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Abstract

Silicides are an essential part of state-of-the-art CMOS devices. They are
used as contact material on the active regions as well as on the Si gate of a
transistor. In this work, investigations were performed in the systems Co-Si,
Co-Ni-Si, and Ni-Si. In situ high temperature SR-XRD and CBED techniques
were used for phase identification. AES enabled the determination of elemen-
tal concentrations in layer stacks. SEM was applied to agglomeration studies.
TEM imaging and analytical TEM provided insights into layer structures,
grain morphology as well as information about the distribution of chemical
elements within silicide layers.
This thesis is divided into two main parts. The first part deals with the phase
formation sequences and the phase formation and conversion temperatures in
nanoscale thin films on either single crystal or polycrystalline Si substrates.
The effect of different types of dopants vs. no doping and the impact of a
capping layer on the phase formation and conversion temperatures were stud-
ied. In the second part, size effects and agglomeration of thin silicide films
were investigated. The effect of different layer thicknesses on the silicidation
process was studied. Additionally, the degree of agglomeration of silicide films
was calculated.
Furthermore, the ternary CoTiSi phase was found and identified as well as
the severely limited miscibility of the monosilicides CoSi and NiSi could be
shown. The CTE of NiSi between 400–700 ◦C and its non-linear behavior was
determined.
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Kurzfassung

Silizide spielen ein wesentliche Rolle in den technologisch fortschrittlichsten
CMOS Bauteilen. Sie finden Verwendung als Kontaktmaterial auf den Ak-
tivgebieten und dem Silizium Gatter von Transistoren. Diese Arbeit be-
schäftigt sich mit den Systemen: Co-Si, Co-Ni-Si und Ni-Si. Sowohl in situ
Hochtemperatur-SR-XRD Experimente als auch CBED wurden zur Phasen-
identifikation herangezogen. AES erlaubte es, Elementverteilungen in Schicht-
stapeln zu bestimmen. Für Studien über Agglomerationserscheinnungen wur-
de REM eingesetzt. TEM und analytisches TEM trugen nicht nur zu Ein-
blicken in Schichtstrukturen und Kornformen bei, sondern lieferten auch Daten
zu Elementverteilungen in Silizidschichten.
Diese Dissertation gliedert sich in zwei Hauptteile. Der erste Teil beschäftigt
sich mit den Phasenbildungsabfolgen und den Phasenbildungs- und Umwand-
lungstemperaturen in nanoskaligen dünnen Schichten. Als Trägermaterial
wurden einkristalline und polykristalline Siliziumsubstrate verwendet. Der
Einfluß verschiedener Dotierungen im Vergleich zu undotierten Substraten
sowie die Beeinflussung der Silizidierung durch eine Deckschicht wurden unter-
sucht. Im zweiten Teil waren Größeneffekte verschiedener Schichtdicken und
Agglomerationserscheinungen Gegenstand von Untersuchungen. Unterschiede
bei der Silizidierung in Zusammenhang mit unterschiedlichen Schichtdicken
wurden bestimmt.
Darüberhinaus wurde eine ternäre CoTiSi Phase gefunden und identifiziert.
Außerdem konnte die stark eingeschränkte Mischbarkeit der Monosilizide CoSi
und NiSi gezeigt werden. Der thermische Ausdehnungskoeffizient von NiSi im
Temperaturbereich 400–700 ◦C und sein nicht-lineares Verhalten wurden be-
stimmt.
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Chapter 1

Introduction

Silicides play a key role in high-performance CMOS (complementary metal
oxide semiconductor) devices as a contact material for the polycrystalline
Si gate as well as on the active transistor regions. They have been sub-
ject of numerous investigations for more than a decade. The development
of faster high-performance semiconductor devices and the rapidly increasing
integration level of device structures require a deep insight into the related
manufacturing processes. Numerous papers and monographs have been pub-
lished dealing with the properties and applications of silicides [1–5]. Much
work and effort has been spent dealing with bulk samples and thin films in
the range of tens of nanometers [6–9]. The insights that have been obtained
from that work cannot be transferred directly to ultra thin films. In order to
achieve high yield and reliable microprocessors at dimensions of ≤50 nm gate
length, exact knowledge and fundamental understanding of the physical and
chemical processes of the silicide formation as well as the material’s proper-
ties of nanoscale1 silicide layers is crucial. The application of X-ray diffraction
(XRD), especially synchrotron radiation X-ray diffraction (SR-XRD) enables
the investigation of thin films in the range of a few nanometers only. The
currently deposited metal film-thickness within the manufacturing process of
high-performance microprocessor units (MPU) is in the range of ≈10–15 nm.
The optimization of commonly used materials and the introduction of new
materials (see figure 1.1) into the production of modern integrated circuits
(IC’s), are challenges to technology and to thin film materials analysis.
SR-XRD in combination with other analytical techniques, like transmission
electron microscopy (TEM), Auger electron spectroscopy (AES), atomic force

1 Nanoscale meaning significantly below 100 nm.
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CHAPTER 1 Introduction

microscopy (AFM), and scanning electron microscopy (SEM), provide valu-
able results that help to improve the manufacturing process of semiconductor
devices. The investigations performed in this work focus on the silicidation
process in several materials systems, two binary and one ternary system, which
are currently used or which are candidates for implementation in semiconduc-
tor devices: Co-Si, Co-Ni-Si, and Ni-Si. Additionally, the limits for thermal
treatments, i. e. the upper and lower temperature limits for rapid thermal an-
nealing (RTA) as well as the limits for further processing, e. g. metallization
steps, chemical-mechanical-polishing (CMP), or further thin-film deposition,
in the back-end of line (BEoL)2 were determined.

1 9 4 5 1 9 5 0 1 9 5 5 1 9 6 0 1 9 6 5 1 9 7 0 1 9 7 5 1 9 8 0 1 9 8 5 1 9 9 0 1 9 9 5 2 0 0 0 2 0 0 5 2 0 1 0 2 0 1 5 2 0 2 0
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Fig. 1.1: Implementation of new materials into the CMOS process [10].

2 Front-End of Line (FEoL) and Back-End of Line (BEoL) are terms widely used in the
semiconductor industry. An arbitrary border was set between all processes dealing
with the transistors and the metallic interconnects. Usually all manufacturing steps,
including the silicidation steps, prior to the first metal via belong to the FEoL, all
subsequent processes are part of the BEoL.
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Usage of silicides within advanced microprocessors

Transition metal silicides are commonly used in the microprocessor manufac-
turing process as contact material for the source and drain regions as well
as on the polycrystalline silicon gate of MOSFETs (metal oxide semiconduc-
tor field effect transistor) [2, 11]. These silicides exhibit a great potential of

Source/Drain
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Silicide

Substrate

Source/Drain
Gate oxid

Silicide

Poly Si
Spa

ce
r

Silicide

(a) Schematic sketch of a transistor. (b) TEM brightfield image of a transistor.

Fig. 1.2: Cross sections of a MOSFET.

manufacturability for the very large and ultra large scale integration (VLSI
and ULSI, respectively) due to their thermodynamics and due to their physi-
cal properties. In addition, silicides are characterized by a sufficiently high
thermal stability to withstand the BEoL processing temperatures. In ad-
vanced ICs, nowadays, CoSi2 is widely used due to its low resistivity and
high thermal stability [4, 12]. In state-of-the-art manufacturing applications
of ICs the SALICIDE (self aligned silicide) process is crucial. After a surface
cleaning step, a metal layer is deposited uniformly over the whole wafer. The
solid-state silicidation reactions occur only at those regions where the metal
is in direct contact with the prepatterned silicon, i. e. at the source/drain as
well as the polycrystalline Si gate of the transistors. This is a laterally self-
limited process, i. e. on the insulating material, mostly SiO2 based materials,
between the single crystal active regions and the polycrystalline silicon gates
no solid-state reaction takes place. Therefore, no further patterning is needed.
An annealing step initiates a silicidation, followed by a selective wet-etch step
to remove the non-reacted metal on the insulation regions as well as on the
silicidized regions. A second high temperature RTA step may be necessary

3
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to transfer the intermediate silicide phase(s) into the desired low-resistivity
phase. An extended overview about the SALICIDE process was given by
Morgan et al. [13]. Candidates for potential use in semiconductor industry
are TiSi2, CoSi2, NiSi, and Co1−xNixSi2.

History of silicides in CMOS applications

In the early days of microprocessor manufacturing, Al was used as a con-
tact material. It was deposited on to the active regions, i. e. the source and
drain regions of the transistor, as well as on the gates. Aluminum adheres
well to both Si and SiO2. Additionally, it forms a self passivating aluminum
oxide layer [14]. On the other hand there are some disadvantages, like the
risk that aluminum spiking through junctions occurs after thermal process-
ing [15]. This becomes more and more severe with further scaling down of
devices. Furthermore, a potential misalignment in metallization, due to the
fact that Al is, in contrast to silicides not self-aligning, causes an increase
in contact resistance, because the contact area decreases in this case. To
overcome these problems, a thin layer of Pt was deposited onto the wafers,
subjected to thermal treatment to form PtSi, the first ever used self-aligned
silicide, as an underlayer. This layer underneath the Al prevented Si diffusion
into the Al layer which was known to cause aluminum spiking. This silicide
layer provided a constant contact resistance independently of the alignment
of the Al layer. Pt silicide, Cu silicide, and Mo silicide were the first sili-
cides that were used in the production of transistors [16, 17]. Subsequently,
Ti silicide was introduced [18, 19]. The metal deposition is followed by two
annealing steps. In the first step, the C49 TiSi2 phase is formed which is then
patterned in a selective etch process. In a second annealing step C54-TiSi2
is formed [20, 21]. Again, with further shrinking dimensions problems arose
that could not be solved with the materials that had been used at that time.
It became more and more difficult to form the desired low resistivity phase of
TiSi2, the C54 phase. Due to the very small linewidth, i. e. the very small gate
length, the transition from C49 to C54 was inhibited [22–24]. Although TiSi2
is no longer in use in high-performance microprocessors, it is still utilized in
a great variety of semiconductor devices. Since the transition to the 0.25µm
CMOS technology, CoSi2 has been the material of choice for manufacturing of
microprocessors [12,25]. Currently it is widely used within the semiconductor
industry for even the most advanced devices [26, 27]. Recently, NiSi received
more and more attention [28–34] and became the focus of studies dealing with
it’s properties, both chemically and physically, as well as the integration into
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mass production [35–41]. NiSi does not show the effect of a rapid increase
of sheet resistance at very small gate lengths, i. e. below ≈40–45 nm. No in-
crease in sheet resistance can be found using NiSi, even for the most aggressive
gate patterning processes leading to gate lengths of≈ 30 nm [30,31,33,40–46].
Additionally, the usage of ternary Co-Ni silicides is subject of various investi-
gations dealing with the phase formation, material’s properties, and potential
applications [29, 29, 34, 47–55]. Ternary Co-Ni silicides are promising candi-
dates to prolong the ”life” of CoSi2 in manufacturing of very small Si gate
lengths. In parallel, efforts are made to explore the possibilities of further
use of silicides in the manufacturing process of microprocessors, e. g. using
silicidized metal gates [56–59]. Figure 1.1 shows a time-line from the past to
the mid-range future with respect to the introduction of new materials into
the CMOS process, highlighting also the commonly used silicides.

1.1 Motivation

1.1.1 ITRS roadmap requirements

The International Technology Roadmap for Semiconductors (ITRS) [60] pre-
dicts the near term future for the manufacturing of high performance semicon-
ductor devices, such as MPUs, application specific integrated circuits (ASIC),
and dynamic random access memories (DRAM). The requirements related to
silicide structures are given in table 1.1.

1.1.2 Microprocessor performance

In order to further confirm Moore’s Law [62], which has been valid for more
than 30 years now, an ongoing shrinking of device and interconnect structures
is crucial. The introduction of new materials, particulary silicides is needed
to match these requirements.
The performance of microprocessors is determined by AC (alternating current)
as well as DC (direct current) performance. Frequency = 1/delaytime ≈
1/RC with R the total resistance and C the total effective capacitance at the
gate and interconnect level, respectively. The lower the RC value the faster
the microprocessor. The integration challenge to achieve this goal is to design
the transistors in a way that RC becomes as low as possible. Table 1.2 lists
the resistances and capacitances which need to be minimized.
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Table 1.1: 2003 ITRS roadmap predicted feature size and parameters re-
lated to silicides

Year
Feature size

2003 2004 2005 2006 2007 2008 2009

Printed gate
length a [nm]

65 53 45 40 35 32 28

Physical gate
length a [nm]

45 37 32 28 25 22 20

Max. Si
consumption b

[nm]
24.8 20.4 17.6 15.4 13.8 13.2 12.0

Silicide
thickness b †

[nm]
25 20 21 19 17 16 14

Contact silicide
sheet Rs

b

[Ω/�]
6.5 7.9 7.5 8.6 9.6 10.0 11.1

Contact max.
resistivity b

[Ω/cm2]
1.93−07 1.62−07 1.44−07 1.20−07 1.05−07 0.87−07 0.72−07

a) driven by MPU b) driven by MPU/ASIC
Interims solutions are known
Manufacturable solutions are known
Manufacturable solutions are NOT known
†Silicide thickness is taken to be 1/2 of the center contact χj to avoid consumption-induced increase
in contact resistivity. Less than half of the junction can be consumed [61].

Table 1.2: Contributors to the RC delay which need to be minimized. See
also figure 1.3

Contributors to RC

• low parasitic resistances

• low junction capacitance

• low Miller capacitance

• low fringing capacitance
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Fig. 1.3: Resistances and capacitances contribution to the RC delay.

The silicidation process affects the first part of RC as RContact, RExt and
RSource/Drain (figure 1.3) all contribute to the total R with

Rc =

√
%c · RExt∗

w
coth

(√
RExt∗
%c

· l
)

(1.1)

and specific contact resistivity can be approximated as

%c ∝ exp

[

4π
√

$ · m∗
h

· ΦB√
ND

]

(1.2)

with w=width of the active region, l=length of the contact in electron flow
direction, $=permeance, m∗=effective mass of tunneling charge carrier, ΦB=
Schottky-barrier height and ND=Dopant-concentration at the interface [61].
Additionally, the sheet Rs which is given by

Rs =
%

tl
(1.3)

with % the resistivity of the interconnect layer and tl being the thickness of
the silicide layer. For large linewidths,

R =
Rsl

w
(1.4)
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and
C = lw

κox

tox

(1.5)

can be written as
RC = Rsl

2κox

tox

(1.6)

with l=length of the contact in electron flow direction and w being the cor-
responding width, κox the oxide dielectric constant, and tox the gate oxide
thickness [2]. For small linewidths however, the fringing capacitance plays a
more and more important role and eventually becomes dominant. Further
scaling down of ULSI devices reduces tl and tox which increases RC as well
as decreases l. Figure 1.43 illustrates the trend that with higher integration,
i. e. smaller distances between structures, the RC delay becomes greater [63].
The application of low resistivity silicides such as TiSi2 and CoSi2, that are

Generation

D
el

ay
[p

s]

Fig. 1.4: RC delay: speed versus feature size issue [63].

3 Calculations made for the following conditions:
κ=4.0 for SiO2 and 2.7 for low-κ materials, Al and Cu layer 0.8µm thick and 43µm
long.
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used for mass production of modern IC’s, also contributes to a reduced RC
delay (see equation 1.1). Not only the intrinsic materials properties, e. g. RC,
influences the performance. There is also an impact of silicide properties like
interface roughness of the silicide/Si interfaces, which influence significantly
resistance and leakage current [61,64,65].

1.1.3 Microprocessor reliability

The determination and understanding of the coefficient of thermal expansion
(CTE) can provide useful information about the stress evolution as well as
the texturing properties during the thermal treatment, i. e. the silicidation
process, and can point to failure mechanism during the manufacturing process.
Since the CTE of the silicide layer is in general significantly higher (typically
≈10·10−6 K−1) than the CTE of Si (2.6·10−6 K−1), compressive stress arises
within the silicide layer while increasing the temperature. This stress can be
considered to be biaxial, since the expansion perpendicular to the surface is
not constrained. The force that acts at the interface substrate/silicide, which
is caused by the stress within the silicide layer, impacts the agglomeration
properties of thin layers. Agglomeration phenomena, such as agglomeration
of thin films, could lead to discontinuous layers, will become more impor-
tant as the microprocessor dimensions continue to shrink. Such discontinuous
films are likely to cause a microprocessor-device to fail, since conductivity
and diffusion barrier properties will change substantially. Especially on small
polycrystalline Si gates, agglomeration can lead to interrupted lines that cause
an increase in line resistance by several orders of magnitude (see figure 1.5).
The transition from the low-resistivity phase NiSi to the high-resistivity (and
high temperature) phase NiSi2, will also cause the microprocessor to fail. Usu-
ally, agglomeration takes place prior to NiSi2 formation. Furthermore, NiSi2
is likely to form epitaxially. Both mechanisms lead to discontinuous films, and
therefore, to non-functional CMOS devices. Consequently, it is important to
determine the phase formation and transition temperatures.

Limits of CoSi2 for very small gate lengths

The progress in further scaling down of microprocessor devices leads to smaller
and smaller gate lengths. Although it is reported that CoSi2 is stable down to
gate lengths of about 40 nm [40,44,45,66,67], severe agglomeration effects take
place at geometries between 40–60 nm. Many investigations show a roll-off of
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CoSi2 sheet resistance for small gate lengths [30, 31, 35, 40, 44, 45]. Figure 1.5
illustrates a possible failure mechanism. Several missing (CoSi2) grains within
the polycrystalline Si line are seen. There are different approaches, mainly by
implanting nitrogen, to enhance the thermal stability of CoSi2 at small gate
lengths [68–70].

(a) CoSi2 defects: overview. (b) CoSi2 defects: closeup.

(c) CoSi2 defects: top-down image. (d) CoSi2 defects: top-down image. False
color energy-filtered TEM (EFTEM)
image.

Fig. 1.5: CoSi2 defects at a gate length of 60 nm.
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1.2 Scope of work

Silicides are used in microprocessor manufacturing as a contact material,
which has to be reliable even at small dimensions. To achieve this goal,
two main requirements must be fulfilled. The first one is to form, and to
maintain, a low-resistivity phase. This means, the formed silicides have to
be uniform and continuous. Therefore, this thesis deals with the study of
phase formation, i. e. the silicidation process, in nanoscale layers of either
Co, Ni or Co-Ni on silicon substrates. These silicides are the presently used
and potential future silicides in semiconductor manufacturing. Furthermore,
it is necessary to clarify the phase formation sequence, i. e. the successive
formation of phases within the binary (Co-Si, Ni-Si) and ternary (Co-Ni-Si)
thin films. The impact of dopants, a capping layer, the alloying of Co with
5 at. % Ni, and substrate type on the formation temperatures and the thermal
stability of the technologically relevant silicides is subject of this work.
The other requirement that needs to be fulfilled is to ensure that the silicidized
areas, i. e. the active regions of the transistor and the polycrystalline Si gates,
are uninterrupted. Therefore, agglomeration studies were performed. The
impact of a capping layer, doping, and microstructure on the agglomeration
of thin silicide films is also part of this work.
To achieve the above mentioned goals and to determine the influence of vari-
ous parameters, different sets of samples were prepared. These sets exhibited
different composition, i. e. Co on Si, Ni on Si, and Co-Ni on Si, different
capping layers like Ti and TiN as well as different types of dopants. XRD
techniques are applied for the phase analysis in unpatterned thin films. X-
ray reflectivity (XRR) was used to characterize the original layer stack with
respect to layer thicknesses, surface and interface roughnesses as well as layer
densities. AES is utilized to determine spatial distribution of chemical ele-
ments in the low concentration range, where analytical TEM (energy-filtered
TEM: EFTEM; electron energy-loss spectroscopy: EELS) is no longer ap-
plicable. TEM techniques are used to image layer structures as well as grain
morphology. EFTEM and EELS are utilized to obtain elemental information
of single grains. Additionally, convergent beam electron diffraction (CBED)
is used to acquire diffraction patterns of regions in the range of a few nm.
AFM and SEM, finally, provide data for the quantification of agglomeration
effects.
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Chapter 2

Silicide formation and growth:
thermodynamics and kinetics

Under equilibrium conditions the stability of a phase at any given tempera-
ture, or the reactions of reactants, is defined by the respective thermodynamic
properties. In principle it is possible to determine phase diagrams by means
of thermodynamic calculations. The considerations described here are lim-
ited to conditions of constant pressure for a given temperature. The binary
equilibrium phase diagrams of either Co-Si and Ni-Si (figures A.1 and A.2)
predict which phase are present in a diffusion couple (supposed infinite sup-
ply of both elements) of the respective elements for a given temperature. The
thermodynamic equilibrium for constant pressure and a specific temperature
is given by the minimized free enthalpy G with

G = H − TS G = Gmin (T, p = constant) (2.1)

with H=enthaply, T=temperature, S=entropy, and p=pressure. Most im-
portant is the contribution of S, since equation 2.1 is dominated at higher
temperatures by the term −TS. The enthalpy H corresponds to the binding
enthalpies between adjacent atoms of the same kind. The following consider-
ations assume a regular solid solution of the respective components. Within
systems with more than one elemental component, S is given by the vibra-
tional entropy Sv, which is neglected here4, and Sm, the entropy of mixing.
Sm is determined by the possible atomic arrangements of the different species

4 Sv is in the range of Boltzmann’s constant and is independent from the atomic arrange-
ments of the different species of atoms, thus in solid solutions S u Sm.
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of atoms present in the system. Analogously, H becomes Hm and G becomes
Gm. For N atoms Hm is given by:

Hm = NAA · HAA + NBB · HBB + NAB · HAB (2.2)

Hm is dependent from the interchange energy5, H0, which can be gained
(H0 > 0) or is lost (H0 < 0), when two A–B bonds are transferred into an A–A
bond and a B–B bond. Since systems with more than one species of atoms
are considered in this work, the terms Gm, Hm, and Sm are in general not
used, they are referred to as G, H, and S, respectively. During supercooling or
superheating (the calculations listed here are totally symmetrical with respect
to temperature) the system tries to minimize its free enthalpy G. As is shown
in figure 2.1, this can be achieved by compound formation.

However, deposited metal films on silicon are far from equilibrium when they
are subjected to RTA conditions. This means, reaction time is short and
supply of atoms is limited. Since compound formation is linked to diffusion
of atoms as well as to nucleation, there are kinetic constraints, that decrease
with increasing temperature. When the temperature is sufficiently high, in
other words diffusion of atoms is fast enough, the system starts to lower its
free energy by silicide formation. In principle, all phases of the equilibrium
phase diagram can be expected. Nucleation problems or kinetic limits might
prevent the formation of some phases. The extent to which a phase can grow
is determined by the diffusion of atoms needed to form that phase. Therefore,
growth of silicides is limited by diffusion. The first step of the silicidation
process is the nucleation of a new phase, followed by grain growth. Both
phenomena are briefly summarized hereafter.

2.1 Nucleation (basic principles)

The classical theory of nucleation was developed for liquid-to-solid transform-
ations. Under specific conditions it can be applied to solid-phase transform-

5 For N atoms with a coordination number z, and an atomic concentration C of B-atoms
Hm is given by:

Hm = 1/2N · z [(1 − C)HAA + CHBB + 2C(1 − C)H0] with

H0 = HAB − 1/2(HAA + HBB)

13
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Fig. 2.1: Free enthalpy G (solid line) vs. composition of a diffusion couple.
The formation of compounds is energetically favorable compared
to a solid solution Me–Si (dotted line).

ations also. Nucleation theory starts at a point where equilibrium is reached,
for example the melting point of a substance. The change of Gibb’s free
enthalpy ∆G is 0 at this equilibrium temperature Te. Therefore from

∆Ge = ∆H − Te∆S (2.3)

∆S = ∆H/Te (2.4)

∆S, the change in entropy is obtained, with ∆H, the change in enthalpy of
the conversion. At Te the driving force ∆G is 0 and the equilibrium conditions
remain unchanged. At a temperature different from Te the driving force to
lower the free enthalpy, i. e. ∆G leads to nucleation. The higher ∆T , the
difference from T1 to Te, the higher is the driving force. The formation of
a nucleus goes along with an increase of surface/interfacial energy ς for this
nucleus and a decrease of ”volume” energy.
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If ∆G is calculated per unit volume, at a temperature T1, ∆G becomes

∆G = qr2ς − gr3∆GT (2.5)

with q and g being geometrical terms6, r the radius of the nucleus, and ∆GT =
∆Ge − ∆GT1 . Crystalline nuclei are not spherical and g takes into account
that the ratio of surface:volume of such nuclei is greater than that ratio for
spheres. The shape of the nuclei is dependent on the surface energy ς also.
An averaging factor q compensates for this. Figure 2.2 shows the relation of
the free energy of a nucleus with its radius r. As can be seen from figure 2.2,
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Fig. 2.2: Free energy of a nucleus as a function of it’s radius, with r∗ being
the critical radius and ∆G∗ the change in Gibb’s free enthalpy
of the critical nucleus. Positive surface contribution (blue curve),
negative volume contribution (red curve) and their sum (green
curve).

∆G∗, the change on Gibb’s free enthalpy of a critical nucleus, passes through

6 For spherical nuclei q would be 4 π and g would be 4
3π.
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a maximum at a critical radius r∗. Only nuclei with a radius r greater than
r∗ can grow. This critical radius and the corresponding maximum of ∆G∗

indicate the minimal radius of a ”stable” nucleus being able to grow any
further. By derivation of equation 2.5 one gets

d(∆G)

dr
= 2rς − 3r2∆G ≡ 0 (2.6)

and the critical radius r∗ is then given by:

r∗ =
2ς

3∆GT

(2.7)

This means, the higher ∆T is, the higher the driving force ∆GT is and the
smaller becomes r∗.
In a solid-state reaction where a reaction of two adjacent phases (A, B) takes
place to form a phase AB there is no longer only one interface A/B. Instead
there are two interfaces present: A/AB and AB/B. This leads to an increase
of interface energy ∆ς. Two different competing effects must be taken into
account. One is the gain of ”volume” energy ∆GV , the other is the loss of
surface energy ∆ς due to a newly formed interface. Since ∆GV is ∝ r3∆GT

and ∆ς is ∝ r2ς the free energy of the nucleus becomes:

∆GN(r) = qr2ς − gr3∆GT (2.8)

As can also be seen in figure 2.5 ∆GN exhibits a maximal value of ∆G∗ at
the critical radius r∗. To illustrate the dependencies of r∗ and ∆G∗, the
geometrical factors can be neglected7 so that r∗ can be written as:

r∗ ∝ ς

∆GT

(2.9)

and at a given temperature T , ∆G∗ becomes:

∆G∗ ∝ ς3

∆G2
T

=
ς3

(∆H − T∆S)2
(2.10)

∆G∗ can be described as the activation energy for the nucleation of AB and
from equation 2.10 it can be seen that nucleation is only important when
∆GV (∆G) is small compared to ς.

7 Taking into account the geometrical factors g and q equation 2.10 would be:

∆G∗ =
4q3ς3T 2

e

27g2∆H2(T1−Te)2 .
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2.1 Nucleation (basic principles) CHAPTER 2

The rate of nucleation is also important to understand the phase formation
processes. The nucleation rate ρ∗ is proportional to the concentration of nuclei
with r∗ and the rate of formation of such nuclei and is given by:

ρ∗ ∝ exp(−∆G∗/kT ) exp(−Q/kT ) (2.11)

with k Boltzmann’s constant and Q, the activation energy for a site change
of an atom, standing for the rearrangements of atoms needed to form the nu-
cleus [9]. Using equation 2.10 (∆G∗ ∝ 1/T 2) and equation 2.11 (∆G∗ ∝ 1/T )
it becomes clear that ρ∗ ∝ exp(1/T 3). This is the reason why nucleation ef-
fects are only important in a very tight temperature regime. Below a specific
temperature no nucleation takes place and slightly above a critical tempera-
ture, reactions are extremely fast. Since ∆G∗ ∝ ς3/∆G2

T small changes in
∆GT lead to big changes in ∆G∗, and therefore one can expect a nucleation-
dominated reaction when the reaction is driven by small changes of free energy
and a large increase in surface energy ς.

Nucleation can be divided into two different types. One is homogeneous
nucleation, which takes place at perfect interfaces, e. g. at the interface
liquid/single-crystal or at the interface of two single crystals. Heterogenous
nucleation may take place at other interfaces than the initial interface between
two phases. At these sites the initial interface energy ς initial is higher com-
pared with that for homogeneous nucleation and therefore ∆ς, the difference
between ς final and ς initial is smaller:

∆ς heterogenous n. = ς final − ς initial < ∆ς homogeneous n. = ς final − ς initial (2.12)

This means that heterogenous nucleation is more likely to take place since the
increase in surface energy is smaller when compared to homogeneous nucle-
ation.

2.1.1 Entropy of mixing in the case of Co-Ni silicides

In the previous section the classical theory of nucleation was discussed. There,
the influence of ∆S was not discussed in detail. Nucleation controlled re-
actions are characterized by small thermodynamic driving forces (or small
changes in enthalpy ∆H) and therefore other effects might become more im-
portant. Recalling equation 2.10

∆G∗ ∝ ς3

(∆G)2
T

=
ς3

(∆H − T∆S)2
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CHAPTER 2 2.2 Diffusion (basic principles)

it is apparent that nucleation can only effect ∆G∗ significantly if the difference
of ∆H of the two phases is small as it is the case for the formation of CoSi2
from CoSi (see table 3.3).
The impact of the entropy of mixing on silicide formation was first taken into
account by d’Heurle [6], later also by others [49, 55] and recently studied in
detail by Detavernier et al. [71–74]

The entropy of mixing for an ideal mixing within a solid solution, e. g. Co1−xNix,
is given by [72,73] :

Sm(x) = −Rg [x ln(x) + (1 − x) ln(1 − x)]/mol (2.13)

with x representing the concentration of Ni in at. %, and Rg being the univer-
sal gas-constant Rg = J/Kmol. For the case that an element is completely
insoluble in CoSi and totally soluble in CoSi2, as is the case for Ni (see sec-
tion 6.3), the reaction can be written as

(1 − x) CoSi + xB + (1 + x) Si → Co1−xBxSi2 (2.14)

and ∆S = ∆S final − ∆S initial becomes:

∆S = −Rg [x ln(x) + (1 − x) ln(1 − x)] > 0 (2.15)

Due to this positive change of ∆S, ∆G∗ is lowered and thus the nucleation
temperature is expected to be lowered, too. A lower nucleation temperature
leads to a lower formation temperature for the various silicides.

2.2 Diffusion (basic principles)

The growth of metal-rich Co silicides is diffusion controlled [8]. The dominant
diffusing species (DDS), i. e. the species of atoms which predominantly moves
within the given material controls the interdiffusion process. In the case of
the metal-rich silicides of Co and Ni, Co2Si and Ni2Si, respectively, the metal
atoms are the DDS. For the CoSi phases the picture changes, here Si is the
DDS, whereas for the NiSi, NiSi2, and CoSi2 again the metal atoms are the
most mobile ones [4,44,75–77]. The diffusion of Si atoms within CoSi can be
described by Si vacancy diffusion [76]. This is also important for the device
manufacturing. NiSi, where Ni is the DDS, is less prone to be impacted
by bridging compared to CoSi. Bridging is the effect that shorts may form
between the poly-silicon gate and the active regions via the spacer, due to
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2.2 Diffusion (basic principles) CHAPTER 2

silicidation of metal deposited on the spacer. If, as it is true for the case of
CoSi, Si is the DDS, then there is a Si supply to the spacer which leads to
silicidation. In the case of Ni2Si or NiSi, Si is less mobile, and bridging is less
likely.
The transport of matter and vacancies within solids is a thermally induced
process. The higher the temperature, the higher the probability for a site
change. When the thermally induced vibrational energy is high enough, the
atoms are able to leave their equilibrium potential and move to another site.
The velocity of diffusion is described by the diffusion coefficient D. In principle
diffusion can be formulated as

D = D0 · exp(−Q/kT ) (2.16)

with D0 the frequency factor, Q the activation energy for diffusion, k be-
ing Boltzmann’s constant as well as temperature T . Since diffusion in the
solid state is considered here, different types of diffusion need to be treated.
These are surface diffusion DS, grain boundary diffusion DG, and volume
diffusionVS. Equation 2.16 can therefore be written as:

D = DS · exp(−QS/kT ) + DG · exp(−QG/kT ) + DV · exp(−QV /kT ) (2.17)

with the indices representing the different types of diffusion. Q is decreasing
in the shown order, i. e. QV >QG>QS, since the energy needed for surface
diffusion is lower than the energy needed for grain boundary and volume
diffusion, and volume diffusion is energetically least favorable. The activa-
tion energy needed for these types of diffusion was estimated to be [78–80]:
QV /Jmol−1 ≈142Tm, QG/Jmol−1 ≈71Tm, QS/Jmol−1 ≈54Tm for face cen-
tered cubic (fcc) metals. For the silicidation process, surface diffusion usually
can be neglected because free surfaces normally do not occur within thin
films, i. e. unpatterned samples, diffusion relevant for silicidation depends on
grain boundary and volume diffusion. With increasing grain size due to grain
growth at higher temperatures, the interface fraction decreases, thus leading
to a more pronounced bulk diffusion, especially in polycrystalline materials.
Therefore, volume diffusion becomes more and more important with increas-
ing temperature.
After nucleation has taken place (see section 2.1), phase growth happens,
which in many cases is diffusion-controlled, i. e. determined by the diffusion
of the atoms through the reactant to the reaction front which leads to a par-
abolic growth rate (∆tl)

2 ∝ t [81,82].
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2.3 Growth kinetics

In nanoscale films, the growth kinetics are quite different from bulk samples,
where the supply of all reactants is quasi-infinite. In bulk reactions one would
expect the formation of all equilibria phases with the metal-rich phases being
formed at the metal side and the silicon-rich phases at the Si side under the
condition of infinity time and not exceeding the melting- or decomposition
temperature of one of the phases. For the case of thin film reactions this is
not true, moreover, it is more often the case that only one phase is formed [7].
The formation of the other equilibrium phases is inhibited due to their kinetic
instability. Gösele and Tu [7] gave a detailed description of thin film growth
and kinetics. They took diffusion aspects into consideration, the existence of
a possible reaction barrier as well as the rearrangement of atoms to form new
phases. That model, was simplified for the case of silicidation reactions by
Maex [9] and is presented hereafter.
For a system of a metal (Me) and Si with two intermediate compounds MeSiαS

and MeSiβS
with αS < βS, and αS as well as βS being the stoichiometric

indices, the change of layer thickness tl with time (t) is as follows:

dtlαS

dt
= GαS

jSi
αS

− GαSβS
jSi
βS

(2.18)

dtlβS

dt
= GβS

jSi
βS

− GβSαS
jSi
αS

(2.19)

GαS
, GβS

, GαSβS
and GβSαS

are weight coefficients and reflect the change of
composition at the interfaces. The diffusion fluxes j of Si within the two
compounds MeSiαS

and MeSiβS
are independent from each other and can be

described as

jSi
αS

=
∆Ceq

αS
keff

αS
(

1 +
tlαS

keff
αS

DαS

) (2.20)

jSi
βS

=
∆Ceq

βS
keff

βS
(

1 +
tlβS

keff
βS

DβS

) (2.21)

with ∆Ceq as the difference between the actual concentration and the equi-
librium concentration at the interfaces. DαS

and DβS
are the chemical inter

diffusion coefficients and with the use of the elemental diffusion coefficients
they are given by:

DαS
=

DSi
αS

αS + 1
+

αSDMe
αS

αS + 1
(2.22)
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DβS
=

DSi
βS

βS + 1
+

βSDMe
βS

βS + 1
(2.23)

with Me=Ni or Co in this work. The coefficients kαS
, kβS

, kαSβS
and kβSαS

determine the reaction rates at the interfaces. If supposedly a reaction barrier
exists against the growth of layer MeSiαS

on the expense of layer MeSiβS
this

is described by kαSβS
. keff is the effective barrier at a certain interface:

1

keff
αS

=
1

kαS

+
1

kαSβS

(2.24)

1

keff
βS

=
1

kβSαS

+
1

kβS

(2.25)

The growth dtlαS
/dt > 0 (or shrinking dtlαS

/dti < 0) behavior of a layer
depends on the ratio τ between the fluxes jSi

αS
/jSi

βS
. τ 1 is the case where no

change in thickness of MeSiαS
over time occurs, i. e. dtlαS

/dt = 0 and is given
by GαSβS

/GαS
. For example, if τ>τ1, then MeSiαS

will grow and if τ<τ 1 the
MeSiαS

layer will shrink. Analogously, the growth of MeSiβS
can be described

by τ 2. τ1 and τ2 are determined solely by the composition of the compounds.
As long as τ is not between τ1 and τ2, one layer will grow while the other layer
will shrink.

The most important cases for silicide growth are:

1. The formation of both silicides MeSiαS
and MeSiβS

is diffusion-controlled8

(k coefficient→∞), then τ can be simplified9 to

τ =
∆Ceq

αS
DαS

∆Ceq
βS

DβS

tlβS

tlαS

(2.26)

The ratio r depends on tlαS
and tlβS

at t=0 and changes over time.
With an ongoing reaction τ will always get a value of τ 1>τ>τ 2 and
both layers will grow.

8 Meaning the reactions are determined by the supply of atoms to the reaction front, i. e.
by the diffusion of the reactants.

9 τ can be written as τ =
∆C

eq
αS

DαS
(DβS

+tβS
k

eff

βS
)

(DαS
+tlαS

k
eff
αS

)∆C
eq

βS
DβS

=

∆C
eq
αS

DαS

(DαS
+tαS

k
eff
αS

)∆C
eq

βS

+
∆C

eq
αS

DαS
tlβS

k
eff

βS

(DαS
+tlαS

k
eff
αS

)∆C
eq

βS
DβS

and for keff
αS

, keff
βS

→ ∞ τ =

lim
k

eff
αS

,k
eff

βS
→∞

(

∆C
eq
αS

DαS

(DαS
+tlαS

k
eff
αS

)∆C
eq

βS

+
∆C

eq
αS

DαS
tlβS

k
eff

βS

(DαS
+tlαS

k
eff
αS

)∆C
eq

βS
DβS

)

=
∆C

eq
αS

DαS
tlβS

tlαS
∆C

eq

βS
DβS
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2. The formation of both silicides MeSiαS
and MeSiβS

is rate-controlled10

then τ can be written as

τ =
∆Ceq

αS
keff

αS

∆Ceq
βS

keff
βS

(2.27)

3. If one of the layers starts to grow, for example MeSiβS
, then the following

case is valid if the formation of MeSiαS
is diffusion controlled and the

growth of MeSiβS
is rate-controlled and τ becomes:

τ =
∆Ceq

αS
keff

αS

∆Ceq
βS

DβS

tlβS
(2.28)

In the latter case τ is proportional to tlβS
, the thickness of the layer MeSiβS

.
If τ>τ 1 and τ>τ 2 then both layers will coexist. For small values of τ (τ<τ 1),
MeSiαS

shrinks while MeSiβS
grows. In this case MeSiαS

cannot coexist with
MeSiβS

and MeSiαS
and will vanish. Since τ depends on tlβS

and τ<τ 1 must
be maintained, there is a critical thickness of tlβS

:

tcrit
l βS

=
τ1∆Ceq

βS
DβS

∆Ceq
αSkeff

αS

(2.29)

When tlβS
becomes greater then tl

crit
βS

the MeSiαS
layer can also grow. The

critical thickness for a Ni2Si layer was roughly estimated to tl
crit≈2µm [7].

In this model, the phase which is formed first depends on the material supply
and it explains the phase formation sequence by kinetic arguments, such as
diffusion- or rate-controlled growth of layers as well as possible reaction bar-
riers due to atomic site changes. Sometimes the nucleation of different phases
is possible, but the growth kinetics prevent the formation, i. e. growth of such
phases. The first phase that is formed is the phase with the lowest effective
reaction barrier at the interfaces and cannot be predicted from the binary
equilibria phase diagrams.

10 Meaning the reactions are determined by the reaction rate, i. e. by the velocity of the
reactions.
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Chapter 3

Silicides - structure and
properties

In this work, Co, Ni, and Co-Ni silicides are investigated. The disilicides of
Co and Ni, CoSi2 and NiSi2, respectively, are conductors with cubic CaF2

structure (see figures 3.1 and 3.2). Both exhibit high melting points (see
table 3.3) and can be formed by solid-state reactions during RTA process-
ing. Young’s moduli of 132 GPa for NiSi [83] and 140–160 GPa for CoSi2 are
reported [84,85]. Table 3.1 lists the properties of the ”ideal” silicide.

3.1 Crystal structures

The crystal structures of the metal-rich silicides of Co and especially Ni, show
a relatively low crystallographic symmetry compared to the mono- and di-
silicides. Co2Si and Ni2Si crystalize in the same orthorhombic space group.
The monosilicides of either Co or Ni exhibit different crystal structures. The
CoSi structure is, in general, that of the cubic FeSi prototype. Migli et al.
predicted a defective CsCl-like structure for CoSi by means of theoretical cal-
culations of electronic properties in conjunction with the crystal structure.
CoSi showing this crystal structure is metastable and could be synthesized by
von Känel et al. [86]. NiSi, in contrast to CoSi, is of the orthorhombic MnP
structure type. The disilicides of Co and Ni have in common that they show
high crystallographic symmetry, especially the thermodynamically stable di-
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CHAPTER 3 3.1 Crystal structures

Table 3.1: Properties of the ”ideal” silicide

• Low resistivity • High chemical stability

• Low silicon consumption • High thermal stability

• Low sheet resistance • High mechanical strength

• Low contact resistance • High adhesion

• Low stress within layer • High electromigration resistance

• Low formation temperature

• Low surface roughness

• Low junction penetration

• Low affinity to bridging †

• No contamination of devices, wafers, and tools

• SALICIDE process
† Bridging is the effect that shorts are formed between the poly-

crystalline Si gate and the active regions via the spacer, i. e. a
conductive path is formed, for example, through silicidation.

silicides, i. e. CoSi2 and α-NiSi2
11, have a crystal structure which is very close

to that of Si. They are related in such a way, that within the silicon structure
only half of the tetrahedral sites of the cubic closed package (ccp) are occu-
pied, whereas within the disilicide structure all tetrahedral sites are occupied
with Co or Ni, respectively. There is at least one more (metastable) CoSi2
structure [87–89]. Tu proposed a diffusion mechanism of Ni in Si, where Si
occupies all of the interstitial positions within the Diamond-type sub-lattice,
whereas Ni occupies all the vacant tetrahedral positions [90]. The metal
atoms are surrounded by 10 Si atoms which form an Adamantan-like structure
type [91]. This kind of structure type for CoSi2, formed as an intermediate
phase at temperatures of about 500 ◦C from metallic double layers, was found
by Rangelov et al. and Zhang et al. [92,93]. Especially on (111) Si, CoSi2 can
be formed with a similar CsCl defective structure as CoSi with this defective
CsCl structure [86] by molecular beam epitaxy (MBE). Detailed work on syn-
thesis and properties of this phase was done by Concalves-Conto et al. [87–89].

11 The α form is the well known NiSi2 phase. Very few reports name the β-NiSi2 phase
which is formed at 983 ◦C through a polymorphic transition. Hereafter, the usage of
NiSi2 refers to the α-NiSi2 phase only. The same is true for the metastable phases
β-Co2Si and δ-Ni2Si. They are referred to as Co2Si and Ni2Si, respectively.
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Figure 3.1 and 3.2 give visualizations of the technologically most important
Co and Ni silicide structures, respectively. The thermodynamical stable high
temperature silicide phases, i. e. the disilicides (phase formation sequence see
section 6.2), exhibited lattice constants which are very close to that of Si,
with a marginal deviation at room temperature (RT ) of -1.2 % for CoSi2 and
-0.4 % for NiSi2. Table 3.2 lists crystallographic data of Si as well as of Co
and Ni silicides.

Table 3.2: Crystallographic data of silicon and silicides

Phase Space group
Prototype

Crystal
system

Lattice
constants

[Å]

Cell
volume

[Å]
3

Lattice mismatch
to Si at RT

∆a = asil.−aSi

aSi

Si a) 227

Diamond
cubic a= 5.4309 160.18

α-Co2Si b) 62

Co2Si
orthorhombic

a= 3.9920

b= 3.6500

c= 6.0910

88.75

CoSi c) 198

FeSi
cubic a= 4.4463 87.90

CoSi2 d) 225

CaF2
cubic a= 5.3640 154.34 -1.2 %

δ-Ni2Si e) 62

Co2Si
orthorhombic

a= 7.0664

b= 5.0088

c= 3.7321

132.09

NiSi f) 62

MnP
orthorhombic

a= 5.2330

b= 3.2580

c= 5.6590

96.48

α-NiSi2 g) 225

CaF2
cubic a= 5.4160 158.87 -0.4 %

Source: JCPDS∗ numbers [94]: a) 27-1402, c) 50-1337, d) 38-1449, e) 48-1339, f) 38-844, g) 43-989

b) Naval Research Laboratory Center for Computational Materials Science [95]
∗ Joint Committee of Powder Diffraction Standards

3.2 Physical properties

There are certain demands for materials used in semiconductor manufacturing
with respect to manufacturability, reliability, costs as well as environmental,
health, and safety aspects. Furthermore the ”ideal” silicide should have spe-
cific material’s properties and should also meet several technological aspects.
The most important requirements are summarized in table 3.1. Ti and Co
phases match these requirements as to the present knowledge best and, there-
fore, they are the most commonly used silicides. Ni monosilicide has some
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(a) Co2Si, orthorhombic. (b) CoSi, cubic.

(c) CoSi2, cubic. Tetrahedral site indi-
cated by grey shade.

(d) CoSi2, cubic. Different origin of
cell. Tetrahedral site indicated by
grey shade.

(e) All structures ori-
entated as indicated
by the lattice vec-
tors. Tetrahedral
site indicated by grey
shade.

Fig. 3.1: Crystal structures of Co silicides.
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(a) Ni2Si, orthorhombic.

(b) NiSi, orthorhombic. (c) NiSi2, cubic. Tetrahedral site indi-
cated by grey shade.

(d) All structures orien-
tated as indicated
by the lattice vec-
tors. Tetrahedral
site indicated by grey
shade.

Fig. 3.2: Crystal structures of Ni silicides.
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(a) Si, cubic. Tetrahedral site indicated by
grey shade.

(b) Structure orientated
as indicated by the
lattice vectors. Tetra-
hedral site indicated
by grey shade.

Fig. 3.3: Crystal structure of Si.

promising material’s properties, but due to process integration problems, it
was not utilized in mass production until recently. These problems include
limited thermal stability, since NiSi is not the thermodynamic stable silicide
phase at high temperatures. Furthermore, in the case of a Si excess, which
virtually is always the case, NiSi is prone to transform into NiSi2 at higher
temperatures. Table 3.3 shows some physical data of Ti, Co, and Ni silicides.
Table 3.4 summarizes diffusion data of Co, Ni, and Si as well as the DDS.

28



3.2 Physical properties CHAPTER 3

Table 3.3: Physical properties of silicides

Silicide
∆H0

F
[kJ/mol]

Density
ρ [g/cm3]

Resistivity
[µΩcm]

Melting point
[◦C]

TiSi2 C49 † -134.3 3.85 60–90 1500

TiSi2 C54 † 4.07 12–15 1460

α-Co2Si -115.5 7.42 110 1320–1334

CoSi -100.4 6.59 147–180 1460

CoSi2 -102.9 4.95 15 1326

δ-Ni2Si -140.6 7.07 18–25 1255–1318

NiSi -84.83 5.86 8–10.5 992

α-NiSi2 -86.67 4.86 34 981–993

Source: [71,96,97] [4, 94] [4, 13,20,26,98] [99–101]
†: The silicidation of Ti is a two-step process: First a high resistivity

C49 phase is formed, which is converted to the C54 phase by means
of thermal treatment [20].

Table 3.4: Diffusion data of Co, Ni, and Si in Si and in silicides

Diffusant Matrix DV [cm2/sec] Ea [eV] DDS Source

Co Si 9.2·10−4 2.8 Co [2]

Ni Si 2.0·10−3 0.47 Ni [2]

Co Co2Si 1.5–1.78 Co [4]

Co CoSi 1.75–1.9 Co [4]

Co CoSi2 2.3 Co [4]

Ni Ni2Si 2.0 10−2 1.4 - [102]

Ni NiSi 1.2–1.8 Ni [4]

Ni NiSi2 1.65 Ni [4]

Si Ni2Si 2.0 10−2 1.4 - [102]

29



CHAPTER 3 3.3 Silicon consumption

3.3 Silicon consumption

Silicon consumption is the amount of Si needed to achieve a desired level of
sheet or contact resistance on the polycrystalline silicon gate or on the active
regions. Since the sheet resistance Rs

12 is dependent on the layer thickness, a
desired silicide thickness is needed to obtain suitable resistances. Figure 3.4
illustrates the relationship between sheet resistance and silicide layer thick-
ness.

Ω

Fig. 3.4: Sheet resistance of NiSi and doped CoSi2 (As+ and BF+
2 doped) as

a function of silicide thickness. Data taken from literature [103].

12 Sheet Resistance Rs is the resistance of a layer, that is measured by a four point probe.
The resistance represents the parallel resistance of an infinite number of infinitely thin
parallel sheets. Sheet resistance is expressed as ohms per square (area) and is equal to
the average resistivity of a layer multiplied by the thickness of the layer.
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Generally, monosilicides with a ratio of Metal (Me):Si=1:1 have an inherent
advantage over disilicides with Me:Si=1:2 because the resulting silicide layer
thickness is always smaller, i. e. the monosilicides do not grow as deep into the
silicon substrate as the disilicides. This is primarily important on the active
regions of the transistor, where a deep penetration of the source/drain region
alters the transistor properties, i. e. the transistor performance, since the
resistivity of the silicides is significantly higher than that of the here heavily
doped silicon substrate. A way to overcome these problems is to use elevated
source/drains (ESD) [61], and recently the introduction of selective epi growth
(SEG) [34,104,105].

Table 3.5 summarizes the Si consumption for commonly used silicides. There,
the resulting silicide layer thickness is listed in relation to the deposited metal
layer thickness tM , i. e. a metal layer thickness of 100 Å leads to a silicide
thickness of 198 Å in the case of CoSi. Besides the overall resulting silicide
layer thickness, also the position of the obtained silicide layer relative to the
former silicon surface is of importance for the transistor properties. Figure 3.5
compares Co to Ni silicides with respect to the volumetric changes during
silicidation as well as the resulting position relative to the original silicon
surface.

Table 3.5: Silicon consumption of silicides

Silicide
Normalized Si con-

sumption in terms of [tm]†
Normalized silicide thick-

ness ts in terms of [tm]†

TiSi2 C49 2.22 2.33

TiSi2 C54 2.22 2.44

α-Co2Si 1.47 1.47

CoSi 1.98 1.98

CoSi2 3.49 3.49

δ-Ni2Si 0.91 1.49

NiSi 1.83 2.01

α-NiSi2 3.66 3.59

Source: [4] [4]
†: Metal thickness tm is defined to be 1. Thickness in units of tm.
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Fig. 3.5: Volumetric change during silicidation and silicide position after
silicidation. Modified after Maex [106].
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Structure analysis of silicides

4.1 X-ray diffraction

XRD is an analytical technique which uses the elastic scattering of X-rays13 at
the inner electron shell of the atoms of condensed matter. It provides the dis-
tances between sets of crystallographic lattice planes, the so called d-spacing,
occupied in regular distances by the atoms, within crystalline materials. It
is a nondestructive technique with high accuracy and precision [107]. Usu-
ally large areas in the order of several mm2 are illuminated by the X-rays.
Since the number of scattering centers that contribute to the analyzed signal
is in the range of 1025, the data statistics is very good. When Bragg’s Law is
fulfilled, constructive interference happens and intensity maxima in the dif-
fraction pattern occur. Using polychromatic radiation, Laue images can be
obtained since many different sets of lattice planes simultaneously contribute
to the diffraction pattern [107]. With monochromatic radiation, it is possible
to determine the d-spacings using equation 4.1 by evaluating the diffraction
pattern.

n · λ = 2d · sin ϑ (4.1)

with n=an integer describing the order of diffraction, λ=wavelength of the
primary beam, d=the distance between two lattice planes of the same crys-
tallographic orientation, the so-called d-spacing, and ϑ=the Bragg or glancing
angle, the angle between the incident (primary) beam and the lattice planes.

13 Wavelength λ between 0.1 Å (10−11 m) and 10 Å (10−8 m), i. e. 124 keV and 1.24 keV,
respectively.
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CHAPTER 4 4.1 X-ray diffraction

This diffraction pattern is characteristic for all crystalline materials. By means
of comparing unknown diffraction patterns with a set of already identified pat-
terns [94] it is possible to identify crystalline fractions within a sample. Having
a set of d-values it is possible to calculate the atomic positions within the unit
cell of a given substance taking into account the crystallographic symmetry.
Other information contained in a diffraction pattern are grain size, mosaic-
ity and lattice distortions as well as strain within samples [108]. The most
commonly used geometry to collect diffraction patterns is the Bragg-Brentano
geometry [109]. In this focusing geometry, only the lattice planes parallel to
the sample surface can be measured. Since the penetration depth is always in
the range of several µm this technique is not suitable for ultra-thin film analy-
sis, having to maintain reasonable measuring times. For analysis of thin and
ultra-thin14 layers, a grazing-incidence X-ray diffraction geometry (GIXRD)
is used (figure 4.1). In this case, the primary beam is fixed to a low angle

Layer

Silicon substrate

ααααi

Detector, moving

Sample, fixed
Lattice planes (hkl)

Primary beam
X-ray source, fixed Diffracted beam

Fig. 4.1: Grazing Incidence XRD set up (schematic view).

of incidence, near the critical angle of total reflection, αi and only the detec-
tor is moving. In polycrystalline, randomly orientated materials, all lattice
planes except those being parallel to the sample come into diffraction condi-
tion and generate intensity maxima. Highly textured, or even single crystal

14 Layer thickness in the range of 10s–100s of Å.
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materials might show a distinct diffraction pattern if the are (by chance)
properly aligned. Rotation of the samples would lead to usable diffraction
patterns in any way. Figure 4.1 displays this kind of setup.

With this setup, the path of the X-ray beam within the top layer is maximized,
and therefore the number of scattering centers of the top layers is maximized,
too. This leads to a promotion of the information obtained from the top area
of the sample compared to the information acquired from the substrate.
The penetration depth can be calculated using equation 4.2 and depends on
the used wavelength, the density ρ of the top layer, and the angle of incidence
αi [110]. Table 4.1 gives an overview about the penetration depth for several
top layers under the assumption that a useful signal can only be detected
when less than 99 % of the primary beam intensity is absorbed within the
sample. The critical angle αc is determined by the density of the top layer.

Table 4.1: Penetration depth td for different top layers

Layer
Critical angle

αc [◦]

Penetration depth

td for αi = 0.5◦ [nm]

Max. depth of

information ti for

αi = 0.5◦ [nm]†

Si 0.237 27.27 22.3

Co 0.443 19.83 8.91

Ni 0.452 17.03 15.34

Co2Si 0.475 8.29 4.48

CoSi 0.453 8.67 5.28

CoSi2 0.475 9.27 7.51

Ni2Si 0.482 7.83 4.44

NiSi 0.459 8.23 5.63

NiSi2 0.423 8.86 6.56

TiN 0.289 5.36 5.07

Ti 0.316 4.2 3.74

Values calculated for λ=1.648 Å
†: ti calculated for the assumption that a signal can still be detected

when 99 % of the primary beam intensity was absorbed within the
sample. Azimuthal position of the detector assumed.
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Whenever the angle of incidence αi is smaller than αc, than total reflection
will occur. The penetration depth td is given by

td ≈
{

λ
2π(α2

c−α2
i )

for αi < αc

2αi

µ
for αi > αc

(4.2)

with td being the depth at which the original primary beam intensity was de-
creased to e−1 and µ the absorption coefficient [110]15. Figure 4.2 and table 4.1
demonstrate the penetration depth td for different top layers, calculated for
a wavelength of λ=1.648 Å. This wavelength ensures minimal fluorescence ra-
diation (see figure 4.3).
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Fig. 4.2: X-ray penetration depth td [nm] for Co, Ni, CoSi2, and NiSi vs.

angle of incidence αi for λ=1.648 Å.

15 For synchrotron radiation this is not true, since the primary beam intensity is several
orders of magnitude higher compared to conventional X-ray tubes (see section 4.2).
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XRD was used for ex situ phase identification of samples with Co and Co-Ni
layers with and without Ti capping layer that were subjected to thermal treat-
ment (see section F.1 and section F.2). Table 4.2 summarizes the measuring
conditions of the ex situ laboratory XRD investigation.

Table 4.2: Summary of measuring conditions of the ex situ laboratory ex-
periments

Wavelength λ 1.5414 Å (Cu Kα)

Angle of incidence αi 0.5 ◦

2ϑ range 10–120 ◦

Measuring time/step 30 sec

Total measuring time 1100 min. (18.3 h)

Temperature range RT

Illuminated area ≈10 x 10 mm2

Layer deposition ‡ PVD process
‡ : All layers of Co, Ni, Ti, and TiN were deposited with

the physical vapor deposition (PVD) processes that are
used for the manufacturing of microprocessor devices,
including the respective cleaning steps.

37



CHAPTER 4 4.2 Synchrotron radiation experiments

4.2 Synchrotron radiation experiments

There are several main advantages associated with modern synchrotron radi-
ation sources. First of all, its high brilliance16 of up to ≈2·1020 in the energy
range of 8 keV [111]. The brilliance is >1012 higher than that of conventional
X-ray tubes. Furthermore, one of the most prominent features of synchrotron
radiation is its high primary beam intensity of about 1000 times higher com-
pared to conventional X-ray tubes which makes it possible to investigate, in
general, very small sample volumes, i. e. very few scattering centers as it is
the case for ultra-thin layers. Consequently, the measuring time is also sig-
nificantly lower. Therefore, the usage of synchrotron radiation is the method
of choice to investigate nanoscale layers, that are so widely used in micro-
processor devices. The emitted radiation is highly collimated which is ideal
for XRR measurements. Secondly, it is possible to choose a suitable wave-
length for the experiments within a wide range to avoid unwanted fluorescence
radiation. For further details and applications of synchrotron radiation scat-
tering techniques, please refer to Jordan-Sweet [112] as well as to Parrish
and Hart [113, 114]. More detailed information about synchrotron radiation
sources can be found in literature [115,116].

4.2.1 Experimental setup at the Rossendorf BeamLine

The synchrotron experiments were performed at the Rossendorf BeamLine
(ROBL) bending magnet 20 (BM20) at the European Synchrotron Radiation
Facility (ESRF). The ESRF storage ring has a diameter of 269 m, and the
electrons are accelerated to an energy of up to 6 GeV. A detailed description
of ROBL is given by Matz et al. [117, 118]. The integrated photon flux was
≈3.5 ·1011 photons/second [119], the energy resolution 1.5–2.5 · 10−4 ∆E/E in
the energy range 5–12 keV and the resolution in the range of ∆d/d = 1.3 · 10−4.
The wavelength was chosen to be 1.648 Å=7.5182 keV for samples containing
Co, just below the Co-K absorption edge, and 1.593 Å=8.048 keV, just below
the Ni-K absorption edge, for pure Ni samples in order to minimize fluor-
escence radiation. Figure 4.3 shows the mass absorption coefficients of Co,
Ni, Ti, and Si as well as the used wavelengths. The angle of incidence αi was
fixed at 0.5◦ to enhance the signal arising from the top layer(s) of the sample
(see table 4.1 and figure 4.2). For all measurements the conditions were: step

16 Brilliance is defined as the number of photons per second per mm2 per mrad2 for an
energy bandwidth of 0.1 % of the specific energy.
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Fig. 4.3: Mass attenuation coefficient of Co, Ni, Si, and Ti.

size 0.1◦, vacuum in the range of 4–9 · 10−8 Pa, the sample size was 9 x 9 mm2

to fit smoothly into a recess of the boron-nitride (BN) sample holder (see
figure 4.4) and to be fully illuminated by the primary X-rays. All wafer pieces
were cut with a dicing saw to ≈40◦ rotation angle relative to (100 | 010) sili-
con substrate orientation to avoid X-ray diffraction peaks origination from the
silicon substrate. The measuring time was ≈2.5–4 s per step, being sufficient
to collect useful diffraction patterns, resulting in a total measuring time of
approximately 22–25 minutes for the whole measured 2ϑ range of ≈20◦ 2ϑ.
To compensate for the decreasing primary beam intensity over time, a moni-
toring signal, that directly measured the incoming primary beam intensity,
was used to adjust the measuring time per step in a way such that the ap-
plied X-ray intensity to the sample was kept constant. This monitoring signal
arises from a scattering screen being located in the primary beam directly in
front of the goniometer. The measurements can be set in a way that only
after having reached a specified number of counts, typically 100000–120000 ,
the next measuring step is started up.
An accurate temperature control was achieved using two independently con-
trolled heating systems, one for the sample holder and one for the environ-
ment. Each temperature control system used the signal of its own thermo-
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couple to modulate the current through the Ta resistivity heaters to reach and
maintain a given temperature. The temperature was stable within the range
of ±2.5 K. Ramping rates in the order of several K/sec could be achieved. The
sample temperature was measured by a thermocouple in direct contact with
the surface of the sample. Figure 4.4 b) shows this NiAl/NiCr17 thermocouple
on the left hand side of the wafer piece, partly covered by the environmental
tantalum resistivity heating system. Figure 4.4 a) shows the used high tem-
perature diffraction chamber (HDC) built by Bühler (J. Otto GmbH) and
modified by ROBL. Figure 4.5 shows the high temperature diffraction cham-
ber that was used for experiments with Ni samples, different dopants and
a TiN capping layer. The diffraction chambers were mounted on a Huber
six circle goniometer equipped with stepping motors for all circles. This go-
niometer with an inner diameter of 400 mm allows a minimum angular step
of 0.0001◦ (0.017 mrad). In front of the scintillation counter, a Soller slit of
15.5 cm was mounted to reduce the divergence of the scattered signal. The
distance between the sample and the scintillation counter was 70 cm.

(a) High temperature diffraction chamber. (b) Sample close up with BN
sample holder.

Fig. 4.4: High temperature diffraction chamber that was used for the ma-
jority of experiments.

17 In fact, what can be seen is a stainless steal cover with a ceramics inset. Inside this
ceramics layer, the actual thermocouple is hidden.
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(a) Sample holder with thermocouple. (b) Beryllium dome.

Fig. 4.5: Oven setup for Ni layer and TiN capping layer experiments.

Table 4.3: Summary of measuring conditions at the ESRF

Wavelength λ 1.648 Å & 1.593 Å†

Angle of incidence αi 0.5 ◦

2ϑ range 25–62 ◦

Measuring time/step 2.5–4 sec

Total measuring time 22–25 min.

Temperature range RT–750 ◦C

Pressure 4–9 · 10−8 Pa

Sample size 9 x 9 mm2

Layer deposition ‡ PVD process
† : All Ni containing samples were measured with that wavelength

(see figure 4.3), but the collected diffraction patterns were re-
calculated with a wavelength of λ=1.648 Å to be able to directly
compare peak positions between all investigated samples.

‡ : All layers of Co, Ni, Ti, and TiN were deposited with the PVD
processes that are used for the manufacturing of microprocessor
devices, including the respective cleaning steps.
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4.3 Transmission electron microscopy

4.3.1 Convergent beam electron diffraction

By means of TEM techniques it is possible to investigate very small areas
within samples with resolution down to atomic scale. With the selective area
diffraction (SAD) it is possible to investigate an area as small as 0.5µm in
diameter, but with an error in lateral resolution within the same range. For
the examination of very small grains in nanoscale layers it is necessary to
reduce this region further. CBED is a TEM technique where a very limited
region, in the range of 10 s–100 s of nm, of the specimen contributes to a dif-
fraction pattern. Using CBED it is possible to determine very precisely (with
an error in the range of 2 · 10−4∆a/a ≈ 0.02 %) unit cell and lattice parame-
ters and to determine the crystal system, i. e. the point and space group of
crystals with a diameter of ≈10–100 nm. These unique features makes CBED
suitable technique to examine very small single grains and second-phase pre-
cipitations. In combination with EFTEM, CBED is capable of identifying
phases within a sample which cannot be identified by other techniques, e. g.
because the volume fraction is too small to be identified by X-ray techniques.
Figure 4.6 shows the correlation of the beam-convergence semi-angle αB and
the obtained patterns. Whether Kossel-Möllenstedt or pure Kossel patterns
can be collected is primarily a function of αB [120]. This angle can be ad-
justed by the so-called C2 aperture [121]. The pattern with small discrete
circles is called Kossel-Möllenstedt pattern whereas a pattern with heavily
overlapping circles, where no longer single diffraction maxima are visible it
is called Kossel18 pattern. For the identification of single grains with a size
in the nm range, the aperture must be set in a way that Kossel-Möllenstedt
patterns can be acquired.

By means of computational simulations with software packages like ELD-
ISCA [122] or ACT [123] the measured diffraction pattern is compared to
calculated diffraction patterns of known substances acquired from a data-
base [94]. The best match between calculation and measurement, and taking
into consideration all other known facts about the sample like chemical com-
position, history of thermal treatment etc., leads to the identification of a
given phase and to the refinement of lattice parameters. If the technical

18 Not to be mixed up with similar looking X-ray patterns also called Kossel patterns,
resulting from a similar experimental setup.
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conditions of the used TEM are such that tilting of the sample is possible
without ”loosing” the investigates grain, i. e. the sample is in eucentric po-
sition, it is advantageous to tilt the sample and acquire different diffraction
patterns under different angles. Especially for high symmetrical substances
this is necessary because single pattern might not be unambiguous. For fur-
ther reference, see the Practical Introduction into Several TEM Techniques by
Williams [121,124].

projection planeprojection plane projection plane

specimen specimenspecimen

KosselKossel-Möllenstedt

Large

2aB

Small

2aB

Medium

2aB

Fig. 4.6: CBED ray diagram: correlation of pattern type with αB.

In this work, CBED was used to identify single grains of silicides within
nanoscale layers, in either patterned structures of actual microprocessor de-
vices as well as on unpatterned wafers, whenever X-ray techniques did not
succeed in doing so. Furthermore, this technique was utilized to identify a
ternary Co-Ti-Si phase, originating from the interaction of a Ti capping layer
with a Co layer on Si substrate (see section 5.2). ”Conventional” TEM imag-
ing techniques were applied to image layer structures, interface roughness as
well as layer morphology. EFTEM was employed to obtain chemical informa-
tion such as spatial elemental distribution.

43



Chapter 5

Results

In situ high-temperature SR-XRD was used to observe the phase formation
processes within the metal- and silicide-layers and to determine the phase for-
mation sequences. This could be achieved by identifying the formed phases
at different temperatures while thermally treating the samples. With syn-
chrotron radiation it was possible to investigate these processes in layers with
a technologically relevant thickness in the range of only a few nm. All the sam-
ples investigated with SR-XRD were either heated up, measured and pulled
out for further investigations by TEM (”H-M-S” samples), or heated up, mea-
sured and subsequently heated up again to the next temperature (”CH & M”
samples). Most of the samples were treated like the latter case.

Impact of a capping layer on the silicidation process

Capping layers of either Ti, TiN or SiO2 are used in the semiconductor manu-
facturing of processors to protect the deposited metal (Co or Ni) layer from ox-
idation and to improve degradation due to agglomeration [25,26,41,125–127].
These layers are commonly stripped off after a first RTA together with re-
maining non-reacted metal. In a second annealing step, the desired silicide
is formed out of the previously formed precursor, for instance CoSi is trans-
formed into CoSi2 in the case of Co deposition. Ideally, the capping layer does
not interact with the metal layer during the first annealing step and acts as a
getter for oxygen and possible contaminants. If the conditions for silicidation
are not optimized, or the etch off process does not remove all of the capping
layer, formation of unwanted phases might happen (see section 5.2 and [25]).
Therefore, samples for ex situ and in situ experiments were prepared to study
the impact of capping layers on the silicidation process itself, the impact on
formation and conversion temperatures, as well as possible interaction with
the metal or the silicide layer.
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5.1 Phase formation sequences

5.1.1 The system Co–Si

Several samples with a deposited metal layer thickness of 10 nm Co, were ex-
amined with SR-XRD at the ESRF. The samples were capped with a 10 nm
Ti capping layer to investigate the interaction of the capping layer with the
silicidation process. During thermal treatment, i. e. after reaching a cer-
tain temperature, samples were pulled out to be preserved for further (TEM)
analysis.

SR-XRD results of Co|Si samples with Ti capping layer

Samples with a deposited metal layer thickness of 10 nm Co and a capping
layer of 10 nm Ti, were investigated. Ti was chosen as a capping layer, since Ti
has a higher impact on the Co-Si phase formation compared to a TiN capping
layer. In the actual manufacturing process of microprocessors, this Ti capping
layer is etched away after the first RTA of the two-step RTA silicide formation
process. The films were deposited on a single crystal silicon (001) substrate.
Figure 5.1 displays the summary of the results of the samples with Ti capping
layer.

200 250 300 350 400 450 500 550 600 650 700 750 800

H-M-S

CH & M

[°C]

Single crystal substrate Co Si2 CoSi2CoSi

Fig. 5.1: Summary of SR-XRD results of Co|Si samples with Ti capping
layer. Vertical boxes represent actual measuring temperatures.
All boxes and bars are color coded, i. e. cyan stands for the metal-
rich silicide, black for monosilicide, and red for the disilicide phase.
Horizontal bars connect measured temperatures. Color gradients
indicate that a phase transition started between its lower and up-
per limit. Monochrome bars show that no new phase was formed
between its lower and upper limit. Boxes with two different colors
indicate that at this temperature two phases coexist.
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Continuous heating and measuring samples

Right from the beginning of the measurements at 300 ◦C Co2Si and CoSi
were present. Additionally, a weak diffraction maximum at about 53◦ 2ϑ
(λ=1.648 Å) of metallic Co can also be seen (see figure D.7). The Co2Si phase
was no longer detectable at 350 ◦C, where only CoSi existed. In the tempera-
ture range 350 ◦C to 525 ◦C only CoSi could be identified which started to
be transformed into CoSi2 between 525 ◦C and 575 ◦C, where both the mono-
silicide and the disilicide can be found. At 625 ◦C the transformation from
CoSi to CoSi2 is finished and no other phases occur up to 775 ◦C, the highest
applied temperature.

Heating-measuring and stop samples

The results of the sample that were heated up to a specific temperature, then
measured and pulled out of the HDC were very similar to the CH & M samples.
The measurements started at a lower temperature of 230 ◦C, where Co2Si and
CoSi could be found. At 610 ◦C still CoSi can be found.

Taking the results of both the CH & M and H-M-S samples the range of exis-
tence for Co2Si can be identified to be between <230 ◦C and at least 325 ◦C,
succeeded by CoSi which exists from 230 ◦C to 610 ◦C which is transformed
into CoSi2 at a temperature >525 ◦C.

Details of the mentioned diffraction patterns can be found in appendix D.2.
There, diffraction patterns of various temperatures are presented.

Ex situ XRD measurements

Various samples were investigated using a conventional XRD tool, with a Cu-
anode (λ=1.5414 Å) using a GIXRD setup. Samples with a pure Co layer
and a Co-Ni (5 at. % Ni)-layer on single crystal, undoped Si substrate were
subjected to various RTA conditions, i. e. thermal annealing for 30 sec, and
afterwards quenched. The samples were measured after several thermal treat-
ments. The experiments were focussed on the high-temperature regime, since
the disilicide formation is technologically more important than the formation
of the metal-rich silicides. The impact of the capping layer on the formation
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temperature of the low-resistivity phases CoSi2 and Co0.95Ni0.05Si2, respec-
tively, is of interest.

Co|Si samples with and without Ti capping layer

The samples with the pure Co layer (15 nm) show after a RTA at 580 ◦C for
60 seconds diffraction maxima of CoSi and CoSi2, i. e. the conversion to CoSi2
is not completed at this temperature. In the sample subjected to 600 ◦C for
60 s, only CoSi2 is present, meaning the silicidation process is completed.
The capping layer of 15 nm Ti changes the picture significantly. From 600 ◦C
to 700 ◦C, there is always CoSi present, indicating that the conversion from
CoSi to CoSi2 is not completed. This implies that the RTA temperatures
must be significantly higher than 700 ◦C, or the annealing time needs to be
longer. Figure 5.2 summarizes the results of the ex situ XRD measurements.
For details about the collected diffraction patterns see figure F.1 and fig-
ure F.2.

200 250 300 350 400 450 750 800

With
capping layer

Without
capping layer

[°C]

Single crystal substrate CoSi2CoSi

500 550 600 650 700

Fig. 5.2: Summary of XRD results of Co|Si samples with and without Ti
capping layer. The deposited metal layer thickness was 15 nm
for Co as well as 15 nm for the Ti capping layer. Vertical boxes
represent actual measuring temperatures. All boxes and bars are
color coded, i. e. black stands for monosilicide, and red for the
disilicide phase. Horizontal bars connect measured temperatures.
Color gradients indicate that a phase transition started between
its lower and upper limit. Monochrome bars show that no new
phase was formed between its lower and upper limit. Boxes with
two different colors indicate that at this temperature two phases
coexist.
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Summary of analytical results of Co silicides

The samples with a layer stack of 10 nm Co with a 10 nm Ti capping layer on
undoped single crystal substrate were investigated with in situ SR-XRD to
determine the phase formation and conversion temperatures. The formation
of Co2Si takes place below the starting temperature of 230 ◦C. Co2Si is stable
up to at least 325 ◦C. The conversion to the monosilicide phase started already
at 230 ◦C and is finished at 350 ◦C. CoSi is stable up to at least 610 ◦C and
converts to CoSi2 on further heating. The formation of the high temperature
phase CoSi2 in the system Co-Si starts at ≤575 ◦C. The phase formation
sequence in the case of Co silicides was found to be

Co2Si→CoSi→CoSi2

within all investigated samples. A capping layer did not have any influence
on the phase formation sequence. However, the conversion from CoSi to the
CoSi2 is shifted for at least 100 K to higher temperatures when a Ti capping
layer was applied.

5.1.2 The system Co–Ni–Si

The widely used CoSi2 has some disadvantages that most likely prevents its
usage in future technology nodes of microprocessor manufacturing. Alloying
of Co with a low at. % Ni seems to be a promising way to further extend
the usage of CoSi2 [31, 34, 48, 52, 53], i. e. to overcome the problems that
are associated with CoSi2 (see section 1.1.3). Mainly the reduction of the
formation temperature of CoSi2 and therefore lowering the overall thermal
budget is of interest in order to reduce agglomeration effects, especially for
very small gate lengths below .45 nm. Various samples were investigated
with SR-XRD at the ESRF. The deposited metal layer thickness was 10 nm,
a value close to that used in manufacturing. Table 5.1 lists the different
Co-Ni (5 at. % Ni)|Si samples19.

19 All Co-Ni|Si samples that were investigated contained 5 at. % Ni and are hereafter
referred to as Co-Ni|Si samples. If the Ni content differs from 5 at. %, then this will be
noted explicitly.
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Table 5.1: Doping species, type, and energy for the Co-Ni|Si samples inves-
tigated with SR-XRD

Substrate
(001) Single crystal Si polycrystalline Si

Implanted undoped undoped

dose [at/cm2], 8 · 1015 As+ @ 30 keV 8 · 1015 As+ @ 30 keV

species, and energy 8 · 1015 P+ @ 15 keV

SR-XRD results of Co-Ni|Si samples

The silicides are labeled accordingly to a Ni content of 5 at. %, despite the
fact that the actual Ni content is smaller than 5 at. % in the formed silicides.
Although it became clear that Ni is expelled from CoSi during the monosilicide
formation (see section 6.3), CoSi is labeled as Co0.95Ni0.05Si in the current
section. This was made for clarification and to distinguish better between
pure Ni and pure Co samples. In all cases no separation, i. e. no coexistence
of Ni and Co silicides could be observed. These results were expected because
the Ni content was too small to form reasonable amounts of Ni silicides that
could be detected by means of X-ray techniques. Even the Ni enrichment
at the interface to the substrate after thermal treatment (see figures 6.2 and
6.4), was too low to enable the formation of Ni silicides.

Undoped single crystal substrates

The undoped sample shows at 275 ◦C only (Co0.95Ni0.05)2Si, which could
be identified by very weak diffraction maxima at ≈48.7◦ 2ϑ and ≈53.4◦ 2ϑ
(λ=1.648 Å). This metal-rich silicide is transformed into the disilicide phase
Co0.95Ni0.05Si at temperatures lower than 300 ◦C, where Co0.95Ni0.05Si is the
only phase present. Co0.95Ni0.05Si is stable up to at least 400 ◦C and is trans-
formed into Co0.95Ni0.05Si2 between 400 ◦C and 475 ◦C. Between 475 ◦C and
650 ◦C, Co0.95Ni0.05Si2 is the only detectable phase.

As+ and P+ doped samples on single crystal substrates

The As+ doped single crystal sample shows at 275 ◦C (Co0.95Ni0.05)2Si as well
as Co0.95Ni0.05Si, whereas in the P+ doped sampled only (Co0.95Ni0.05)2Si is
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present. At 300 ◦C, Co0.95Ni0.05Si as well as (Co0.95Ni0.05)2Si can be identi-
fied in both doped samples. The conversion to Co0.95Ni0.05Si is continued
with further thermal treatment and is completed at 350 ◦C. The conversion
to the disilicide starts at temperatures higher than 450 ◦C. At 475 ◦C, both
Co0.95Ni0.05Si and Co0.95Ni0.05Si2 can be detected. The conversion to the target
phase Co0.95Ni0.05Si2, (see table 3.3), has taken place completely at 550 ◦C.
Figure 5.3 shows the SR-XRD results of a sample on single crystal silicon
substrate.
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Fig. 5.3: SR-XRD results of Co-Ni|Si sample on P+ doped single crystal

Si substrate in the temperature range 275◦C–600◦C (λ=1.648 Å).
Deposited metal layer thickness was 10 nm. The different intensity
maxima are labeled with the corresponding silicide phases. All
labels are color coded, i. e. cyan stands for the metal-rich silicide,
black for monosilicide, and red for the disilicide phase.
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Undoped polycrystalline substrates

At 300 ◦C, the undoped sample shows the metal-rich silicide (Co0.95Ni0.05)2Si
as well as the monosilicide phase Co0.95Ni0.05Si. This means, the starting
point for the formation of Co0.95Ni0.05Si is lower than 300 ◦C. The conversion
to Co0.95Ni0.05Si is completed at 350 ◦C. At this temperature, the formation
of Co0.95Ni0.05Si2 starts. At 450 ◦C, and at all investigated higher tempera-
tures, only Co0.95Ni0.05Si2 can be detected, meaning that the conversion to
Co0.95Ni0.05Si2 was completed at 450 ◦C.

As+ doped samples on polycrystalline substrates

The As+ doped sample shows at 300 ◦C only diffraction maxima correspond-
ing to Co0.95Ni0.05Si. This indicates that the conversion from (Co0.95Ni0.05)2Si,
which could be seen at the starting temperature of 275 ◦C, to Co0.95Ni0.05Si
is completed. Similar to the undoped sample, the formation of Co0.95Ni0.05Si2
starts at 350 ◦C, is still present at 400 ◦C, and is terminated at 450 ◦C.

Figure 5.4 summarizes the diffraction results of the Co-Ni (5 at.% Ni) samples.
The formation of the (metal-rich) silicides in the lower temperature regime,
i. e. temperature lower than ≈400 ◦C, is very similar for all kinds of substrates
and dopants as well as dopant concentrations. On polycrystalline substrates,
however, the formation temperature of the disilicide phase is lowered consid-
erably.

Details of the mentioned diffraction patterns can be found in appendix D.3.
There, diffraction patterns of various temperatures are presented.

Co-Ni|Si samples with and without Ti capping layer

Figure 5.5 shows a summary of the obtained results for all the investigated
samples with a Ti capping layer. In the case of Co-Ni layers without a Ti
capping layer, Co0.95Ni0.05Si is present from 450 ◦C to 550 ◦C. The formation
from Co0.95Ni0.05Si to Co0.95Ni0.05Si2 starts at temperatures below 525 ◦C. The
conversion from monosilicide to disilicide is completed at 600 ◦C.
At 600 ◦C, only Co0.95Ni0.05Si can be detected in the sample with the Ti cap-
ping layer. Even at 650 ◦C no traces of Co0.95Ni0.05Si2 can be identified, i. e.
the conversion from Co0.95Ni0.05Si to Co0.95Ni0.05Si2 has not been started. The
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200 250 300 350 400 450 500 550 600 650 700 750 800
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Non doped

Non doped
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As doped
+

Single crystal substrate

Polycrystalline substrate

(Co Ni ) Si0.9 5 0.0 5 2

Co Ni0.9 5 0.0 5 2
Si

Co Ni Si0.9 5 0.0 5

Fig. 5.4: Summary of 38 SR-XRD results of Co-Ni (5 at. % Ni)|Si samples.
Deposited metal layer thickness was 10 nm. Vertical boxes repre-
sent actual measuring temperatures. All boxes and bars are color
coded, i. e. cyan stands for the metal-rich silicide, black for mono-
silicide, and red for the disilicide phase. Horizontal bars connect
measured temperatures. Color gradients indicate that a phase
transition started between its lower and upper limit. Monochrome
bars show that no new phase was formed between its lower and
upper limit. Boxes with two different colors indicate that at this
temperature two phases coexist.

Ti capping layer has the effect that still at 700 ◦C Co0.95Ni0.05Si can be found,
whereas the formation of Co0.95Ni0.05Si2 already started.
For details about the collected diffraction patterns see figure F.3 and fig-
ure F.4.

Summary of analytical results of ternary Co-Ni silicides

The formation of (Co0.95Ni0.05)2Si starts at a temperature lower than 275 ◦C
in all investigated samples. In general, a lower formation and conversion
temperature was observed on polycrystalline substrate samples compared to
single crystal substrates. Doping of the substrates leads to a higher thermal
stability of (Co0.95Ni0.05)2Si and CoSi in either case. The lowest temperature
at which CoSi is formed is 275 ◦C for As+ doped samples on single crystal and
polycrystalline substrate samples. The formation temperature of CoSi was
300 ◦C for non-doped and P+ doped samples. However, doping enhanced the
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Single crystal substrate Co Ni Si0. 95 0. 05 2Co Ni Si0. 95 0. 05
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Fig. 5.5: Summary of XRD results of Co-Ni|Si samples with and without
Ti capping layer. The deposited metal layer thickness was 15 nm
for Co and Co-Ni as well as 15 nm for the Ti capping layer. Verti-
cal boxes represent actual measuring temperatures. All boxes and
bars are color coded, i. e. black stands for monosilicide, and red
for the disilicide phase. Horizontal bars connect measured tem-
peratures. Color gradients indicate that a phase transition started
between its lower and upper limit. Monochrome bars show that no
new phase was formed between its lower and upper limit. Boxes
with two different colors indicate that at this temperature two
phases coexist.

thermal stability of CoSi by at least 75 K on single crystal substrates. The
conversion to Co0.95Ni0.05Si2 started on polycrystalline samples at tempera-
tures lower than 400 ◦C and on single crystal substrates between 400 ◦C and
475 ◦C. The phase formation sequence was very similar to the phase formation
in the system Co-Si, although, it was shifted to lower temperatures:

(Co0.95Ni0.05)2Si→CoSi→Co0.95Ni0.05Si2

This sequence is valid for all investigated samples. The conversion from the
monosilicide to the disilicide phase is shifted for at least 100 K to higher tem-
peratures when a Ti capping layer was used.

5.1.3 The system Ni–Si

Table 5.2 lists the samples with a deposited metal layer thickness of 10 nm,
that were investigated with SR-XRD at the ESRF. The deposition tempera-
ture of the Ni layers was 150 ◦C. The dose was set to a level much higher than
what usually is used in production to enhance the effect of the doping.
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Table 5.2: Doping species, type, and energy for the Ni|Si samples investi-
gated with SR-XRD

Substrate
(001) Single crystal Si polycrystalline Si

Implanted undoped undoped

dose [at/cm2], 8 · 1015 B+ @ 5 keV 8 · 1015 B+ @ 5 keV

species, and 8 · 1015 As+ @ 30 keV 8 · 1015 As+ @ 30 keV

energy 8 · 1015 P+ @ 15 keV

Impact of dopants on the Ni silicidation process

Single crystal substrates

Figure 5.6 is an example of the obtained diffraction patterns and shows the
SR-XRD result of the As+ doped single crystal silicon substrate sample. All
diffraction maxima could be assigned to Ni silicides and are labeled accord-
ingly. The evolution of the different phases from 200 ◦C to 750 ◦C can clearly
be retraced. At 700 ◦C, the intensity of the NiSi diffraction peaks decreases
significantly, whereas no indications of NiSi2, the high temperature phase of
Ni silicide, could be observed using the grazing incidence geometry. No dif-
fraction peaks are visible at 750 ◦C. This is due to an epitaxial growth of
NiSi2 and the specific diffraction geometry that was used (see figure 4.1 and
figure 5.10 as well as section 5.1.3). So, the NiSi2 phase cannot be identi-
fied directly, but by the absence of NiSi (see also figure A.2). The silicidation
process on single crystal substrates starts at 200 ◦C. Measurements at RT and
at 160 ◦C (not shown here), reveal no clear diffraction maxima which can be
attributed to any silicide phases. Ni2Si is detected in all samples at 200 ◦C,
regardless of the doping. Traces of metallic Ni can also be found at 200 ◦C
(see figure D.1). The target phase NiSi (see figure 3.3), starts to form between
250 ◦C and 275 ◦C. The conversion to NiSi is completed between 300 ◦C and
325 ◦C. NiSi is stable up to 450 ◦C for undoped samples and at least up to
600 ◦C for the doped samples. This means, the transition to NiSi2 takes place
at significantly higher temperatures for doped samples compared to undoped
samples. Further thermal treatment up to 650 ◦C increases the amount of the
NiSi phase. At 700 ◦C the amount of NiSi seems to decrease, while at 750 ◦C
no more diffraction peaks are visible. There is not such a significant difference
between As+ and P+ as dopants compared with B+ doping. In undoped sam-
ples the Ni disilicide is formed below 550 ◦C. The conversion to NiSi2 takes
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Fig. 5.6: SR-XRD results of Ni|Si sample (λ=1.648 Å). Deposited Ni layer
thickness was 10 nm on 8 · 1015 at/cm2 As+ doped single crystal
substrate. Diffraction patterns between 200 ◦C and 750 ◦C with
labeled and partly indexed diffraction maxima. All labels are color
coded, i. e. blue stands for the metal-rich silicide, black for mono-
silicide phase.

place at higher temperatures for doped samples compared to undoped sam-
ples (see figure 5.7, lower part).

Polycrystalline substrates

The As+ doped and the undoped samples show NiSi diffraction peaks already
at 200 ◦C. On As+ doped polycrystalline silicon substrate Ni2Si is stable up
to at least 275 ◦C. B+ doping stabilizes the Ni2Si phase compared to undoped
and As+ doped samples. The first clear diffraction peaks of NiSi could be
observed at 300 ◦C on B+ doped samples. The conversion of Ni2Si to NiSi is
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finished at 300 ◦C. The dopants have a beneficial effect on the thermal stabil-
ity of NiSi, which is formed on undoped samples below 475 ◦C. The intensities
of the NiSi diffraction maxima rise up to 475 ◦C. The formation of NiSi2 is
retarded for the doped samples, where NiSi2 can be identified at temperatures
significantly higher than 525 ◦C compared to the undoped sample where it is
already been formed at 475 ◦C. Further thermal treatment leads then to fur-
ther formation of NiSi2 out of NiSi. Figure 5.7 illustrates the formation and
transformation temperatures as well as the range of existence for all investi-
gated Ni layer samples.

200 250 300 350 400 450 500 550 600 650 700 750 800
[°C]

B doped
+

P doped
+

Single crystal substrate

As doped
+

Non doped

Non doped

As doped
+

Ni Si
2

NiSi
2

NiSi

Polycrystalline substrate

B doped
+

Fig. 5.7: Summary of 60 SR-XRD results of 10 nm Ni|Si samples with var-
ious types of dopants. Vertical boxes represent actual measuring
temperatures. All boxes and bars are color coded, i. e. cyan stands
for the metal-rich silicide, black for monosilicide, and red for the
disilicide phase. Horizontal bars connect measured temperatures.
Color gradients indicate that a phase transition started between
its lower and upper limit. Monochrome bars show that no new
phase was formed between its lower and upper limit. Boxes with
two different colors indicate that at this temperature two phases
coexist.

Details of the mentioned diffraction patterns can be found in appendix D.1.
There, diffraction patterns of various temperatures are presented.
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In situ SR-XRD measurements of Ni|Si samples

Due to the nature of in situ experiments, no etching off of the capping layer
can be performed during annealing of the samples. Therefore, the in situ ex-
periments do not reflect the conditions of the actual manufacturing process.
Nevertheless, they reflect the terms of incomplete etching processes after the
first RTA step if parts of the capping layers withstand the etching.

A set of boron doped samples with 10 nm Ni with and without the capping
layer were prepared to evaluate the impact of a 15 nm TiN capping layer on
the silicidation process under quasi-static conditions. The obtained results
can directly be compared to the results presented in figure 5.7. The greater
thickness of the capping layer was chosen to compensate for the overall lower
Ti content when a TiN capping layer is used rather than a Ti capping layer. Ni
is less prone to oxidation than Co, therefor the TiN capping layer is suitable
for preventing unwanted oxidation prior to silicidation.

Single crystal substrates

Figure 5.8 shows examples of diffraction patterns obtained at several tem-
peratures for a 15 nm TiN capped, boron doped, 10 nm Ni sample on a single
crystal silicon substrate. The diffraction maxima corresponding to TiN at
≈45.4◦ 2ϑ (λ=1.648 Å) can clearly be seen in figure 5.8 a) and b).
Figure 5.9 summarizes the SR-XRD results of capped (15 nm TiN) and un-
capped, B+ (8 · 1015 at/cm2 @ 5 keV) doped Ni samples with a layer thickness
of 10 nm of Ni. In the case of the uncapped sample Ni2Si can be observed in
the temperature range between 200 ◦C and 300 ◦C. At 300 ◦C only NiSi was
detected. That means the conversion from Ni2Si to NiSi started above 250 ◦C
and was completed at 300 ◦C. No indication of disilicide formation could be
observed up to 600 ◦C.
Within the capped sample, Ni2Si can be detected between 200 ◦C and 300 ◦C.
At 300 ◦C, NiSi formation already started. At 350 ◦C, the conversion from
Ni2Si to NiSi was completed, and up to 650 ◦C no indication of NiSi2 forma-
tion could be found.
On a single crystal silicon substrate, a stabilizing effect of the TiN capping
layer with respect to the metal-rich phase Ni2Si could be detected. Ni2Si was
at least stable for a temperature of 50 K higher compared to the uncapped
sample. No indications of NiSi2 formation could be observed in both sam-
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ples, meaning that for the high-temperature regime, no differences between
the samples were found.

Diffraction angle 2 ϑ[°] Diffraction angle 2 ϑ[°]

In
te

ns
ity

[a
.u

.]

Fig. 5.8: Diffraction patterns of 10 nm Ni|Si sample with a 15 nm TiN cap-

ping layer on a B+ doped single crystal substrate (λ=1.648 Å).
On the right hand side, a magnified view of the low temperature
regime is shown. The peaks are labeled due to the corresponding
phases.

Polycrystalline substrates

The uncapped sample shows evidence for Ni2Si formation at 200 ◦C and
250 ◦C. Below 300 ◦C, the conversion from Ni2Si to NiSi started, which was
completed at 300 ◦C. Between 350 ◦C and 500 ◦C, only NiSi could be detected.
At 600 ◦C both NiSi and NiSi2 could be observed, meaning that the conversion
started between 500 ◦C and 600 ◦C, but was not completed yet.
Within the capped layer, diffraction maxima corresponding to Ni2Si are visi-
ble at 250 ◦C. At 300 ◦C, the conversion to NiSi was completed. No indications
for NiSi2 formation can be found between 350 ◦C and 655 ◦C.
In the low temperature regime, no impact of the capping layer was obvious
on polycrystalline substrates. Both samples showed diffraction peaks of Ni2Si
at 200 ◦C and 250 ◦C. At 300 ◦C, only NiSi could be found in the capped and
in the uncapped sample. The conversion from NiSi to NiSi2 started below
600 ◦C within the uncapped sample, whereas no proof for NiSi2 formation is
detected in the capped sample up to 655 ◦C.
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Fig. 5.9: Summary of 31 SR-XRD results of 10 nm Ni|Si samples with and
without a 15 nm TiN capping layer on single and polycrystalline sil-
icon substrates. Samples were B+ (8 · 1015 at/cm2 @ 5 keV) doped.
Vertical boxes represent actual measuring temperatures. All boxes
and bars are color coded, i. e. cyan stands for the metal-rich sili-
cide, black for monosilicide, and red for the disilicide phase. Hori-
zontal bars connect measured temperatures. Color gradients indi-
cate that a phase transition started between its lower and upper
limit. Monochrome bars show that no new phase was formed be-
tween its lower and upper limit. Boxes with two different colors
indicate that at this temperature two phases coexist.

Epitaxial growth of NiSi2

The vanishing of diffraction peaks in figure 5.6 at 750 ◦C can be ascribed
to the epitaxial growth of NiSi2 along the Si <111> planes. The lattice
mismatch ∆a of 0.4 % between Si and NiSi2 is extremely small (see table 3.2),
and therefore the exact crystallographic orientation of NiSi2 on the silicon
substrate is energetically favorable. Figures 5.10 a) and b) show TEM images
of the As+ doped sample after thermal treatment up to 750 ◦C. The formerly
continuous silicide layer of NiSi became discontinuous, i. e. agglomeration
occurred, while transforming into NiSi2 at temperatures higher than 650 ◦C for
P+ doping and higher than 700 ◦C for As+ doping (figures 5.6 and D.1). TEM
investigations of the P+ doped samples show NiSi grains next to epitaxially
grown NiSi2 islands. Epitaxial growth of NiSi2 at high temperatures was also
reported earlier by Lauwers et al. [103].
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Fig. 5.10: Epitaxial growth of NiSi2 on (001) silicon substrate.
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Summary of analytical results of Ni silicides

The formation of Ni2Si starts below 200 ◦C in all investigated samples. Dop-
ing of the substrates leads to a higher thermal stability of Ni2Si and NiSi for
both types of substrates. The onset temperature at which NiSi is formed was
determined to be 275 ◦C for undoped as well as As+ and P+ doped single
crystal substrate samples and to be lower than 200 ◦C for non-doped and As+

doped polycrystalline samples. Boron however, shifts the formation tempera-
ture of NiSi to 300 ◦C for both types of substrates. The upper limit of thermal
stability of NiSi, which is replaced by NiSi2, could be deferred by at least 25 K
on polycrystalline substrates and by more than 100 K on single crystal sub-
strates.
The phase formation sequence was found to be

Ni2Si→NiSi →NiSi2

in all investigated samples. At temperatures higher than ≈700 ◦C, NiSi2 is
formed epitaxially on single crystal substrates.

5.1.4 Summary of impact of capping layer

A capping layer retards the silicidation process due to the interaction of the
deposited metal with the capping layer. The deposited capping layer of 15 nm
of Ti had a stabilizing effect on the monosilicide phase, CoSi and Co0.95Ni0.05Si.
This was also reported in literature [53]. The formation temperature of CoSi2
and Co0.95Ni0.05Si2 on undoped single crystal substrate was shifted upwards
for at least 100 K when the Ti capping layer was applied.
In the low temperature regime, the TiN capping layer had a stabilizing effect
with respect to the thermal stability of Ni2Si. The thermal stability of Ni2Si
was enhanced on single crystal substrates, i. e. Ni2Si could still be detected
at 300 ◦C compared to the uncapped samples in which at that temperature
only NiSi is present. Especially the conversion from NiSi to NiSi2 is effected
at elevated temperatures on polycrystalline samples. This beneficial effect
of a TiN capping layer on the thermal stability of NiSi was also observed by
Chamirian et al. by means of Rs measurements [128]. The formation tempera-
ture of NiSi2 on polycrystalline substrates was shifted to higher temperatures
by more than 50 K.
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5.2 The ternary CoTiSi phase

The Co|Si samples with a Ti capping layer were not subjected to a wet-
chemical etching step, as it is the case for the manufacturing process. Since
the etching properties of a ternary phase might be different compared to the
properties of metallic Co or Co monosilicide, it is of interest not to leave
any Ti residuals on top of Co silicide. Any leftovers might have a great
impact on further silicidation processes and lead possibly to an increased sheet
resistance. Therefore, the investigation of the interaction of the capping layer
with the Co layer (possibly also the silicide layer) could reveal insights into
phase-formation processes whenever the wet-etch step fails to remove all of
the capping layer prior to further processing. No indications of the formation
of different phases besides CoSi and CoSi2 could be found using SR-XRD
(figure 5.1). Since the detection limit of (SR-)XRD techniques is ≈1–3 vol. %
of a phase, TEM analysis were performed. One sample that was heated up to
610 ◦C out of the sample series ”H-M-S” (figure 5.1) was investigated by means
of analytical TEM techniques (EFTEM) as well as CBED. The sample was cut
and afterwards prepared conventionally for TEM investigations. Figure 5.11
shows two brightfield images of a cross-section of this sample. Figure 5.11 a)
shows the sample spot that was used to perform the EFTEM analysis which
are presented in figure 5.12. Figure 5.11 b) shows the area of the sample
that was investigated by CBED. In figure 5.12, EFTEM maps are presented.
Figures 5.12 a)–c) show the elemental maps of Si, Co, and Ti and it becomes
clear that several grains consist of all three elements. This can also be seen
in figure 5.12 c) which is a false color image derived from a superposition of
the three elemental maps. Although it is most likely the case now that there
is a ternary phase containing Co, Ti, and Si present, it cannot be determined
which phase it is. Since the TEM lamella is considerably thicker than a single
grain, it might in principle be possible that the Ti signal (see figure 5.12) c) )
within the layer is a signal from a grain/layer underneath the Co-Ti-Si grain.

Hsia et al. showed the existence of a Co-Ti-Si layer from silicidation experi-
ments with a Ti underlayer [129]. However, they did not perform any follow-up
experiments to characterize that layer. For the identification of the ternary
Co-Ti-Si phase, CBED investigations were performed.
Two principle problems arise while analyzing thin layers in the range of a few
nm. Sample drift due to a heating up of the sample caused by energy addi-
tion by the accelerated electrons and carbon contamination through cracking
of hydrocarbon contaminations inside the sample chamber can occur. To
minimize these effects, a special proceeding was used to obtain the results
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30.00 nm

(a) Brightfield TEM image of the region
used for EFTEM measurements.

(b) Brightfield TEM image of the region used
for CBED investigations.

Fig. 5.11: Brightfield TEM images of sample heated up to 610 ◦C. Deposited
metal layer thickness was 10 nm for Co and also 10 nm for the Ti
capping layer.

summarized in figure 5.14. Firstly, the imaging mode of the TEM was used
to choose a well suited position of the TEM lamella, and to set up the TEM
sample stage to move perpendicular to the layer stack in fine steps. Secondly,
the diffraction patterns were collected using solely the CBED mode of the
TEM. Diffraction patterns were collected by moving the stage stepwise from
the substrate to the sample surface to get distinct diffraction patterns from
different spots of the layer stack. Collecting time was approximately 2–3 sec
each. The diffraction patterns were taken in the order shown in figure 5.13,
starting with point L941. The final step used the imaging mode again to
check at which spots the diffraction patterns were taken. The hydrocarbon
contamination spots could be used to identify the actual measuring spots. At
these contaminated points, diffraction patterns were collected again (this time
of lower quality) and compared with the previous pattern to proof that the
measured spots were assigned correctly to the points given in figure 5.13.

The evaluation of the CBED patterns could be realized using ELDISCA, a
software developed by Thomas [122]. First, on the CBED images the diffrac-
tion spots were semiautomatically identified (see figure 5.14, middle column).
A set of several possible phases in the system Co–Si–Ti, i. e. Co, α-titanium,
Si, Co2Si, CoSi, CoSi2, CoTiSi, Co2TiSi, Co3Ti2Si [130], were considered to be
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30.00 nm

(a) Si EFTEM map.

30.00 nm

(b) Co EFTEM map.

30.00 nm

(c) Ti EFTEM map.

30.00 nm

(d) Superposition of a)–c). False color im-
age: Red = Si, Green= Co, Blue = Ti.

Fig. 5.12: EFTEM images of sample heated up to 610 ◦C. Deposited metal
layer thickness was 10 nm for Co and Ti capping layer [25].
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possible solutions for the simulation of the diffraction pattern. This set was
chosen because it contains the phases that are stable at room-temperature,
crystallographic data was available and it neglects high-pressure phases. The
second step is to simulate the CBED patterns with the crystallographic data of
the considered phases and to determine the best match of the measured and
simulated diffraction patterns. Figure 5.14 shows the results for the spots
L945, L946, L947, L949, and L952 where CoTiSi yielded the best possible
match. Various other phases could also be identified. The measuring point
L948 could be attributed to α-Ti, although no Ti diffraction maxima could
be found using SR-XRD. CoSi in L942, L943, and L950 as well and CoSi2
in L944 was also found (see figures C.1 and C.2), which was confirmed by
SR-XRD, as was shown in figure 5.1.

Ti

Co-Si

Si substrate

L950

L952

L951

L949

L945

L943
L942

L947L948

L944

L946

L941

Fig. 5.13: Sketch of analyzed sample positions of CoTiSi CBED investiga-
tions.
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L945: CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [3 8 1].

L946: CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [3 5 1].

L947: CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [1 4 2].

L949: CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [1 5 3].

L952: CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [254].

Fig. 5.14: Summary of CBED results that match ternary CoTiSi phase. Left column:
CBED pattern. Center column: Superimposed ELDISCA simulation. Right
column: best fit with indexed diffraction maxima.
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5.3 Size effects

5.3.1 Layer thickness

A set of B+ doped Ni samples was prepared to investigate the impact of the
deposited metal layer thickness. A layer thickness of 8 nm, 10 nm, and 15 nm
for the deposited Ni layer was chosen.

Impact of layer thickness on the nickel silicidation process

Single crystal substrates

The onset of Ni2Si formation could not be determined with starting tempera-
tures of 200 ◦C. At 200 ◦C, and up to 250 ◦C, all samples showed diffraction
peaks of Ni2Si. The starting point of NiSi formation seems to be independent
of the deposited Ni layer thickness and is situated at a temperature of about
275 ◦C for these long time anneals. However, in the 15 nm Ni samples Ni2Si
can still be found at 325 ◦C, whereas the conversion from Ni2Si to NiSi is
completed at 300 ◦C for the 8 nm Ni and 10 nm Ni samples. The formation of
NiSi2 starts below 550 ◦C in the 8 nm Ni samples. No indications for NiSi2
formation can be found at 600 ◦C for the 10 nm Ni sample and 650 ◦C for the
15 nm Ni sample, respectively. Figure 5.15 summarizes the SR-XRD results.

Polycrystalline substrates

In the temperature range between 200 ◦C and 250 ◦C only Ni2Si could be
found within 10 nm Ni and 15 nm Ni samples. At 275 ◦C the 15 nm Ni sample
showed diffraction peaks of NiSi. At 300 ◦C and 350 ◦C the conversion from
Ni2Si to NiSi was completed for the 10 nm Ni and 15 nm Ni, respectively. NiSi
is stable up to at least 550 ◦C for the 15 nm Ni sample. In the 10 nm Ni sample
NiSi2 could be found at 600 ◦C. No proof for NiSi2 formation is detected in
the capped sample up to 655 ◦C. Figure 5.15 summarizes the SR-XRD results.

The thinner the deposited metal layer was, the lower the formation and con-
version temperatures of the formed Ni silicides were. An increase in layer
thickness of 50 %, i. e. from 10 nm to 15 nm, resulted in an increased forma-
tion temperature for Ni2Si of at least 25 K.
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[°C]

Ni Si
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Single crystal substrate

Fig. 5.15: Summary of 32 SR-XRD results of B+ Ni|Si samples without a
capping layer. Vertical boxes represent actual measuring tem-
peratures. All boxes and bars are color coded, i. e. cyan stands
for the metal-rich silicide, black for monosilicide, and red for the
disilicide phase. Horizontal bars connect measured temperatures.
Color gradients indicate that a phase transition started between
its lower and upper limit. Monochrome bars show that no new
phase was formed between its lower and upper limit. Boxes with
two different colors indicate that at this temperature two phases
coexist.

Interface roughness of nickel silicide

Figure 5.16 shows TEM images of Ni-silicidized regions as well as the respec-
tive EELS spectra of fully processed wafers. In figure 5.16 a), the interface
to the polycrystalline silicon substrate is much smoother compared to the
interface seen in figure 5.16 b). In addition, EELS spectra were taken from
silicidized regions to identify the silicides. The near-edge fine structure of the
EELS spectra allowed the silicide phases to be identified.
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100 nm

(a) NiSi smooth interface to polycrys-
talline substrate.

100 nm

(b) NiSi2 rough interface to polycrys-
talline substrate.

Intensity[a.u.]

(c) EELS spectra. Fine structure of the SiL-edge
indicates silicide phases.

Fig. 5.16: TEM images of NiSi and NiSi2: diffusion-controlled (NiSi: upper part)
vs. nucleation-controlled (NiSi2: lower part) formation. Red regions
indicate area analyzed by EELS.
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5.3.2 Agglomeration of silicide layers

Agglomeration of Co0.95Ni0.05Si2 layers

An example of partial agglomeration, a term introduced by Pramanick [131],
is demonstrated in figure 5.17. The sample, with a original layer stack of
15 nm Co-Ni (5 at. % Ni) on single crystal silicon substrate, that is shown in
figure 5.17 was subjected to an annealing temperature of 650 ◦C. The over-
all annealing time was more than 2 hours since it was also investigated by
means of SR-XRD at the ESRF. It is clearly seen that the layer is no longer
continuous after the thermal treatment. The difference in contrast in the Co
map (figure 5.17 c) ) between the trapezoid-shaped Co0.95Ni0.05Si2 grains and
the disilicide layer is due to a different orientation of the respective grains.
Furthermore, agglomeration is a process taking place in two dimension of the
layer (neglecting the dimension perpendicular to the layer surface), therefore
the trapezoid-shaped grains form islands on the Co0.95Ni0.05Si2 layer that also
contribute to the higher contrast of these grains in (figure 5.17 c) ). This can
also be seen in the brightfield image, where the low indexed Co0.95Ni0.05Si2
grains on top of the continuous layer, appear darker (figure 5.17 a)–b) ). The
Ni content, although near the detection limit, was distributed throughout the
Co0.95Ni0.05Si2 layer. The corresponding SR-XRD patterns, that indicate that
only Co0.95Ni0.05Si2 is present, are shown in figure D.16. This figure exhibits
several diffraction maxima corresponding to Co0.95Ni0.05Si2, indicating that
Co0.95Ni0.05Si2 does not grow epitaxially in these samples.
For the case of Co-Ni (5 at. % Ni)|Si samples, partial agglomeration, which al-
ready lead to a discontinuous silicide layer, occurs at temperatures as low
as 650 ◦C, where the conversion to the disilicide phase Co0.95Ni0.05Si2 is com-
pleted.
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(a) TEM brightfield image. (b) TEM brightfield image.

(c) EFTEM Co map. (d) EFTEM Ni map.

Fig. 5.17: TEM images of partial agglomeration of a Co-Ni(5 at. % Ni)|Si
sample annealed at 650 ◦C. Images b)–d), i. e. the EFTEM ele-
mental maps and the corresponding brightfield image, show the
same spot. The bright layer on top of the silicide, visible in the
brightfield images, is residing epoxy glue due to the TEM sample
preparation. The deposited metal layer thickness was 15 nm.
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Agglomeration of NiSi layers

Figure 5.18 a) shows a top-down-view SEM image of an initially deposited
12.5 nm Ni layer that was annealed to 700 ◦C for 30 sec. The contrast in the
SEM image corresponds to different materials on the surface. The elemental
maps (figures 5.18 b)–c) ) show the rather inhomogeneous distribution of Ni
and Si, respectively. In the Ni map, dark spots are visible, indicating areas
with a depletion in Ni. In the Si map, exactly the same spots show an enrich-
ment of Si, meaning the formation of silicon ”islands” surrounded by NiSi.
Figure 5.20 AFM images of NiSi layers. The mapped areas were 1 x 1µm2

(a) SEM top-down view of
an agglomerated NiSi
layer.

(b) AES elemental map of Ni
surface distribution.

(c) AES elemental map of Si
surface distribution.

Fig. 5.18: AES data of agglomerated NiSi layer. Sample annealed at 700 ◦C
for 30 sec. SEM top-down view (a). Elemental maps (b)–c) ) to
show Ni and Si surface distribution. Deposited Ni layer thickness
was 12.5 nm.

and 10 x 10µm2, respectively. Again, the agglomeration effect can clearly be
seen from the images. Especially the comparison with the sample heated up
to 450 ◦C (figure 5.19) reveals a larger mean grain size as well as a much
more inhomogeneous surface of the NiSi sample subjected to 700 ◦C for 30 sec
(figure 5.20). As can be seen from the AES and AFM investigations, the
agglomeration of Ni silicide films starts before the conversion to NiSi2 proceeds
to a significant extent, i. e. NiSi2 content of &3–5 vol. %, since XRD and
resistivity measurements revealed that the films consisted of NiSi.
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(a) AFM image of an 1 x 1µm2 area of NiSi
layer.
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(b) AFM image of a 10 x 10µm2 area of
NiSi layer.

Fig. 5.19: AFM maps of NiSi layer. The sample was annealed at 450 ◦C
for 30 sec. Height scale (0–50 nm) on the right hand side of the
images. Deposited Ni layer thickness was 12.5 nm.
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(a) AFM image of an 1 x 1µm2 area of NiSi
layer.
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(b) AFM image of a 10 x 10µm2 area of
NiSi layer.

Fig. 5.20: AFM maps of NiSi layer. The sample was annealed at 700 ◦C
for 30 sec. Height scale (0–50 nm) on the right hand side of the
images. Deposited Ni layer thickness was 12.5 nm.
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Degree of agglomeration

In order to estimate the degree of agglomeration of silicide layers, top-down
SEM images were taken. In these images, Si appears dark, while NiSi appears
bright. By means of digital image processing, and setting an appropriate
contrast threshold, the separation of the two phases is possible. This enables
the calculation of the surface area fraction of each phase. The area fraction of
Si on the surface is no direct measure of agglomeration. However, the higher
the fraction of Si of the surface is (in area %), the further the agglomeration
process has proceeded, obviously never reaching 100 %. The morphology of
the NiSi layers is shown using TEM cross-section images. All samples had
an initially deposited Ni layer of 12.5 nm and were subjected to an annealing
temperature of 650 ◦C for 30 sec to form the silicide layer. After the silicidation
step, remaining Ni or metal-rich Ni silicides were etched off. By means of
X-ray diffraction and electrical resistivity measurements, it was confirmed
that the formed silicide layer consisted of NiSi. As agglomeration effects
lead to a degradation of sheet resistance Rs, experiments were carried out to
evaluate the impact of doping or pre-amorphization implantation (PAI) prior
to silicidation. The samples of figure 5.21 were doped with 2.5 · 1015 at/cm2

and got no post-pre-amorphization annealing. They showed a Si surface area
fraction of 5 area %. The TEM image shows a continuous NiSi layer.

Fig. 5.21: Left: SEM top-down view of NiSi layer.
Middle: Area fraction analysis for several crystalline phases of
NiSi layers, Si red, NiSi green.
Right: TEM cross-section image of NiSi layer.
Whole width of SEM images is 295µm, TEM image is 440 nm
wide.
Area fraction analysis: 5 area % Si on surface. Sample doped with
2.5 · 1015 at/cm2 B+. Initially deposited layer thickness of Ni was
12.5 nm. For an enlarged view of TEM images see figure E.1 a).
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Fig. 5.22: First column: SEM top-down view of agglomerated NiSi layers.
Second column: Area fraction analysis for several crystalline
phases of agglomerated NiSi layers, Si red, NiSi green.
Third column: TEM cross-section images of NiSi layers.
All samples subjected to Xe+ pre-amorphization implant with
a dose of 2·1014 at/cm2 with subsequent post-PAI annealing of
0 sec, 30 sec, and 300 sec (1st, 2nd, 3rd row) and a RTA step of
650 ◦C for 30 sec. Initially deposited layer thickness of Ni was
12.5 nm.
Whole width of SEM images is 295µm, TEM images are 440 nm
wide.
Area fraction analysis: 42 area % Si on surface, regardless of PAI
annealing time. For an enlarged view of TEM images see fig-
ure E.1b)–d).
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The samples of figure 5.22 were subjected to a PAI step through implantation
of 2·1014 at/cm2 Xe+. After silicidation, they got post-PAI anneals at 600 ◦C
for 0 sec, 30 sec, and 300 sec, respectively. They showed a Si surface area
fraction of 42 area %, regardless of the additional annealing time. All of the
samples were affected by severe agglomeration such that the NiSi layer is fairly
discontinuous. The PAI step failed in reducing the degree of agglomeration for
these Ni silicide films. The angularity of the NiSi grains increased with post-
PAI annealing time heading towards their equilibrium shape (see section 6.5).

The comparison of figure 5.21 and figure E.1 b) ) reveals that the doping is
much more efficient in retarding agglomeration. Both samples were treated
equally with respect to thermal treatment, the only difference was on the one
hand the B+ doping and on the other hand Xe+ pre-amorphization.

Summary of agglomeration results

Agglomeration of NiSi layers could be investigated directly by means of AES
elemental mapping as well as SEM imaging. Samples that were subjected to
a thermal treatment of 700 ◦C for 30 sec suffered from severe agglomeration.
The agglomeration of the layer started prior to the formation of NiSi2, which
could be also be proven. The average NiSi grain size increased significantly by
increasing the annealing temperature from 450 ◦C to 700 ◦C for 30 sec each.
Partial agglomeration of a Co0.95Ni0.05Si2 layer could be observed for a sam-
ple subjected to 650 ◦C for ≈3–4 hours. The evolution of the agglomeration
process proceeded until islanding occurred and the grains almost developed
their equilibrium shape (see figure 6.12).
Estimates about a degree of agglomeration could be made by means of calcu-
lation the surface area fraction of Si of a NiSi layer. Experiments with Ni layer
subjected to RTA conditions of 650 ◦C for 30 sec and a pre-amorphization step
showed that the degree of agglomeration is independent of a post-PAI anneal-
ing time, i. e. post-PAI had no impact on the degree of agglomeration. Boron
doping, however, leads to a significant reduction of agglomeration effects. The
samples with B+ doping exhibited a continuous NiSi layer in contrast to the
PAI samples that showed discontinuous NiSi layers.
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Discussion of results

6.1 Temperature limits for low-resistivity
phases

6.1.1 Capping layer

Capping layers can play an important role for the silicidation process. The
most commonly used capping layers Ti and TiN were examined in this work.
They are able to improve the thermal stability of the silicide layers, i. e. they
are capable of retarding agglomeration of thin silicide layers [41,125].
A Ti capping layer has the effect of shifting formation temperatures to higher
values for the formation of Co and Co-Ni silicides. This impact on CoSi2 or
Co0.95Ni0.05Si2 formation from Co or Co-Ni layers, as can be seen from fig-
ures 5.2 and 5.5, was also reported in literature [26, 53]. The XRD results
showed, that the conversion from the respective monosilicides to CoSi2 and
Co0.95Ni0.05Si2 was retarded for more than 100 K. This stabilizing effect of a
Ti capping layer on silicide formation for Co and Co-Ni silicides (with vari-
ous Ni contents) was also confirmed by Chamirian et al. [53], and recently by
Kittl et al. for Ni silicides [31] by RS measurements and ex situ XRD investi-
gations.
Figure 5.9 shows that the formation temperature of NiSi2 was increased by at
least 55 K, when a TiN capping layer was applied. Only a very minor impact
on the conversion temperature from Ni2Si to NiSi could be observed, and only
on single crystal silicon substrates. The TiN capping layer leads to a reduction
of heterogeneous nucleation of NiSi2. Therefore, mainly the conversion from
NiSi to NiSi2 is affected. The impact of a TiN capping layer on the thermal
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stability of NiSi was also reported by Chamirian et al. [128]. In literature, the
effect of a lowered onset temperature for Ni silicidation using a Ti capping
layer was reported [126]. This was explained by the reduction of interfacial
oxide at the Si/Ni interface by Ti. These findings were not confirmed by any
other authors, nor by the results presented in this work. This might be due
to the sample preparation process using state-of-the-art manufacturing tools
and a metal deposition after a pre-clean of the silicon surface, thus no oxide
diffusion barrier was present in the investigated samples. Nevertheless, a Ti
or TiN capping layer is used to getter oxygen contaminations and other im-
purities which might affect the silicidation process. Therefore, a reduction of
SiO2 is quite possible, since the free energy change ∆G is negative for this
reaction [126]:

∆G750 ◦C for Ti + SiO2 → TiO2 + Si = −34 kJ/mol (6.1)

It is energetically more favorable to form Ni2Si rather than TiSi2, since the
heat of formation for Ni2Si (-140.6 kJ/mol) is higher compared to that of TiSi2
(-134.3 kJ/mol).
A Ti or TiN capping layer retards the silicidation process due to the inter-
action of the deposited metal with the capping layer, since it reduces the
mobility of Co and Ni during silicidation [2]. Ti atoms segregate at the in-
terface metal/Si [126, 131]. This leads to a reduced mobility of the metal
atoms, since the main diffusion-controlled mass transport takes place along
grain boundaries.

The fact that the Ti capping layer had a higher impact on the formation tem-
peratures of the respective disilicides can be explained by the higher mobility
and higher reactivity of the Ti atoms originating from a pure Ti layer rather
than from Ti-nitride phases, since the bonding energy for a Ti-Ti bond in Ti
is significantly lower than for a Ti-N bond in TiN20.

No agglomeration was found in Ni|Si samples subjected to an annealing tem-
perature of 650 ◦C with a 15 nm TiN capping layer, whereas samples with
epitaxially grown NiSi2 (and no capping layer) showed clear island formation
(see figure 5.10). This effect of decreased agglomeration is due to a pinning
of grain boundaries at the interface silicide/capping layer, thus leading to less
severe grain boundary grooving [125–127].

20 141.4 ±21 kJ/mol for Ti-Ti in Ti compared to 476.1 ±33.1 kJ/mol for a Ti-N bond in
TiN [132].
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The usage of a Ti(N) capping layer can even lead to the formation of ternary
Co-Ti silicides, especially when the capping layer is not, or only partially,
removed after the initial step of silicidation [25]. In section 5.2, the ternary
phase CoTiSi was identified by means of CBED. In literature, several ternary
Co-Ti-Si phases are reported, amongst them CoTiSi, Ti2Co3Si3, and Ti4Co4Si7
as possible phases [133, 134]. The phase identification was sometimes rather
uncertain due to the small sample volume and the analytical techniques
used [127].

However, the capping layer usually is stripped off after a first RTA step, so
the capping layer effect might be reduced on CMOS devices with respect to
the formation of CoSi2.

6.1.2 Dopants

Silicon as a semiconducting material needs to be doped to adjust its properties
to a desired level of conductivity. The resistivity of Si can be altered in the
order of several magnitudes by ion implantation of either acceptor atoms (e. g.
B, In) or donor atoms (e. g. As, P). After implantation, a high-temperature
step (T ≥1000 ◦C) follows in order to activate the implanted species, i. e. to
incorporate the implanted atoms into the silicon lattice. These implants have
an impact on the silicidation process, particularly formation and transition
temperatures are generally higher in doped samples compared to undoped
samples (see figure 5.7 and figure 5.4). This was also confirmed by several
authors [44,45,69].

The SR-XRD results of the Co-Ni|Si samples showed, that doping of the
substrate leads to a higher thermal stability of (Co0.95Ni0.05)2Si, the metal-rich
phase, of at least 25 K on single crystal substrates. CoSi (Co0.95Ni0.05Si) was
stabilized to ≥75 K on As+ and P+ doped single crystal substrates. However,
the formation temperature of CoSi (Co0.95Ni0.05Si) was lowered by at least
25 K on As+ doped single crystal substrates. On polycrystalline substrates,
the thermal stability of (Co0.95Ni0.05)2Si was decreased by 25 K.

As+ doping stabilizes NiSi, i. e. NiSi is stable for at least 50 K higher tem-
peratures, compared to P+ doping, which might be due to a somewhat higher
binding energy to Si of 0.054 eV compared to 0.045 eV for P, since the bonding
between Si and the implanted species must be destroyed to form a silicide. For
Ni silicides, boron seems to stabilize the metal-rich phase (Ni2Si) on polycrys-
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talline Si substrates slightly (see figure 5.7) in contrast to what is reported by
Lavoie et al. [44]). There, p-type doping decreases the formation temperatures
of metal-rich Ni silicides by more than 50 K. However, these experiments were
conducted on silicon-on-insulator (SOI) substrates, which behave differently
compared to bulk silicon substrates [135]. When high doses of implants are
applied, and when not all implanted atoms are incorporated into the Si lattice,
which is very likely in that case, then the effect of grain boundary stuffing
can occur [131]. This phenomenon leads to reduced mobility of metal atoms,
especially on polycrystalline substrates, which in turn leads to higher forma-
tion temperatures and therefore to less severe agglomeration effects. During
silicidation, the dopants are likely to be expelled to a certain extent from the
formed silicides, and therefore, are prone to segregate at grain boundaries.
Although this local enrichment of dopants changes the local concentration of
implanted atoms significantly, no formation of CoxAsy or CoxBy phases could
be proven [136].
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6.2 Mechanisms for phase formation and
growth in silicides:
nucleation and diffusion

Heterogenic nucleation is the predominant nucleation process in thin film
layers. Since lattice defects, e. g. grain boundaries, impurities, interfaces,
unsaturated bonds, etc. are regions of lower bonding energies, at these sites
the activation energy for site changes is also lowered. Those regions act as
nucleation centers, i. e. sites where nucleation is most likely to happen. As the
energy needed for the formation of nuclei is therefore lower in polycrystalline
materials compared to single crystals, the overall lower formation and trans-
formation temperatures on polycrystalline substrates (see figures 5.7 and 5.4)
can be explained. This was also confirmed in literature [31,69,137], where the
formation temperature of CoSi2 and NiSi2 was up to 75 K lower on polycrys-
talline substrates compared to single crystal substrates.
Whenever nucleation plays the dominant role in the formation of a phase,
usually the resulting layers are quite rough. Since (heterogenous) nucleation
does not take place uniformly within thin films, the grain growth is therefore
nonuniform too. Interfaces tend to be much rougher than it is the case for
the formation of diffusion-controlled phases. This effect is damped in thick
layers, since the resulting surface/interface is ”far away” from the original in-
terface and the intergrowth of many grains lowers the roughness. Therefore,
this effect is pronounced in very thin layers, because the phase formation is
finished before a smoothing can occur. This confirms results published in
literature that show that the formation of NiSi2 and CoSi2 is known to be
nucleation controlled [6, 8, 44, 138]. Figure 5.16 shows a comparison of NiSi
and NiSi2 on fully processed production wafers. The interface roughness to
the polycrystalline silicon substrate is significantly higher for the NiSi2 sam-
ple. On the one hand, this indicates that nucleation processes have a strong
impact on NiSi2 formation, also under RTA conditions. On the other hand,
this result also shows that the formation of NiSi is diffusion controlled rather
than nucleation controlled.

Since the difference of ∆H of these phases is small (see table 3.3), the en-
tropy of mixing ∆S can influence ∆G∗. ∆S∗ is increased by the alloying
and thus ∆G∗ and the nucleation temperatures are reduced. The alloying
effect of lowering the formation and conversion/transition temperatures for
the (Co1−xNix)2Si, Co1−xNixSi, and Co1−xNixSi2 phases compared to pure Co
silicides that was observed in this work (see figure 5.4) can be explained by the
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contribution of the entropy of mixing. This alloying effect was also confirmed
by various other authors [34,47,48,50,51,53,55,71,72,74]. The higher the Ni
content, the lower the formation temperatures of the silicides [45]. The more
Ni is present in the system, the more likely it is, that sufficient Ni is available
to form a NixSiy nucleus.

The SR-XRD experiments, that were conducted under quasi-static conditions
with annealing times of ≈15–20 min., showed clear evidence for the coexistence
of two phases (see figures 5.7 and 5.4). In the investigated nanoscale layers,
the supply of the metal stops before the critical thickness tlβS

is reached. In
that case, one of the fluxes, e. g. DMe

αS
, becomes 0 and the second phase starts

to grow. Due to its diffusion-controlled nature, the phase formation processes
tend to follow a parabolic growth rate (growth ∝ t

1
2 ) for the case of the metal-

rich phases up to the monosilicides CoSi and NiSi [6,7,9,139]. Knowing that
the investigated nanoscale layers are well below the critical layer thickness tl,
it is obvious that the reactions within these films that lead to the formation of
the second formed phase are supply-controlled. That means, the second phase
is formed at lower temperatures (for the same annealing times) in thin films
compared to bulk samples, since the second phase formation starts when the
supply of Me atoms ceases. Furthermore, another deliberation must also be
taken into account. The average grain size within nanoscale layers is signifi-
cantly smaller than for bulk samples. It is in the range of 1–10 nm (the layer
thickness itself) for nanoscale layers and about 1µm for bulk samples [73].
This leads to a much more pronounced grain boundary diffusion and thus to
a considerably higher effective diffusion coefficient, thus accounting also for
the lowering of the formation and conversion temperatures.

Phase formation sequence in the system Co–Si

The phase formation sequence in the case of Co silicides was found to be for
all varied parameters:

Co2Si→CoSi→CoSi2

This can be seen in figure 5.1. Although at the starting temperature Co2Si
and CoSi are present, it is clear that Co2Si is the first phase that is formed,
since it has the lowest heat of formation ∆H0

F , the ratio of Me:Si is highest for
Co2Si reflecting the conditions at the interface Me:substrate and from other
SR-XRD experiments. This cannot be directly expected from the equilibrium

82



6.2 Mechanisms for phase formation and
growth in silicides: nucleation and diffusion CHAPTER 6

phase-diagram, figure A.1, although only three phases are known to exist be-
low 400 ◦C (compare section 2.3). From that result it can be concluded that
Co2Si is the phase with the lowest effective reaction barrier at the interface.
Since the supply of Si could be considered to be infinite, no diffusion barrier
existed, and the experiments were carried out under quasi-static conditions,
the shown order of subsequent silicide formation was the same as reported in
literature [6, 8, 75,139,140].

Phase formation sequence in the system Co–Ni–Si

The phase formation sequence in the system Co-Ni(5 at. % Ni)-Si could be
determined also. It was very similar to the phase formation in the system
Co-Si for all varied parameters:

(Co0.95Ni0.05)2Si→CoSi→Co0.95Ni0.05Si2

As is shown and discussed in further detail in chapter 6.3, CoSi and NiSi are
almost immiscible. Therefore, in the phase formation sequence only CoSi is
listed. The AES results showed that the Ni content was enriched at the inter-
face silicide/Si substrate. It can be assumed that Ni is incorporated into Co2Si
and into the disilicide after complete silicidation, since Co2Si and Ni2Si as well
as CoSi2 and NiSi2 form an uninterrupted solid solution series [48, 51, 55, 72].
The alloying of Co with 5 at. % Ni did not change the phase sequence, (see
section 5.1.2, and especially figure 5.4), however, the formation temperature
was reduced. This finding was also confirmed in literature ny RBS, RS mea-
surements, ex situ XRD, and AES [34,51–53].

The phase formation sequence in the system Co-Ni-Si could also be confirmed
with AES. Figure 6.2 shows depth profiles of Co-Ni|Si samples after var-
ious RTA treatments. This figure shows the phase formation sequence of
(Co0.95Ni0.05)2Si→CoSi→Co0.95Ni0.05Si2 which can be concluded from eval-
uating the ratio of Co:Si. Starting with a mixture of Co2Si and CoSi, fig-
ures 6.2 a), followed by CoSi, 6.2 b)–d), and completed by CoSi2, 6.2 e).

In most cases, two phases coexisted over a certain temperature range. Since
the thickness of the silicide layer is far below the critical thickness (see equa-
tion 2.29), this is an indication that the phase growth is supply-limited (see
chapter 2.3). A capping layer did not have any influence on the phase forma-
tion sequence. The type of dopant (n- or p-type) and the used dose also had
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no impact on it. The same is true for the type of substrate, i. e. polycrystalline
substrate or single crystal substrate. The temperatures for phase formation
and conversions/transitions were changed significantly in some cases. For ex-
ample, the temperatures were shifted by 50 K using n-type or p-type dopants,
maintaining the same phase sequence [44]. On polycrystalline substrates,
the formation and conversion/transition temperatures were decreased signifi-
cantly compared with the single crystal substrates.

The determined phase formation sequences are in agreement with the sub-
sequent growth of silicides described by Vankar [141], as well as by Gösele
and Tu [7] and is also typical for interdiffusion controlled growth processes of
welded samples or layer stacks.

Phase formation sequence in the system Ni–Si

In literature several approaches for the determination of the phase formation
sequence in the system Ni-Si were pursued. Canali et al. [142] examined the
case that Ni is in excess, i. e. they deposited ≈280 nm of Ni on top of a
≈90 nm Si film, and found the phase formation sequence to be for all varied
parameters:

Ni2Si →Ni5Si2 →Ni3Si

This phase formation sequence was explained by the growth of the respective
silicide layer until all Si was consumed by this phase and was then succeeded
by more and more metal-richer phases.

For thin films however, not all phases can be expected, and usually not all
phases occur that are present in the binary phase diagram of Ni-Si (see fig-
ure A.2). In the case of a thin Ni film and now assuming that Si is in excess,
as it is always the case for a thin Ni film on Si substrate, a different phase
formation sequence was presented in literature recently by Lavoie et al. [44]:

Ni3Si →Ni31Si12 →Ni2Si→NiSi →NiSi2

In this work, dealing with thin films of Ni on various Si substrates, the phase
formation sequence was determined to be:

Ni2Si→NiSi →NiSi2
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This phase formation sequence, from the metal-rich silicide Ni2Si to the mono-
silicide NiSi and finally to the disilicide NiSi2 was found to be valid for all
investigated Ni|Si samples and the given experimental conditions (see chap-
ter 5, especially figure 5.7). The SR-XRD experiments showed that neither
at RT nor at 160 ◦C silicidation processes occurred that could be detected
with the given measuring setup. The metal-rich silicides Ni3Si and Ni31Si12
were not observed. Obviously, the starting temperatures were higher than the
thermal stability ranges of these phases. Furthermore, the annealing times of
15–20 min. were such, that the conversion of the metal-rich silicides Ni3Si and
Ni31Si12 to Ni2Si was obviously already completed. Lavoie et al. [44] heated up
with a ramping rate of 3 K· sec−1 and took at least every 100 ms a diffraction
pattern. Using this technique, they were able to determine the metal-rich
silicides that are stable in a temperature range of only a few K. These low
symmetry phases, that are very difficult to identify due to peak overlap, have
been missed due to the reasons mentioned above.

Nevertheless, the determination of the onset temperatures of phase forma-
tion of Ni2Si and NiSi is crucial with respect to the manufacturing process of
CMOS devices, because Ni2Si could be target phase prior to the etching off
of non-reacted metal and contaminants developing a two-step manufacturing
process. The temperature at which NiSi2 starts to form is also of great impor-
tance, since no further process steps must exceed this temperature to avoid
the formation of this high-resistivity phase. The annealing times of several
minutes, and cumulated in the range of a few hours, reflect the conditions of
the BEoL processing in semiconductor manufacturing. Different approaches
can be taken into account in the development of a process order suitable for
mass production. One could be the (direct) formation of NiSi prior to etching
off non-reacted metal as well as contaminations. For this approach it is im-
portant to know the temperatures at which the formation of NiSi is completed
and at which temperatures NiSi2 is formed. Another approach could be to
choose the manufacturing conditions in such a way that a mixture of Ni2Si
and NiSi is present prior to the wet-etch process and to fully convert these
silicides to NiSi within the BEoL process.

However, the phase formation can be changed significantly using diffusion bar-
riers. Especially when epitaxial films of either CoSi2 or NiSi2 are of interest, it
is common to use a diffusion barrier, e. g. a layer of C, Cr, Mo, Hf, Ta, W, Zr,
SiN, SiO2 (OME: oxide mediated epitaxy) or Ti (TIME: titanium mediated
epitaxy), to limit the supply of metal atoms [4, 127, 143–147]. In these cases,
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the first silicide-phase that is formed is either CoSi [143, 144] or the silicon-
rich phases, i. e. CoSi2 or NiSi2 [145–147]. It seems that the efficiency of the
diffusion barrier determines whether an ”intermediate” monosilicide phase is
formed or not. Suggesting, the more impermeable the barrier for the metal
atoms is, the more likely direct formation of epitaxial disilicides happens. By
means of reactive-CVD (chemical vapor deposition) or MBE, epitaxial CoSi2
can be formed, too [11,148].
Falke, for example, demonstrated, when a Ti underlayer underneath the Co
film is deposited, it is possible to obtain the following phase formation se-
quence [149]:

CoSi2 →CoSi →CoSi2
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6.3 Limited miscibility of CoSi and NiSi

Since the XRD investigations revealed no clear indication of a formation of
ternary Co-Ni silicides, AES experiments were conducted on various Co-Ni|Si
samples. The AES conditions for all measurements were:

• Sputtering with: 1 keV Ar+ ions

• Sputter area: 2.25 mm2

• Sputtering energy: 20 keV, 20 nA

• Analyzed area: 50 x 60µm2

Figure 6.1 shows AES depth profiles21 of two samples with a 15 nm Co layer
with 9 at. % and 5 at. % Ni sputtered from alloy targets of the according com-
position on an undoped single crystal silicon substrate.
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(b) Co-Ni|Si sample with 5 at. % Ni.

Fig. 6.1: AES depth profiles of Co-Ni|Si samples after deposition.

The Ni distribution right after deposition of the metal layer is homogenous
while sputtering through the metal layer towards the substrate (see figure 6.1).

21 The calculation of the atomic concentration profiles is based on sensitivity factors which
were determined by two reference samples, NiSi and CoSi2, respectively. Both were
characterized for their stoichiometry, i. e. the ratio of Ni:Si and Co:Si by Rutherford
backscattering spectroscopy (RBS). The so calculated atomic concentration values are
valid for the components with compositions close to these standards.
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After thermal treatment, however, this behavior changes dramatically. An en-
richment of Ni can always be found at the interface silicide/silicon as figure 6.2
shows. The AES spectra of figure 6.2 a) shows that for the applied RTA con-
ditions (30 sec @ 450 ◦C) the ratio of Co:Si is ≈2:1 (and a few at. % Ni, see
figure 6.3), indicating that (Co0.95Ni0.05)2Si is present at this temperature
within the upper part of the layer stack. Towards the substrate the ratio
changes to ≈1:1, i. e. CoSi is present. At this temperature, already an enrich-
ment of Ni at the interface silicide/substrate can be observed. At 475 ◦C, the
ratio of Co:Si is ≈1:1 showing that only CoSi is present. SR-XRD, however,
revealed that the conversion to Co0.95Ni0.05Si2 is completed at 475 ◦C, at least
for an annealing time of 2 h. The element ratio of Co:Si of ≈1:1can also be
detected at 525 ◦C. At 550 ◦C the ratio of Co:Si is 1:1 for short sputtering
times, i. e. in the upper part of the layer stack, and slightly >1:1 in the lower
part. This observation indicates a bilayer structure with CoSi on top of CoSi2,
showing also the point where the formation of Co0.95Ni0.05Si2 already started.
At this temperature the element ratio of Co:Si is 1:2, meaning the conversion
to Co0.95Ni0.05Si2 is completed at 600 ◦C.

Figure 6.3 summarizes the Ni concentration vs. sputter time for all samples
shown in figure 6.2. Note the slight enrichment of Ni at a sputter time of
≈3 min. This corresponds to the presence of (Co0.95Ni0.05)2Si on top of CoSi.
Due to their identical crystal structure (see table 3.2), it can be assumed
that Co2Si and Ni2Si form a solid solution. Therefore, Ni remains within the
crystal lattice of the Co2Si phase. At 450 ◦C and 525 ◦C, the highest concen-
tration of Ni can be found at the interface silicide/substrate, corresponding to
a sputter time of ≈8 min. The sample subjected to 475 ◦C exhibited a slightly
thicker deposited metal layer than the other samples. The metal layer thick-
ness was ≈2 nm thicker. Therefore, the highest Ni concentration can be found
after a sputter time of ≈13 min. With higher RTA temperatures, the silici-
dation process further proceeds compared to lower RTA temperatures, i. e.
more silicide is formed and thus the silicide thickness ts increases (see ta-
ble 3.5 and figure 3.5). With increasing ts, the distance between the surface
of the sample and the interface silicide/substrate is increased, too. This can
be seen for RTA temperatures of 550 ◦C–700 ◦C, where the highest Ni con-
centrations can be observed for sputter times of ≈10–12 min. For these RTA
temperatures the maxima in the Ni concentration vs. sputter time exhibit
a higher full-width half-maximum (FWHM) compared with the lower RTA
temperatures, indication an increased ts. This means the Ni is distributed
within a thicker (di)silicide. Therefore, the absolute concentration of Ni in
% is reduced for higher RTA temperatures. There is still an enrichment of
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(b) Anneal temperature 475 ◦C.
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(c) Anneal temperature 525 ◦C.
Only CoSi is present.
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(d) Anneal temperature 550 ◦C.
CoSi on top of CoSi2.
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Fig. 6.2: AES depth profiles of Co-Ni (5 at. %)|Si samples of different anneal
temperatures. Annealing time was 30 sec. Atomic concentration
of Co, Ni, O, and Si vs. sputter time is shown.
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Fig. 6.3: Ni concentration versus sputter time for different annealing tem-
peratures. Co-Ni (5 at. %)|Si samples annealed for 30 sec. Curves
smoothed for clarity. Sputter time ∝ sputtering depth. Note the
relative enrichment of Ni in the upper part of the layer stack for
the sample subjected to 450 ◦C. The peak maxima correspond to
the interface silicide/Si substrate. The sample subjected to 475 ◦C
(green line) exhibited a slightly higher metal thickness of ≈2 nm
thicker compared to the other samples. Complete spectra are pre-
sented in figure 6.2.

Ni at the interface silicide/substrate, although Co0.95Ni0.05Si2 is formed. The
RTA time was too short to rehomogenize the sample completely with respect
to the Ni concentration. To prove if an enrichment of Ni at the interface
silicide/substrate as discussed above, is also valid for layer stacks, samples
with different layer stacks and various relative layer thicknesses have been
prepared. Initially, a layer stack of 12.5 nm Ni on top of 14 nm Co on silicon
substrate was deposited (figure 6.4 a) ). At 350 ◦C (figure 6.4 b), the Ni silicide
formation already started at the interface metal layer/substrate, whereas most
of the Ni is still on top of the layer stack. Thermal treatment at higher tem-
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(b) Anneal temperature 350 ◦C. Ni sili-
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interface to the Si substrate.
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(c) Anneal temperature 400 ◦C. Co-Ni-Si
on top of NiSi2.
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(d) Anneal temperature 470 ◦C. Co-Ni-
Si on top of NiSi2.

Fig. 6.4: Layer inversion of Ni |Co |Si layer stack. Initially deposited layer
thickness: 12.5 nm Ni | 14 nm Co | silicon substrate. Annealing time
was 30 sec.
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peratures (figures 6.4 c)–d) ) leads to the formation of NiSi2 at the ”bottom”
of the layer stack while in the upper part Co, Ni, and Si can be found. The
same findings were also verified for layer stacks of 5 nm Ni | 15 nm Co | Si sub-
strate, 10 nm Ni | 10 nm Co | Si substrate, and 1 nm Ni | 19 nm Co | Si substrate.
For details see figure B.1. Finstad et al. also reported that this behavior of
Ni can lead to an inversion of an initially deposited order of metal layers [55].

EFTEM investigations were performed on a 10 nm Ni | 10 nm Co | Si substrate
sample. Figure 6.5 shows a TEM brightfield image and several elemental
mappings. The existence of two different layers, i. e. the layer inversion, can
clearly be seen. The lower layer is enriched with Ni, whereas the upper layer
is enriched with Co.

The fact that CoSi and NiSi are almost immiscible was proven by AES depth
profiling. Whenever Co-Ni or layer stacks of Co and Ni are investigated by
means of AES, an enrichment of Ni at the interface to the silicon substrate is
detected (see section 6.3 et seq. and figure 6.2). The shown AES profiles state
evidently that there is only a very small miscibility in the range of .5 at. % of
Ni and Co in the monosilicide of the other metal. This was found to be true
for Co with 5 at. % and 9 at. % Ni as well as for a layer stack of Ni on top of
Co. This phenomenon can even lead to an inversion of an initially deposited
sequence of metal layers [6, 55]. This was also proven by AES depth profiles
as it can be seen in figure 6.4. EFTEM examinations, also confirmed these
results (see figure 6.5).

Ni and Co posses very similar physical and chemical properties. As neighbors
in the periodic system of elements, the difference in radius and atomic mass
is only 0.6 % and 0.38 %, respectively [96]. Both crystallize in a fcc lattice
and possess similar melting points. They are totally soluble in each other
in liquid and form a continuous mixed crystal series, which can be seen in
the corresponding phase diagram (see figure A.3) [150]. In table 6.1 some
basic properties of Co and Ni are summarized. They also show very similar
chemistry and the main silicides that are formed are similar, too, e. g. with
respect to crystal structure and heat of formation ∆H0

F . The metal-rich sil-
icides Me2Si as well as the disilicides MeSi2 are completely soluble in each
other [48,51,55,72] due to isomorphism and similar lattice parameters.
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40 nm

(a) TEM brightfield image.

40 nm

(b) EFTEM Si map.

40 nm

(c) EFTEM Co map.

40 nm

(d) EFTEM Ni map.

Fig. 6.5: Layer inversion of 10 nm Ni | 10 nm Co |Si layer stack after anneal
at 450 ◦C for 30 sec. For more brightfield images of that sample,
see figure B.1 e). The bilayer structure of a) can also be seen in
the elemental maps b)–d) (The brighter the signal, the higher the
atomic concentration). Evidence for the layer inversion is best
seen in c) and d) with the enrichment of Co on top, and Ni at the
bottom.
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This can be expected by the Hume-Rothery rules22, here applied to silicides,
saying that metals show a great extent of solubility in each other when their
lattice parameters do not differ by more than 15 %. Table 3.2 and table 3.3
give an overview about the crystallographic data and physical properties of
the silicides of Co and Ni.

CoSi with the cubic FeSi structure-type and the orthorhombic NiSi with MnP
structure-type have different crystal structures (table 3.2). Therefore, it is
expected that they are not soluble in each other for a wide range of concen-
trations. A very early work from the beginning of the 1960s dealing with the
system CoSi-NiSi specifies a solubility of NiSi in CoSi of 50 at.% and a solu-
bility of CoSi in NiSi of 20.1 at. % [151] which could not be proven by other
authors. The solubility of CoSi in NiSi and vice versa was estimated by Fin-
stad et al. to be 0–5 % [55]. For the Ni rich side, Panday and Schubert [152]
found a solubility of at least 7 at. % Co in NiSi for powder samples annealed
at 900 ◦C for 10 days.

The formation of Me2Si (Me being Co and Ni) starts at the interface to
the silicon substrate. It can be assumed that the solid solution Co(Ni)2Si is
formed. Nevertheless, it is also possible that Ni2Si and Co2Si form almost
simultaneously with a trend of lower formation temperatures for Ni2Si since
its heat of formation is ≈40 % higher than that of Co2Si, although no proof of
Ni2Si could be found with XRD techniques. This is due to the fact that the
detection limit for XRD is in the range of 3–5 vol. %. When the monosilicide
phase is formed, Ni is expelled from the solid solution leading to ”pure”,

22 William Hume-Rothery formulated 4 rules dealing with the solubility of metals.

1. Extensive substitutional solid solution occurs only if the relative difference be-
tween the atomic diameters (radii) of the two species is less than 15 %. If the
difference >15 %, the solubility is limited.

2. For appreciable solid solubility, the crystal structures of the two elements must
be identical.

3. A metal will dissolve a metal of higher valency to a greater extent than one
of lower valency. The solute and solvent atoms should typically have the same
valence in order to achieve maximum solubility.

4. Electronegativity difference close to 0 gives maximum solubility. The more elec-
tropositive one element and the more electronegative the other, the greater is
the likelihood that they will form an intermetallic compound instead of a sub-
stitutional solid solution. The solute and the solvent should lie relatively close
in the electrochemical series.
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i. e. Ni-free, CoSi. Once the Ni is expelled from the CoSi, it remains at the
interface to the silicon substrate, at least under RTA conditions. Further
supply of Si leads to the formation of the respective Me-monosilicides and
Me-disilicides.

Table 6.1: Physical and chemical properties of Ni and Co

Property Co Ni

Atomic number (Z) 27 28

Atom radius in element [Å] 2.506 2.492

Atomic weight 58.933 58.693

Molar volume [cm3/mol] 6.67 6.59

Density [g/cm3] 8.900 8.908

CTE [K−1·106] 13.0 13.4

Melting point [◦C] 1495 1455

Boiling point [◦C] 2927 2913

Electronegativities (Pauling) 1.88 1.91

Enthalpy of vaporization [kJ/mol] 375 378

Enthalpy of atomization [kJ/mol] 426 431

∆H0
f [kJ/mol] 425 430

Diatomic Me-Si bond enthalpies [kJ/mol] @ RT 276±17 318±17

Electrical resistivity [mΩcm] 6 7

Young’s modulus [GPa] 209 200

Source: http://www.webelements.com [132]

Fermi level (basic principles)

As it was shown in the previous section, CoSi and NiSi possess only a very lim-
ited miscibility in each other. Imai et al. performed density of state (DOS)
calculations for a variety of transition metal silicides [153, 154]. They used
the band calculation program CASTEP23 that is based on a first-principle

23 CAmbridge Serial Total Energy Package [155].
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pseudopotential method. This method is based on a plane-wave basis and de-
termines the electron–electron interaction and a pseudopotential description
of the electron–core interaction. The calculated DOS values are compared
to the Fermi level of the respective structure. A (hypothetical) isolated, i. e.
a molecule with no interaction to other molecules, with a molecular config-
uration where the bonding hybrid states are occupied and the anti-bonding
states are left empty, is stable. The Fermi energy EF is located in the gap be-
tween bonding and anti-bonding states. In solid states these bonding states
are broadened to bands, but the trend that configurations with the EF at
small DOS values are stable still remains [156]. From DOS calculations and
from the comparison with EF it can be predicted which structures are stable
and which are not. The principle, formulated by Imai et al., of ”the DOS at
the Fermi level would be, hopefully, smaller in an energetically-favored struc-
ture” [153] is valid for the most transition metal silicides, especially for the
silicides of Co and Ni. Figure 6.6 shows the calculated DOS for CoSi and NiSi
for different crystal structures.

If a solid solution of CoSi and NiSi shall exist, then both silicides must have
the same crystal structure. For the case of the FeSi structure type, the crystal
structure of CoSi exhibits (see figure 3.1 c) and table 3.2), the energy at EF

for NiSi (figure 6.6 c) ) would be at a higher DOS value than for the MnP
structure type (figure 6.6 d) ). This means, it is energetically more favorable
for NiSi to crystallize in the MnP structure type rather than in the FeSi (that
of CoSi) structure type. If the solid solution would exhibit the MnP structure
type (figure 3.2 b) and table 3.2) than the EF of CoSi would be in a region of
very high DOS values (figure 6.6 a) ) and, therefore, it would be unstable. Due
to these DOS calculations it is evident that a solid solution of CoSi and NiSi
in either one of the two crystal structure types FeSi or MnP would be ener-
getically less favorable than the coexistence of two separate phases. Thus, the
crystal structures that are formed in the investigated samples originate from
the DOS of the different phases. Since the deviation of additional energy that
would have been needed to form a solid solution between CoSi and NiSi in the
case of the FeSi structure is smaller than it would be for the MnP structure
type, one can expect a higher solubility of NiSi in CoSi rather than a higher
solubility of CoSi in NiSi. This ”asymmetric” solubility was qualitatively also
found by Wittman et al. [151]. This approach explains the severely limited
miscibility of CoSi and NiSi in the solid state by means of first-principle cal-
culations. In literature, usually a more qualitatively discussion dealing with
the different crystal structures of CoSi and NiSi can be found.

96



6.3 Limited miscibility of CoSi and NiSi CHAPTER 6

EF

10-10 -5 0 5

Energy [eV]

D
e

n
s

it
y

 o
f 

s
ta

te
 [

a
.u

.]

(a) Calculated DOS of CoSi in structure type MnP. EF : energy of Fermi level. DOS at EF

is high ⇒ unstable structure.
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(b) Calculated DOS of CoSi in structure type FeSi. EF : energy of Fermi level. DOS at EF

is low ⇒ stable structure.
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(c) Calculated DOS of NiSi in structure type FeSi. EF : energy of Fermi level. DOS at EF

is high ⇒ unstable structure.
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(d) Calculated DOS of NiSi in structure type MnP. EF : energy of Fermi level. DOS at EF

is low ⇒ stable structure.

Fig. 6.6: DOS of CoSi for structure type FeSi and DOS of NiSi for structure type MnP.
Modified after Imai et al. [154]. The DOS value at EF is very high in figure a)
compared to figure b) and therefore CoSi in structure MnP is unstable. The
DOS value at EF is higher in figure c) compared to figure d) and therefore
NiSi in structure FeSi is unstable.
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6.4 CTE of CoSi2 and NiSi and
the impact on stress/agglomeration

The CTE α of the silicides affects the stress that is present during formation
of the layer, and it also affects the stress in the manufactured device. High
stress can lead to adhesion problems as well as to agglomeration of layers.
The linear CTE α [K−1] is given by

α =
∆l

l0 · ∆T
(6.2)

with ∆l the change in length, l0 the initial length and ∆T the temperature
difference. In order to be able to calculate ∆l it is necessary to determine the
change of interatomic distances with temperature.

6.4.1 Stress evolution of CoSi2 during thermal treat-
ment

During thermal treatment of metal layers deposited on substrates several
processes take place which affect the stress within these layers. First of all, the
linear CTE of the substrate, i. e. the silicon substrate, effects the stress within
the silicide layers. The CTE of the silicon substrate, is significantly smaller
than the CTE of the used silicides. Neglecting phase formation processes and
phase transformations during heating, thermal treatment will lead to com-
pressive stress within the silicide layers and tensile stress within the silicon
substrate as long as the adhesion between layer(s) and substrate is given. Sec-
ondly, phase formation processes can lead to stress relaxation during thermal
treatment due to atomic rearrangement of the compounds within the layer
stack and to a change of layer thicknesses. Lattice mismatch between compo-
nents, i. e. silicide and substrate, also contributes to the total stress, except
for CoSi2 and NiSi2 (see table 3.2). In nanoscale films usually biaxial stress
within the layer, with low or no stress component perpendicular to the sub-
strate surface, occurs.
Two techniques can be utilized to determine the stress. One, indirect, method
is the wafer curvature technique, an interferometric method where the cur-
vature of the wafer is measured and subsequently the stress of the layer is
calculated.
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Equation 6.3 (Stoney equation) gives the correlation between the wafer cur-
vature and the stress within the layer.

Curvature K =
1

r
=

1

Ms

6 σt tf
tsub

2
(6.3)

with r=measured ”radius” of the wafer, σt total film stress, tf=film thickness,
Ms=biaxial modulus=E/(1−υ), E=Young’s modulus with υ=Poisson’s ratio,
and tsub=substrate thickness. Solving equation 6.3 for σt leads to

σt = Ms
tsub

2

6 r tf
(6.4)

which makes clear that the layer stress is inverse proportional to the film thick-
ness. Tensile stress within the layer leads to a convex substrate, compressive
stress causes a concave substrate. In principle, thicker films possess lower
stress. Since tf is orders of magnitude smaller than tsub, the stress within the
silicide film can be considered to be independent of silicide thickness. One
difficulty for in situ measurements is the determination of the layer thickness
during heating. The layer thickness (and also to a negligible amount the sub-
strate thickness due to thermal expansion) changes during thermal treatment
due to phase formation processes.

Another, direct, method is to use XRD to determine the interatomic distances
within crystalline material. By means of XRD techniques, diffraction patterns
are collected and intensity maxima can be determined using peak fitting algo-
rithms. The peaks correspond to specific Bragg angles (see section 4.1). The
universal equation describing the relation between the interatomic distances,
i. e. the d-spacing, and the crystal symmetry is:

1

d2
=













(

h2

a2 sin
2α + k2

b2
sin2β + l2

c2
sin2γ + 2kl

bc
(cos β cos γ − cos α)+

2hl
ac

(cos α cos γ − cos β) + 2hk
ab

(cos α cos β − cos γ)

)

1 − cos2α − cos2β − cos2γ +

2 cos α cos β cos γ













(6.5)

with h, k, l being the Miller indices of the lattice planes and α, β, γ being the
angles between the lattice vectors. For cubic system such as CoSi or CoSi2 is
simplified to:

1

d2
=

h2 + k2 + l2

a2
(6.6)

Stress causes shifts of the positions of the intensity maxima of diffraction
patterns. Compressive stress leads to peak shifts towards higher Bragg an-
gles 2ϑ, i. e. towards smaller d-spaces. Tensile stress leads to larger d-spaces
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and, therefore, it causes peak shifts towards smaller Bragg angles. These are
opposite trends which interfere with each other. For cubic polycrystalline
materials biaxial compressive stress would lead to smaller average lattice con-
stants, assuming random orientation of the grains. The peak shift can easily
be attributed to the altered lattice constant a. Using a GIXRD setup, no
lattice planes parallel to the substrate surface contribute to the collected dif-
fraction patterns. This means, another difficulty exists for highly orientated
crystal grains. All diffraction maxima monitored by the detector scan arise
from lattice planes that are all differently tilted to the substrate surface (see
figure 4.1). When biaxial stress is present in the layer, one has to take into
account the orientation of the different lattice planes contributing to the dif-
fraction patterns. Therefore, lattice constants determined by analyzing differ-
ent lattice planes are affected differently by the biaxial stress within the layer
depending on the tilt angle of the lattice planes relative to the sample surface.

Several diffraction maxima (indexed (110), (220), and (311) for CoSi2, see
figure 6.7), were used to determine the lattice constant a for this phase.
Figure 6.7 shows the diffraction patterns of the investigated samples in the
temperature range 300 ◦C to 775 ◦C. Since equation 6.6 is valid for the cu-
bic phase CoSi2, each peak can be used to determine the lattice constant
a. The mean value of a was used for further calculations24. The CTE of
CoSi2 α=10.1 · 10−6 [K−1] [85] was used to determine the overall stress in the
CoSi2 layer. It was assumed that a biaxial stress was present due to the
nature of the unpatterned thin film of the sample. The change of slope of
the dotted line and the cyan line at temperatures above 625 ◦C is assumed
to result from the conversion of CoSi to CoSi2 which was completed between
575 ◦C and 625 ◦C. The rearrangement of atoms to form CoSi2 out of CoSi
and the herewith related grain growth with the associated reduction of free
interface energy account for the observed stress relaxation. Lower compressive
stress leads to smaller changes of a with increasing temperature. This data
was visualized in figure 6.8. Volumetric changes (see figure 3.5) due to phase
formation processes lead to an intrinsic stress σi in the silicide layer during
silicidation. However, there is no more intrinsic stress after cooling down the
films after the silicidation process is completed, since no more phase formation
processes take place.

24 The precision of the determination of a was ≤ ±0.005 Å.
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The total stress σt during thermal treatment is given by:

σt = σi + σT (6.7)

with σi=intrinsic stress and σT =thermal stress due to the different CTEs of Si
and the silicide. The thermal stress σT within a CoSi2 layer is given by [157]:

σT = −(αCoSi2 − αSi) ·
(

E

1 − υ

)

CoSi2

· (T − T0) (6.8)

with αCoSi2 and αSi the linear CTEs of CoSi2 and Si, respectively. T is the
current temperature and T0 is the temperature at which the film is in stress
free state. From equation 6.8 it can be seen that σT is ∝ T . Figure 6.8 shows
the stress within the 35 nm CoSi2 vs. temperature. The stress is increasing
linearly with temperature (see figure 6.8, black line). When the silicidation
process is completed entirely, the intrinsic compressive stress σi becomes zero
due to atomic rearrangement and dislocation gliding [158]. This temperature
of stress relaxation can be estimated to be ≈600 ◦C (see figures 5.1 and 6.7).
At higher temperatures, thermal stress accounts for the obtained stress values
listed in table 6.2. After cooling down to RT , however, there is tensile stress
in the silicide layer of ≈1 GPa (see table 6.2). Stress values in that range for
nanoscale CoSi2 films at RT were confirmed also by other authors [85,158,159].

The total stress within the CoSi2 layer σt can be calculated using the SR-XRD
results with equations 6.9 and 6.10

ε =
a − aCTE

aCTE

(6.9)

and

σt = ε

(

E

1 − υ

)

CoSi2

(6.10)

with a=experimentally determined lattice constant a of CoSi2 and a CTE the
calculated value of a using the CTE of CoSi2 [85]. E/(1 − υ)=the biaxial
modulus of CoSi2 with a value of -140 GPa [85].
The force per unit lengths that acts on the silicide film at the interface sub-
strate/silicide Fi is given by the product of total stress and film thickness [157]:

Fi = σt · tl (6.11)

with σt the total stress within the film and tl the (silicide) layer thickness.
Since the thermal stress increases with increasing temperature, one way to re-
duce stress within the silicide layers is to optimize the RTA steps with respect
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Fig. 6.7: SR-XRD results of Co|Si sample with Ti capping layer on sin-
gle crystal Si substrate in the temperature range 300◦C–775◦C
(λ=1.648 Å). Deposited metal layer thickness was 10 nm for Co
and Ti capping layer, leading to a CoSi2 layer thickness of 35 nm.
The intensity maxima are indexed due to their corresponding lat-
tice planes. These indices were used to calculate stress within the
silicide layers. Black indices mark diffraction maxima belonging
to CoSi, red ones belong to CoSi2.

Table 6.2: Stress in 35 nm CoSi2 layer. Numerical data, calculated using
equations 6.9 and 6.10

Temperature [ ◦C] σt [MPa]

575 -109±10

625 -288±49

675 -360±88

725 -457±122

775 -591±32

RT after cooling down from 775 +1141±119
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Fig. 6.8: Lattice constant a of CoSi2 vs. temperature. Linear fit of a (cyan
line for T between 575 ◦C–775 ◦C; and dotted line for T<625 ◦C),
and a calculated with a CTE from literature [85] (green line).
Layer stack was 10 nm Co with a 10 nm Ti capping layer on single
crystal substrate, leading to a CoSi2 layer thickness of ≈35 nm.
The corresponding diffraction patterns can be seen in figure 6.7.

to lowering the applied temperatures. Another way is to reduce silicide thick-
ness, although this is limited, for instance, because of thickness depending
agglomeration effects (see section 6.5).

103



CHAPTER 6
6.4 CTE of CoSi2 and NiSi and

the impact on stress/agglomeration

6.4.2 Coefficients of thermal expansion of NiSi

Only very few data can be found in literature regarding the CTE of NiSi,
dealing mostly with single crystals [160,161], except for one study of polycrys-
talline NiSi films [39]. Detavernier et al. determined a linear CTE of NiSi for
the temperature range 100 ◦C–725 ◦C of αa=42·10−6 K−1, αb=-43·10−6 K−1,
and αc=34·10−6 K−1. In this work, the CTE was determined too, and the
non-linear CTE terms were determined in addition to the linear one. The
CTE depends on temperature and is strongly anisotropic.

In the case of orthorhombic substances, for instance NiSi, suitable diffraction
maxima with appropriate Miller indices have to be chosen to be able to de-
termine the lattice constants. The equation for an orthorhombic system like
NiSi, can be simplified to

1

d2
=

h2

a2
+

k2

b2
+

l2

c2
(6.12)

using the universal equation 6.5.

The diffraction patterns of the As+ doped single crystal sample was evaluated
to determine the CTE of NiSi. Despite this wide range of existence of Ni
monosilicide between 275 ◦C and 700 ◦C, only the data between 400 ◦C and
700 ◦C was used. Below 400 ◦C, the (020) and (210) peaks of NiSi could not be
fitted with reasonable precision. Since the FWHM was too high and the peak
intensity too low, the peak positions could not be determined with sufficient
accuracy. At temperatures >700 ◦C, NiSi2 was formed. All diffraction maxima
were fitted using a Voigt function to determine the exact position. Figure 6.9
shows the trends of the lattice constants of NiSi in the range of 400 ◦C to 700 ◦C
and the resulting cell volume. Superimposed are the corresponding nonlinear
fits. The error bars are the standard error of the mean (StEM). Having
determined the d-spacing corresponding to a specific set of indexed diffraction
maxima for at least three different peaks, a set of equations can be formulated.
For example, the triple of peaks (210), (112), and (211) with Bragg angles
that were determined for a wavelength of λ=1.648 Å at 400◦C of 47.385◦ 2ϑ,
48.895◦ 2ϑ, and 50.539◦ 2ϑ, respectively lead to a set of three equations with
three unknown variables25. Such a set of equations is solvable. Since more

25 Additional peaks (103) 55.32◦ 2 ϑ and (020) 60.77◦ 2 ϑ were used (λ=1.648 Å).
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than three diffraction maxima can be indexed, the system of equations is
over-determined, and a fit of the obtained values becomes possible. Table 6.3
shows the peak triples that were used to determine the lattice constants of
NiSi in the temperature range between 400 ◦C and 700 ◦C. These sets were
chosen out of 19 sets because the yielded the most consistent values.
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Fig. 6.9: Lattice constants of NiSi vs. temperature with superimposed poly-
nomial fits in the temperature range 400 ◦C–700 ◦C.

Figure 6.9 shows the changes of the lattice constants a, b, and c with tempera-
ture and the high degree of anisotropy for the changes of the lattice constants
with changing temperature. Noticeable is the negative change of b which
becomes smaller with increasing temperature. Although all bond lengths in-
crease with temperature, bond angles perpendicular to the b-axes are also
increased causing the compression of b [160]. Engström and Lönnberg also
have found such anisotropies in disilicides [162]. This anisotropy can also be
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Table 6.3: Peak triples used to determine the lattice constants of NiSi

Sets of peak triples
used to calculate

the lattice constants

(112) (211) (210)

(112) (211) (020)

(112) (103) (210)

(112) (210) (020)

(211) (210) (020)

(103) (210) (020)

seen in figure 5.6, where the diffraction maxima of (020) are shifted towards
higher values of 2ϑ against the overall trend of all other diffraction peaks.

Figure 6.10 shows the nonlinear fits according to the equations given in ta-
ble 6.4. The best fit of the temperature-dependent changes could be achieved
using a second order polynomial fit. For all fitting calculations, absolute
temperature [K] was used. From figure 6.10 one would expect that the
∆Lattice constant/lattice constant at RT is zero. However, this is not the
case, which can be seen best for the case of the blue line representing the
change of lattice constant b with temperature. Two independent effects can
explain the observed behavior. Firstly, the NiSi layer is subjected to intrinsic
stress σi caused by the volumetric changes during silicidation and thermal
stress σT due to the different CTEs of NiSi and Si. The lattice constants for
RT that were used for the calculation (see table 3.3) are based on stress free
powder samples [94]. However, after the silicidation process is completed and
the sample is cooled down to RT , the sample exhibits tensile stress (see sec-
tion 6.4.1). This leads to lattice constants other than the used. Secondly, the
change of lattice constant b with temperature follows a sigmoidal curve26 for
polycrystalline NiSi [39] as well as for NiSi single crystals [161]. Since the lat-
tice constants were determined in the temperature range 400 ◦C–700 ◦C, i. e.
the temperature range with decreasing b, only that part of the curve could be
calculated. Table 6.4 shows the polynomial equations used to fit the changes
of the lattice constants with temperature. The fit equations are only valid

26 Lattice constant b increases for low temperatures of ≈350 ◦C–400 ◦C and decreases for
T>400 ◦C.
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in the temperature interval 400 ◦C to 700 ◦C. Barmin and Frolov investigated
NiSi single crystals and found a similar anisotropic behavior of the CTE of
NiSi [161].
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Fig. 6.10: Fit of nonlinear changes of NiSi lattice constants in the tempera-
ture range 400 ◦C–700 ◦C. Relative changes [%] of a, b, c and the
cell volume are shown.

Since the CTE was determined for the temperature range 400 ◦C–700 ◦C and
α is temperature dependent, l0 is l400 ◦C=l673.15 K ·αa, the CTE for the lattice
constant a, becomes αa(T ). The coefficients of thermal expansion αa, αb, and
αc can then be derived from equation 6.2 by partial differentiation after T :

α(T )laticce const. =



















1
l0
· ∂ a(T )

∂T

1
l0
· ∂ b(T )

∂T

1
l0
· ∂ c(T )

∂T

(6.13)

Table 6.4 shows the calculated fit equations describing the non-linear coeffi-
cients of thermal expansion for NiSi. In table 6.5, the determined anisotropic
coefficients of thermal expansion of NiSi are listed.
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Table 6.4: Fit equations of NiSi lattice constant changes with temperature
in the temperature range 400 ◦C–700 ◦C

Lattice con- Second order poly-
stant [Å] nomial fit equations. T [K]

a a = 4.783 Å + 10.373 ·10−4Å ·K−1·T− 4.726 ·10−7 Å·K−2·T 2

b b = 3.649 Å − 8.494 ·10−4Å ·K−1·T+ 4.249 ·10−7 Å·K−2·T 2

c c = 5.268 Å + 9.441 ·10−4Å ·K−1·T − 4.380 ·10−7 Å·K−2·T 2

Table 6.5: Coefficient of thermal expansion for NiSi in the temperature
range from 400 ◦C to 700 ◦C

α(T ) for NiSi [K−1] · T [K]

α(T )a = 19.70 · 10−5 − 17.95 · 10−8 · T
α(T )b = −25.98 · 10−5 + 25.99 · 10−8 · T
α(T )c = 16.54 · 10−5 − 15.35 · 10−8 · T

As was shown above, the lattice constants could be determined as a function
of temperature. The results were fitted using polynomial equations following
an approach of Engström and Lönnberg [162]. The polynomial fit (see fig-
ure 6.10) was chosen to determine the CTE of NiSi which shows an anisotropic
behavior of this phase. The lattice constant b decreases with increasing tem-
perature whereas a and c increase with increasing temperature. The over-
all cell volume however increases with temperature. The structural reasons
for this uncommon behavior were presented by Rabadanov and Ataev [160]
showing that bond angles decrease while bond lengths increase leading to a
contraction of the b-axes.
The observed strong anisotropic thermal expansion leads to a texturing of the
NiSi layer, which can be seen by the splitting of diffraction peaks at ≈50◦ 2ϑ
and ≈ 62◦ 2ϑ (λ=1.648 Å) as is displayed in figure 5.6. The anisotropic nature
of the CTE of NiSi accounts for an anisotropic stress field within the silicide
layer. This stress field leads to different growth conditions that could result in
preferred growth of NiSi into one direction, which in turn might cause shorts
beneath polycrystalline silicon transistor gates with sub-100 nm gate lengths.
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To compare the values of the CTE of NiSi with values from Detavernier et al.
a linear fit was performed, although the goodness-of-fit of the polynomial
fit is better, leading to the following results (in brackets values from Deta-
vernier et al. [39]):

αa = 49.21±0.01 (42) · 10−6 K−1

αb = -45.97±0.13 (-43) · 10−6 K−1

αc = 39.09±0.08 (34) · 10−6 K−1

Taking into account the experimental setup of both studies, not being opti-
mized for highly accurate determination of lattice constants, the agreement
of the obtained values is reasonable.
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Fig. 6.11: Lattice constant changes vs. temperature of NiSi between
400 ◦C–700 ◦C. Resulting CTE (polynomial fit: magenta curve;
linear fit: cyan line) and comparison with literature (green line)
[39] is shown.
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6.5 Agglomeration and size effect

As was shown in chapter 5.3.2, NiSi films suffered from severe agglomeration
(see for example also figure 5.17). These agglomeration effects could lead to
discontinuous films, i. e. electric ”opens”. In such a case, the microprocessor
fails inevitably. Agglomeration is the end stadium of a three-step degradation
process as shown schematically in figure 6.12. The first step during thermal
treatment is grain boundary grooving, followed by a pinch-off step and fin-
ished by agglomeration or island formation. During grain boundary grooving,
the shape of the grains is only slightly altered. Mainly the corners and edges
are rounded and the grooving depth tg (see figure 6.12 b) for definition) in-
creases. When the grains are rounded to an extent that the single grains only
make contact at a small region, the second step is reached. The maximum
value of tg is reached. Beyond this point, further agglomeration leads to a
islanding of the film and a meaningful value of tg can no longer be formulated.

Upon further thermal treatment, the grains tend to reach their equilibrium
shape27, which is usually a polyhedron with sharp edges and corners in solids.
The main driving force for these processes is the lowering of grain boundary
energy, i. e. the interface energy, to minimize the overall energy of the system.
The transport of atoms is due to a gradient in chemical potential caused by
the sharp ridges at the grain boundaries [163]. Pramanick developed a semi-
empirical model for grain boundary grooving and agglomeration based on
kinetic and energetic considering empirical findings obtained from the system
Si-Co [131]. One of the key values is the grooving depth tg, meaning the
distance between the maxima surface and the adjacent grain boundary. It is
dependent on the diffusion type (surface/interface or bulk diffusion). Another
key parameter is U , the ratio between the grain diameter and the original
layer thickness, i. e. the layer thickness prior to the agglomeration process.
There is a critical ratio Uc for which a layer starts to break into separated
islands, i. e. agglomeration starts. Taking into account the loss of volume
during grain boundary grooving with respect to the original shape, Uc is
lowered significantly. This mass loss to the substrate or to other grains is

27 For an isotropic free surface energy ς this would be a sphere, since the ratio between
surface and volume is smallest for a sphere. In crystalline matter however, a strong
anisotropy of ς is given, depending on the crystallographic orientation of the sur-
faces. Therefore the sphere-shape can not be maintained while minimizing the free
surface/interface energy of the system.

111



CHAPTER 6 6.5 Agglomeration and size effect

(a) First step: Grain boundary grooving.

tg

(b) Second step: Pinch-off.

(c) Third step: Island formation/Agglomeration of film.

Fig. 6.12: Scheme demonstration the agglomeration process in thin films.
Sketch modified after [131].

quite common. Following Pramanick, the grooving depth can be expressed
as:

tg ∝ (A · t)n(U)x (6.14)

and
A = DαS

γCeCo
ω2/kT (6.15)

with n=exponent for time (t) dependence (n=1/2, 1/3 or 1/4)28, U , the ratio
of grain diameter to original layer thickness, x≈2.8429, DαS

=interdiffusion
coefficient, γ=CoSi2/Si interface energy, CeCo

=equilibrium concentration of
Co in Si (≈ 1017 cm−3), ω=molecular volume, k=Boltzmann’s constant, and

28 1/2 for the case that the sample is annealed near its melting point and evaporation and
condensation becomes important; 1/3, when inter diffusion is the dominant diffusion
mode; 1/4, when surface diffusion dominates.

29 Empirical value obtained by Pramanick [131].
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absolute temperature T . It is apparent from these equations that agglomera-
tion depends not only on U , it is time dependent, too. That means, virtually
any silicide layer will start to agglomerate, given sufficient time. Pramanick
determined from his experiments the relevant values for CoSi2 layers on ei-
ther single crystal and polycrystalline silicon substrates for samples annealed
at 700 ◦C for t= 10’s of seconds, to be:

tg ≈
{

220.0 (t)1/3 (U)2.84 [Å] for polycrystalline Si substrates

5.022 (t)1/4 (U)2.84 [Å] for single crystal Si substrates
(6.16)

It can be seen that the proportionality factor A is 40 times higher for polycrys-
talline substrates compared to single crystal substrates. This is mainly caused
by the much higher diffusivity of Co atoms along the polycrystalline silicon
grain boundaries, i. e. due to increased interface/grain boundary diffusion. As
the formation of islands starts when tg reaches the layer thickness, it can be
seen that agglomeration is to start much sooner on polycrystalline substrates.
Pramanick estimated the critical CoSi2 layer thickness to be ≈30 nm [131].
This silicide layer thickness of ≈30 nm corresponds to a deposited layer thick-
ness of <8.6 nm (see table 3.5). Kittl et al. found that NiSi films thinner than
. 22 nm rather tend to agglomerate than to form NiSi2 [31]. This could be
confirmed for the samples 12.5 nm Ni samples annealed to 650 ◦C for 30 sec. A
more general dependency for the grooving depth considering the temperature
effect is

tg ≈
{

I (DαS
/kT )1/3 (t)1/3 (U)2.84 [Å] for polycrystalline Si substrates

I (Dαi
/kT )1/4 (t)1/4 (U)2.84 [Å] for single crystal Si substrates

(6.17)
with I=system-specific constant, DαS

=interdiffusion coefficient, k=Boltz-
mann’s constant, T=absolute temperature, Dαi

= Interface diffusion coeffi-
cient, and all other terms with their meaning described earlier. The silicide
layer in figure 5.17 that showed the partial agglomeration of Co0.95Ni0.05Si2
grains originates from a 15 nm Co-Ni (5 at. % Ni) layer and was heated up to
650 ◦C. The agglomeration can be explained by the much longer annealing
time compared to the RTA samples examined by Pramanick.

As can be seen from equation 6.17, there is a kinetic part ((A · t)n) and a
energetic (grain-size dependent) part (Ux). This gives rise to different ap-
proaches to enhance the thermal stability of CoSi2 or NiSi films. Since the
obvious ways to improve thermal stability, i. e. to increase the silicide layer
thickness and/or gate lengths, are not applicable due to scaling requirements,
other ways, like alloying, implantation with nitrogen etc. need to be pur-
sued [31,68–70,131,164,165].
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Doping of the substrate, and therefore, the presence of dopants within the
silicide layer increases thermal stability (see figure 5.7), because the dopants
segregate within the grain boundaries and thus reduce the mobility of Co or
Ni atoms needed for grain boundary grooving (DαS

and Dαi
are lowered).

Another way of reducing metal mobility would be the formation of cavities
at the silicide grain boundaries by implantation of nitrogen or argon [70].
A different approach would be the transition from RTA conditions to even
shorter annealing times, i. e. spike annealing30, thus reducing t. It might also
be possible to reduce annealing temperatures within narrow ranges. However,
the latter two approaches suffer from narrow process windows, since the sili-
cidation process itself must be maintained.
Pursuing the energetic way, it is clear, that U needs to be changed. Since, the
silicide layer cannot be increased in thickness, the grain size must be reduced.
This can be achieved by a pre-amorphization step prior to metal deposition.
The amorphization of the substrate can be achieved by implantation high
doses of Si+, Ge+, N+, Xe+ etc., resulting in a highly distorted Si lattice
without long range order. The recrystallization energy ∆Grc can be regained
during the thermally induced recrystallization process of the substrate. By
using equation 2.11, it is clear that ∆Grc adds up to ∆G and the critical size
of a nucleus is reduced (see also figure 2.2). Furthermore, the nucleation rate
ρ∗ (see equation 2.11) is increased. All in all, the pre-amorphization leads
to smaller and more silicide grains, and therefore, to a reduction of U , the
ratio of grain size to layer thickness. As can be seen from figure 5.22, the
PAI of 2·1014 at/cm2 of Xe+ did not lead to the desired effect of suppress-
ing agglomeration. Furthermore, the uniformity of the NiSi layer increased
with increasing post-PAI time (see also figure E.1 b)–d) ). The PAI leads to a
partial destruction of the Si lattice, and therefore to a much higher degree of
anisotropy of the substrate. Due to this anisotropy, there is no driving force
for the grain to grow into a direction of energetically favorable lattice planes.
From these considerations one would expect the highest non-uniformity for
the samples without PAI-anneal, as it is the case for the investigated samples
with PAI. On the other hand, if the kinetic rate of the recrystallization of the
amorphous silicon is greater than the silicidation rate, large non-uniformities
may arise [131], which could be caused by the Xe+ implantation. Moreover,
the angularity of the NiSi grains is increasing with PAI annealing time, i. e.
the grains are further ahead in the process of reaching their equilibrium shape.
Similar effects could be proven for CoSi2 [166]. This can be explained with

30 Annealing times in the range of 0–3 sec at considerably higher temperatures
(∆T ≈+200 K) used for ”conventional” RTAs.
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the higher diffusivity of Ni in the already partially recrystallized silicon sub-
strate. The fact that more grain boundaries are present, and therefore, grain
boundary diffusion dominates volume diffusion, leads to this effect. From
the comparison of figure E.1 a) and b) it is apparent, that doping (in this
case 2.5·1015 at/cm2 B+) is much more efficient in suppressing agglomera-
tion. The NiSi layer is continuous for the case of the doped samples, whereas
severe agglomeration took place in the sample that was subjected to a pre-
amorphization step.
Additionally, a capping layer, mandatory for CoSi2 process integration, re-
duces agglomeration effects, since grain boundaries get pinned at the inter-
face to the capping layer [41, 125–127]. However, this approach might not be
production worthy for the case of Ni silicide, since it is not conform to less
processing steps, and lower cycle times.
On thin polycrystalline lines, the problem of agglomeration is even worse,
since the contribution of grain boundary diffusion to the total effective diffu-
sion is much higher compared to that of thin films on single crystal substrates,
i. e. the active regions of a transistor. Therefore, the mobility of metal atoms
is higher leading to an increased affinity towards agglomeration. Severe ag-
glomeration is known to occur in thicker silicide films on polycrystalline Si
substrates (see figure 1.5) compared with single crystal Si substrates.

Impact of layer thickness

The experiments with different layer thicknesses (section 5.3.1) showed an in-
fluence of the deposited metal layer thickness on the silicidation processes. A
decreased metal layer thickness reduced the phase formation and conversion
temperatures. In literature, on the one hand, it is suggested that agglomera-
tion (see section 6.5) of the NiSi film is a prerequisite for the transformation of
NiSi to NiSi2 due to the higher energy needed to form NiSi2 out of NiSi than
for agglomeration [128]. Agglomeration is known to be dependent on the layer
thickness, so the observed thickness effect can be explained. This observation
was also reported by Besser et al. [45]. On the other hand, the considerations
of the previous paragraph are also valid and contribute to the lowering of
the formation and conversion/transition temperatures. When the maximum
possible grain size within nanoscale layers is further reduced, which is obvi-
ous for the case of a reduction of the deposited layer thickness, the interface
fraction increases. Therefore, the fraction of grain boundary diffusion is in-
creased leading to a considerably higher effective diffusion coefficient. Due to
this reasoning, the effect that in thinner layers the transformation is finished
earlier than in thicker films can be explained, since the diffusion lengths are
shorter, grain boundary diffusion and agglomeration are pronounced.
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Summary and outlook

Ti and Co silicides, TiSi2 and CoSi2, respectively, have been widely used in
the semiconductor industry. Today and for the near-term future, i. e. the
next technology nodes, CoSi2, NiSi as well as possibly ternary silicides like
Co(1−x)NixSi, have already been implemented, or are most likely to be im-
plemented into manufacturing of microprocessor devices. These silicides are
used as contact materials due to their advantageous physical properties. Fur-
ther scaling down of device structures, and the herewith associated reduction
of transistor gate lengths and layer thicknesses are the driving forces for the
introduction of new materials, e. g. the used silicides. This thesis deals with
the phase formation of Co silicides and the herewith connected problems us-
ing CoSi2 as contact material for the most advanced microprocessor units, as
well as the impact of a Ti capping layer onto the silicidation. Additionally,
the silicidation process within a ternary system Co-Ni-Si (5 at. %Ni) was ex-
amined. Most of the studies are related to Ni silicides, their properties and
the formation as well as conversion temperatures of the various Ni silicides.
The impact of different substrates, either polycrystalline or single crystalline,
miscellaneous dopants, a TiN capping layer and several deposited layer thick-
nesses were subject of analytical investigations.
In situ SR-XRD experiments were conducted using annealing parameters that
reflect the conditions of the BEoL process, with its typical long annealing
times. Using a combination of techniques it was possible to determine for-
mation and conversion temperatures of the silicidation processes as well as
limits for thermal treatment. The experimental data can be considered for
the implementation of NiSi into mass production of microprocessors.
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Phase formation sequences

In situ SR-XRD experiments at elevated temperatures were conducted to
monitor the phase formation sequence within the investigated samples. SR-
XRD in conjunction with a grazing-incidence set-up is capable of examining
nanoscale layers in the range of ≈10–15 nm and to determine the formation
and conversion temperatures of the investigated samples.

The phase formation sequences were found to be:

Co2Si→CoSi→CoSi2 (System Co-Si)

(Co0.95Ni0.05)2Si→CoSi→C0.95Ni0.05Si2 (System Co-Ni-Si)

Ni2Si→NiSi →NiSi2 (System Ni-Si)

The respective formation and conversation temperatures can be found in sec-
tion 5.1.1 for the case of Co silicdes, in section 5.1.2 for the system Co-Ni-Si,
and in section 5.1.3 for the investigated Ni silicides.

The alloying of Co with 5 at. % reduced the formation and conversion tem-
peratures of the respective silicides slightly. This effect could be explained
taking into account the entropy of mixing which usually is neglected for sili-
cidation processes [72, 73]. For CoSi2 formation out of CoSi, ∆S should be
considered, since the ∆H0

F for CoSi and CoSi2 are very similar (-100.4 kJ/mol
for CoSi compared to -102.9 kJ/mol for CoSi2). The phase formation sequence
remained the same as for the system Co-Si. The formation of NiSi requires a
lower thermal budget than that needed to form CoSi2 which could be shown
by the SR-XRD experiments. The formation temperatures for the low resis-
tivity target phase NiSi are significantly lower than for CoSi2 in the Co-Si and
Co-Ni-Si systems.
TEM provided valuable insights into the formation of NiSi and NiSi2. These
phases are formed by either a diffusion-controlled (NiSi) mechanism or a
nucleation-controlled (NiSi2) mechanism resulting in different interface rough-
nesses. Particularly, a higher interface roughness of the nucleation-controlled
phase NiSi2 was observed. The layer thickness effect, i. e. the effect that
the formation temperatures are reduced on thinner metal layers, could be ex-
plained with the growth kinetics of the silicide phases.
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Impact of the capping layer

The capping layer of either Ti or TiN had the effect that the formation tem-
peratures of the observed metal-rich silicides, i. e. Co2Si, (Co0.95Ni0.05)2Si as
well as Ni2Si were shifted to higher temperatures. The thermal stability of the
monosilicides was increased by +50 K (TiN capping on Ni layer) and +100 K
(Ti capping layer on Co layer). For the formation of CoSi2 a capping layer is
mandatory, since Co is known to be prone to oxidize. The used capping layer
however interacts with the Co and Si to form a ternary Co-Ti-Si compound.
Using EFTEM and CBED in conjunction with the software package ELD-
ISCA [122] it was possible to identify the formed phase to be CoTiSi. The
formation of CoSi2 is known to be nucleation-controlled leading to a relatively
rough silicide/silicon interface [6,8,73]. Since NiSi is less prone to oxidation, it
can be processed without a capping layer. Figure 7.1 summarizes the impact
of the used capping layers.

Fig. 7.1: Impact of capping layer on phase formation temperatures. Faint colors rep-
resent temperatures without capping layer. Bigger boxes represent samples
with capping layer. Arrows indicate shifts of formation temperatures. Vertical
boxes represent the lowest temperature where a specific phase was detected
while increasing temperature. All boxes and bars are color coded, i. e. cyan
stands for the metal-rich silicide, black for monosilicide, and red for the di-
silicide phase. Monochrome bars show that only one phase is present. Boxes
with two different colors indicate that at this temperature two phases coexist.
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Impact of dopants

Doping the silicon substrate with As+ or P+ prior to silicidation for Co-Ni|Si
and pure Ni|Si samples stabilized the metal-rich phases. The (Co0.95Ni0.05)2Si
formation temperature was increased by +25 K on single crystal and poly-
crystalline substrates. On B+ doped samples, Ni2Si was stabilized only on
single crystal substrates. On p-type polycrystalline Ni|Si samples, however,
the formation of NiSi was inhibited for -100 K compared to n-type or non-
doped substrates. On single crystal substrates, the effect of monosilicide for-
mation shifted to lower temperatures was less pronounced. It could only
be observed for Co-Ni|Si samples, there the shift was -25 K. The formation
of Co0.95Ni0.05Si2 and NiSi2 was generally shifted to higher temperatures on
doped substrates. This effect was independent of the substrate type. For
Co-Ni|Si samples, the shift was +75 K and for Ni|Si samples +150 K on single
crystal substrates. On polycrystalline substrates, the shift was +50K for As+

doped and +25 K for B+ doped substrates, respectively. Figure 7.2 summa-
rizes the impact of the used dopants.

Fig. 7.2: Impact of doping on phase formation temperatures. Faint colors represent
temperature without doping. Bigger boxes represent doped samples. Arrows
indicate shifts of formation temperatures. Vertical boxes represent the lowest
temperature where a specific phase was detected while increasing temperature.
All boxes and bars are color coded, i. e. cyan stands for the metal-rich silicide,
black for monosilicide, and red for the disilicide phase. Monochrome bars
show that only one phase is present. Boxes with two different colors indicate
that at this temperature two phases coexist.
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Agglomeration effects

A capping layer has a positive effect on the sensitivity to agglomeration of
the investigated nanoscale layers. Anyhow, agglomeration took place on non-
capped Ni|Si samples prior to the formation of NiSi2. This is in agreement
with what was reported by Chamirian et al. [128]. Using AES, AFM, and SEM
in combination with digital image processing, it was possible to determine the
degree of agglomeration of different silicide layers. The impact of a special
thermal treatment, i. e. a post PAI annealing step, could be determined to be
negligible, whereas a doping with B+ leads to a significant reduction of ag-
glomeration effects. The agglomeration effects could be explained was based
on the theory of grain boundary grooving formulated by Mullins [163,167] and
refined by Pramanick [131]. It could be shown that agglomeration consists
of an energetic part and a kinetic part, and that it depends on layer thick-
ness, the ratio of grain diameter to layer thickness, temperature, and time.
Since diffusion effects agglomeration, the impact of dopants and a possibly
deposited capping layer can be interpreted as a result of decreases mobility
of Co and Ni within these layers. In contrast to polycrystalline substrates,
grain boundary diffusion does not take place within single crystal substrates.
Therefore, agglomeration is less severe on single crystal substrates. The ag-
glomeration of thin CoSi2 layers on the narrow polycrystalline silicon gates,
is most likely the limiting factor for further use of CoSi2 within the manufac-
turing process. Due to this fact, NiSi will replace CoSi2 as contact material,
since the thermal budget for forming NiSi is lower than that needed for CoSi2.

Limited miscibility of CoSi and NiSi

During annealing, Ni is always enriched at the silicide/substrate interface
which could be proven by AES and EFTEM. This effect can even lead to a
layer inversion of an originally deposited layer stack. This severely limited
miscibility of CoSi and NiSi in the solid state accounts for the Ni enrichment
at the interface, although the disilicides are totally soluble in each other. DOS
calculations by Imai et al. [153,154] computing the structure of CoSi with the
structural parameters of NiSi and vice versa and evaluating the energetic po-
sition of Fermi level EF with the DOS, showed that it is energetically more
favorable to expel the Ni from the CoSi rather than to incorporate it into
the energetically unfavorable crystal structure. After full conversion to the
disilicide phase Co0.95Ni0.05Si2 there is no longer an enrichment of Ni at the
bottom of the layer stack detectable, which is a further proving of the total
solubility of CoSi2 and NiSi2, first described by Wittmann et al. [151].
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CTE of NiSi

The coefficients of thermal expansion of polycrystalline NiSi were determined
in the range of 400◦ C–700◦ C. From temperature-dependent diffraction pat-
terns obtained with SR-XRD, the anisotropic, non-linear coefficients of ther-
mal expansion of NiSi were calculated. The rare case of a negative CTE for
the b-axis of NiSi could be proven. This behavior was explained with the
fact that during thermal treatment of the sample, the bond-angles within the
NiSi structure decreased while bond lengths increased leading to the contrac-
tion of the b-axes. Nevertheless, the cell volume increases with temperature.
Using a linear approach31 of computing the CTE of NiSi to compare the ob-
tained values with data in literature, an agreement with literature data could
be demonstrated. The formation of NiSi2 might take place in an epitaxial
manner. This could be confirmed with SR-XRD investigation of a Ni layer
on single crystal substrate at 750◦ C. The formerly typical diffraction pattern
changed to a diffraction pattern without noticeable intensity maxima. Based
on GIXRD and TEM imaging, the growth of NiSi2 grains along the <111>
planes of the silicon lattice could be proven. This epitaxial growth is possible
due to the very small lattice mismatch of only 0.4 %, thus resulting in the en-
ergetically favored epitaxial growth driven by the minimizing of the interface
energy. This effect leads to discontinuous NiSi2 films.
The obtained results provide material-specific data for the usage of current
and future silicides within the manufacturing of even the most advanced mi-
croprocessors.

Conclusions

The study of the silicidation process in the system Co-Si leads to the following
conclusions: The low resistivity target phase CoSi2 needs to be replaced in
future technology nodes. It’s high formation temperature of at least 625 ◦C,
when subjected to long time anneals, and >700◦ C for RTA treatments, leads
to a high sensitivity for agglomeration effects. In conjunction with decreas-
ing layer thicknesses and smaller gate lengths it is more and more likely that
CoSi2 will fail for polycrystalline silicon gates lengths considerably smaller
than ≤40–45 nm. The reduction of available Si limits the use of CoSi2, es-
pecially on thin SOI substrates since the disilicide phase has to be formed.
Furthermore, the nucleation-controlled formation of CoSi2 results in a rela-
tively high interface roughness, causing problems for very thin silicide layers.

31 Although knowing that a second-order polynomial yields better results.
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A capping layer is beneficial with respect to oxidation of the deposited metal
layer and tendency to agglomeration of the silicide layers.
The alloying of Co with 5 at. % Ni yielded lower formation and conversion
temperatures, thus extending the usability of Co0.95Ni0.05Si2 (CoSi2), although
the problem with the interface roughness is not addressed with that approach.
Agglomeration effects are expected to be reduced also, which give rise to the
assumption that using a ternary silicide is a promising way to extend the de-
ployment of a Co-based silicide for the near-term future.
One promising candidate for the next technology nodes will be NiSi. NiSi
shows some beneficial properties like its lower resistivity and fewer Si con-
sumption compared to CoSi2 and (Co,Ni)Si2. The Si consumption is 35 %
less of that for CoSi2 maintaining the same level of sheet resistance Rs. The
penetration depth of the silicide into the active region of the transistor is
therefore lower too, which makes NiSi more suitable for usage on thin SOI
substrates. Additionally, the surface of the resulting silicide is at a point more
distant from the source/drain region compared to CoSi2 (see figure 3.5). NiSi
showed no break up at small linewidths, i. e. no roll-off of sheet resistance
at small gate lengths, at least not for gate lengths as small as 30 nm [30, 67].
Since agglomeration is dependent on temperature, time and layer thickness,
the overall significantly lower thermal budget needed to form NiSi, leads to
less severe agglomeration effects. Additionally, NiSi can be formed in a one
step process, which is advantageous for the manufacturing of semiconductor
devices. If to a certain extent metal-rich silicides remained after the first sil-
icide formation step, the conversion to NiSi can be accomplished within the
further BEoL processing. NiSi processing can take place without a capping
layer, although a capping layer is known to retard agglomeration. There are
a lot of advantages linked to the usage of NiSi, there are also some disad-
vantages, or at least some aspects which should be considered. The thermal
conditions of the BEoL processing need to be taken into account, since the
thermal treatment must not exceed the formation temperatures of NiSi2. To
mitigate agglomeration of NiSi prior to the formation of NiSi2, a capping layer
should be deposited. The coefficients of thermal expansion of NiSi should be
considered for future development. The negative CTE of the b-axis might
lead to an anisotropic growth of NiSi within the silicide layer, due to the fact
that such a behavior leads to anisotropic strain fields within this layer. This
might cause growth ”paths” and a preferential texture of NiSi, which in turn
might have an impact on the channel of the transistor, e. g. shorts may be
formed between the active area and the transistor gate.
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Outlook

This thesis is focused on the optimization of the manufacturing process of
microprocessors. Prior to the transition from CoSi2 to NiSi within the semi-
conductor industry the usage of CoSi2 can be further extended. The alloying
of Co with Ni seems to be a promising way to mitigate some issues related with
CoSi2. Work is being done dealing with the influence of alloying elements on
the nucleation and formation of Co silicides [50,51,74]. Additionally, the for-
mation temperatures can be lowered by optimizing the manufacturing process.
Nevertheless, the trend to higher concentrations of dopants and the possible
introduction of SiGe substrates counteracts the extendibility of CoSi2, since
formation temperatures are shifted to higher values and the formation of Co-
Ge silicides is highly problematic [168, 169], whereas the formation of Ni-Ge
silicides is possible [170]. It is very likely that for the next technology nodes,
SOI substrates will be used and NiSi will replace CoSi2 because of its superior
device properties [33]. Some aspects of the Ni silicidation process need to be
explored in detail. One aspect is the texture of NiSi in thin films, i. e. inves-
tigations are going on currently dealing with a special off-axis fiber-texture
of NiSi called axiotaxy [171–173]. Investigations of the CTE of NiSi and its
implications for the silicidation process and device properties have only just
begun besides this work [39, 160,161]. The extension of the thermal stability
range of NiSi is crucial for the implementation of NiSi into production. Sev-
eral approaches by alloying small quantities of Re, Pt, and W to tailor the
formation properties of NiSi are currently being under investigation within the
semiconductor industry [137, 174, 175]. The feasibility of a one-step process
needs to be demonstrated as well as a process window has to be specified in
which metal-rich Ni silicides are converted into NiSi during BEoL processing.
Some work in the field of process optimization needs to be done to reduce
agglomeration of NiSi layers, since even thinner silicide layers are required
for future technology nodes. Some other considerations should also be taken
into account like the usage of a dual-silicide approach, for instance CoSi2 on
the active regions, where the lateral extent is larger than on the gates, and
NiSi on the very narrow polycrystalline silicon gates. Another approach is
the utilization of raised soure/drain regions, i. e. the SEG approach [104], to
overcome the problems related with the penetration of the active regions by
the silicide. Finally, the introduction of metal-gates possibly is an option for
the 45 nm technology and beyond [56,57,57,59], which would finalize the era
of silicides as contact materials on transistor gates.
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Publications related to this
work

Publications related to the current work in chronological order:

• EFTEM study of Ti/TiN and Co-silicide thin films at cross-
sections of device structures
W. Blum, H.-J. Engelmann, J. Rinderknecht, E. Zschech in
Proceedings of 11th International Conference on Microscopy of Semicon-
ducting Materials, 537–540, 1999 [25]

• Determination of phase formation processes in nanoscale Co-
Ti layers using synchrotron radiation in conjunction with a
high temperature chamber
J. Rinderknecht, F. Berberich, W. Matz, E. Zschech in
Bi-annual report 1999/2000 Forschungszentrum Rossendorf, Germany,
FZR-322, 2001 [176]

• In situ high temperature synchrotron-radiation diffraction stud-
ies of Ni and Co-Ni silicidation processes
J. Rinderknecht, oral presentation at the
European Workshop on Materials for Advanced Metallization 2002, Vaals,
The Netherlands, March 3–6, 2002 and published in
Microelectronic Engineering 64, 143–149, 2002 [29]

124



Publications related to this work CHAPTER 8

• Phase formation processes in nanoscale nickel layers during
heat treatment on different silicon substrates
J. Rinderknecht, H. Prinz, T. Kammler, F. Berberich, E. Zschech in
Bi-annual report 2001/2002 Forschungszentrum Rossendorf, Germany,
FZR-364, 2003 [177]

• In situ high temperature synchrotron-radiation diffraction stud-
ies of silicidation processes in nanoscale Ni layers
J. Rinderknecht, H. Prinz, T. Kammler, N. Schell, E. Zschech, K. Wet-
zig, T. Gessner, poster presentation at the
European Workshop on Materials for Advanced Metallization 2003, La
Londe Les Maures, France, March 9–12, 2003 and published
in Microelectronic Engineering 70, 226–232, 2003 [178]

• Silicides in the system Co-Ni-Si and Ni-Si - Phase formation
and Raman spectroscopy
J. Rinderknecht, invited talk at the
Symposium on phase formation in thin silicide systems, Instituut voor
Kern- en Stralingsfysica, KU Leuven, October 22nd, 2004

• NiSi Challenges in High-Performance Logic CMOS for 65 nm
and beyond
T. Kammler, P. Press, J. Rinderknecht, S. Waidmann, C. Lavoie, oral
presentation at the
European Workshop on Materials for Advanced Metallization 2005, Dres-
den, Germany, March 6–9
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[7] U. Gösele, K. N. Tu. Growth kinetics of planar binary diffusion cou-
ples: ”Thin-film case” versus ”Bulk cases”. Journal of Applied Physics,
53:3252–3260, 1982.

[8] F. M. d’Heurle, C. S. Petersson. Formation of thin films of CoSi2:
Nucleation and diffusion mechanism. Thin Solid Films, 128:283–297,
1985.

[9] K. Maex. Silicides for integrated circuits: TiSi2 and CoSi2. Materials
Science and Engineering, 80:53–153, 1993.

[10] E. Zschech. Challenges on the path to high-performance microproces-
sors: Scaling-down and new materials. VDI Berichte, 1803:3–6, 2003.

128



Bibliography

[11] H. S. Rhee, H. S. Lee, J. H. Park, B. T. Ahn. In-situ growth and growth
kinetics of epitaxial (100) CoSi2 layer on (100) Si by reactive chemical
vapor deposition. Materials Reseach Society Symposium, 611:C10.3.1–
C10.3.1, 2000.

[12] K. Wieczorek, M. Horstmann, H.-J. Engelmann, K. Dittmar, W. Blum,
A. Sultan, P. Besser, A. Frenkel. Integration challenges for advanced
salicide processes and their impact on CMOS device performance. Ma-
terials Research Society Symposium, 611:C5.1.1–C5.1.11, 2000.

[13] A. E. Morgan, E. K. Broadbent, M. Delfino, B. Coulman, D. K.
Sadana. Characterization of a self-aligned cobalt silicide process. Jour-
nal of the Electrochemical Society: Solid State Science and Technology,
134(4):925–935, 1986.

[14] J. M. Andrews. The role of the metal-semiconductor interface in silicon
integrated circuit technology. Journal of Vacuum Science Technology,
11(6):972–984, 1974.

[15] F. M. d’Heurle. Silicide interfaces in silicon technology. Journal of
Electronic Materials, 27(11):1138–1147, 1998.

[16] J. M. Anderson. The role of the metal-semiconductor interface in silicon
integrated circuit technology. Journal of Vacuum Science Technology,
11:972–984, 1974.

[17] D. Kahng, M. P. Lepselter. Planar epitaxial silicon Schottky barrier
diodes. The Bell system technical journal, pages 1525–1528, 1965.

[18] S. P. Muraka, D. B. Fraser. Thin film interaction between titanium and
polycrystalline silicon. Journal of Applied Physics, 51:342–349, 1980.

[19] D. B. Scott, R. A. Chapman, C.-C. Wei, S. S. Mahanti-Shetti, R. A.
Haken, T. C. Holloway. Titanium disilicide contact resistivity and its
impact on 1µm CMOS circuit performance. IEEE Transactions on
Electron Devices, 34:562–574, 1987.

[20] R. A. Roy, L. A. Clevenger, C. Cabral jr., K. L. Saenger, S. Brauer,
J. L. Jordan-Sweet, J. Bucchignano, G. B. Stephenson, G. Morales,
K. F. Ludwig jr. In-situ diffraction analysis of the C49-C54 titanium
silicide phase transformation in narrow lines. Applied Physics Letters,
66(14):1732–1734, 1995.

129



Bibliography

[21] R. W. Mann, L. A. Clevenger, P. D. Agnello, F. R. White. Silicides and
local interconnections for high-performance VLSI applications. IBM
Journal of Research Development, 39(4):403–417, 1995.

[22] T. C. Hsiao, P. Liu, J. C. S. Woo. An advanced Ge pre-amorphization
salicicde technology for sub-quarter-micrometer SOI CMOS devices.
Symposium on VLSI Technology Digest of Technical Papers, pages 95–
96, 1997.

[23] J. A. Kittl, Q. Z. Hong. Materials aspects of Ti and Co silicidation of
narrow polysilicon lines. Thin Solid Films, 290–291:473–476, 1996.

[24] D.-X. Xu, S. R. Das, J. P. McCaffrey, C. J. Peters, L. E. Erickson.
Process window of nickel and platinum silicides in deep sub-micron
regime. Materials Research Society Symposium Proceedings, 402:59–64,
1996.

[25] W. Blum, H.-J. Engelmann, J. Rinderknecht, E. Zschech. EFTEM
study of Ti/TiN and Co-silicide thin films at cross-sections of device
structures. Proceedings of 11th International Conference on Microscopy
of Semiconducting Materials, 164:537–540, 1999.

[26] A. Lauwers, P. Besser, M. de Potter, E. Kondoh, N. Roelandts, A. Stee-
gen, M. Stucchi, K. Maex. Performance and manufacturability of the
Co/Ti (cap) silicidation process for 0.25µm MOS-technologies. IITC,
pages 98–101, 1998.

[27] K. Maex, A. Lauwers, P. Besser, E. Kondoh, M. de Potter, A. Stee-
gen. Self-aligned CoSi2 for 0.18µm and below. IEEE Transactions on
Electron Devices, 46(7):1545–1550, 1999.

[28] Q. Xiang, B. Yu, H. Wang, M.-R. Lin. High performance sub-50 nm
CMOS with advanced gate stack. Symposium On VLSI Technology
Digest of Technical Papers, 2001.

[29] J. Rinderknecht, H. Prinz, T. Kammler, F. Berberich, E. Zschech. In
situ high-temperature synchrotron-radiation diffraction studies of Ni and
Co-Ni silicidation processes. Microelectronic Engineering, 64:143–149,
2002.

[30] J. A. Kittl, A. Lauwers, O. Chamirian, M. J. H. van Dal, A. Akheyar, M.
de Potter, R. Lindsay, K. Maex. Ni and Co based silicides for advanced
CMOS applications. Microelectronic Engineering, 70:158–165, 2003.

130



Bibliography

[31] J. A. Kittl, A. Lauwers, O. Chamirian, M. J. H. van Dal, A. Akheyar,
O. Richard, J. G. Lisoni, M. de Potter, R. Lindsay, K. Maex. Silicides
for 65 nm CMOS and beyond. Materials Research Society Symposium
Proceedings, 765:D7.5.1–D7.5.12, 2003.

[32] E. A. Guliants, W. A. Anderson. Thin Ni-silicides for low resistance
contacts and growth of thin crystalline Si layers. Materials Research
Society Symposium, 611:C7.14.1–C7.14.6, 2000.

[33] Q. Xiang, C. Woo, E. Paton, J. Foster, B. Yu, M.-R. Lin. Deep sub-
100 nm CMOS with ultra low gate sheet resistance by NiSi. Symposium
On VLSI Technology Digest of Technical Papers, pages 76–77, 2000.

[34] A. Lauwers, M. de Potter, O. Chamirian, R. Lindsay, C. Demeurisse,
C. Vrancken, K. Maex. Silicides for the 100 nm node and beyond:
Co-silicide, Co(Ni)-silicide and Ni-silicide. Microelectronic Engineering,
64:131–142, 2002.

[35] H. Iwai, T. Ohguro, S.-I. Ohmi. NiSi salicide technology for scaled
CMOS. Microelectronic Engineering, 60:157–169, 2002.

[36] F. Deng, R. A. Anderson, P. M. Asbeck, S. S. Lau. Salicidation process
using NiSi and its device applications. Journal of Applied Physics,
81(12):8047–8051, 1997.

[37] K. P. Liew, Y. Li, M. Yeadon, R. Bernstein, C. V. Thompson. Charac-
terization and modeling of stress evolution during nickel silicides forma-
tion. Symposium on Advanced Materials for Micro- and Nano- Systems
Proceedings, 2003.
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[54] N. E. Christensen J. Kudrnovský. Electronic structure and properties of
transitional-metal disilicides CoSi2, NiSi2 and their alloys CoxNi1−xSi2.
Solid State Communications, 78(2):153–157, 1991.

[55] T. G. Finstad, D. D. Anfiteatro, V. R. Deline, F. M. d’Heurle, P. Gas,
V. L. Moruzzi, K. Schwarz, J. Tersoff. The formation of disilicide from
bilayers of Ni/Co and Co/Ni on silicon: Phase separation and solid
solution. Thin Solid Films, 135:229–243, 1986.
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graphie. Verlag Technik GmbH, Berlin, 17th edition, 1990.

[108] I. C. Noyan, J. B. Cohen. Residual stress. Materials Research and
Engineering. Springer verlag, New York, Berlin, Heidelberg, 1987.
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[171] C. Detavernier, A. S. Özcan, J. L. Jordan-Sweet, F. M. Ross, J. Ter-
soff, C. Lavoie. An off-normal fiber-like texture in thin films on single
crystalline substrates. in press, page in press, 2004.

[172] C. Detavernier, C. Lavoie. Texture of NiSi films on Si(100) and (110)
substrates. in press, page in press, 2004.
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Thesen zur Dissertation

1. Silizide spielen eine wichtige Rolle in den technologisch fortschrittlich-
sten CMOS Bauteilen. Sie finden Verwendung als Kontaktmaterial auf
den Aktivgebieten und dem Silizium Gatter von Transistoren. Kobalt-
disilizid (CoSi2) findet in der Fertigung aktueller Mikroprozessoren Ver-
wendung. Mit fortschreitender Technologieentwicklung und damit ver-
bundener Verkleinerung der Strukturen ergeben sich Probleme beim
Einsatz von CoSi2.

2. Aufgrund von Agglomerationserscheinungen bei sehr dünnen und schma-
len (≤60 nm) polykristallinen Silizidschichten kommt es zu Unterbre-
chungen der CoSi2 Schichten. Diese führen zu erhöhten elektrischen
Widerständen und können auch den Ausfall des Bauteils bewirken.

3. Durch in situ Hochtemperatur-Synchrotronstrahlung-Röntgenbeugungs-
experimente (SR-XRD) an nanoskaligen Schichten, d. h. Schichtdicken
im Bereich 10er nm, konnte die Phasenbildungsabfolge zu
Co2Si → CoSi → CoSi2 bestimmt werden.

4. Um die temperaturabhängigen Agglomerationserscheinungen bei der
Verwendung von CoSi2 zu reduzieren, wurden 5 at. % Ni zu Co hinzu-
legiert. Die Zugabe von Ni sollte die Phasenbildungs- und Umwandlungs-
temperaturen erniedrigen. In situ SR-XRD-Experimente mit 5 at. % Ni
als Legierungselement zeigten nur leicht herabgesetzte Temperaturen im
Vergleich zu reinen Co Proben.

5. Auger Elektronenspektroskopie (AES) zeigte in jedem Fall eine An-
reicherung von Ni an der Grenzfläche zum Silizium-Substrat nach ther-
mischer Behandlung der Probe.

6. Dieser Effekt konnte auch bei Schichtstapeln Ni auf Co auf Si beobachtet
werden und führte zu einer Umkehrung der ursprünglich abgeschiedenen
Schichtfolge.
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7. Die Silizide Co2Si und Ni2Si sowie CoSi2 und NiSi2 sind vollständig
miteinander mischbar. Die Monosilizide der jeweiligen Elemente sind
nur sehr eingeschränkt miteinander mischbar, was zu den beobachteten
Effekten führt.

8. Aufgrund der Oxidationsneigung von Co wird beim zweistufigen ther-
mischen Silizidierungsprozess eine Ti Deckschicht verwendet. Diese
Deckschicht dient dazu die Oxidation von Co zu verhindern sowie Ver-
unreinigungen aufzunehmen. Wird diese Deckschicht vor dem zweiten
Temperschritt nicht, oder nicht vollständig entfernt, so kann es zur
Bildung einer ternären Co-Ti-Si Phase kommen. Durch den Einsatz
von Elektronenbeugung mit konvergentem Strahl im TEM (CBED) und
energiegefilterter TEM (EFTEM) konnte die ternäre Phase CoTiSi iden-
tifiziert werden.

9. NiSi wird höchstwahrscheinlich in absehbarer Zeit CoSi2 als Werkstoff
in der Mikroprozessorfertigung ersetzen. NiSi bietet eine Reihe von
Vorteilen gegenüber CoSi2: Die Bildungstemperatur von NiSi ist deut-
lich geringer. Es kommt nicht zu unterbrochenen Silizidschichten, auch
bei extrem schmalen Linienbreiten. Verglichen mit CoSi2 ist der Sili-
ziumverbauch von NiSi für einen gegebenen Schichtwiderstand ≈35 %
geringer. Nachteilig an NiSi ist, daß es nicht die thermodynamisch sta-
bile Hochtemperaturform darstellt. NiSi wandelt sich bei hohen Tem-
peraturen zu NiSi2 um.

10. Die Bildung von NiSi erfolgt diffusionsgesteuert. Dies führt zu glatteren,
und damit besseren Grenzschichten im Vergleich zu CoSi2- oder NiSi2-
Schichten. Die Bildung der Disilizide erfolgt nukleationsgesteuert.

11. Auf einkristallinem Silizium-Substrat erfolgt die NiSi2-Bildung epitak-
tisch. Dies konnte durch SR-XRD sowie durch TEM-Aufnahmen und
Mikrobeugung im TEM gezeigt werden.

12. NiSi weist einen negativen thermischen Ausdehnungskoeffizienten (CTE)
auf. Die b-Achse der NiSi-Elementarzelle verkleinert sich mit steigen-
der Temperatur. Der negative thermische Ausdehnungskoeffizient von
NiSi und sein nicht-lineares Verhalten konnte für den Temperaturbe-
reich 400 ◦C– 700 ◦C durch in situ Hochtemperatur-SR-XRD Experi-
mente bestimmt werden.
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13. Bei der thermischen Behandlung von Ni-Silizidschichten erfolgt vor der
NiSi2-Bildung eine Agglomeration der Silizidschicht. Der Agglomera-
tionsgrad von NiSi-Schichten konnte für verschiedene Herstellungspara-
meter mittels Rasterelektronenmikroskopie (REM/SEM) bestimmt wer-
den.

14. Mittels der durchgeführten quasi-statischen SR-XRD Untersuchungen
konnte die Phasenbildungsabfolge zu Ni2Si → NiSi → NiSi2 bestimmt
werden.

15. Im Vergleich zu einkristallinen Substraten sind die Bildungs- und Um-
wandlungstemperaturen der Silizide auf polykristallinen Substraten er-
heblich niedriger. Dies wird durch die größere Anzahl an Diffusionswe-
gen und Keimbildungszentren erklärt.

16. Deckschichten aus Ti oder TiN erhöhen die Phasenbildungs- und Um-
wandlungstemperaturen. Im Falle von Ti auf Co wird die thermische
Stabilität um +100 K, bei TiN auf Ni um +50 K erhöht.

17. Dotierungselemente führen im Allgemeinen ebenfalls zu einer Erhöhung
der Phasenbildungs- und Umwandlungstemperaturen. Dieser Effekt
kann im Falle von NiSi auf einkristallinem Si-Substrat zu einer Erhöhung
der thermischen Stabilität um bis zu +150 K beitragen.

18. Deckschichten aus Ti oder TiN reduzieren die Neigung zur Agglomera-
tion dünner Silizidschichten, erhöhen also die thermische Stabilität die-
ser Schichten. Die Elemente der Deckschichten behindern die Diffu-
sion der silizidbildenden Elemente. Agglomeration ist abhängig von der
Temperatur, Zeit, Verhältnis von Korndurchmesser zu Schichtdicke und
der Schichtdicke.

19. Die abgeschiedene Schichtdicke der Metallschichten hat einen Einfluß
auf die Phasenbildungs- und Umwandlungstemperaturen der Silizide.
Je dünner die (Silizid-)Schichten, desto kürzer sind die Diffusionspfade.
Außerdem verringert sich die durchschnittliche Korngröße und somit
wird die Korngrenzendiffusion stärker betont. Dies bedingt einen deut-
lich größeren effektiven Diffusionskoeffizienten, welcher die beobachteten
niedrigeren Phasenbildungs- und Umwandlungstemperaturen hervorruft.
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Beruflicher Werdegang seit Sept. 1997
AMD Saxony LLC & Co. KG
Materials Analyst, Materials Analysis Department

148



Appendix A

Phase diagrams

A.1 The systems Co–Si
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Appendix A

A.2 The system Ni–Si
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Appendix A

A.3 The system Co–Ni
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Appendix A

A.4 The system Co–Ni–Si
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Appendix B

AES results

B.1 AES depth profiles of Co-Ni|Si samples
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(a) 1 nmNi | 19 nmCo |Si.
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(b) 5 nm Ni | 15 nm Co |Si.

-5 0 5 10 15 20 25 30 35 40
0

10

20

30

40

50

60

70

80

90

100

Co

Ni

Si

Ni1.ls1
Co3.ls2
Si2.ls3

Sputtertime [min]

A
to

m
ic

co
nc

en
tr

at
io

n
[%

]

(c) 10 nm Ni | 10 nm Co |Si.
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(d) 1 nm Ni | 19 nm Co |Si.
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(e) 5 nm Ni | 15 nm Co |Si.
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(f) 10 nm Ni | 10 nm Co |Si.

Fig. B.1: AES depth profiles of Ni |Co |Si samples (5 at.%, 25 at.%, 50 at.%
Ni) annealed at 450 ◦C (top row) and 600 ◦C (bottom row).
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Appendix C

CBED results

In figure C.1 are the results of the CBED investigations shown that belong to
CoSi.

L942 CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [1 3 1].

L943 CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [5 2 1].

L950 CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [1 1 3].

Fig. C.1: Summary of CBED results of sample heated up to 610 ◦C for CoSi.

C -1



Appendix C

In figure C.2 are the results of the CBED investigations shown that belong to
CoSi2 and α-Ti.

(a) CoSi2

L944 CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [5 1 0].

(b) α-Ti

L948 CBED image, ELDISCA recognized diffraction spots, best fit with zone axis [1 1 1].

Fig. C.2: Summary of CBED results of sample heated up to 610 ◦C for
CoSi2 a) and α-Ti b).
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Appendix D

SR-XRD results

D.1 SR-XRD results of Ni|Si samples

The following figures are closeups of specific key temperatures, where phase
conversions could be observed, of figure 5.6 to illustrate the phase identifica-
tion. The colors match those used in figure 5.6 in chapter 5.
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Fig. D.1: SR-XRD result of Ni|Si sample at 200 ◦C (λ=1.648 Å).
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Fig. D.2: SR-XRD result of Ni|Si sample at 250 ◦C (λ=1.648 Å).
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Fig. D.3: SR-XRD result of Ni|Si sample at 275 ◦C (λ=1.648 Å).
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Fig. D.4: SR-XRD result of Ni|Si sample at 300 ◦C (λ=1.648 Å).
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Fig. D.5: SR-XRD result of Ni|Si sample at 700 ◦C (λ=1.648 Å).
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Fig. D.6: SR-XRD result of Ni|Si sample at 750 ◦C (λ=1.648 Å).
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D.2 SR-XRD results of Co|Si samples

The following figures are closeups of specific key temperatures, where phase
conversions could be observed, of figure 6.7 to illustrate the phase identifica-
tion. The colors match those used in figure 6.7 in section 5.1.1.
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Fig. D.7: SR-XRD results of Co|Si sample with Ti capping layer at 300 ◦C

(λ=1.648 Å).
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Fig. D.8: SR-XRD results of Co|Si sample with Ti capping layer at 350 ◦C

(λ=1.648 Å).
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Fig. D.9: SR-XRD results of Co|Si sample with Ti capping layer at 575 ◦C

(λ=1.648 Å).
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Fig. D.10: SR-XRD results of Co|Si sample with Ti capping layer at 625 ◦C

(λ=1.648 Å).
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D.3 SR-XRD results of Co-Ni|Si samples

The following figures are closeups of specific key temperatures, where phase
conversions could be observed, of figure 5.4 to illustrate the phase identifica-
tion. The colors match those used in figure 6.7 in section 5.1.2.
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Fig. D.11: SR-XRD results of Co-Ni|Si sample at 275 ◦C (λ=1.648 Å).
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Fig. D.12: SR-XRD results of Co-Ni|Si sample at 300 ◦C (λ=1.648 Å).
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Fig. D.13: SR-XRD results of Co-Ni|Si sample at 350 ◦C (λ=1.648 Å).
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Fig. D.14: SR-XRD results of Co-Ni|Si sample at 475 ◦C (λ=1.648 Å).
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Fig. D.15: SR-XRD results of Co-Ni|Si sample at 600 ◦C (λ=1.648 Å).
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Fig. D.16: SR-XRD results of Co-Ni|Si sample annealed up to 650 ◦C

(λ=1.648 Å). Sample showed partial agglomeration.
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Appendix E

TEM results

E.1 TEM results of Ni|Si samples:
interface roughness

Fig. E.1: TEM cross-section images of NiSi layers. All samples annealed at 650 ◦C

for 30 sec. Sample a) doped with 2.5 · 1015 at/cm2, no PAI. Samples b)–d)
with PAI annealing time of 0 sec, 30 sec, and 300 sec, respectively. Xe+ pre-
amorphization with dose of 2 · 1014 at/cm2.
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Appendix F

XRD results

Different samples have been investigated using conventional XRD equipment.
The capping layer that was used consisted of 15 nm Ti.

F.1 Co|Si samples with and without Ti cap-
ping layer

Fig. F.1: XRD results of Co|Si sample with Ti capping layer in the tem-

perature range 600 ◦C–700 ◦C (λ=1.5414 Å).
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Fig. F.2: XRD results of Co|Si sample without Ti capping layer in the tem-

perature range 580 ◦C–600 ◦C (λ=1.5414 Å).

F.2 Co-Ni|Si samples with and without Ti cap-
ping layer

Fig. F.3: XRD results of Co-Ni|Si sample with Ti capping layer in the tem-

perature range 600 ◦C–700 ◦C (λ=1.5414 Å).
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Fig. F.4: XRD results of Co-Ni|Si sample without Ti capping layer in the

temperature range 600 ◦C–700 ◦C (λ=1.5414 Å).
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Appendix G

XRR results

G.1 Samples with single crystal silicon sub-
strate

G.1.1 XRR results of Ni|Si samples without capping
layer
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Fig. G.1: XRR result of undoped 15 nm Ni|Si sample without capping layer

(λ=1.5414 Å). XRR results: 15.35 nm Ni with 1.1 nm Ni oxide on
top.
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Fig. G.2: XRR result of B+ doped 8 nm Ni|Si sample without capping layer

(λ=1.5414 Å). XRR results: 10.4 nm Ni with 1.3 nm Ni oxide on top.
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Fig. G.3: XRR result of B+ doped 10 nmNi|Si sample without capping layer

(λ=1.5414 Å). XRR results: 12.48 nm Ni with 0.98 nm Ni oxide on
top.

G -2



Appendix G

-710

-610

-510

-410

-310

-210

-110

010

110

0.5 1.0 1.5 2.0 2.5 3.0

R
ef

le
ct

iv
ti

y

Measurement Simulation

Theta [°]

Fig. G.4: XRR result of B+ doped 15 nmNi|Si sample without capping layer

(λ=1.5414 Å). XRR results: 16.17 nm Ni with 0.96 nm Ni oxide on
top.

G.1.2 XRR results of Ni|Si samples with capping layer
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Fig. G.5: XRR result of B+ doped 10 nm Ni|Si sample with TiN capping layer

(λ=1.5414 Å). XRR results: 12.75 nm Ni with 13.77 nm TiN on top.
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Fig. G.6: XRR result of undoped 8 nm Ni|Si sample with TiN capping layer

(λ=1.5414 Å). XRR results: 9.70 nm Ni with 13.34 nm TiN on top.
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Fig. G.7: XRR result of undoped 10 nmNi|Si sample with TiN capping layer

(λ=1.5414 Å). XRR results: 13.51 nm Ni with 11.95 nm TiN on top.
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G.2 Samples with polycrystalline Si substrate

G.2.1 XRR results of Ni|Si samples without capping
layer
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Fig. G.8: XRR result of B+ doped 8 nm Ni|Si sample without capping layer

(λ=1.5414 Å). XRR results: 9.70 nm Ni with 1.22 nm Ni oxide on top.
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Fig. G.9: XRR result of B+ doped 10 nmNi|Si sample without capping layer

(λ=1.5414 Å). XRR results: 10.81 nm Ni with 1.36 nm Ni oxide on
top.
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Fig. G.10: XRR result of B+ doped 15 nmNi|Si sample without capping layer

(λ=1.5414 Å). XRR results: 15.26 nm Ni with 0.7 nm Ni oxide on
top.
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G.2.2 XRR results of Ni|Si samples with TiN capping
layer
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Fig. G.11: XRR result of B+ doped 10 nmNi|Si sample with TiN capping layer

(λ=1.5414 Å). XRR results: 9.73 nm Ni with 10.22 nm TiN on top.
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Fig. G.12: XRR result of undoped 10 nmNi|Si sample with TiN capping layer

(λ=1.5414 Å). XRR results: 9.25 nm Ni with 17.99 nm TiN on top.
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