O 1s (530.1 eV) peaks [122]. A small nitrogen amount

2Tt is worth noting that the XPS equipment used here differs from the one used
in sections 3.4.1.4, 3.3.2, and 3.4.2.1.
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Figure 3.16: Low magnification XTEM micrographs of capped samples
annealed at (a) 450, (b) 500, (c) 550, and (d) 600 °C, respectively.
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Figure 3.17: High magnification XTEM micrographs of capped samples
annealed at (a) 450 and (b) 600 °C, respectively.
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Figure 3.18: XPS atomic concentration depth profile of the capped sam-
ple annealed at 450 °C. The markers A to E indicate specific positions
along the profile.

(about 10% in atomic concentration) is also present at this place. The
corresponding N 1s peak of 397.1 eV is relevant to TiNy [123]. Just
below the surface, at ST = 0.5 min, the Ti 2p3/; peak is shifted to a BE
of 455.3 eV while the O 1s peak is shifted to 531.4 eV, revealing a strong
change of chemical composition. Indeed, an O 1s peak of 531.4 €V is no
more relevant to TiOg but rather to the TiO suboxide [124].

Within the subsurface region of the capping layer (between 0.5 and 5
min (marker B)), the characteristic BE of N 1s shifts from 397.1 to 397.8
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Figure 3.19: Series of spectra for capped Er silicide annealed at 450 °C
corresponding to the core level spectra of (a) N 1s, (b) Ti 2p, (c) O 1s,
(d) Er 4d, and (e) Si 2s, respectively.

eV, indicative of a progressive decrease of the nitrogen concentration in a
TiNy alloy [123], as also confirmed by the progressively decreasing atomic
concentration. Simultaneously, the Ti 2p3/, BEs are comprised between
455.3 (0.5 min) and 454.7 €V (5 min). The peak of O 1s remains cen-
tered around 531.7 eV. It results that the capping layer after annealing
can be characterized by a TiOxNy composition. The Ti concentration
is almost constant while the oxygen and nitrogen concentrations are re-
spectively increasing and decreasing with depth. It is worth noting here
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that nitrogen is only found in the capping layer.

Between 5 and 6 min, the presence of Er is detected with a peak of
170 eV while the peak of oxygen is shifted to 531.3 eV. Both these BEs
correspond to Er oxide [125]. The ST of 5 min clearly marks the frontier
between the cap and the Er layer.

The layer comprised between 5 and 7 min is mainly composed of Er
oxide 3. In that layer, oxygen is indeed characterized by a peak of 531.3
eV. From 8 min, the presence of Si is detected with a BE characteristic
of ErSig y (150.4 eV). The Er 4ds/, peak progressively shifts from 169.6
(8 min) to 168.4 €V (10 min), towards the typical peak of ErSis.y [125],
indicating that the proportion of ErSioy increases comparatively to Er
oxide. The layer comprised between ST = 5 and 10 min (marker C) is
thus a mixture of Er oxide and ErSiyx with a progressively decreasing
amount of Er oxide. That layer likely corresponds to the intermediate
layer observed by XTEM and revealed by the peak at 20 = 30.6° in the
XRD data. The previous results indicate that it seems to be composed
of a mixture of Er, Si and O.

We can consider that the ErSiay layer properly speaking begins at
ST = 10 min (marker C). A small amount of oxygen is found at the
top of the silicided film. From ST = 11 min, the oxygen signal escapes
detection. The layer between 11 and 13 min (marker D) is composed
of pure ErSipy (with Er 4ds/, and Si 2s peaks of 167.8 and 150.4 eV,
respectively). At 13.5 min, the Si 2s BE starts to progressively shift
to the peak of elemental Si (151 €V), meaning that the Si bulk is close
to that position. The characteristic energy of elemental Si is registered
after 16 min (marker E). It is worth noting here that, even if Er appears
in the depth profile after 13 min, there is no more ErSis_, since the Si 2s
peak begins to shift to 151 eV. We believe that some Er is redeposited
and even buried into the Si substrate during the sputtering process.

It is worth commenting here that it is in fact relatively difficult to
precisely determine by XPS where the frontier between the intermediate
layer and the ErSisy layer is located since there might be some Er re-
deposition on the substrate during the sputtering procedure. XTEM is
much a more appropriate tool for that purpose. It appears nonetheless
clear that there is a succession of three layers of different compositions
but their respective location in the XPS profile must be considered as
approximative. This illustrates the necessity of correlating the results of
different complementary investigation methods like XTEM, XRD, and
XPS to get a good overall picture of the transformations that the stack
undergoes during the heating.

31t is a generic term regrouping ErOy and Er,Os.
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Figure 3.20 exposes the atomic concentration depth profile of the
Ti/Er/Si stack annealed at 600 °C. A very similar analysis can be made
for this sample, except for a few clear differences. First, we find out that
oxygen penetrates deeper into the stack, what is understandable since

100

Atomic concentration [%)]

0 5 10 15 20
Sputter time [min]

Figure 3.20: XPS atomic concentration depth profile of the capped sam-
ple annealed at 600 °C.

the annealing temperature is substantially higher. It is also striking to
observe that Si diffuses appreciably closer towards the surface. In conse-
quence, contrary to Fig. 3.18, we can see the simultaneous occurrence of
Ti and Si in the last layers of the cap, what could be a sign of the forma-
tion of Ti-Si phases. However, this hypothesis must be discarded since it
is known that the BEs of Ti and Si remain nearly unaffected by alloying
in TiSiy [122], contrary to our observation. Another consequence of the
enhanced Si diffusion is that the ErSis_ ¢ and Er oxide layers are less dis-
tinctly separated and interpenetrate each other, as already disclosed by
the XTEM results. Indeed, the presence of ErSioy extends on a much
more important part of the stack, between 5 and 13 min, as testified by
the Si 2s peak of 150.4 eV. In addition, the presence of a pure ErSis
layer (without apparent oxygen contamination), restricted to the region
comprised between 11 and 13 min, can be identified. After 16 min of
sputtering, the Si bulk is reached.

Figure 3.21 presents the experimental Arrhenius plot (circles) ex-
tracted from I-Vjc-T characteristics and the corresponding fit (solid
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Figure 3.21: Experimental Arrhenius plot (circles) extracted from the
I-Vyc-T characteristics and the corresponding fit (solid curves), for the
capped sample annealed at 450 °C. The selected voltages range from
0.1 to 1 V with a step of 0.15 V for measurement temperatures ranging
from 150 up to 290 K with a step of 20 K. The experimental data are
fitted with the TFE+BL model. The extracted SBH is equal to 0.28 V.
A small increase (dashed curves for ®p,, = 0.30 €V) or decrease (dotted
curves for ®p, = 0.26 €V) in Pp,, results in a down- or upshift of the
theoretical curves comparatively to the reference curve.

curves), for the sample annealed at 450 °C. The selected biases are
0.1 up to 1 V with a step of 0.15 V and the measurement temperatures
range from 150 up to 290 K with a step of 20 K. The experimental
data are fitted with the TFE+BL model. The extracted barrier is found
to be equal to 0.28 eV, identical to the smallest SBH found in litera-
ture regarding ErSigy [60,61]. It is also worth noting that experimental
and theoretical data fit remarkably well. Furthermore, a small increase
(dashed curves for ®p, = 0.30 €V, in Fig. 3.21) or decrease (dotted
curves for &g, = 0.26 €V, in Fig. 3.21) of the SBH in the model results
in a clearly visible down- or upshift of the theoretical curves compar-
atively to the reference curve corresponding to 0.28 eV. This indicates
the high sensitivity of the model that allows a very accurate determi-
nation of the SBH. Moreover, the model allows an accurate fit on the
whole measurement temperature range, suggesting a low level of interfa-
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cial contamination. Indeed, it was recently pointed out that deviations
from the TE model for ErSio_, Schottky diodes are caused either by SBH
inhomogeneities [104] or trap-assisted tunneling [106], both most likely
due to some interfacial contamination. Since we do not observe such
deviations from the TFE-+BL model, the contamination level should be
very low for our samples.

The presence of a small oxygen concentration at the interface was
previously shown to be responsible for SBH augmentation [65]. In con-
sequence, the state-of-the-art SBH of 0.28 eV manifests the efficiency of
the Ti capping to preserve the ErSis_y/Si interface from oxygen diffusing
through the cap during the thermal treatment. Another possible source
of contamination in oxygen is related to the degree of cleanness of the Si
surface prior to evaporation, more specifically the presence of a very thin
layer of Si oxide. It is known that the presence of such a thin interfacial
oxide before evaporation causes a dramatic increase of the SBH after
heating [80|. For that reason, possible oxide regrowth in ambient air be-
fore the introduction in the evaporation chamber should be very limited
in the present case. Consequently, the simple cleaning method (SPM -+
HF dip) used here appears sufficient to reach a low SBH, without the
need of a complicated in situ procedure to prepare the Si surface [126].
Finally, the low SBH also indicates that, contrary to W [105], Ti does
not diffuse to the ErSis./Si interface since the presence of interfacial Ti
silicide would likely be responsible for a SBH augmentation owing to the
high SBH of Ti silicide (around 0.6 €V). This confirms that Er and Ti
do not intermix during the silicidation [73].

In Fig. 3.7, it can be observed that there is a plateau at 0.28 eV for
the annealing temperatures of 450 and 500 °C, respectively. However,
as and when the annealing temperature is increased, the SBH is slightly
increased as well and amounts to 0.31 eV for 600 °C. Very few research
groups have proposed hypotheses to account for the SBH increase com-
paratively to the state of the art of 0.28 eV. Unewisse et al. [61] have
identified a correlation between the SBH and the degree of roughness
of the ErSiyy/Si interface. Alternately, Muret et al. [65] have proposed
that the oxygen concentration in ErSis y is directly related to the SBH:
the higher the concentration, the higher the SBH.

Since the previous XTEM investigations do not exhibit any signifi-
cant variation between the interfaces of samples heated at 450 and 600 °C
(the interface is smooth in both cases), we suspect that oxygen contam-
ination might play a role in the SBH increase. To verify this hypothesis,
the photoemission measurements of the Er 4d core levels are fitted with
a standard linear least-squares decomposition procedure. Such a pro-
cedure allows separating the respective contributions of Er oxide and
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ErSis  in the Er 4d profile and thereby determining which compound
is preponderant at the interface. Figures 3.22(a) and 3.22(b) show the
resulting decomposition of the Er 4d profile into its Er 4d(Er oxide) and
Er 4d(ErSisx) components, for 450 and 600 °C, respectively. Figure
3.22(c) illustrates the extracted basis spectra used for the decomposi-
tion: the peak at 167.8 eV is relevant to ErSis« while the peak at 169.8
eV is relevant to Er oxide. By integrating the surface under the profile
curves exhibited in Figs. 3.22(a) and 3.22(b), we calculate the Er 4d(Er
oxide) proportion of the total Er 4d profile for each temperature.

First, we find out that no interfacial oxygen is recorded at 600 °C,
within the experimental accuracy. However, when we compare the pro-
gression of the oxidation front (defined as the maximum of the Er oxide
component, as illustrated in Figs. 3.22(a) and 3.22(b)) in direction of the
interface at 450 and 600 °C, we discover that it gets appreciably closer to
the interface for 600 °C. Moreover, the proportion of Er oxide increases
from 28 to 36% between 450 and 600 °C. These two observations show
that the ErSio« film grown at 600 °C is more contaminated by oxygen
because the capability of the Ti cap to prevent oxygen diffusion dur-
ing the silicidation is reduced at higher annealing temperatures. Even
though no interfacial oxygen can be detected by XPS (with a 0.1-0.5
atomic-% detection limit), we cannot exclude the occurrence of a very
small oxygen concentration which could result in a slight SBH augmen-
tation, as already mentioned above. Alternately, this enhanced diffusion
could provoke a slight morphological degradation of the ErSisy/Si in-
terface which could in turn affect the SBH [61]. Based on the XTEM
micrographs presented here, we cannot totally revoke the roughness ar-
gument to explain the SBH increase. Planview HRTEM would provide
more information. However that may be, the SBH extraction based
on back-to-back Schottky diodes (and in consequence, the SBH itself)
proves out to be remarkably sensitive to the intrinsic characteristics of
the MS interface.
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Figure 3.22: Decomposition of the Er 4d atomic concentration depth
profile for the capped samples annealed at (a) 450 and (b) 600 °C, re-
spectively. (c) Extracted basis spectra used for the decomposition: 167.8
and 169.8 eV are BEs relevant to ErSioy and Er oxide, respectively.
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3.4.1.5 Summary

This section was devoted to the formation of Er silicide evaporated in
UHYV conditions with a thin Ti cap and grown ez situ by RTA. The SBH
proved to progressively decrease with the augmentation of the annealing
temperature, then reached a plateau of 0.28 eV between 450 and 500
°C, and, finally, increased slightly upon annealing at higher temperature
(600 °C). From XRD and HRTEM inspections, the SBH drop in the
low annealing temperature region (< 450 °C) appeared associated to
the progressive formation of crystalline Er silicide. Above 450 °C, no
satisfactory explanation for the SBH increase was found. It could be
attributed to an enhanced oxygen contamination of the Er silicide film
due to the higher annealing temperature, as observed by XPS depth
profiling. But XPS disclosed the presence of oxygen at the interface and
thus its possible impact on the SBH, at least within the experimental
accuracy.

3.4.2 Evaporation in high vacuum conditions

To further relax the constraints on the growth of ErSis ., we propose
here to investigate ErSis « formation with a Ti cap in a more conventional
evaporation system operating under HV conditions. First, several stacks
prepared in various conditions are deeply investigated by XPS. Next,
based on the best process parameters determined by XPS, we extract
SBHs for face-to-face diodes formed with a SiO mask and extend the
physical study to XTEM and XRD.

3.4.2.1 X-ray photoelectron spectroscopy investigation

From the previous sections, it clearly turns out that the top of the
ErSis . film is contaminated by oxygen with a Ti cap of 10 nm. Before
beginning any new study, it is first important to inspect the process con-
ditions to minimize or even suppress oxygen contamination since oxygen
is detrimental to the electrical properties of ErSio_y. In the following, we
explore in detail by XPS the chemical state of Er covered by a Ti cap-
ping layer, either without thermal budget or subjected to ex situ RTA
at low (300 °C) or moderate (600 °C) temperatures. We examine the
progression of the solid-state reaction occurring between Er and Si at
the interface with Si and the interaction between the superficial layers
of the Er film and residual oxygen diffusing through the capping layer.
In addition, since relatively few XPS data about Er-Si or Er-O reactions
are disseminated in the literature, a supplementary motivation of our
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study is to synthetize and to enhance the information available on that
topic.

3.4.2.1.1 Sample preparation The Si wafers are prepared as pre-
viously mentioned prior to evaporation. The metal deposition is realized
in an e-beam evaporator with a base pressure of ~10~7 mbar. In order
to clean the Er and Ti targets, 50 nm of metal are evaporated just be-
fore deposition (with the shutter closed). 25 nm of Er and different Ti
thicknesses (10, 15, and 50 nm) are then successively deposited. Sample
1 (with 10 nm of Ti) is left as-deposited. Four samples (2 to 5) with
various Ti thicknesses (t1j) are heated ex situ by RTA in nitrogen un-
der diverse annealing conditions, immediately after extraction from the
evaporator: (i) sample 2 with ¢t1; = 10 nm annealed at 300 °C for 2
min with a 2 min initial purge, (ii) sample 3 with ¢1; = 15 nm annealed
at 600 °C for 2 min with a 2 min initial purge, (iii) sample 4 with ¢y
= 50 nm annealed at 600 °C for 2 min with a 2 min initial purge, and
(iv) sample 5 with t1; = 10 nm annealed at 600 °C for 2 min with a 10
min initial purge. To help the reader, Table 3.1 recapitulates the stack
thicknesses and the RTA conditions.

Sample | t1; [nm)] Annealing Pre-RTA purge
temperature [°C| | duration [min]

1 10 X 2

2 10 300 2

3 15 600 2

4 50 600 2

5 10 600 10

Table 3.1: Summary of the stack thicknesses and RTA conditions.

3.4.2.1.2 X-ray photoelectron spectroscopy data Core level spec-
tra are recorded from erbium (Er 4d), oxygen (O 1s), silicon (Si 2p or Si
2s), and titanium (Ti 2p). For all five samples, intensity depth profiles
are determined from the corresponding spectra. As previously, capital
letters with distinct superscripts for each sample are used to mark char-
acteristic positions along the intensity profile. The information that we
can extract from intensity profiles is relatively poor in the specific case of
Er. Quantitative analysis from such profiles is particularly delicate be-
cause of the relative difficulty to obtain accurate intensities, since Er pos-
sesses a complex spectrum for which the determination of the integration
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boundaries is ambiguous. Moreover, discrepancies can arise from differ-
ent sputter yields and burial effects. To push the investigation further, we
rather focus on the BE changes, mainly from Er 4d and Si 2p/2s spectra.
We also follow the modifications of the spectrum shape since it brings
valuable extra information, especially for Er. BEs relative to metallic, ox-
idized or silicided Er can be found in [113,116,119,120,125,127-131|. To
make the interpretation of the recorded spectra easier, Table 3.2 summa-
rizes the Er 4ds /5, O 1s, and Si 2p/2s BEs found in the above-mentioned
papers. In addition, Table 3.2 also contains typical peak positions rele-
vant to Si-O and Ti-O compounds [124,132-138| that could presumably
form during RTA. When a BE is given in the text below, the reader is
systematically invited to refer to Table 3.2 for more information about
the corresponding reference. In addition, all BEs recorded at the differ-
ent markers are gathered in Table 3.3, to facilitate the reading of the
article.
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Peak | Compound BE [eV] ‘ Reference
167.4+169 (sat.) Swami
Er 167.6 Kennou
167.1 Reckinger
ErSis « 167.6 Kennou
Er/Si 167.3 Reckinger
Er 4d5 /o 168.7 Uwamino
ErOq 168.6 Swami
168.8 Wagner
170.4 Guerfi,Kennou
Er/O 169.2 Kennou
169.5 Reckinger
Er,03 530.6 Swami
531.6 Guerfi,Netzer
SiOx (z =~ 1) 532-533 Kennou
SiO9 533.2 Kennou
O 1s 533.1 Larrieu
529.3-531 Atuchin
TiO9 530.5 Demri
529.8 Moses
Si 150.7 Ogama
Si 2s 150.5-150.6 Reckinger
SiO9 154.2 Anpo
Er/Si 149.5 Reckinger
Si 99.3 Lollman,Gokhale
ErSis 99 Lollman
Si2p Er/Si 98.1 Lollman
Shift: 0 to 1.3 Wetzel
SiO9 ~103 Guerfi
Si04 ~102 Guerfi
Ti 454 Atuchin
454 Badrinarayanan
Ti 2p3/9 459 Atuchin
TiOo 458.9 Gonbeau
458.9 Demri

Table 3.2: XPS BEs relevant to Er 4ds /5, O 1s, Si 2p/2s, and Ti 2p39
core levels stemming from the literature.
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Sample | Marker | ST [min| | Ti 2p3/9 | O 1s | Er 4dss | Si2p/2s
A 0 458.9 530.5 X X
B 56 453.7 530.9 167.7 X
C 68 453.7 530.7 167.1 X
1 D 80 453.5 530.7 167.1 X
E 112 X X 167.1 98.3
F 132 X X 167.3 98.9
G 156 X X 167.3 99.1
A’ 0 459 530.5 X X
B’ 56 454 530.9 169.4 X
C 96 454 531.1 169.5 X
D’ 124 X 531.1 169.5 149.5
2 E’ 152 X 531.1 169.1 149.7
F’ 168 X 531 167.5 149.6
G’ 184 X 530.7 167.3 149.8
H’ 208 X X 167.3 150.3
r 236 X X 167.5 150.5
A” 0 459.1 930.5 X X
B” 152 455.1 531.1 169.1 102.9/98.8
3 (O 200 454.1 531 169.1 98.9
D” 248 X 530.9 167.5 98.6
E” 276 X 530.3 167.3 98.7
F” 300 X X 167.3 99.1
A* 48 454 531.4 X 149.7
B* 96 453.8 531.2 X 149.8
4 C* 152 453.8 530.9 167.3 149.9
D* 232 X X 167.3 150
E* 280 X X 167.3 150.5
AX* 148 X 531.1 167.5 150.1
) B** 204 X X 167.3 150.2
C** 220 X X 167.3 150.5

Table 3.3: Summary of the Ti 2p3/5, O 1s, Er 4d5/, and Si 2p/2s BEs
[eV] recorded at the different markers for all considered samples.
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3.4.2.1.3 As-deposited sample with a 10 nm thick Ti cap Fig-
ure 3.23 displays the XPS intensity depth profile for sample 1 (with
markers A to G). It can be clearly observed that oxygen can penetrate
into the Ti layer but remains essentially concentrated at the surface since
the oxygen amount is seen to quickly decrease. The top surface (marker
A) is characterized by a Ti 2p3 /2 BE of 458.9 eV. Elemental Ti features a
Ti 2p3 /5 core level peak centered at 454 eV while its position is reported
to shift to 458.9-459 eV when TiOs is considered. The presence of TiO9
is therefore unambiguously identified at the top surface of the stack, ex-
pectable due to the strong reactivity of Ti in the presence of oxygen.
Oxygen most probably originates from ambient air, by diffusion in the
Ti cap during the transfer between the evaporation and the introduction
in the XPS analysis chamber.

A B CD E F G

Intensity [a.u.]

0 50 100 150 200 250
Sputter time [min]

Figure 3.23: XPS intensity depth profile of the as-deposited Ti(10

nm)/Er(25 nm)/Si(100) stack. Particular positions along the profile are

marked by labels A to G. Inset: cross-sectional HRTEM picture of the

interface between a-Er/Si and Si.

Deep inside the top layer (marker B), near the interface with the
Er film, Ti is weakly or not affected by oxidation, as confirmed by the
Ti 2p3/; peak position which is centered at 453.7 eV. Simultaneously, a
small amount of Er is detected. It is interesting here to check for the
efficiency of the Ti capping layer to preserve Er from oxidation after
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a short time in ambient air. Before examining the chemical state of
deposited Er at label B, we provide BE reference values for elemental
and oxidized Er obtained from a sixth sample with a thick Er layer,
deposited and analyzed in the same conditions. Figure 3.24 displays
the corresponding normalized Er 4d core level spectra after background
subtraction. For elemental Er (deep inside the film), we extract an Er
4ds /o BE value of 167.1 eV, in fair agreement with the values found by
Swami et al. (167.4 V), Kennou et al. (167.6 €V), and the previous
work. In addition, Swami et al. [130] mentioned that the Er 4ds/, peak
of elemental Er presents a well-resolved satellite peak? (with a core level
peak of 169 eV), contrary to oxidized Er, as also observed here at 169.2
eV in Fig. 3.24. From the analysis of the oxidized surface of the same
Er thick film, Er 4d5/, and O 1s core levels are found to be centered
at 169.3 and 531.2 eV, respectively. Previously published material gives
corresponding BEs comprised between 168.6 and 170.4 eV for Er 4ds /o
and in the 530.6-531.6 eV range for O 1s (see Table 3.3). Even though
those data are rather scattered, the Er 4d;5,, peak of oxidized Er can be
readily recognized since it presents two plainly identifiable characteristics
comparatively to metallic Er (see Fig. 3.24): (1) both main and satellite
peaks merge in the oxide form and (2) the energy of the main peak
is systematically about 2 eV higher than its metallic counterpart. The
inspection of the Er 4d spectrum at marker B gives a BE equal to 167.7
eV. A likely interpretation is that Er at marker B is a mixture of oxidized
and mainly elemental Er.

Slightly deeper, starting from marker C, the BE of the Er 4d5/, main
peak becomes constant and is determined to be 167.1 €V, as exhibited
in Fig. 3.25 presenting the evolution of the Er 4ds,, and Si 2p BEs
versus ST. Figure 3.26, which gives the Er 4d normalized spectrum at
some selected positions after background subtraction, illustrates also the
appearance of the doublet peak structure from marker C, thereby con-
firming the metallic state of Er. But it is however worth noting that the
match is not perfect between the peak of elemental Er in Fig. 3.24 and
the Er 4d spectrum at C: it clearly turns out that the satellite peak to
main peak intensity ratio is higher. This might hypothetically indicate
that Er is not yet entirely metallic and could be very weakly oxidized.
Just below C, at marker D, Er is now plainly metallic, as exhibited by the
Er 4d spectrum in Fig. 3.26. Between markers B and D, the occurrence
of a slight pile-up of oxygen is observed (see Fig. 3.23). This contamina-
tion could be either attributed to the residual oxidation of the Ti target

4To be precise, what we call the Er 4ds,2 BE throughout the text is that of the
main Er 4ds5,, peak.
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Figure 3.24: Typical normalized Er 4d core level spectra after back-
ground subtraction for metallic and oxidized Er, respectively. The spec-
tra are obtained from a thick Er layer to serve as a reference. The Er
4ds /o main peak of elemental Er is located at 167.1 eV while its satellite
is at 169.2 eV. Oxidized Er is characterized by a unique peak at 169.3
eV.

in the crucible when Ti is evaporated onto the existing Er layer or to
the exposition of Er to the residual vacuum in the deposition chamber
before Ti deposition. Nevertheless, even with a Ti capping layer as thin
as 10 nm, the oxidation of the Er film is very superficial.

More in depth, at a position referring to marker E, Si shows up,
with a corresponding Si 2p peak of 98.3 eV, as shown in Fig. 3.25.
Upon further sputtering, the Si 2p BE shows a consequential raise to
98.9 eV at label F, and then increases slowly to reach a plateau of 99.1
eV at marker G. Lollman et al. [120] observed a similar shift for the
deposition of thin Er layers over Si(111). During the room-temperature
deposition of Er, Er and Si atoms can intermix since the Er atoms react
strongly with Si (solid-state amorphization [87]). With the increase of
the deposited thickness, Si atoms are more diluted into the Er film and
are consequently surrounded by a greater number of Er atoms, resulting
in a larger Si 2p BE shift. Similarly, Wetzel et al. [119] reported a
variation of the Si 2p BE for amorphous mixtures of Er and Si (Er;Sij_,,
x < 1), depending on the concentration of Si in Er (large shift of 1.3
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Figure 3.25: FEr 4dsy and Si 2p BEs for the as-deposited Ti(10
nm),/Er(25 nm)/Si(100) stack, from marker C.
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Figure 3.26: Normalized Er 4d core level spectra after background sub-
traction for the as-deposited Ti(10 nm)/Er(25 nm)/Si(100) stack, for

markers C to F.
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eV for z ~ 0.8). In consequence, the layer between E and G can be
very likely identified with an Er/Si mixture of variable composition with
an Er/Si intensity ratio that progressively decreases when approaching
marker G, as indicated by the concomitant increase of the Si 2p BE
(see Fig. 3.25). However, it is important to draw here the attention
on one detail. As already mentioned before, the Si 2p BE in the Er/Si
film (between E and G) in Fig. 3.25 exhibits two distinct behaviors:
an abrupt variation (E-F) followed by a slow increase (F-G). Indeed,
XPS does not only probe the very surface of the sample but also a small
thickness below, depending widely on the material under investigation.
This effect must all the more be taken into consideration when thin layers
are considered. The previous comment is very general and is still valid for
the remainder of our analysis. Consequently, we think that the change
of behavior in the F-G layer is related to the Si substrate detection. A
connection can be made between the Er/Si alloy and the thin a-Er/Si
layer of 3 nm observed in the HRTEM picture (inset to Fig. 3.25). On
the contrary, the Er 4d;/,, BE is constant (167.3 eV) throughout the
intermixed layer (see Fig. 3.25). A typical Er 4d spectrum (extracted at
marker F) that we attribute to silicided Er is shown in Fig. 3.26 with
a shift of 0.2 eV towards higher BE after position E. The shapes of the
elemental and silicided Er spectra are very similar. Kennou et al. [125]
even observed no BE difference at all. A weak or negligible shift denotes
a weak charge transfer between Si and Er upon alloying, as generally
observed for transition metals [139].

After G, the Si 2p BE of 99.2 eV corresponds to elemental Si, meaning
that we reach the Si bulk substrate while the Er 4d5/, typical doublet
structure progressively disappears but is still detected (see Fig. 3.23):
Er is thought to redeposit and even bury into the substrate during the
sputtering process due to its heavy mass (“knock-on effect” [140]).

3.4.2.1.4 Sample with a 10 nm thick Ti cap annealed at 300 °C
From Fig. 3.27, depicting the XPS intensity depth profile for sample 2
(with markers A’ to H’), we can see that, after annealing at 300 °C, a
large amount of oxygen diffuses through the whole stack. As previously,
the surface (marker A’) is composed of TiOg. At label B’ (same depth as
B), the Er 4d5 5 core level is centered at 169.4 eV (instead of 167.7 eV for
the as-deposited sample), a BE which is shifted by more than 2 eV when
compared to its value for elemental Er. This observation demonstrates
that Er is now present in its oxidized form. Concomitantly, the O 1s peak
position is shifted from 530.5 eV at position A’ to 531 eV at position B’,
indicating that oxygen is now preferably coupled to Er rather than to
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Ti. Surprisingly, the Ti 2p3/; BE energy is found to be equal to 454
eV, which can be ascribed to either elemental or slightly oxidized Ti.
Those previous results could indicate that, at 300 °C, Er oxidizes much
faster and preferentially compared with Ti. As a significant part of
oxygen at position B’ originates from diffusion through the Ti layer, it
is speculated that Er could even reduce Ti oxide: a similar situation was
reported by Kennou et al. [125] who observed the reduction of SiO2 by
Er at 750 °C. Moreover, the preferential formation of Er oxide relatively
to Ti oxide is confirmed by the respective heats of formation of -1897.9
kJmol~! for EryO3 and -944 kJmol~! for TiOs [141]. Below position
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Figure 3.27: XPS intensity depth profile of the Ti(10 nm)/Er(25
nm)/Si(100) stack annealed at 300 °C for 2 min with a 2 min pre-RTA
purge. Particular positions along the profile are marked by labels A’ to

I'. Inset: cross-sectional HRTEM picture of the interface between a-Er/Si
and Si.

B’, we can see that a considerable amount of oxygen penetrates into the
cap (Fig. 3.27), causing a deep oxidation of the Er layer. This assertion
is confirmed by the analysis of the Er 4d5/, and O 1s peaks’ positions
at marker C’ (slightly below the cap): BEs of 169.5 and 531.1 eV are
respectively recorded. Between B’ and C’, Er is completely oxidized and
we do not detect the presence of elemental Er anymore. The previous
observations constitute evidence that Er is oxidized in depth due to the
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activation of the diffusion of residual oxygen in the RTA chamber under
the application of the thermal budget.

Si shows up at position D’ with a weak Si 2s peak centered around
149.5 eV, as we can see in Fig. 3.28 showing the evolution of the Si 2s
and Er 4ds/, BEs versus ST. In comparison with BEs for pure Si (150.5
eV), this value of 149.5 eV suggests the formation of a small Er silicide
quantity even though the Er 4ds /5 core level at D’ firmly remains in the
accepted range for oxidized Er (169.5 e¢V). Nevertheless, when compared
to the BE at marker C’ (oxidized Er without Si), it appears that the
shape of the Er 4d5/, peak somewhat transforms (see Fig. 3.29), leading
also to think that a small part of the Er film could be alloyed to Si.
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Figure 3.28: Er 4ds/; and Si 2s BEs for the Ti(10 nm)/Er(25
nm)/Si(100) stack annealed at 300 °C for 2 min with a 2 min pre-RTA
purge, from marker D’.

Upon further sputtering (positions E’ and F’), the characteristic
shape of the Er 4d5 /5 peak continues to modify comparatively to marker
D’ (see Fig. 3.29), while the Si 2s BE remains roughly unchanged (Fig.
3.28). This suggests that, below marker D’ the original metallic Er film
is converted into a mixture of silicided and oxidized Er because of the
antagonist diffusion of, on the one side, oxygen through the Ti cap and,
on the other side, Si in Er in the opposite direction [76]. The evolution
of both the Er 4ds5/, peak shape and BE probably reflects a progres-
sive change in chemical environment, more specifically, the increase with
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Figure 3.29: Normalized Er 4d core level spectra after background sub-
traction for the Ti(10 nm)/Er(25 nm)/Si(100) stack annealed at 300 °C
for 2 min with a 2 min pre-RTA purge, for markers C’ to G’.

depth of the Er silicide proportion in the alloy.

Indeed, at position G’ (Fig. 3.29), the Er 4ds/, peak is now split
into a doublet structure very much alike the one depicted in Fig. 3.26 at
marker F, meaning that Er is no more present in its oxide form and thus
in all likelihood silicided. It is worth mentioning that the doublet already
shows up before, at position F’, but the global shape of the Er 4d5 5 core
level at that label remains significantly different from that of Er silicide.
From a quantitative standpoint, the Er 4d5 /5 BE is recorded at 167.3 eV,
BE which is assumed to be related to Er silicide formation as already
noted at the interface with Si (marker F) of the previous as-deposited
sample. The Si 2s BE of 149.8 eV reinforces the assertion that Er appears
to be preferably coupled to Si at label G’. Despite the occurrence of some
oxygen, there is no contradiction with the previous statement that Er
forms a silicide at this position since, as already mentioned, the signature
of both materials can be often detected on both sides of an interface.

In Fig. 3.28, we can see that below G’, as previously observed for
sample 1, the Er 4d5/, BE is nearly constant (167.3 eV) while the Si
2s peak rapidly shifts from 149.8 to 150.3 eV (position H’) and then
slowly reaches 150.5 €V at label I’. Once again, the layer between G’ and
I’ can be assimilated to an Er/Si mixture of variable composition and
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can be associated to the a-Er/Si layer depicted in the HRTEM inset to
Fig. 3.27. The same parallel can be made between layers H’-I’ and F-G:
the slow-down of the Si 2p BE shift can be linked to the onset of the Si
substrate probing. But the comparative inspection of Figs. 3.23 and 3.27
suggests that the Er/Si layer is much broader at 300 °C (thickness E-G
smaller than thickness F’-T’), as also confirmed by the HRTEM analyses
(3 nm versus 6 nm).

3.4.2.1.5 Annealing at 600 °C To form a crystalline and stable Er
silicide film with the present process conditions, annealing temperatures
higher than 300 °C are required, at least 400 °C (see below). To better
evidence the potential oxygen diffusion, we set the annealing temperature
at 600 °C. Since the stack was already strongly oxidized at 300 °C for
a 10 nm thick capping layer, we investigate the increase of the Ti layer
thickness (15 nm for sample 3 and 50 nm for sample 4) as a means
to improve the protection against oxygen diffusion. Amnother element
that deserves further exploration is the potential impact of the residual
oxygen concentration in the RTA chamber during the annealing. To
that purpose, an additional sample with a fixed Ti thickness of 10 nm is
annealed for a considerably longer pre-RTA purge time of 10 min (sample
5). It is worth recalling here that samples 3 and 4 are grown after a short
pre-RTA purge step of 2 min, like samples 1 and 2.

Sample with a 15 nm thick Ti cap annealed with a pre-RTA
purge of 2 min As featured in Fig. 3.30, a lot of oxygen penetrates
into the stack and contaminates the top of the Er profile. Without
surprise, the surface of the capping layer is composed of TiOy (marker
A”). More in depth, the cap is essentially a mixture of TiO, TiOg, and
Ti, with a progressively decreasing TiOs amount.

A detectable Er signal can be registered from marker B”. In the top
of the Er profile (between positions B” and D”), Er is essentially oxidized
(with characteristic O 1s and Er 4ds/3 BEs of 531.1 and 169.1 eV, re-
spectively). Throughout the whole B”-D” region, the Si 2p spectra are
characterized by two main peaks with roughly constant BEs at ~103
and ~98.8 eV (Fig. 3.31(a)). The first BE testifies to the persistence of
stoechiometric Si oxide. If we have a closer look at the spectrum of the
intermediate position C” in Fig. 3.31(a), we can also notice the presence
of several small peaks between the two main ones, probably from Si sub-
oxides. Comparing the Si 2p spectra at markers B”, C”, and D” in Fig.
3.31(a), it is also found out that the SiO9 signal progressively fades out.
As we know that ErSisy grows at 600 °C (confirmed by HRTEM and
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Figure 3.30: XPS intensity depth profile of the Ti(15 nm)/Er(25
nm)/Si(100) stack annealed at 600 °C for 2 min with a 2 min pre-RTA
purge. Particular positions along the profile are marked by labels A”
to F”. Insetl: cross-sectional HRTEM picture of the interface between
ErSio« and Si. Inset2: XRD spectrum with a strong peak corresponding
to ErSig_x.

XRD analyses (insets to Fig. 3.30)), we believe that the small but visible
~0.4 eV shift of the second Si 2p peak relatively to the elemental Si peak
can be attributed to ErSig x [120] (see Fig. 3.31(a)). Between B” and D”,
the ErSis« Si 2p peak becomes steadily predominant comparatively to
the SiOy peaks, reflecting a progressive increase of the ErSio_ proportion
(see Fig. 3.31(a)). Before label D”, the Er 4d5 /5 core level of ~169.1 eV
can be unambiguously attributed to oxidized Er. Still, its shape shows
a drastic modification between C” and D” (Fig. 3.31(b)), comparable
to the one observed for sample 2. We can conclude that the layer be-
tween B” and D” is a mixture composed of, on the one side, oxidized Er
and Si and, on the other side, ErSisy (possibly Er-Si-O compounds, as
detected by XRD (inset to Fig. 3.30)), with a progressively increasing
ErSis« concentration with depth.

The typical doublet structure of Er silicide appears at marker D” and

the corresponding Er 4d; /5 core level drops to 167.5 eV (i.e. the main Er
4ds /5 peak becomes dominant). It is interesting at this point to make a
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Figure 3.31: Normalized (a) Si 2p and (b) Er 4d core level spectra
after background subtraction for the Ti(15 nm)/Er(25 nm)/Si(100) stack
annealed at 600 °C for 2 min with a 2 min pre-RTA purge.

comparison with a-Er/Si. In both Er silicide types, the Er 4ds/, signals
are very similar and the Er 4ds /5 BE is fixed to 167.3 eV (Figs. 3.25 and
3.28 versus Fig. 3.32). On the other side, the Er/Si intensity ratio is
approximately constant for ErSiay, contrary to a-Er/Si (Figs. 3.23 and
3.27 versus Fig. 3.30). Another substantial difference is the evolution
of the Si 2p core level before the detection of the Si substrate (between
D” and E”): it is constant (98.7 eV) for ErSisy while it raises rapidly
for a-Er/Si (E-F versus F’-H’). This difference can be simply explained
by the fact that ErSisy has a fixed stoechiometry whereas a-Er/Si is
characterized by a variable composition.

Finally, the Si substrate is reached in F”. It is worth noting that
a strong Er signal is still observed at this position due to the knock-
on of Er atoms into the Si substrate, as already observed for the two
other samples. Once again, at the vicinity with the interface to Si, the
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Figure 3.32: Er 4d;;, and Si 2s BEs for the Ti(15 nm)/Er(25
nm)/Si(100) stack annealed at 600 °C for 2 min with a 2 min pre-RTA
purge, from marker B”.

silicidation reaction is predominant (D”-F”), as testified by the extraction
of a low SBH of 0.3 eV, even if a large oxygen amount diffuses through
the Ti cap and oxidizes the top of the ErSiay layer (B”-D”).

Sample with a 50 nm thick Ti cap annealed with a pre-RTA
purge of 2 min In Fig. 3.33, we show the intensity depth profile for
the last part of the capping layer only and the ErSis film. The part
of the cap in immediate contact with the ErSis, film is composed of
metallic Ti (from A*) while the top of the cap is as before a mixture
of Ti dioxide and suboxides. TEM micrographs in Figs. 3.34(a) and
3.34(b) illustrate the drastic transformation of the Ti cap subjected to
RTA at 600 °C. Before annealing (Fig. 3.34(a)), the Ti layer is 50 nm
thick and covered by a thin TiO9 layer (as pointed out for sample 1).
After heating, the cap gets considerably thicker (~90 nm) and is divided
into two distinct layers: on the top, TiOs, and very weakly oxidized Ti
at the bottom.

The important result to pinpoint is that we observe no formation
of Er oxide due to oxygen diffusion through the Ti cap (Er 4d5/, BE
= 167.3 eV throughout the ErSisy film). This is also confirmed by the
examination of the O 1s signal which is extinguished after label B*.
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Figure 3.33: XPS intensity depth profile of the Ti(50 nm)/Er(25
nm)/Si(100) stack annealed at 600 °C for 2 min with a 2 min pre-RTA

purge. Particular positions along the profile are marked by labels A* to
E*.

Still, there is a slight oxygen pile-up between Ti and ErSisy (around
C*). Most probably, it does not originate from oxygen diffusion but is
rather a trace of the pile-up as noted for sample 1. The characteristic
doublet of ErSisy is observed starting from position C*, is visible and
well-defined up to position E*. Over the interval between markers C*
and D*, the Si 2s BE is centered on ~149.9 eV. Beyond position D*,
the Si 2s BE begins to shift towards the BE of elemental Si. The Si
substrate is thus probed from that position and is reached in position
E* where the Si 2s BE matches that of elemental Si (150.5 eV). ErSia «
is thus present between C* and E*.
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Figure 3.34: TEM micrographs of the Ti(50 nm)/Er(25 nm)/Si(100)
stack annealed at 600 °C for 2 min with a 2 min pre-RTA purge.

Sample with a 10 nm thick Ti cap annealed with a pre-RTA
purge of 10 min Comparing intensity profiles of Figs. 3.30 and 3.35,
it is clearly observed that the Ti oxidation is considerably reduced for
a significantly longer purge of 10 min (even for a slightly thinner cap).
The corresponding Ti 2p3 /5 BEs are typical of slightly oxidized Ti at the
top of the capping layer (454.7 eV) and of elemental Ti deeper into the
layer (453.9 eV). In addition, the cap exhibits no volumetric expansion
as shown in Fig. 3.35, contrary to samples 3 and 4: the cap thickness is
proportional to a sputtering time of 50 min before and after annealing
(comparing Figs. 3.23 and 3.35) while the corresponding ST is 150 min
for sample 3 (Fig. 3.30). Despite the weak oxidation of the cap, the top
of the ErSisy layer is still oxidized. As already suggested here above,
it is plausible to think that, during the silicidation, a small amount of
residual oxygen diffuses into the Ti cap and that Er pumps that oxygen
away from the cap, thereby reducing the Ti layer. BEs related to pure
ErSisy (167.4 €V) are recorded from position A**. In the silicided layer,
the Si 2s BE is roughly constant (150+0.1 €V) and is characteristic of
ErSis . From position B**  the Si 2s BE starts to shift, meaning that
the Si substrate is close. The substrate is reached at marker C** and
the interface is located around that position. Table 3.4 summarizes the
BEs determined in this work.
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Figure 3.35: XPS intensity depth profile of the Ti(10 nm)/Er(25
nm)/Si(100) stack annealed at 600 °C for 2 min with a 10 min pre-

RTA purge. Particular positions along the profile are marked by labels
A** to C**,

Peak ‘Compound‘ BE [eV] ‘

Er 167.1
Er 4ds /9 Er/Si 167.3
ErSio 167.3

Er oxide | 169.1-169.5
O 1s Er oxide 531
Si 150.5
Si 25 Er/Si 149.6
ErSis « 150.1
Si 99.1
Si2p Er/Si 98.3
ErSis « 98.7

Table 3.4: XPS BEs relevant to Er 4d5 /5, O 1s, and Si 2p/2s core levels
from the present work.

3.4.2.1.6 Summary In this section, we carefully examined the XPS
depth profile of several samples processed under various conditions. With-
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out annealing or for annealing at a low temperature of 300 °C, it was
observed that the Er-Si alloy was amorphous and that the silicide/Si
interface was not contaminated by oxygen, even though the oxygen pen-
etration was strong at 300 °C. With a thin Ti cap of 15 nm, the annealing
at 600 °C resulted in a heavy contamination of the Er silicide surface
(probably Er silicate formation). On the other side, the Er silicide film
just in contact to Si was preserved, as further testified by a low SBH of
0.3 eV. A much reduced oxygen contamination was obtained if the an-
nealing purge before RTA was prolonged. Moreover, with a much thicker
Ti cap of 50 nm, the Er silicide film turned out to be completely free of
oxygen. The main conclusion to be drawn from this analysis is that, even
though Er silicide could be heavily oxidized, the quality of its contact
with Si, represented by the SBH, was always conserved at the optimal
annealing temperature (600 °C).

3.4.2.2 Complementary investigations

To study DS with the face-to-face method for SBH extraction, it is
not possible to use a mechanical mask anymore, for practical purposes.
It is so necessary to use lithography to pattern the diodes with the con-
straint to maintain a low doping concentration in the Si series resistance
Rgi, a highly doped region making the SBH extraction impracticable.
From that consideration, two solutions emerge.

3.4.2.2.1 Sample preparation The first possibility is to use a mask
which will simultaneously define the diodes and protect Rg; during the
implantation to keep the original dopant concentration to its low level to
make the SBH extraction possible. In section 3.3, we have already pre-
sented such a method based on HSQ and e-beam lithography. However,
this is not convenient for producing a large number of Si wafers. A SiOq
mask combined to photolithography appears as the simplest solution in
that case. Since Er is known to be highly reactive, possibly with SiO2, we
have to check that no conductive path is formed in parallel with Rg; at
the surface of the SiO9 layer. The designed optical mask comprises four
identical parts allowing to cleave the three-inch wafer in four quadrants
(see Fig. 3.36(a)) and to study the variation of one given process param-
eter (annealing temperature, annealing time, gas of the ambience, etc.).
As can be seen in Fig. 3.36(b) showing one quadrant, bare square ar-
eas (1x1 and 1.5x1.5 cm~2) are dedicated to physical analysis (XTEM,
SIMS, XRD, XPS, etc.). The schematic of Schottky diodes is shown in
Fig. 3.36(c). Other structures like four-contact and Hall bars (see Fig.
3.36(d)) are also present for further characterization.
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The process is the following: standard cleaning in SPM, oxidation
(thick enough to allow for a long HF dip, in case the SiOg layer becomes
conductive after implantation), photolithography, buffer HF (BHF), etch-
ing of SiO2 in the holes, photoresist removal in SPM, superficial ox-
ide removal in 2% HF (long enough to reach hydrophoby), immediate
insertion in the evaporation chamber, evaporation in HV of Er and
Ti, silicide growth by RTA, Ti stripping in a mixture composed of
NH4OH+H302+H>0 (1:1:5) at 70 °C for 5 min (RCA clean). The strip-
ping of the unreacted Er is performed in pure HoSO,4 at room tempera-
ture.

1B/ (d)

Figure 3.36: Layout of the optical mask designed for silicide characteri-
zation: (a) global mask, (b) a quarter of the gobal mask with many test
structures, (c) layout of the face-to-face Schottky diodes, and (d) layout
of the four-contact resistances and Hall bars.
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The second alternative is to form face-to-face Schottky diodes from
an already formed ErSis_ film. We have realized such samples to double-
cross the SBH extraction from face-to face diodes formed with the SiO9
mask (in case there is a short circuit over SiO2). The related process is
quite simple. After stripping the Ti and Er layers, a photolithography
is performed with a grid-shaped mask. Then ErSis y can be etched in
the trenches with either BHF or 2% HF in a few seconds. We could
even, if necessary, etch some Si in the trenches with the RCA clean or
tetramethylammonium hydroxide since ErSio_y is absolutely not etched
by these chemicals. This is interesting in case the Si gap is implanted
since it is then possible to etch Si over the few tens of nanometers where
the dopants are concentrated.

In the previous section 3.4.2.1, we have shown that the top of the
ErSis 4 silicide film is not contaminated by oxygen for a Ti capping of
50 nm. For that reason, we fix the Ti thickness to that value. The more
relevant parameter to test is the annealing temperature. It is varied from
400 to 700 °C with a step of 100 °C.

3.4.2.2.2 Structural analysis After silicidation, the capping layer
must be removed selectively with ErSis_y. The formation of ErSio« and
the efficiency of that stripping is verified by XRD and XTEM. For all
annealing temperatures, we identify a strong peak at 27.2°, correspond-
ing to the (100) peak of ErSisy (see Fig. 3.37). It is interesting to
observe that crystalline ErSis_y is already formed at such a low temper-
ature as 400 °C. Before stripping, we can also see some peaks related to
Ti phases. After stripping, the only visible peak is the ErSis «(100) one,
illustrating the efficiency of the stripping.

The XTEM inspection in Fig. 3.38 reveals that Ti-Si phases are
formed for both temperatures and confirms that the capping layer is
completely removed, Ti-Si compounds in contact with the ErSisy film
as well as unreacted or slightly oxidized Ti at the top. The formation
of Ti-Si phases is not surprising since Si diffuses towards Er during the
formation of ErSio« and can diffuse higher in the stack to react with Ti.
It is also observed that Er and Ti do not intermix since there is a clear
separation between the two layers. After stripping, the 600 °C sample
presents some superficial roughness, contrary to the 700 °C sample.
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Figure 3.37: XRD spectra for capped ErSis x grown by RTA between
400 and 700 °C (a) before and (b) after cap stripping.
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Figure 3.38: TEM pictures for capped ErSiyy grown by RTA at 600 (a)
before and (b) after cap stripping, and at 700 °C (c) before and (d) after
cap stripping, respectively.
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3.4.2.2.3 Schottky barrier height extraction We also extract
the SBH for all annealing temperatures (after stripping of course). The
applied bias ranges from 0.1 to 1 V with a step of 0.15 V. The samples
are measured from 150 up to 290 K with a step of 20 K. For each an-
nealing temperature, the SBH is measured for four different face-to-face
Schottky diodes of different geometries (see Fig. 3.36(c)). The variation
of the SBH across the four diodes is found to be very small. Figure 3.39
shows that the extracted SBH is slightly decreasing with the annealing
temperature, from 0.315 (at 400 °C) to 0.295 eV (at 700 °C). Once again,
it is worth noting the low SBH already attained at 400 °C. As featured
in Fig. 3.40, the Arrhenius plots for respective annealings at 400 (fit:
solid blue curve, experiment: black circle markers) and 700 °C (fit: solid
red curve, experiment: black cross markers) exhibit the expected behav-
ior, testifying to the absence of any short circuit over Rg;. Moreover,
no difference is observed between the SBH extracted from both types of
face-to-face Schottky diodes. A second annealing after capping and Er
stripping proves not to cause any degradation of the SBH, a slight im-
provement is even noted. Finally, the stability over time of ErSio_ kept
in ambient air for approximately one year is established by reproducible
electrical characteristics.

0.33

0.32r .

0.31r .

@, [eV]

0.29r T
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Figure 3.39: SBH of ErSis  grown by RTA on n-Si versus the annealing
temperature.
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Figure 3.40: Arrhenius plots corresponding to ErSis y films grown by
RTA on n-Si at 400 (fit: solid blue curve, experiment: black circle mark-
ers) and 700 °C (fit: solid red curve, experiment: black cross markers),
respectively.

3.5 Summary

The third chapter was dedicated to the fabrication and characteri-
zation of Er silicide to n-Si contacts in various evaporation and growth
conditions. At first, the state of the art concerning RE silicides was
exhaustively reviewed. The important informations extracted from the
literature were that (i) RE silicides are very sensitive to oxygen con-
tamination, (ii) the occurrence of a small oxygen concentration at the
MS interface deteriorates their electrical properties, (iii) they are prone
to the creation of structural defects of crystallographic nature, and (iv)
they present the lowest SBH to electrons (0.28 e€V). Next, the investiga-
tion of a reference sample deposited and grown in UHV conditions was
reported. The formation of crystalline Er silicide was unambiguously
identified by XRD for annealing beyond 500 °C. SEM inspection of the
film surface highlighted the formation of micrometer-sized pyramidal de-
fects and XPS confirmed that the ErSio layer was not contaminated
by oxygen, consistent with a low extracted SBH of 0.295 eV. Thereafter,
we assessed the growth of Er silicide with a protective Ti cap (10 nm
thick), to alleviate the process constraints inherent to growth in UHV
conditions. For evaporation in UHV and ez situ annealing, the forma-
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tion of crystalline Er silicide was verified for a thermal budget greater
than 400 °C. The SBH exhibited a drop upon increasing the annealing
temperature (from 300 to 450 °C), a stable value value of 0.28 eV at
moderate annealing temperatures (450-500 °C), and a slight augmenta-
tion for higher temperatures (600 °C). The SBH drop was attributed to
a progressive transformation of amorphous Er silicide into crystalline Er
silicide. On the other hand, no clear explanation was found for the slight
SBH augmentation but XPS analyses suggested that it could be related
to an enhanced oxygen diffusion into the silicide due to high tempera-
ture anneal. To further reduce the process complexity, evaporation in
HV conditions, still with a Ti cap, was studied. The chemical changes
in various types of Ti/Er stacks were scrutinized before and after ther-
mal treatment. It was found that the presence of residual oxygen into
the annealing atmosphere resulted in heavily oxidized Er silicide films,
irrespective of the annealing temperature (300 or 600 °C). However,
the part of the Er silicide film in intimate contact with the Si bulk was
invariably free of oxygen, as testified by XPS depth profiling and SBH
extraction (0.3 eV), indicating that, even if Er is highly sensitive to oxy-
gen contamination, the formation of its silicide is quite robust. Finally,
by depositing a Ti cap of 50 nm over Er, we produced crystalline Er
silicide without oxygen contamination and with a low SBH of about 0.3
eV over a large window of formation temperature (400-700 °C).






Chapter 4

Schottky barrier height
modulation in Er silicide
contacts

The following chapter is devoted to SBH modulation beyond Fermi
level pinning. Two principal methods exist to tune the SBH at silicide/Si
interfaces: passivation and segregation. The state of the art regarding
these two techniques is presented first. Results about the implementation
of DS to ErSis «/n-Si contacts are next exposed.

4.1 Introduction

The passivation technique consists in introducing an extremely thin
layer (dielectric, S, Se, etc.) to partially or completely suppress Si in-
terface states and consequently depin the Fermi level. But that method,
though elegant, is difficult to implement in MOSFET technology due to
reproduciblily issues.

DS, or more generally “impurity segregation”, appears as the most
promising technique for SBH tuning for CMOS applications. DS consists
in piling-up dopant atoms at the silicide-Si interface during the silicide
formation. Due to limited dopant solubility in silicides, the dopants are
naturally pushed towards the silicide-Si interface. During the process,
the impurities are supposed to be activated. As presented before, the
current flowing through a Schottky contact is the sum of two contribu-
tions: the TE and the FE. When enough dopants are accumulated and
activated at the silicide-Si interface, an electric dipole is created, which
affects the band bending right at the interface (remember Fig. 1.11(b)).
That dipole thins the barrier and promotes the carrier injection by tun-
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neling, the TE componant remaining unchanged. In consequence, the
SBH is in reality not lowered (or barely) but rather thinned, resulting
in an overall lower “effective SBH” (noted ®%f). The effective SBH is no
more a SBH properly speaking but it is rather an empirical parameter
reflecting how much DS improves tunneling injection.

The DS technique can be declined into three distinct schemes: im-
plant before silicidation (IBS), implant (in)to metal (ITM) and implant
(in)to silicide (ITS). The three DS flavors are pictured in Fig. 4.1. As
indicated by its denomination, IBS involves the implantation of dopants
into the Si substrate, followed by metal deposition, and annealing. The
ITM technique consists in implanting dopants in the metal layer and
performing the drive-in anneal just after. With the third scheme, the
silicide is formed through a first annealing, the dopants implanted into
the silicide layer, and segregated towards the Si interface by a second
annealing. For all the schemes, it is important to precisely calculate the
implantation energy so as to keep the dopant concentration in the Si
substrate to a low level (preferably unchanged). Otherwise, we do not
perform real DS but we rather form a shallow junction. It is worth not-
ing that the IBS technique is also denominated as “silicidation-induced”

DS (SIDS) while ITS is also called “silicide as diffusion source” (SADS).

lon implantation lon implantation lon implantation

bl Ll L

(a) IBS (b) IT™ (c) ITS

* Silicidation Second
] annealing

Silicidation

Figure 4.1: The three DS flavors: (a) IBS with implantation, metal
deposition, and annealing, (b) ITM IBS with metal deposition, implan-
tation, and annealing, and (c¢) ITS with implantation into pre-formed
silicide followed by annealing.
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4.2 State of the art

4.2.1 Passivation

Dangling bonds and strained bonds (see Fig. 4.2(a)) at the surface
of a semiconductor create electronic gap states, as seen in chapter 1
section 1.3.2.2. When a metallic layer is deposited on the semiconductor,
these surface states (now rather interface states) pin the Fermi level and
render the SBH weakly dependent on the metal work function. To restore
the Schottky-Mott relationship and, so, to be able to better modulate
the SBH, the semiconductor surface states should be “cured” (see Fig.
4.2(b)).

Dangling bond Strain bond

/

(b)

Figure 4.2: Illustration of the VM principle: the Si surface (a) before
and (b) after passivation.

Kaxiras [142] introduced the concept of “valence-mending” (VM) to
eliminate dangling bonds at the semiconductor surface. In the case of
Si(001), S and Se can be used as VM adsorbates. Lacharme et al. [143]
showed experimentally that surface states at the Si(001) surface can be
efficiently removed upon exposure by a S flux at room temperature. Tao
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et al. [144] demonstrated ohmic characteristics for a contact between
Mg and Si(001). A Se monolayer deposited by molecular beam epitaxy
significantly reduced surface states by terminating the dangling bonds
and relaxing the strain bonds. In next papers [145-147], the same group
applied the method to Al, Cr, and Ti. For Al and Cr [145], they obtained
low SBHs, in fair agreement with ideal values given by the Schottky-Mott
relationship. For Ti [146,147|, they even claimed observing a negative
SBH. This surprising result was further debated in [148,149].

Another passivation technique involving the interposition of ultrathin
insulator layers at the metal/Si interface was proposed by Connelly et
al. |15]. The optimal thickness of that layer is the result of a trade-off: it
must (1) be thick enough to efficiently prevent the penetration of metal-
lic wave functions into Si and to provide a low-defect interface, and, in
turn, (2) be sufficiently thin not to yield a substantial tunneling resis-
tance hindering carrier transport. Electrical measurements of Er/SiN,
(SiN, thickness: 1-2 monolayers) stacks over n- and p-Si matched by sim-
ulations gave effective @%ffl and @erIf) of 0.15 eV and 45 meV, respectively.
That junction technology was evaluated through the fabrication of metal-
lic S/D MOSFETs based on Yb/SiN,/Si [15,16] and Mg/SiN,/Si [16]
stacks. Both types of MOSFETS showed a significant drive current in-
crease (about x20) compared to a control device without SiN,, the effect
being much more pronounced for Yb. Recently, Coss et al. [150] studied
the SBH modulation induced by the interfacial dipole between SiO9 and
high-x dielectrics (LaO, and AlO,). The dielectric stack was sandwiched
between TaN and n- or p-Si. The tuning proved to be more efficient on
p-Si, leading to SBHs of ~0.2 eV for AlO, and ~1 eV for LaO,.

4.2.2 Impurity segregation

The main experimental parameters stemming from the publications
considered here are regrouped into Table B.1 in appendix B.

The mechanism of DS was first proposed in 1981 by Thornton [151].
The interest in DS has been revived recently, in 2004, by Kinoshita et
al. [17], to improve the performance of SBMOSFETs by reducing the
effective silicide/Si SBH. Their study is the first implementation of the
DS technique to modulate the SBH at the source/drain of SBMOSFETs.
The transistor, fabricated with CoSiy S/D, showed a >20 % on-current
improvement (~1.3 mA/um) and better immunity to short-channel ef-
fects compared to conventional MOSFETS [17,152].

For the S/NiSi pair with IBS, Zhao et al. [153-155] demonstrated
the gradual decrease of the SBH with the increase of the concentration
of segregated S at the MS interface. For the highest concentration, &g,
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is dramatically reduced from 0.65 to 0.07 eV. The authors argue that
the SBH reduction is too strong to attribute to VM. It is suggested that
the SBH tuning could rather be the combination of two effects: (1) the
work function modification of NiSi due to new chemical bonds with S
at the interface and (2) the formation of an interfacial dipole due to the
presence of S. The same authors also investigated the redistribution of
As and B implanted into Si(100) after Ni silicidation [154] and proved
efficient barrier reduction to ~0.15 eV in both cases. Segregation with S,
As, and B was also implemented in the fabrication of SBMOSFETs which
exhibit significantly improved performance comparatively to impurity-
free SBMOSFETSs (higher and lower on- and off-currents, respectively).
A very similar investigation to [153] with the same impurity /metal pair
over n-type Ge(100) substrates has demonstrated the same progressive
SBH decrease down to 0.15 eV [156].

In a very interesting theoretical paper, Yamauchi et al. [157] shed
light on the physical mechanism responsible for the SBH modulation by
DS. Based on first-principles calculations, they examined the impact on
the SBH of B atoms at substitutional positions at the interface between
NiSi and Si. For a dopant-free interface, they revealed the presence of in-
terface states which pin the FL. The energy difference between the CNL
of the interface states and the FL gave rise to a dipole. With B doping,
the case where a B atom is substituted to a Si atom on the Si side was
energetically more favorable. As a consequence, the FL was unpinned,
could shift closer the valence band edge and the SBH is drastically re-
duced. On the other hand, the presence of B on the NiSi side created an
opposite dipole which compensates the other one and no SBH tuning was
obtained. These theoretical developments were tested experimentally in
a following paper [158].

Instead of implanting ions, Wong et al. [159] proposed to successively
deposit a thin layer of dopant atoms (Sb) and next Ni over n-type Si(100).
After annealing, Ni was completely converted into NiSi and Sb piled-up
at the MS interface, resulting in a very low @%fﬁb of 0.074 eV. In another
paper [160], the same group reports the impact of a high temperature
pre-silicidation activation for S and Se implanted in n-type Si(100) with
the IBS scheme. The conclusion of the study is quite different for each
implanted element. In the case of S, a very low @%{i of ~0.12 eV was
extracted without pre-silicidation anneal while it dramatically increased
if the pre-activation anneal was performed because of possible S outd-
iffusion from Si. On the contrary, for Se, the pre-activation anneal was
beneficial since it even resulted in a reduction of CI)%ffL (from ~0.25 to
~0.12 V). In a sequel paper, Wong et al. [161] pursued their study of
SBH tuning with Se implantation in n-Si(100) substrates for NiSi and
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PtSi. Very low ®¢I were obtained for both NiSi (0.083 eV) and PtSi
(0.12 V). Such a strong SBH modulation was attributed to Fermi level
pinning very close to the conduction band edge (instead of Fermi level
depinning with Se as a VM adsorbates).

Zhang et al. and Qiu et al. investigated SADS [162,163] and SIDS
[163] for NiSi and PtSi with conventional dopants, to get very low @erfl
(with As and P) and very low @er; (with B and In). The SBH was
indirectly extracted on wafers of the other doping type for both polarities.
It was shown that it is possible to obtain both @%{i and @1’33% greater than
1 eV, with the appropriate process conditions, regardless of the original

PtSi or NiSi SBH.

Larrieu et al. [23| evaluated the effect of B segregation on the SBH
of PtSi for both ITM and ITS flavors. The ITS scheme provided the
lowest effective SBH (q)%f]f? < 0.082 eV), while ITM resulted in a minor

reduction only (@%flf) = 0.13 eV versus 0.145 eV for non-segregated PtSi).
This difference was in correlation with the B concentration at the MS
interface which was 75% smaller in the ITM case, indicating a possi-
ble B outdiffusion during the silicidation. The integration of the ITS
method into the fabrication process of SBMOSFETSs lead to improved
on-current (~50 % increase), better immunity against short-channel ef-
fects, and state-of-the-art high frequency performance (cut-off frequency
of 180 GHz).

For the DS to work properly, the implanted dopants must be acti-
vated during segregation. To verify the importance of pre-activation for
an efficient SBH tuning, Urban et al. [164] compared the SBH of NiSi
formed by SIDS over activated and non-activated n-Si(100) substrates
implanted with As for various doses. The authors found that (1) the
SBH modulation was already very efficient for diodes with non-activated
dopants since the minimal ®%! amounted to 0.13 eV and (2) dopant
pre-activation lead to a even lower @%ffl of ~0.09 eV. The technique was
successfully applied to the fabrication of SBMOSFETs which showed
performance comparable to conventional MOSFETs (on-current of 400
pA/pm and on-current over off-current ratio of 107).

Breil et al. [165] investigated IBS with PtSi associated to either B
or As dopants. The authors studied the impact of pre-activation on the
SBH modulation for both types of dopants. In the case of As, the impact
of the pre-activation was shown to be negligible (<I>er£L ~0.13 eV) while
it was very important for B at low annealing temperatures (decrease of
®p,, from 0.2 down to 0.055 eV). For B, they also evidenced that plasma
doping is a suitable tool to achieve very low effective q)%f; (~0.08 eV).

Sinha et al. [166] reported the NiSi/p-Si SBH tuning with the implan-
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tation and segregation of Al. They observed (1) a progressive drop of the
SBH with the Al concentration increase and (2) for a given implanted
dose, a higher concentration for a thinner NiSi film. Under the optimal
conditions (thin NiSi film and high Al concentration), they achieved a
very low @%f; of ~0.12 eV.

S segregation for the reduction of the PtSi/n-Si SBH was investigated
in [167]. The authors observed the same behavior as stated previously
for NiSi [153], namely the progressive decrease of the SBH with the S
implanted dose. A minimal @er}f, of 0.12 eV was reached for the highest
dose. Surface passivation and dipole formation (image charge lowering)
were precluded as explanatory mechanisms and point rather to work
function modification or enhanced tunneling because of traps close to
the interface.

The effect of the co-implantation of C and either B or As on the
NiSi/Si SBH was assessed by Luo et al.. Impurity segregation was per-
formed by IBS and ITS for C and As/B, respectively. For B, the effective
SBH was already low enough without C incorporation, which in turn did
not result in SBH degradations (®% > 0.9 eV). In contrast, the C+As
interplay provided a substantial increase of ®p, above 1 eV (against 0.8
eV without C addition) due to an increased As concentration at the
interface.

Simulations showed that the SBH reduction by impurity intralayer
is all the more efficient that the impurity is electronegative [168]. This
fact motivated Loh et al. [169] to study the impact of Cl, a strongly
electronegative element, on the NiSi/Si SBH. CIJGB%L was shown to drop
linearly with the implanted Cl dose down to 0.08 eV. The authors dis-
claimed defects generated in the DZ and the doping effect of CI as the
reason for the SBH adjustment and ascribed it rather to interface traps.

For the first time, Larrieu et al. [26] explored DS implemented to
RE silicides (Er and Yb). With a low thermal budget (500 °C) and an
implanted dose amounting to 10> cm™2, both IBS and ITS flavors lead
to very low @4 (below 0.1 eV) both for ErSisx and YbSizy. The IBS
technique coupled to YbSis_y included into the process flow of SBMOS-
FETs yielded transistors featuring a spectacular amelioration of the drive
current (x10 increase, 252 pA/pum).

Alptekin et al. [170] dealt with the SBH lowering induced by DS in
the specific case of In associated to NiSi over p-Si(100). They observed
a linear decrease of @%‘c; as a function of the In dose. At best, the SBH
amounted to 0.16 eV. As previously [167], they ascribed the SBH tuning
to the occurrence of interface states which have, if charged, the effect
to concomitantly lower the SB by image force (minor effect), promoting
TE injection, and, to thin the SB, promoting tunneling injection (main
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effect).

DS allows for solving the main problem associated to the SBMOS-
FET architecture namely too high SBHs. But, in turn, paradoxically, the
use of dopants reintroduces an old issue of nanoscale conventional MOS-
FETs which is one of the very sources of the interest for SBMOSFETs i.e.
the abruptness of the S/D junctions. Feste et al. [171] investigated the
conditions to obtain very steep segregated doping profiles with highest
interfacial dopant concentrations, varying process parameters like the im-
plantation energy, the implantation dose, and the silicide film thickness.
The best results were obtained by the combination of low implantation
energies and thin silicide films.

Koh et al. [172] pursued the previous study [166] of Al segregation
in NiSi implementing for the first time “pulsed laser anneal” to contact
technology. They focused on scaling down the NiSi thickness and the
Al implantation energy. With that technique, they achieved a very low
CID‘fo}f7 of 0.104 eV, with the advantage of low thermal budget provided by
pulsed laser anneal.

4.3 Dopant segregation applied to Er silicide

For RE silicides, I'TM is only applicable with a capping layer since the
vacuum must be broken between the evaporation and the implantation.
In effect, it is not acceptable to leave the RE layer exposed to air. IBS
and ITS investigations, on the contrary, do not require a capping layer.
We use two different ¢p; (10 and 50 nm) for a fixed Er thickness tg,
(25 nm). Arsenic is chosen as dopant species for implantation doses
of 5 x 10" and 10'® cm™2, respectively. For each ttj, we determine
the optimal implantation energy Ep (for a fixed dose) by TRIM [173]
under two antagonist constraints: maximizing the dose implanted in
the metal and silicon while minimizing the dopant concentration at the
interface. Figure 4.3 depicts a typical implantation profile as simulated
by TRIM for t15 = 10 nm, tg, = 25 nm, a dose of 10® cm™2, and
Er = 25 keV. We suppose an Er:Si consumption ratio equal to 1 (the
Er:Si consumption ratio is in fact higher than 1 [109] but it is a safety
measure). So, for a 25 nm thick Er film, the “future” silicide/Si interface
is assumed to be located 25 nm below the Si surface. Of course, the
thicker the capping layer, the lesser the dose into the Er layer. We also
consider a possible variation of the tg, and t1;. Table 4.1 shows the
interfacial doping concentration and the percentage of the total dose
really implanted into the Er and Si layers, for various Ti thicknesses
(around 10 nm) and Fj. For the 50 nm thick capping layer, an Ej of
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55 keV is chosen and an Ep of 25 keV for the 10 nm thick one. Another
advantage of that technique, compared to the others two, is that low
or very low implantation energies are not necessary and conventional
implantation facilities can be used (at least for As).
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Figure 4.3: As concentration profile simulated by TRIM for ¢1; = 10
nm, tgy = 25 nm, a dose of 10'° cm™2, and E; = 25 keV.

try tEr Er % of total | % of total dose | Concentration at
[nm| | [nm] | [keV] | dose in Ti | in Er + Si the interface [cm ™3]
15 [30 [25 49 51 <5 x 101

10 30 25 30 70 < 1016

10 [25 |25 25 75 < 10%7

10 |25 |30 21 79 < 10'8

Table 4.1: Summary of the percentage of the total As dose implanted in
Ti and Er + Si, and upper bound for the interfacial As concentration.

The process is identical to the one described in previous chapters,
except for the additional implantation step after the evaporation of the
Ti/Er stack. For the 10 nm thick cap, two wafers are processed and
evaporated together. For each wafer, four annealing temperatures are
taken into account: 400, 500, 600, and 700 °C. @%ffl is extracted for
each temperature. The results from the ¢p; = 50 nm samples are not
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exposed here. The effect of SBH modulation is limited because most of
the implanted dose is located into the thick Ti capping layer.

Figure 4.4 shows the Arrhenius plots corresponding to the 5 x 104
cm ™2 dose for all considered annealing temperatures and for a reference
sample without implantation (with ®p,, = 0.3 €V). For clarity and read-

10.5 290 I250 21|0 1|70 159 13(_) I110 . 9.0
V=1V
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o
X
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&
= 400 °C
500 °C
10’ 600 °C
700 °C
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1000/T [K]
Figure 4.4: Arrhenius plots for the 5 x 10 ¢cm™2 dose for all considered

annealing temperatures and for a reference sample without implantation.
The curves are displayed for V¢ =1 V.

ability, we have only plotted the curves corresponding to Vo = 1 V. It
can be seen that there is a clear effect for all annealing temperatures,
even at 400 °C. The transition temperature decreases progressively with
the 400 and 500 °C annealing temperatures, and is no more visible for
600 and 700 °C (at least above 90 K). This reflects a progressive de-
crease of ‘b%ffl. The effective SBHs are determined to amount to ~0.25
and ~0.18 eV at 400 and 500 °C, respectively. If the transition between
the ohmic and Schottky regimes cannot be observed, it is only possible
to provide an upper bound for the effective SBH. At 600 and 700 °C,
the upper bound for q)%ffl is determined to be ~0.13 eV. Nevertheless,
it is possible to slightly refine the annalysis by noting that, for a fixed
voltage (here Vjc = 1 V), the current level is higher at 700 °C, prob-
ably indicating that the corresponding @%ﬁn is lower (even though it is
not deductible from the fit of the Arrhenius plot). In addition, Fig. 4.5
illustrates that the I-V characteristics are ohmic at 90 K for the 600 and
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700 °C samples.

For the 10" ¢cm™2 dose, @erfl is found to be at most 0.12 eV for the
500-700 °C annealing temperature range. The corresponding experimen-
tal Arrhenius plots and the fit are revealed in Fig. 4.6. The V¢ bias
ranges from 0.1 up to 1 V with a step of 0.15 V. Once again, we can
observe that the current level at 90 K is higher for a greater annealing
temperature.
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Figure 4.5: [-V characteristics at 90 K for samples annealed at 600 and
700 °C for the 5 x 10 cm™2 dose.

SIMS depth profiling is performed for each dose for the annealing
temperatures of 400 and 600 °C to scrutinize the dopant redistribution
after annealing. Figures 4.7(a)-4.7(c) display the SIMS depth profiles
corresponding to various process conditions. We do not observe a typical
segregation peak at the MS interface, even though the impact of dopants
on the electrical characteristics is huge. The growing signal intensity at
the MS interface is consistent with the decrease of @%ffl. For comparison,
unimplanted samples are also sputtered and the As dose is found to
be below the detection threshold. The results are consistent with the
expected trend, that is a higher interfacial concentration is correlated to
a higher annealing temperature or a higher implantation dose.
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Figure 4.6: Arrhenius plots for the 10" ¢cm™2 dose for the 500-700 °C

annealing temperature range and the corresponding fit. The Vj¢ bias
ranges from 0.1 up to 1 V with a step of 0.15 V.
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Figure 4.7: SIMS analyses for (a) the 400 °C samples implanted at
5x 10" and 10'® cm™2, (b) the 600 °C samples implanted at 5 x 10'* and
10 em ™2, and the 400 and 600 °C samples implanted at 105 cm~2. The
approximate localization of the MS interface is visualized by a vertical

solid black line.
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4.4 Low temperature behavior

As observed previously in Fig. 4.4, especially for the 400 and 500 °C
samples, after the transition between the ohmic and Schottky regimes,
the drop of the Arrhenius plot slope with decreasing T is far from expo-
nential. At low temperature, it appears that there is an excess current
compared with the current magnitude predicted by the TFE+BL model.
Even if it was not mentioned before in chapter 3, we have also noticed a
similar effect during the study of non-segregated silicide/Si contacts at
low temperature. In the case of segregated silicide/Si contacts, it turns
out that the low temperature deviations from the TFE+BL model (at
least, in the considered measurement temperature range, above 77 K) are
better evidenced for samples with a weak or moderate effect of DS. We
believe that the current in excess might be ascribed to the same physical
mechanism in both cases.

To elucidate that low temperature effect, we have considered ErSiy_y /
n-Si and PtSi/p-Si contacts. For ErSisy, both segregated and non-
segregated face-to-face Schottky diodes are investigated for long Si gaps
(Lgi > 1 pm, with Lg; the length of the Si gap). For PtSi, both long
and short (Lg; < 1 pum) non-segregated two-contact devices are taken
into account.

We only take into consideration ErSisy/n-Si contacts implanted at
low doses, exhibiting no or moderate SBH tuning. More interesting, a
dramatic disagreement appears at low temperature between the experi-
mental data and the TFE+BL model. This is illustrated in Fig. 4.8(a)
displaying the experimental Arrhenius plots for three different kinds of
ErSis y/n-Si contact pairs: (i) non-segregated (®p, ~ 0.3 eV, blue mark-
ers, sample 1), (ii) segregated but without SBH tuning (@ ~ 0.3 eV,
green markers, sample 2), and (iii) segregated with a moderate SBH
reduction (@ ~ 0.2 eV), brown markers, sample 3). The voltage is
swept between 0.1 and 1 V with a step of 0.15 V. The corresponding
modeled curves are also displayed in plain lines of the same color. A
typical Arrhenius plot features two distinct regions marked by a transi-
tion temperature: the ohmic region where [ is limited by the Si series
resistance Rg; (positive slope) and the Schottky region where I is limited
by the Schottky contacts (negative slope). The temperature at which the
transition occurs is indicative of the SBH. The TFE+BL model predicts
an exponential drop of I upon decreasing temperature in the Schottky
regime, as seen for sample 1. We can see that the fit is excellent for
sample 1 at all temperatures while the model is not valid below the
transition temperature (230 K) for sample 2. The effect is even stronger
for sample 3, below 150 K. The current do decrease below 150 K and the
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Figure 4.8: (a) Experimental (markers) and modeled (solid curves) Ar-
rhenius plots for ErSis y two-contact structures: samples 1, 2, and 3.
The fit in the Schottky region is the same for samples 1 and 2. (b) Cor-
responding I-V characteristics measured at T' = 150 K for samples 1 and
2.

ohmic-to-Schottky transition occurs but the drop is far from exponen-
tial. In Fig. 4.8(b), the disparity is even better highlighted comparing
the I-V characteristics at 150 K of samples 1 and 2, respectively. Even
though there is no apparent SBH tuning for sample 2, as testified by
Fig. 4.8(a), the current injection is visibly somehow influenced by the
dopant implantation. In addition, Figs. 4.9(a) and 4.9(b) illustrate that
deviations can also be observed at low temperatures (< 110 K) for non-
segregated PtSi/p-Si devices with a short Lg; (250 nm) as opposed to
long Lg; (25 pm).

In order to explain why I in segregated or short devices increases
with V' at low temperature, instead of saturating, we perform 2D self-
consistent non-equilibrium Green’s function (NEGF) simulations. We
use a coupled mode space approach assuming transport in the first sub-
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Figure 4.9: (a) Experimental (markers) and modeled (solid curves) Ar-

rhenius plots for PtSi two-contact structures with long and short Reg;.
(b) Corresponding I-V characteristics measured at 7' = 110 K.

band only, an effective mass Hamiltonian, and ballistic transport approx-
imation [174]. The SB is described as a contact potential [175]. For the
DS case, the segregated region in Si is assumed uniformly doped with a
concentration Npg = 101 em™3 with a length Lps = 3 nm [176].

The current spectrum J(E) in a Schottky contact is the result of
a competition between occupation of electrons in the metal, mainly a
Fermi-Dirac distribution fpp(F,T') (with E the carrier energy above the
Fermi level and T the absolute temperature), and transmission probabil-
ity of an electron through the barrier 7(E): J(E) =~ frp(E,T) X 7(E).
The first decreases exponentially above the metal Fermi level for in-
creasing E with a factor depending on the inverse of T: frp(E,T)
exp(—E/kT). On the other hand, 7(F) increases exponentially with a
thinner energy-dependent barrier width d(F) (7(E) x exp(—d(E))) and
becomes equal to 1 for d(E) = 0 (i.e. above the SB). Moreover, it is
weakly dependent on T'. In turn, d(E) decreases with F at a rate that
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gets steeper with the donor doping Np: dd/JFE « —Np. In consequence,
J(E) is lowered in energy with decreasing T, passing from TE over the
SB at high T to FE through the SB at low T'. In the temperature range
considered here, transport essentially occurs via FE.

In Fig. 4.10, the energy band profile (E¢) versus the transport di-
rection z of a short (Lg; = 100 nm) segregated ErSis y/n-Si device at T’
= 150 K is shown for increasing V. The excess of current at higher V'
pictured in Fig. 4.8(b) can be linked to the much steeper band profile
in the segregated region (inset to Fig. 4.10) compared with the long
non-segregated device, owing to a higher doping at the interface. In that
case, the profile grows steeper with V, d(F) decreases concomitantly,
causing in turn an increase of 7(E) and I. This variation of the profile
slope is not accounted for in the TFE-+BL model which supposes a fixed
parabolic potential. As can be seen in Fig. 4.11, the corresponding I-V
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Figure 4.10: Energy band profile of a short segregated ErSis y/n-Si de-
vice at T' = 150 K (Lg; = 100 nm) given by 2D self-consistent NEGF
simulations.

curve renders very well, at least qualitatively, the behavior observed ex-
perimentally. The effect is the same for a long device (as featured in Fig.
4.8(a)) since it is only due to the interfacial energy band profile. In addi-
tion, as the non-saturation effect of I with V is correlated to the doping
profile in the DS area, it could be used to electrically determine impor-
tant parameters like Npg and Lpg, as a substitution or a complement to
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physical characterization methods.

In the case of a short non-segregated device, a similar non-saturation
effect can also be observed at sufficiently low T, as experimentally shown
in Fig. 4.9(b). The reason is that the rate of variation with V of the
energy band profile increases compared to a long device because its slope
is related to V/Lg;. In consequence, similar to the segregated device, for
a given T, a V increment causes the band profile to grow more abruptly.
Therefore the portion of J(E) under the SB is significantly enhanced (see
Fig. 4.12), which leads to an excess of current. In a long non-segregated
device, however, the profile variation upon V is negligible. The current
spectrum is mostly determined by T, and I mostly saturates with V' as
expected from the TFE+BL model.
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Figure 4.11: 2D self-consistent NEGF simulations of I-V characteristics

at T = 150 K for a short segregated ErSis y/n-Si device with Lg; = 100
nm, Npg = 10 em™3, and Lpg = 3 nm.
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Figure 4.12: 2D self-consistent NEGF simulations of normalized J(E)
(rotated by 90°) versus E and E¢ versus x/Lg; for various V at T' = 150
K for a short non-segregated ErSis y/n-Si device. The current spectrum
is normalized with respect to its maximum.

4.5 Summary

In this last chapter, the results obtained in chapter 3 were exploited
to apply DS to Er silicide contacts over n-Si to further decrease the
SBH and create ohmic contacts. In the first section, we gave a detailed
state of the art of the recent developments on the realization of ohmic
contacts over Si substrates. In the following part, we unveiled the results
of DS implementation to Er silicide with the I'TM scheme. For a dose
of 5 x 10" cm™2, a progressive decrease of the effective SBH with the
annealing temperature was observed, dropping to less than 0.13 eV after
anneal at 600 and 700 °C. With implantation at a higher dose of 10'°
cm ™2, the upper bound for the effective SBH was found to amount to 0.12
eV over a large range of annealing temperatures, between 500 and 700
°C. From SIMS depth profiling, it turned out that the SBH diminution
was correlated to a higher interfacial dopant concentration, due to either
an increase of the implanted dose or to a greater annealing temperature.
Finally, through the medium of quantum simulations, we proposed an
explanation for the low temperature deviations of I-V characteristics of
two-contact silicide/Si structures with respect to the TFE+BL, invoking
a dependence of the SB profile on the applied voltage.






Conclusions and perspectives

The present thesis covered many aspects of the study of a particular
material, Er silicide. The compound was formed in various environments
and conditions, and, remarkably, presented very similar characteristics,
electrical as well as structural, even though Er silicide is a material dif-
ficult to fabricate compared with other silicides due to oxidation issues.
Many physical characterization tools like SEM, TEM, XPS, XRD, and
SIMS have been utilized to get a picture as complete as possible. In
addition, the structural characterization was systematically coupled to
electrical measurements in order to establish mutual correlations. The
contraints on the silicide growth were progressively relaxed, starting from
UHV deposition and in situ growth until HV deposition and growth ez
situ in a controlled atmosphere. Finally, the expertise acquired from the
previous studies was applied to the successful implementation of dopant-
segregated Er silicide contacts on low doping n-Si exhibiting excellent
ohmic characteristic.

Before developing the core of the present work, chapter 1 was in-
tended as an exposure of the theoretical background of MS contacts.
From the very beginning of MS contact studies, large discrepancies were
revealed between the theoretical predictions of Schottky and Mott and a
host of experimental results. These departures from the Schottky-Mott
theory found expression in Fermi level pinning, i.e. a weak dependence
of the SBH on the metal work function regardless of the underlying
physical mechanism. The main preoccupation of the MS contact theory
consists in providing a physical foundation to Fermi level pinning, essen-
tially invoking the presence of gap states or more recently the intrinsic
physico-chemical properties of the MS interface. Fermi level pinning also
involves that most MS contacts are rectifying. In the last part of chapter
1, we presented two approaches to obtain ohmic contacts.

Chapter 2 dealt with the modeling of the current transport through
Schottky diodes. The main outcomes of the conduction models were
exploited to present the principal methods for SBH extraction. A new
method of SBH determination, extensively used in the present work,
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particularly appropriate to (very) low SBH determination was finally
exposed. In a second part, chapter 2 also briefly detailed the working
principle of the considered physical characterization techniques and the
experimental setup for SBH extraction.

The very core of the present thesis is contained in chapters 3 and
4, dedicated to Er silicide growth and characterization, and implemen-
tation of DS to ErSisy/n-Si contacts, respectively. To yield reference
films, Er silicide was first grown in UHV conditions to limit oxygen con-
tamination. The resulting compound was found to present a low SBH
to electrons in very good agreement with the state of the art (0.28 eV).
The small-scale morphology of the film proved to be very smooth even
though large-size pyramidal defects were observed. The next step of the
investigation implied the addition of a Ti capping layer over the Er film,
the deposition still taking place in UHV conditions. The formation of
Er silicide was considered over a large range of annealing temperatures.
Below the threshold of crystalline Er silicide growth, Er silicide in close
contact with the Si interface was amorphous, even at room temperature.
Besides, we showed that the SBH of Er silicide contacts to low doping n-
Si exhibits a strong variation with the annealing temperature, dropping
substantially with silicide crystallization. In the absence of interfacial
contamination by oxygen, it turned out that this dependence originated
from the progressive transformation of the Er silicide film under ther-
mal annealing, from an amorphous to a crystalline state, leading to the
formation of crystalline ErSis . Beyond the threshold for ErSis_ forma-
tion, the grown films exhibited a flat and smooth interface. Even though
the top of the ErSis y layer was contaminated by oxygen due to the
limited impermeability of the thin Ti capping layer, the interface with
Si was apparently preserved. The SBH showed a slight increase with
the growth temperature that could be correlated to a tiny (undetected)
oxygen contamination of the interface and/or roughness. A further step
towards less stringent process conditions was to perform the evaporation
in HV conditions. The emphasis was put on the study of the compe-
tition between oxidation and silicidation of the Er film under various
process conditions. A solution involving a thicker Ti capping layer re-
sulted in non-contaminated films. Notably, regardless of the evaporation
and growth conditions, the SBH of ErSis_y/n-Si contacts systematically
amounted to ~0.3 eV for the optimal growth temperature, in excellent
agreement with the state of the art.

Even though we have been able to produce Er silicide films with
good morphological and electrical properties in not too strict conditions,
the SBH of these films on n-Si was not sufficiently low for SBMOSFET
applications. To go below the limit of 0.3 eV, the DS technique with the
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ITM scheme was implemented. Dopant redistribution at the Si/silicide
interface was highlighted and correlated to a SBH modulation. The SBH
tuning was all the more strong that the temperature of growth of ErSis «
and/or the implanted dose was high. At best, with a moderate thermal
budget, the objective of an effective SBH of about 0.1 eV was reached.
It was also observed that the low temperature electrical behavior of two-
contact silicide/Si structures diverged from the one expected from the
TFE+BL model. By means of quantum simulations, these deviations
were ascribed to the modulation of the SB profile by the applied bias.

As a conclusion, we can affirm that this thesis paves the way to poten-
tial integration of ErSisy in the process of SBMOSFETs. Many supple-
mentary studies could complement the achieved work: (1) investigation
of the other two DS schemes, IBS and ITM, (2) use of other doping
species or impurities, (3) exploration of other implantation techniques
like plasma doping or d-doping, (4) DS study with acceptor dopants like
B for very low SBHs to holes, with the perspective of CMOS integration
with a single silicide, (5) impact of the impurity implantation on the
physical properties of ErSisy (morphology, temperature of formation,
alloying, etc.), influence on the formation of structural defects, etc. In
addition, we think that the methodology employed throughout the work
could be applied to the complete exploration of other silicides or other
materials.

In more general terms, interesting future work relying on the present
experience would be to study the silicidation of Si nanostructures, for
instance Si nanowires. As already evoked in the introduction of this
thesis, the formation of ohmic contacts is a key element to provide a
reliable interface between the nano- and the macro-world. Based on
such building-blocks, interesting fundamental properties of Si nanowires,
like their piezoresistance, magnetoresistance, thermoelectric power etc.,
could be studied. Si nanowires also have potential applications in spin-
tronics, nanoFETs, highly sensitive biosensors, quantum computing with
spin qubits in quantum dots etc.






Appendix A

Derivation of the current
expression in the Crowell and
Rideout model

Let us first calculate an analytical expression for 7(F) for F < Epp.
Considering the parabolic potential of equation (1.3), the electron po-
tential energy can be expressed as:
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With the following definitions:
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7(E) can be written as:
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The integral can be rewritten in a more concise manner as (with A2 =
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Let us evaluate the definite integral F'(w) — F(x):
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So, finally:
r(B) = exp [ - T (F(w) - F(2))]
= exp [ — %%wQ{M— aln (w(l + M)>

o[- 22 v (L)

Substituting the final expression for 7(F) in equation (2.3), we find:
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With the previous definition of Jy, (equation (2.5)) and a change of

variable (F — «), we have:
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Summary of references about
dopant segregation
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Reference | Technique | Scheme | Metal Substrate | Impurity Dose Energy | SBH min | Extraction
(em~2) | (keV) | /max (eV) | method
[17] 11 IBS Co n-Si(100) As 0% 1
[152] I IBS Co n-Si(100) As 10% 1
[153] I IBS Ni | n,p-Si(100) S 1013 to 15 0.07 IVT
2 x 10
[154] 11 IBS Ni | n,p-Si(100) S 10%3 to 15 0.07 IVT
2 x 10
I As 5 x 1013 5 0.14 IVT
to 1015
I B 5 x 1013 5 NM IVT
to 1010
[156] I IBS Ni | n,p-Ge(100) S 5x 1013 10 0.15 IVT
to 10%°
[157] 11 ITS Ni p-Si(100) B NM 10 0.4 NM
[158] 11 IBS,ITS | Ni [ n,p-Si(100) | As,B,Mg NM NM ? IVT
[155] 11 IBS Ni n-Si(100) S 10™ and 50 NA NA
5 x 10
[162] I SADS Ni n-Si(100) B 10 4.5 0.96 CV
I SADS Ni n-Si(100) In 10% 25 0.76 CV
11 Ni p-Si(100) As 10% 25 0.85
11 Ni p-Si(100) P 101 10 0.9
I Pt n-Si(100) B 10% 4.5 1
I Pt n-Si(100) In 101 25 1.05
11 Pt p-Si(100) As 10% 25 0.96
I Pt p-Si(100) P 101 10 0.92

¢Sl
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Reference | Technique | Scheme | Metal | Substrate | Impurity Dose Energy | SBH min | Extraction
(cm—2) (keV) | /max (eV) | method
[159] D NA Ni | n-Si(100) Sh NA NA 0.074 IVT
[23] I ITM Pt | p-Si(100) BF, 101 20 0.13 IVT?2
I ITS Pt | p-Si(100) BF, 1015 20 <0.082 IVT2
[160] 11 IBS Ni | n-Si(100) S 2 x 10 15 ~0.13 IVT
11 Ni | n-Si(100) Se 2 x 10 15 ~0.12 IVT
[163] 11 SADS
11 SIDS Ni | n-Si(100) B 1015 1 1.01 CV
I Ni | p-Si(100) As 101 7 1.05
I Pt | n-Si(100) B 1015 1 1.01
I Pt | p-Si(100) As 1015 7 1.05
[164] I IBS Ni | n-Si(100) As 5 x 1013 5 ~0.1 IVT
to 10%°
[165] 11 IBS Pt | p-Si(100) As 101 1 0.15 IVT?2
I BF, 101 1 0.055 IVT?2
PLAD BF; 10 and | NA 0.08 IVT2
5 x 101
[166] 11 IBS Ni | p-Si(100) Al 1013 to 10 0.12 IVT
2 x 101
[161] I IBS Ni | n-Si(100) Se 1013 to 10 0.083 IVT
2 x 10
Pt | n-Si(100) Se 10" to 10 0.12 IVT
2 x 10

eql



Reference | Technique | Scheme | Metal | Substrate | Impurity Dose Energy | SBH min | Extraction
(cm™2) (keV) | /max (eV) | method
[167] I IBS Pt | n-Si(100) S 1013 to 5 0.12 I\
x 1014
[177] I IBS Ni | p-Si(100) | (1) C | 10% and 5 CV
5 x 101°
(2) As 10%5 5 0.98
I IBS Ni | n-Si(100) | (1) C | 10'® and 5
5x 101
(2) B 1015 5 1.02
[169] 11 IBS Ni | n-Si(100) Cl 1013 to | 3 to 10 0.08 IVT
1015
p-Si(100) 0.54 IVT
[26] I IBS | Er,Yb | n-Si(100) As 3 x 101 1 <0.1 IVT?2
and 101°
I ITS n-Si(100) As 10% 20 <0.08 IVT2
[170] 11 IBS Ni | p-Si(100) In 103 to 10 0.16 vV
1014
[171] 11 IBS Ni n-Si As 5x 108 | 1to10 0.12 IVT
to x101°
[172] I IBS Ni | p-Si(100) Al 5x 1013 L5 0.104 IVT
to 1016

Table B.1: Experimental parameters gathered from publications related to DS.

24}
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