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Preamorphization Implantation
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Secondary Ion Mass Spectroscopy
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Very/Ultra Large Scale Integration
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ABSTRACT
Metal silicides are used to reduce the polycrystalline silicon (polysilicon) gate and
contact resistances during fabrication of transistors in microelectronics devices.
Generally, Titanium disilicides

and Cobalt disilicides

are widely

utilized on transistors while Nickel monosilicides (NiSi) are still under intense
investigation for future transistor technology. However, reactions between parent
metals (Ti, Co and Ni) and silicon often present many different problems during
silicides formation.
Firstly, the formation of lower resistivity
polysilicon gate <0.18

is limited by the length of

because of insufficient metastable

triple point

junctions where the C54 nucleate. If higher annealing temperature is used for C49-toC54

transformation, agglomeration or gate to source/drain current leakages will

occur.
Secondly,

formation usually requires high amount of silicon consumption

during Co/Si reaction and eventually forms thick Cobalt silicides film. This problem
causes an increase in source/drain to substrate junction current leakage as devices
decrease in size. Hence, Nisi is proposed. However, the formation of NiSi is limited
by its poor thermal stability. Film agglomeration will frequently occur after few
thermal cycles or moderate thermal treatments during transistor fabrication.

In this thesis, the primary objective is to evaluate the problems of
apply the technology into 0.13

and beyond transistor devices. Theoretically, it is
grains as more C49 triple point junctions can

desirable to obtain smaller
increase the nucleation density of
order to enhance

in order to

Three techniques have been explored in

nucleation: (a) amorphization of Si substrates and

polysilicon gate (b) decreasing the soak time of
xix

at high temperature by
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increasing heating rates and (c) increasing C54 nucleation rate by higher annealing
temperature. Using these techniques,
transistor. All the problems of

is achieved at 0.12

polysilicon

listed above have also been minimized or

avoided. In fact, it is found that the gate to source/drain current leakages decrease
with decreasing polysilicon gate for heating rate of greater than 100°C/sec. The
results obtained contradict literature report that current leakages increase with smaller
polysilicon gates.

Furthermore,

agglomeration during high annealing

temperature (>850°C) has also been drastically reduced.
The stress generated in

has also been studied. As the formation of C54 phase

is nucleated from the triple point grain boundary, it is important to understand the
grain boundary stresses developed during rapid annealing process. A microstructural
stress technique has been developed which evaluates the change in stress along a high
and low angle grain boundary of

The resultant stress along the grain boundary

depends on (a) the tensile stress generated by the difference in thermal expansion
coefficient between the
developed by the

film and silicon substrate and (b) the compressive stress
when two grains coalesce as grain growth proceed. The

results imply that changes in the type of grain boundary (i.e. high or low angle)
stresses can affect the nucleation process of C54 phase.
The surface roughness is found to change as metal (Ti, Co and Ni) silicides phase
transformation occurs. Based on this finding, a new technique is developed to
identify phase transformation of metal silicides using the surface roughness obtained

by Atomic Force Microscopy (AFM). This technique provides an alternative to
distinguish the phase transformation of metal silicides as compared to the sheet
resistance measurement. This proposed technique is more sensitive in detecting metal
silicides agglomeration.
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CHAPTER 1
INTRODUCTION
1.1 General Overview
The development of Very Large Scale Integration (VLSI) and Ultra Large Scale
Integration (ULSI) in microelectronics applications required sophisticated silicon
wafer device fabrication processes. In order to increase transisitors' performances,
continuous down-scaling in device structures is vital. Within the subset of device
fabrication, contact metallization is one of the most significant stage for enhancing
device performances.

For this purpose, metal silicides have been employed in contact metallization to
reduce contact and sheet resistances [1,2,3] in transistors so that the switching speed
of transistor devices can be improved.

Most of the silicide applications are

incorporated in Complementary Metal Oxide Semiconductor (CMOS) processes as
source/drain and gate contact materials. Figure 1.1 depicts the schematic diagram of a
CMOS transistor, By materializing a layer of low resistance metal silicides on gate,
source and drain of a CMOS transistor, the contact resistance is reduced from -180
to ~5

Furthermore, the sheet resistance along the polycrystalline silicon

gate (polysilicon) is also reduced significantly.
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Figure 1.1:

Schematic diagram of CMOS transistor. Poly-Si gate channel
length, L changes as the transistor speed increases with each
technology node. Metal silicides are formed on top of gate, source
and drain after metal/silicon reaction.

Generally, metal silicides are more stable than pure metal because of their selfpassivation properties in oxygen-rich environment. According to the periodic table,
more than half of the elements present are able to form silicides with silicon as
depicted in Table 1.1. Among all listed elements, majority of the silicides are metallic
and have low resistivity. For more detailed information on metal silicides, readers
can refer to literature [1,2].
and cobalt disilicide

However, of all the metal silicides, titanium disilicide

[8] are most commonly utilised in CMOS

fabrication. Only recently, nickel monosilicide (Nisi) [84,119] has also been
investigated thoroughly.
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Table 1.1 Silicides of elements in the Periodic Table [2]

Table 1.2 briefly characterizes the properties of
can only be employed in technology node of up to 0.25
limitations shall be discussed later. While

3

and Nisi. Presently,
and its various

is utilised for technology node of
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0.18

and below,

shows high source/drain junction leakages due to high

silicon consumption into S/D (source/drain) junction when junction depth D (Fig 1.1)
decreases with down-scaling of devices. Table 1.2 shows that the formation of
consume about 0.36 nm of Si while formation of
This difference gives a major advantage for
reduces. Furthermore,

only consumes 0.23 nm of Si.

as junction depth

over

is more susceptible to form spike at the source/drain

junctions due to interface roughness. Thus limitation arises as

extends into

ultra shallow juction regime. In all the information shown in Table 1.3, the data of
interest is the roadmap for silicide thickness. It can be seen that silicide thickness
will reach 25 nm as device feature reduces to 0.1

in 2005. Hence, in order to

obtain the required silicide thickness, the maximum deposited thickness of cobalt and
titanium before the formation of silicide will be about 5-6 nm and 11-12 nm
respectively. The smaller deposited cobalt thickness will result in narrower process
margin during device fabrication.

Nickel monosilicides (Nisi) are expected to replace cobalt disilicides as the Si
consumption needed to form Nisi is only 0.18 nm per 0.1 nm of silicon. However,
Nisi has not been implemented in any manufacturing process and interest has been
directed to implement it into 0.07

technology. To implement Nickel in process

manufacturing, large amount of capital cost would be need for investment. Thus if
is able to extend its technological node to 0.1
because

less capital cost is needed

has already been used in transistor fabrication. The disavantages of

using Nisi are 1) Nisi has much poorer thermal stability than
2)agglomeration will occur for Nisi at 750°C while for

1200°C. Hence,

and
is
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devices. However, one advantage of NiSi is

still an attractive candidate for 0.1

the need for only one rapid thermal annealing (RTA) process.

Table 1.2: A comparison on the properties of different silicides [2,3]

Nisi

Properties
Thin Film Resistivity

13-20

14-20

14-20

Si consumption :

1 : 2.3

1 : 3.6

1 :1.8

Form Temp. RTA 1

625-675

450-500

400-600

RTA 2

750-850

650-750

1500

1326

992

Diffusing Species

Si

Co, Si(for CoSi)

Ni

Thermal Stability

Good

Average

Bad

Lattice Mistmatch

1.5

1.2

0.6

Compatibility to Wet and

High

Low

Low

Film Stresses (Pa)

1.5E10

<1E10

<1E10

Junction Integrity

High Leakage

Good

Good

silicides formation

Melting Temp.

Dry Etch

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table 1.3 International Technology Roadmap For Semiconductor :1999 [121]

However, many limitations in

still exists. Z.Ma [12] shows in his work that

the polymorphic transformation of higher resistivity metastable C49 phase with
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activation energy ~1.4 eV always proceed before the formation of lower resistivity
C54 phase (~4.4 eV). This metastable phase is heavily faulted with base centered
orthorhombic structure (Strukturbericht notation C49) which is crystallographically
isomorphous to

. The lower resistivity titanium disilicide has a face-centered

orthorhombic structure (Strukturbericht notation (C54). Polymorphic transformation
differs from recrystallization since the earlier term deals with the transformation of
two crystal structure without changing stoichemetry during nucleation. The crystal
structures of C49 and C54 are as follow:

Figure 1.2:

Crystal structure and atomic arrangement of (a)

and (b)

within the unit cell

The lattice parameters within the unit cell of two disilicides are determined to be:
for
4.78

a = 3.62

c = 8.54

b = 13.76

c = 3.60

and for

The intrinsic resistivity of C49 and

a = 8.25

b=

are 80 to 100
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and 13 to 20

respectively. Although some techniques using bilayer

metals have been developed, it does not served the purposes of reducing costs.
Additionally, more complication shall occur since new materials are implemented
during manufacturing.

Under standard fabrication conditions with small polysilicon gate length (< 0.2
the diffculty for C54 nucleation due to insufficient metastable parent C49 phase
triple point grain boundary becomes significant. One way of improving is to increase
the annealing temperature of the reaction. However, if the annealing temperature is
increased, the increased diffusion rate of silicon atom will cause gate to source/drain
(S/D) current leakages and agglomeration to occur.
developing

Thus great challenge in

polycrystalline silicon gate (<0.13 pm) with large process margin is

obvious.

Two main problems are identified and need to be solved if
<0.13 pm transistors. Firstly,

is to be used for

should form C54 phase after annealing without

agglomeration on polysilicon gate so that low sheet resistance can be achieved.
Secondly, the formation process can only be one step rapid thermal annealing so that
this process can compete with the formation process of Nisi.

From technological point of view, extensive studies have been carried out on
improving the

properties using various material alteration techniques [4-6] and

changing process schemes [7-10]. When the desired equilibrium C54 polymorphic
transformation takes place at relatively high annealing temperature, agglomeration
may occur. Furthermore, different processing conditions may deteriorate the film
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integrity and results in gate to source/drain junction current leakages in transistor
devices upon extended annealing. Gate to source/drain current leakages are formed
when Si atoms diffuse onto the spacer at high annealing temperature and prolonged
time.

Hence,

thermal budget has to be reduced in order to suppress the

agglomeration. Moreover, agglomeration can also occur when film stress increases.
The fulfillment of these tasks depend on kinetics path of the C54 transformation.
Although the fundamental understanding of the kinetics and mechanism of their
formation have already been established, the mechanism of microstructural stress
formation is not properly understood.

1.2

Objectives

In view of the problems with metal silicides, the objectives of this thesis are to

explore:
a. The development of a process for the formation of

for application in CMOS

transistors with deep submicron polycrystalline silicon gate length preferably less
than 0.13

b. The stresses developed in microstructure of metal disilicides, in particular
c. The development of a methodology to evaluate the phase transformation and
agglomeration of metal silicides.

This project will focus primarily on some fundamental issues in the formation of
metastable (C49 structure) and stable (C54 structre) titanium disilicides during Ti/Si
reactions.
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The main charaterization techniques used in this work are transmission electron
microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD),
atomic force microscopy (AFM), four point probe for measuring sheet resistance and
secondary ion mass spectroscopy (SIMS).

This thesis is organized in much the same manner as the research was performed;
firstly, some particular issues concerning titanium disilicides are addressed, followed
by an attempt to solve these problems and obtain some insight into the stress
formation in the disilicide formation. Chapter 2 reviews the kinetics and mechanisms
of Ti/Si reaction reported in literature. Furthermore, process scheme of fabricating
silicides on transistors is discussed. The sequence of the titanium disilicides
phase formation under differentprocessing conditions is described in chapter 3. It is

found that pronounced effect on

formation can occur with higher annealing

temperature but even so the nucleation event is quite low at the C49 triple junction
grain boundary. A more in-depth study in Chapter 4 discusses the effect of process
conditions on grain size of C49/C54 and its influence on the polymorphic
transformation. Methodologies to achieve the smallest

grains will be

presented and discussed. It is found that the C54 phase nucleation density increases

with annealing temperature but a threshold nucleation density is obtained at 900°C.
Thus, an attempt to produce Ti silicide on polysilicon gate of less than 0.13

is

carried out in chapter 5. In order to solve this problem, a new metallization scheme
utilizing one step high annealing temperature and ramp up rate is used. Good results
are achieved up to 0.12

polysilicon gate transistors with no agglomeration.

Suprisingly, the gate to sourceldrain current leakages decreases with increasing ramp

up rates since the nucelation density is quite low even at high annealing temperature.
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Chapter 6 investigates the microstructures relating to the C49-to-C54 polymorphic
transformation and the evolution of stress in

film. Stress development is found

to occur at the grain boundaries during silicidation and grain growth of

The

compressive stress is found to be higher at the low angle grain boundary than the high
angle grain boundary. Thus, this gives a plausible explanation that the amount of
compressive stress between grain boundaries can prohibit C54 nucleation. Chapter 7
describes a new way of tracing the silicidation process using AFM. This method is
useful in giving early detection of silicides agglomeration. Chapter 8 summarizes the
work that has been carried out and points to the direction where future work can be
explored.

The publications arising from this research are given in the list of

accomplishments.
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CHAPTER 2
BACKGROUND

The nucleation and growth mechanism of metal/silicon solid reaction is being
reviewed by using some nucleation and growth models, in particular for
Subsequently, an overview of the problems encountered in Ti silicide formation for
deep-submicron MOS technologies is discussed.

2.1 Fundamental of Thin Films Reaction
The reaction between metal thin film and Si substrate involves either the diffusion
of metal atoms into Si (i.e. Co silicide formation) or silicon atoms into metal (i.e. Ti
silicide formation). The nucleation of a crystalline phase depends heavily on the free
energy needed to form a stable particle for grain growth. Often, intermetallic
compounds are more desirable than its elemental state since lower free energy state is
obtained.

The nucleation of crystalline phase consists of the development of a nucleus into a
size large and stable enough for grain growth. The nucleation process is driven by
lowering the free energy of a system,

However, this process is usually opposed

by larger interfacial area with a specific surface energy,

. The calculated AG per

unit volume of a system to an average nucleus radius, r gives a free energy of [1]

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

A plot from Eq. 2.1 produces a maximum of

with critical radius r* as

indicated in Fig. 2.1. Nucleus of size larger than r* (critical radius) tends to grow into
a larger grain. The critical radius, r*, depends strongly on both

and AG of the

system. Further details is made available in ref.[1] .

Radius

Figure 2.1: The free energy of a nucleus as a function of its radius

where

=
= Change of

T

enthalpy

= Temperature at equilibrium

Equation 2.2 shows that the rate of nucleation,
energy of the critical nuclei which is proportional to
activation energy for diffusion. As

which depends on

the free

and Q which is related to the

is inversely proportional to

SO

varies
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with exp

Most of the intermetallic compounds including silicides are

nucleation-dominated reaction.

In general, two solid state reactions namely, diffusion-controlled or interfacecontrolled chemical reaction dominate a thin film formation. Commonly, interfacecontrolled reaction will develop into diffusion-controlled reaction as the film
thickness increases. Goele et al. [11] has described a thin film growth kinetics model
to address possible types of different reactions. In Fig. 2.2, the film stack of a
metal/silicon reaction is illustrated.

The growth of

and

layers shown in Fig. 2.2 depend on the atomic

fluxes flowing between each layers.

Under diffusion-controlled condition, the

thickness of the film changes with time while film thickness depends on the reactivity
of each layer under interface-controlled reaction.

Figure 2.2: Atomic fluxes movement in silicon-metal reaction

If, however,

is diffusion-controlled and

will grow when the flux into
the flux is high in

is smaller than

is reaction rate-controlled,
Consequently, when

both layers will coexist. The chemistry of the compound

depends on whether metal or silicon is consumed faster. If the thickness of first layer
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, second phase compound will form

compound exceeds a certain critical value,

and grow. Figure 2.3 shows the possible path for second phase formation.

Figure 2.3: Block diagram of the three possible routes for second-phase
formation under supply conditions of M and Si in an M/Si
diffusion couple [11]

2.2 Growth Kinetics of Titanium Silicide
In Ti-Si system, at least five equilibrium phases are present, namely
TiSi and
TiSi and

Figure 2.4 indicates specifically three of the phases
shows to contain the highest atomic percent of Ti (~67%)

amount the three phases. In addition, the bulk
600°C to 1540°C.

formation temperature is between

is of interests for transistor fabrication because its C54 phase

shows the lowest resistivity.

There are two crystalline phases within this

stoichometry. The metastable

phase is always the phase formed before

According to Thompson [122], the activation energy for the
crystallization of amorphous

alloys to

is ~1.47 eV and for C49

to C54 conversion is ~4.45 eV. These data seem to provide the kinetic reason for the
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appearance of C49 phase as the intermediate phase there is a large energy barrier
opposing the direct transition from amorphous

alloys to the stable C54

phase. Furthermore, the Gibbs free energy for direct reaction of titanium with silicon
are also slightly lower for C49 phase (13.1 kcal/mol) than C54 phase (1 3.6 kcal/mol)
[9]. These data suggest that the metastable

phase is formed before C54-

After C54 phase is formed, further annealing will not affect any further solidstate reactions. At this stage, C54 gives the lowest sheet resistivity of about 15-20
compared with C49 phase with resistivity of 80-100

Hence, it is

desirable to obtain C54 phase first.

The higher resistivity of C49 phase is attributed to its server stacked faults in the
grains [12]. Moreover, the wide range of resistivities in C49 and C54

phases are

due to (1) the temperature range used during resistivity measurement will determine
the

lattice vibration of the atoms (2) type and method of measurement technique

used will determine the experiment accuracy and tolerance and (3) the stress of
grains that will affect the mobilities of eletron an holes [123,124,125].

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 2.4:

Binary phase diagram of Ti-Si [12]

However, many factors prevent the transformation of
to below 0.25

and its use

device technology node. Thus, it is crucial to understand the

mechanism of titanium silicide growth.

Z.Ma [12] in his report presented the

following growth mechanism. Under isothermal conditions (i.e. when the test sample
is held at a constant temperature for a certain time span in the furnace), Ti/Si reaction
can be divided into two categories:

The reaction takes place in a thermally activated manner over a relatively wide
temperature range between 0.3 - 0.5

(where

is the melting temperature in

degrees Kelvin of the silicide). Growth, on a macroscopic scale, is uniform from
the original interfaces that cause well-defined kinetic and temperature dependence
to be determined. Growth is either limited by diffusion (thickness proportional to
square root of anneal time) or limited by interfacial reaction (thickness
proportional to anneal time). In the diffusion-controlled case, growth rates can be
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determined at various annealing temperatures, from which the activation energy
for the process can be found.

The nucleation-controlled reaction is normally encountered once a silicide phase
(C49) has been formed. The nucleation of a second phase (C54) from the
proceeding Ti-rich phase is the rate-limiting step. Once nucleation has occurred,
growth proceeds rapidly. Therefore in such reactions, growth occurs suddenly in
a very narrow temperature range (usually within only a few tens of degrees).
Islands of second phase (C54) are found to nucleate in the first phase of C49, and
these islands spread out laterally until they impinge on each other and coalesce.
Growth kinetics cannot be measured unless one uses in-situ TEM as the
completion of the reaction is very rapid above the critical (nucleation)
temperature.

transformation requires the C49 phase to form

The reaction pathway for

at the intermediate stage, after which it grows and converts into the C54 phase. As
pointed out by Raaijmakers et al [13], the kinetics of C49 formation can be described
as two regimes: initial fast reaction and diffusion-controlled growth, being
represented by different kinetic rates.

The initial fast reaction is essentially associated with the discontinuous,
individualistic nucleation of the C49 phase followed by simultaneous lengthening and
thickening of C49 phase.

Metastable

C49 phase usually nucleates along the

interphase boundary between amorphous silicide

and crystalline Si (c-Si), as
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indicated by Fig. 2.5 which shows the basic cross-sectional structure of annealed
sample at 530°C.

Figure 2.5: Basic Cross-sectional Structure of Annealed Sample

During the next stage, the C49 grains grow laterally (in a direction parallel to the ainterface) as well as vertically (in a direction perpendicular to the interface)
at the expense of

and Si. The lateral growth (lengthening) of

appears faster than the vertical growth (thickening), exhibiting a large disparity in
growth rates of the C49 grains. Further simultaneous lateral and vertical growth
resulted in the coalescence of the individual grains originally separately formed at the
interface. This initial growth stage proceeds very fast untill a continuous layer of C49
phase is formed. The disparity in the growth rates can be easily understood based on
the local chemical information.

Before the C49 phase is formed, the
across the entire layer. The composition at the

layer has a larger composition range
interface is about 33 at.%

Ti and 67 at.% Si, very close to the composition required for the C49 formation [14].
After the formation of the C49 phase, the composition shifts from ~67 at.% Si to ~52
at.% Si at the

interface. Such composition barrier slows down the
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vertical growth at this interface since a further growth would require more Si supply
either through the already existing C49 phase (lattice diffusion) or along the
interphase boundaries (interphase boundary diffusion) to the growth front.

This

explains the slow growth observed at this interface.

Instead, the lateral growth can be facilitated by the local transport of Si along the
interface to the growth front. This point is supported by the known
fact that Si is the dominant moving species in the C49 phase growth [15]. Also, from
the observed simultaneous growth behaviour, it is suggested by Z.Ma et. al.[12,16]
that the initial fast growth is dominated by the preferential diffusion of Si along the
interphase boundaries to the growth front rather than through the existing C49 phase
[22]. The lattice diffusion is expected to be operative in the later stage of the growth

so as to give a slow reaction rate [13].

The reason for the lack of control of the initial C49 phase formation is still not
quite clear at present. It is most likely related to the nucleation difficulties of the
disilicide on c-Si. As indicated by d'Heurle [17], the nucleation of C49 at the ainterface is driven by a very small negative free energy change. So it can
be very sensitive to temperature, stress, and the presence of heterogeneous nucleation
sites. The latter can be greatly influenced by the interfacial impurities. In fact, there
exists a threshold temperature (around 530°C) for C49 nucleation. At a temperature
close to the threshold temperature, once the C49 phase is successfully nucleated, the
next step is more likely associated with the growth of the present nuclei rather than
further nucleation even though such nucleation sites may still exist.
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As temperature increases above the critical temperature, all the nucleation sites are
expected to be filled within very short time. A well-defined diffusion-controlled
growth will quickly take over the initial growth stage of the C49 phase. Therefore, in
summary, one can consider that the initial stage of C49 phase formation may
represent the competition between nucleation and growth of the disilicide.

2.3 Microstructural Aspects and Mechanism of C49-to-C54

Z. Ma et. al. [19] has investigated the growth mechanism of

under thin (40

nm) and thick (100 nrn) film conditions, Polymorphism is recognised as the ability of
the same chemical compound to exist in more than one crystalline structure and is a
very common phenomenon found in nature. Refractory metal silicides such as
are classical examples of compounds which are heavily dependent on physical
conditions (temperature and pressure) in the environment for transformation.

It has been found that

can only be obtained by thermally transforming

the metastable C49 polymorph at elevated temperatures

650°C) [10,17]. Since the

C49-to-C54 transformation is of particular technological importance, there have been
considerable studies on this structural transition. Many researchers suggest that more
nucleation events for the C54 phase are required to completely transform narrow
lines. However, very little is known about the structural evolution and associated
mechanism of this polymorphic transformation. In Z.Ma's thesis [12], he discussed
the mechanism responsible for C49-to-C54 phase transition.

After the first annealing step at 600°C, electron diffraction analysis indicates that
all the Ti film has reacted with the polysilicon to form a polycrystalline
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which is approximately equiaxed with an average grain size of 300 nm. As noted
from Figure 2.7, the C49 structure is heavily faulted. Most of the stacking fault is a
90'-rotation twin which changes the a axis into the c axis. The twin habit plane is
(010). It has recently been shown that a high density of such rotational twins lead to
the formation of a strained lattice with pseudotetragonal symmetry [18,19].

Nucleation and growth of the
studied during transformation anneal.

in the polycrystalline C49 phase were also
Figure 2.6 is a planar view TEM image

showing the early stage of the transformation. A C54 nucleus was found to nucleate
heterogeneously at grain boundaries of the C49 phase. The interface between the C54
nucleus and lower C49 grain was mostly incoherent, but its upper interphase
boundary exhibited partial coherency. Like all other solid-to-solid transformation
diffusion, the occurrence of local coherency yielded low energy (and low mobility)
interphase boundaries and thus minimized the energy barrier for critical nucleus
formation.
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Figure 2.6: (a) Plan-view TEM Micrograph showing the nucleation of a C54nucleus at Grain Boundary of

(indicated by circle),

and (b) A magnified View of the C54 Nucleus and identified through
dark field imaging. The schematic diagram in (b) shows that C54
nucleus starts to grow at the grain boundary [19]

Figures 2.7(a) and (b) illustrate the nucleation of the

at triple grain

junctions of the C49 phase and largely incoherent interphase boundaries between the
parent C49 and product C54 phases. It has also been noticed that the density of the
C54 nuclei was very low (about 15%) even though there are plenty of similar sites
available. This is an indication of the difficulty of nucleating the C54 disilicide.

Because most polymorphic transformations in intermetallic compounds are
accompanied by very small heat effects, ranging from 0.01 to 0.03 eV/atom [9], the
bulk free energy difference

between C49 and C54 is believed to be very small.

Also, there is about 6% volume reduction for the C49-to-C54 transformation.
Additional strain energy will further reduce this tiny driving force. Under these
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conditions, the energy barrier for the nucleation of the C54 phase is very large. It is
conceivable that the sites surrounded by differently oriented C49 grains have different
nucleation energy barriers associated with them, being very selective for the
formation of a C54 critical nucleus.

Figure 2.7: Plan-view TEM Micrographs showing bright-field nucleation of
the

at Triple Grain Junctions of the

identified by dark field images in (b)

in (a)
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Figure 2.8 shows bright-field images of the coexisting C49 and C54 phases. As
seen from these micrographs, the C54 phase grows by consuming the heavily faulted
C49 phase.

The growth of the

proceeds very fast after successful

nucleation and exhibits growth anisotropy owing to different mobilities of
propagating interfaces. The interphase boundary has ragged appearance and is mostly
incoherent, which is known to have large migration velocity. Another salient feature
is that certain C54 grains were able to grow across many C49 grains, resulting in
extremely large

Figure 2.8:

grains.

Plan-view TEM Micrograph Showing the Ragged Growth Front of the
The steaks shows in the inset of the image are due to faulted
indicated by arrows [19]

Polymorphic transformation is classified as short-range diffusional transformation,
involving local atomic transport across the inter-phase boundary separating two
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phases. There are generally two major mechanisms proposed for the polymorphic
transformation.

The first one is martensitic transformation. Martensitic transformation is defined
as the diffusionaless transformation of one crystal phase to another.

The

transformation usually occurs instantaneously [48]. As this is a shear type of
transformation and is diffusionless, having habit planes and rigorous orientation
relationships between the parent phase and product phase.

The other one is massive transformation. This is a diffusional transformation in
which an incoherent interphase interface advances in all directions by diffusional
processes at the interface. From a thermodynamics viewpoint, the polymorphic
transformation can be considered as a limiting case of massive transformation.

Based on the main microstructural and morphological information gathered above,
Z.Ma suggested that the C49-to-C54 polymorphic transformation occured massively
in the temperature range investigated in his work. It is well-known that massive
transformation is a nucleation-controlled transformation and often exhibits no
rigorous orientation relationships, highly incoherent interphase boundaries, and
"explosive" growth [19]. The nucleation sites of C54 phase under thick (~100 nm)
and thin (~40 nm) film conditions differs such that C54 phase is preferred to
nucleates at grain boundary and triple point grain boundary respectively.
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2.4 Issues affecting C54

formation in narrow linewidth

The mechanism of
However, in devices,

formation is based on film with unpatterned wafer.
growing on narrow

linewidth depends also on

some other factors.

2.4.1

Film Thickness Effect

The formation of

depends very much on the nucleation effect. Z.Ma et.

al. [19] have studied the in-situ nucleation of C49 to

in details. It is found

that C54 nucleates at the grain boundaries and triple point boundaries of C49 phase
favour for thick and thin films respectively. It is proven that nucleation barrier
increases as the surface-to-volume ratio of the nucleus increases for thinner films.
The increase in surface energy also increases the nucleation barrier. Figure 2.9 shows
the schematic diagram of this mechanism. Since grain boundary area is significantly
reduced with film thickness, there is a larger gain in the free energy in triple point
grain boundary than with normal grain boundary. Therefore,

prefers to

grow in triple point boundaries for thinner film.

Figure 2.9:

A schematic diagram of

nucleation at grain boundary of

polycrystalline C49 phase for (a) a thick film (b) thin film [10]
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2.4.2

Narrow Linewidth Effect

The nucleation of

depends on the linewidth of silicon. In a transistor,

the smallest feature size is the polycrystalline silicon (polysilicon) gate. With the
reduction of polysilicon linewidth as device scaling continues, nucleation of C54 from

C49 phase is restricted by the decrease of triple point boundaries. As illustrated in
Fig. 2.10, the number of grain boundary and triple point boundary decrease with
linewidth. The phenomenon will cause nuclei reduction since the distance of each
nuclei is larger than the linewidth. This effect, together with the increase in surfaceto-volume ratio, will restrict the C54 to grow in one-dimensional direction compared
to two dimensional direction in a blanket films. Therefore, the nucleation barrier is
increased.

Figure 2.10: Schematic of nucleation of

as a function of linewidth. For narrow

lines, average distance between nuclei will increase compared to that for blanket
films due to geometric effects. [9]
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Kittl et. al.[20] and others [88-90] shows that the activation energy (Ea) of C49-toC54

conversion is independent of linewidth provided that the titanium (Ti)

deposition thickness remain the same. As the linewidth annd C49 grain size depend
on the annealing time,

the model below explained the change in density of C54

nuclei, that is assumed to be proportional to the density of triple grain boundaries.

where

is the C49 grain size,

the linewidth, c a prefactor. For

neglecting

grain size distribution, no triple grain boundaries would be present, and the line could
not transform by the same mechanism. Consequently, the density of nucleation sites
is also greatly reduced.
T h u s , as long as C54 phase nucleation is due to the same mechanism, the
activation energy remain the same. Otherwise, C54 phase will not be formed. In
addition, as linewidth decreases, two dimensional growth of

is reduced to

one dimensional growth.

2.4.3 Stress Effect
The relaxation of stress may be the inhibiting step that affects the formation of
silicides where minority atoms are relatively motionless, for example

[5]. Stress

in the film during ramping up of temperature and cooling down

will cause

compressive and tensile stress respectively. Stress can also degrade the electrical
properties like junction leakage, gate oxide leakage etc. Basically, the stress is due to
the difference in thermal expansion between the silicide and Si substrates.
Compressive stress occurs during ramping up while tensile stress happens during
cooling. This may also be the reason affecting

formation below 0.25
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2.4.4

Dopants Effect

Impurities and dopants also inhibit silicides formation. Less silicide is grown if
there are dopants. For example, with arsenic and phoporous dopants, less silicides are
.formed. The influence of heavily doped silicon is much more pronounce compared to
lightly doped silicon. Moreover, arsenic [91] shows consistently less silicide
formation than boron. However, some impurities are beneficial for silicide formation
e.g. Mo. [4]

2.5 Ways of improving C54 phase formation
Usually, without the use of special techniques,

cannot be utilised even for

technology. However, some methods have been developed to improve
for

feature size with good process margin. There are 3 typical methods used

for the improvement of

namely: preamorphisation (PAI & ITM), Bilayer

alloy or alloy implantation and spike annealing.

2.5.1

Preamorphisation (PAI & ITM)

Before understanding the use of preamorphisation, it will be worthwhile to
consider the changes of free energy of silicide between amorphous silicon and
polysilicon.

The reaction of silicide with Si mainly depends on nucleation limited kinetics since
the transition from C49 to C54 phase results in only small changes in composition.
The rate of transformation is proportional to concentration of critical nuclei and the
rate of nuclei formation is given in Eq. (2.2) and expanded below:

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

where

= rate

of nucleation

= fiee energy of the critical nuclei

activation energy for diffusion

Q

=

T

= temperature

For the transformation of C49 (13.1
only a slight change in fiee energy state.

to C54 (13.6

there is

However, in amorphous Si [9], the

nucleation energy is reduced due to free energy of crystallization resulting in lower
threshold temperature for nucleation.

For preamorphization implant (PAI) and implant through metal (ITM), ions are
implanted into the Si wafer and polycrystalline Si. The ions bombarding the silicon
surface usually causes random damage. In this case, free energy is reduced, thereby
increasing the driving force for new phase nucleation, thus enhancing formation of
silicide. Gong et. al [91] reported that metal-induced crystallization of amorphous
silicon is attributed to lowering of bonding energy of Si-Si bonds by titanium atoms in
the Si-rich composition range at lower annealing temperature.

The difference between PAI and ITM is that ion implantation is carried out before
titanium deposition in the first case while for ITM, ion implantation is carried out
after titanium deposition. Ion implantation effect has been reported in serveral works
[94-100] and discusses further in Chater 4.
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2.5.2 Bilayer Alloy and alloy implantation
Many works [4, 101] have also investigated on the deposition of Mo/Ti bilayer to
Mo forms

during annealing. It acts as an epitaxial template for the

growth of C40 phase

C40 phase has very similar structure with C54 thus

form

bypasses the formation of C49 allowing the C54 phase to form. This way of silicide
formation is independent of C54 nucleation site. Moreover, Mo implantation has also
the same effect as Mo/Ti bilayer. This method also reduces the thermal budget.

J.A.Kittl et. al. [4] has demonstrated the method up to 0.06

polysilicon linewidth.

Other common alloying materials [102-104] investigated include Ta, Nb. However,
this method is not favourable for manufacturing.

The reason being Mo is not

compatible with present processes and it may cause contamination in the fabrication
process. Furthermore, many equipments have to be changed which will result in high
capital costs.

2.5.3

Spike Annealing

By using high heating rates of up to 3000°C/min, it is shown that beneficial effect
can be obtained on the formation of

At high heating rates, C49 can be

partially bypassed. In other experiment with heating rates of 150°C/sec, it is found
that

can be formed at narrower linewidth compared to conventional or

lower heating rates [112]. Based on the research above, it is possible to achieve
narrower linewidth using

2.5.4 Other Techniques
Lower

formation temperature can be achieved using technique like high

temperature sputtering of Ti film [98,105].
temperature can be as much as 100°C.

The reduction in C54 formation
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2.6 Schematic of a typical Ti silicidation process with manufacturing
The schematic diagram in Fig. 2.1 1 explains the processing steps of

in the

manufacturing process. The formation of Ti disilicides is also called Salicides (Selfalign silicidation). In general, the process can be divided into five steps.

(1) A layer of pure Ti thin film is deposited onto the patterned wafer, i.e. after the
formation of transistor. The Ti film is usually deposited using physical vapor
deposition (PVD) process.

(2) A Si-implantation is carried out to amorphize the layer of Si substrate
underneath the Ti film. This step is used to reduce the activation energy
needed to form

during annealing.

(3) An annealing step is used to reaction the Si substrate with the Ti film in
ambient.

is used to reduce the out diffusion of Si from substrate and

polysilicon (Poly-Si) gate. Rapid thermal annealing (RTA) scheme is utilized
so to save annealing time and better process control.

(4) An etchback using a solution of
or titanium nitride (TiN)
(5) A second RTA scheme to convert C49 to C54

to remove any excess Ti
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Figure 2.11: Process flow of silicidation process
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2.7 Materials Characterization Techniques
There are some main characterization techniques used to evaluate the data in this
X-ray diffraction (XRD), Transmission electron microscopy (TEM),

work.

Secondary Ion Mass Spectroscopy (SIMS) and Atomic force miroscopy (AFM) shall
be introduced here.

2.7.1

X-ray diffraction (XRD)

X-rays are electromagnetic radiation of exactly the same nature as light but of
very much shorter wavelength. The wavelength of x-ray occupy the region of
angstrom

equal to

cm. X-rays are produced when any electrically charged

particle of sufficient kinetic energy is rapidly decelerated. Electrons are usually used
for this purpose, the radiation being produced in an x-ray tube which contains a
source of electrons and two metal electrodes. In the whole of this work, the source
material used to draw electrons under high voltage (40 kV) are Copper (Cu) target
that gives a Ka wavelength of 1.542

Ka is used because it has shorter wavelength

which is not easily absorbed by the materials of interest.

The diffraction of a X-ray when the X-ray is directed onto the crystal can be
described using Bragg's law.
= 2d

where

sine

(2.5)

is the wavelength of the incident beam, d is the cystal planes and

is the

angle of diffraction. Hence, according to the equation, different materials will have
its unique set of diffraction peaks. In the whole of this work, XRD is used to identify

C49 and C54

peaks. Several ways can be used to identify the peaks. The
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method used in this work is by comparing the characteristic diffraction peaks with
previous XRD works carried out by other researchers.

The sample preparation for XRD characterization is simple.
annealed

Usually, the

samples are cutted into sizes that can fit into the sample holder of the

XRD. 8/28 technique is used where the sample remain at a glancing angle of 1 to 3'
towards the monochromatic x-ray tube and the tube will move over the sample for
The Voltage and current applied are 40kV and 30mA respectively. The
glancing angle allows the X-ray to penetrate only the thin film and minimising or
elimination the background signal noises from the silicon substrate.

The angle

determined must diffract enough intensity for analysis.

2.7.2

Atomic Force Microscopy (AFM)

Most of the studies in this work uses Digital Instrument Dimension 3100 atomic
force microscope (AFM) to measure the roughness and grain sizes of
area ranges from 3 x 3

to 20 x 20

The scan

with raster resolution of 512 lines per area

scan. The roughness is obtained from the AFM software after data acquisition, while
the grain size is measured using UTHSCSA Imagetool following ASTM standards

test method E 112.

Imaging is achieved through the deflection of the tip cantilever which helps to build

an image of the probed surface. By exerting a force on the surface of a sample, which

is of the same order of magnitude as that of interatomic forces, images can be mapped
out through the "bumps" and "humps" of sample surface. There are three methods an

AFM can interact with the surface of the materials. All these mode uses different
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feedback behaviour when a probe tip interact with a sample surface. Firstly, contact
mode defined the method where the probe tip of the AFM keep in close contact with
the material surface. In this case, the image produced from the contact mode will be
sharp and refined since no information is lost. The tip maintains contact with the
sample surface through a surface-adsorbed fluid layer. A feedback loop is used to
maintain a constant cantilever deflection, so that the force between the tip and the
sample surface remains constant. The force is calculated from Hooke's law, F
where F is the force, k is the spring constant and

=

is the cantilever deflection. Force

constants usually range from 0.01 - 1.0 Nm-1, resulting in forces ranging from nN in ambient atmosphere. The deflection distance is collected and used for
subsequent topographic image construction (Figure 2.12). However, this method can
easily wear out the probe tips and thus required frequent tip replacment.

The second method is the tapping mode. The probe tip of tapping mode interact
with the surface materials by contacting and lifting away from the surface (tapping).
The cantilever is being oscillated at or near its resonance frequency of -260 kHz. The
amplitude range of the oscillation is between 20 and 100 nm. The feedback loop
maintains a constant oscillation amplitude by maintaining a constant root mean square

(RMS) of the oscillation signal acquired by the split photodiode detector. The
deflection distance is also collected and used for topographic image construction. By
keeping the force constant, the tip-sample interaction is kept constant (Figure 2.12).
For more information on achieving a sharp image from tapping mode AFM, reader
are advise to read the bibliography.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Lastly, in non-contact mode, the cantilever is oscillated slightly above the
resonance frequency. The amplitude is kept at less than 10 nm in order to acquire an

AC signal from the cantilever. There is not contact between the tip and the sample
surface, as suggested by the name of this mode, but oscillates above the surfaceadsorbed fluid layer during scanning. The presence of van der Waals forces and other
long-range forces 1 - 10 nm above the fluid layer decreases the resonant frequency.
Oscillation amplitude is thus decreased. The feedback loop adjusts the setpoint
amplitude and frequency by vertical deflection and this maintains the oscillation
amplitude and frequency. Topographic images are constructed in the same way as the
other two modes (Figure 2.12). Usually, this mode is used in biological samples.

Hence, by bringing the sharp edge of the probe to a parallel position just above
the sample surface, the tip - which acts a cantilever - exerts a force onto the sample
surface. It causes minute deflections of the cantilever and contributes to the building
of an image. Depending on the interatomic spacings (whether long range or short
range), the interatomic force between two atoms may be attractive or repulsive.
Below 2 - 3

interatomic forces are always short range and repulsive. Anything

larger than that can be attractive or repulsive. The forces vary with different bond
types. Covalent and physical bonds have small forces, while ionic bonds and
coulombic interactions have larger forces. The other types of interactions include iondipole, dipole-dipole, dipole-induced dipole interactions, van der Waals forces, etc.
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Figure 2.12:

The schematic diagram of a typical AFM measrement
configuration,

2.7.3 Transmission Electron Microscopy (TEM)

The main principles of electron microscopy can be understood from an optical
ray diagram with an optical objective lens, as shown in Fig. 2.13. When a crystal of
lattice spacing d is irradiated with electrons of wavelength
produced at specified angles

diffracted waves will be

satisfying the Bragg equation, i.e.,
=

The electron microscope image will be projected onto an image plane.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 2.13:

Optical ray diagram with an optical objective lens showing the
principle of the imaging process in TEM [131]

As there are many imaging functions used in TEM [13 1,132], the discussion here only
limited to the functions that were used in this work, namely: Bright and Dark field
imaging, Fourier Transform images, Diffraction patterns.

Bright and Dark field images are produced by passing th transmitted beam or one
of the diffracted beams through an aperture (objective aperture) and changing to the
imaging mode. The observation mode using trnasmitted beam is called the bright
field image. When one diffracted beam is selected, it is called the dark-field image.
The high resolution images is obtained

Diffraction patterns (reciprocal space image) can be obtained through the back
focal plane by inserting an aperture (selected area aperture) in a specific area and
adjusting the electron lenses, also called selected area diffraction. Digital diffraction
pattern of a high resolution image can be taken by fourier transforming the bright field
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images as the transformation of bright field image to the reciprocal space is
mathematically given by Fourier transform. Filter fourier transform is a method of
digitally processing a high resolution image so that the noise on the image forms a
monotonic background with no sharp peaks. Thus, by selecting diffraction spots on a
digital diffractogram and carry out the inverse Fourier transform, this noise can be
removed.

The direct method used for measuring the strains in chapter 6 involve (1)
obaining a high resolution bright field image, (2) obtaining digital diffraction pattern
through fourier transformation, (3) obtaining a filtered fourier transform diffraction
pattern to remove all noises, (4) inverse fourier transform back to the bright field
image, (5) measuring the lattice spacing and (6) converting the lattice spacing to
strains. The method used in this measurement is relatively simple than CBED
method.

Convergent beam electron diffraction (CBED) can be another method, however
not in use in this report. CBED pattern are concentric diffuse fringes also known as, a
Kossel-Mollenstedt fringes and useful for measuring strains. By obtaining a KosselMollenstedt fringes that is very sensitive to changes in lattice parameter and
comparing with a computer simulation, a high accuracy of lattice constant can be
obtained. However, a standard is needed to compare with the unknown identification
conditions. Making the process more complicated.
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Cross-sectional samples are required for strain interfacial analysis. The JEOL
JSM 6340F is also used here. TEM cross-sectional samples are prepared by myself
with conventional sample preparation techniques.

(1) Two 4 x 5 mm2 pieces are ultrasonically cut from the required sample.
(2) Held together the two sample by surface-to-surface using epoxy, and dummy
pieces of the same size are added to make the stack thicker for subsequent
preparation.
(3) Ultrasonic cutter is used to size the sample to a 2.3-rnm diameter cylindrical
rod from the stack along the sample plane.
(4) The rod is held in place in a 3-mm copper tube with epoxy. Circular discs of
about 300

thickness are cut from tube. Each disc will be made into a TEM

sample. The thickness of the discs is reduced from 300
100

to approximately

or thinner by grinding. Both side of the discs are then polished.

(5) Dimple both sides of the discs. The final thickness at the thinnest point on the
discs - which is at the centre of the discs - is approximately 15

or less.

The final stage is to reduce the thickness at this point to less than 1

2.7.4

Secondary Ion Mass Spectroscopy (SIMS)

When a solid sample is sputtered by primary ions of few keV energy, a fi-action
of the particles emitted from the target is ionized. Secondary Ion Mass Spectrometry

[133, 134] (SIMS) consists of analyzing these secondary ions with a mass
spectrometer. Secondary ion emission by a solid surface under ion bombardment
supplies information about the elemental, isotopic and molecular composition of its
uppermost atomic layers. SIMS is the most sensitive elemental and isotopic surface
analysis technique.
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The secondary ion yields will vary greatly according to the chemical environment
and the sputtering conditions (ion, energy, angle). This can add complexity to the
quantitative aspect of the technique.
Figure 2.14 illustrates an incident sputtering atom moves directly into the sample
surface. When the incident atoms hits the surface, a cascading collision will occur
thus generating more secondary ion.

Figure 2.14:

Schematic of incident atoms sputtering onto a sample surface to
cause cascade collision [133]

The SIMS technique provides a unique combination of extremely high sensitivity
for all elements from Hydrogen to Uranium (detection limit down to ppb level for
many elements), high lateral resolution imaging (down to 40 nm), and a very low
background that allows high dynamic range (more than 5 decades). This technique is
"destructive" by its nature (sputtering of material). It can be applied to any type of
material (insulators, semiconductors, metals) that can stay under vacuum. It allows
molecular as well as elemental characterization of the first top monolayer in the static
SIMS mode. It allows also the investigation of bulk composition or depth distribution

43
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of trace elements in the dynamic SIMS mode, with a depth resolution ranging from
one to 20-30 nanometers.
In static SIMS, dedicated to the analysis of the top monolayer, the primary ion
dose is kept below 1E12 ions/cm2 and the mass spectrum reveals MOLECULAR
information. In dynamic SIMS mode, the primary ion dose is not limited and exceeds
1E12 ions/cm2. In this mode, ELEMENTAL and ISOTOPIC information can be
obtained from the mass spectrum. It allows surface, "bulk" and 2D/3D analyses.
The ionization yield of most elements varies by decades, depending on the chemical
environment. This property is used in SIMS instruments to increase the sensitivity of
the technique: a dynamic SIMS instrument must be equipped with Oxygen and
Cesium primary ion beams in order to enhance, respectively, positive and negative
secondary ion intensity by 2 to 3 orders of magnitude compared to the use of noble
gas ions. Oxygen gas can also be flooded onto the surface to oxidize it and increase
positive ion emission. When sending keV ions onto a solid surface, three major
phenomena occur simultaneously:
(1) the sputtering of (mainly) the top monolayer atoms, induced by the collision
cascade,

(2)

the

ionization

of

a

small

fraction

of

the

secondary

particles,

(3) the primary ion implantation in the solid (and associated change of composition,
surface work function, etc ...).
Starting from the surface (or going through an interface), the concentration of the
implanted primary species (oxygen or cesium) will vary, then reach an equilibrium
(after a few nm, depending on the conditions). As soon as this is achieved, reliable
quantification is possible with reference standard samples.
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One of the main application of dynamic SIMS is the analysis of trace element
depth distribution (for example, Indium dopants in Si substrates or titanium silicides ).
Impact ion energy is adjusted depending on the applications. Low energy (down to
200-300 eV) is used to reduce atomic mixing due to the collision cascade and improve
depth resolution to the nanometer level. High energy (up to 20-30 keV) is chosen to
go deeper (10-20 microns), faster

per min), and improve detection limits and

image resolution.

2.7.5

Four-point probe

Sheet resistance measurement is used as a way of detecting the phase
transformation of C49 to C54

Many others have used this as a common

technique to identify phase formation. A four-point probe is used and served as a
convenient way of monitoring phase transformation. The purpose of the 4-point
probe is to measure the resistivity of any semiconductor material. It can measure
either bulk or thin film specimen, each of which consists of a different expression.

Figure 2.15: Schematic of 4-point probe measuring a thin layer.

Figure 2.15 shows the measurement for a very thin layer (thickness t <<Lp) we get
current rings [135]. The equation is derived to be

where V, I and

are measured voltage (V), applied current (A) and resisitivity of

respectively. Note that this expression is independent of the probe spacing s.
Furthermore, this latter expression is frequently used for characterisation
semiconductor layers, such as a diffused n+ region in a p-type substrate. In general,
the sheet resistivity

=
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PHASE FORMATION SEQUENCES DURING TI/SI BILAYER REACTION AND THE
EFFECTS OF DIFFERENT PROCESSING CONDITIONS ON
NUCLEATION

3.1 Introduction

C49-to-C54

phase transformation has been intensively investigated in the

last decades [2,3,5] because of its technological importance in, microelectronics
industry and also of its interesting material properties and challenging issues. For
instance, the nucleation of lower resistivity

can be seriously affected by

insufficient C49 triple point junction. Most of the studies carried out so far used
different processing conditions i.e. annealing temperature and ion implantation to
achieve higher C49 triple point grain boundaries that provides fairly good foundation
for improvement to
better understanding of

formation. The aims of this study are to provide a
transformation under different processing

conditions, namely: annealing temperature, holding time at peak annealing
temperature, heating rates during annealing and ion implantation.

Transmission

electron microscope (TEM), Four-point probe and X-ray diffraction' (XRD) are used
to characterize the overall C54 phase transformation under different process
conditions.

3.2 Phase transformation sequence of Ti/Si reaction

3.2.1

Experimental Setup

8-inch P-type silicon (Si) wafers were used in this study. Prior to Ti deposition,
wafers were cleaned from all native oxides using diluted HF of 100:1 for about 2 to 3
minutes. Ti film of 100 nm was sputtered deposited on the Si substrate at

torr.
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These wafers were then heated to different peak annealing temperature from 450°C to
900°C at different annealing temperature and holding time of lmins where argon
ambient was purged into the heating chamber at a constant flowrate of 200 L/h and
heating rates of 100°C/min. Eventually, all samples underwent a back-etching
process to remove all unreacted Ti using

of 1:5:1 for 4 mins. All

samples are heated in a non-vacuum high temperature ATC Engineering PEO 601
furnace capable of reaching 1050°C. The heating and cooling rates can reach up to
100

The temperature holding time of the furnace can provide up to 99 mins

and 59 sec. In addition, different chamber ambient, for example, Argon or Nitrogen,
can be purged into the furnace chamber while wafer annealing.

All experiments were carried out ex-situ at room temperature after the annealing
processes. A four-point probe was used to measure the changes in sheet resistance.
Shitmasu X-ray diffraction (XRD) analysis was used to detect the Ti/Si phase reaction
under 40 KeV, 30 mA at

glancing angle. Cross-sectional Transmission Electron

Microscopy (TEM) samples for different peak annealing temperatures were
performed to investigate the microstructure of Ti silicide (Readers are advised to read
Chapter 2 section 2.7 for characterization details).

3.2.2

Results and Discussion

Figure 3.1 and Table 3.1 show the XRD analysis and the change in sheet resistance

(Rs) of Ti/Si reaction with different annealing temperature respectively. In Figure
3.1, the plot is separated into 9 points. Point 1 to 2 shows a slight increase I sheet
resistance. Point 2 to 4 shows a sudden increase of sheet resistance to ~20
4 to 7 indicates a continuous decrease in sheet resistance to ~4

Point

7 to 9 shows that
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the sheet resistance drops further to ~1

From these results, Ti/Si reaction

sequence can be understood.

2 Theta Angle

Figure 3.1: (a) The sheet resistance of difference samples (1-9) that have been
held at different peak annealing temperature. (b) XRD)spectrum of
formation in 3 samples at different peak annealing
temperature. As 650°C,

is the only phase detected, At

the XRD intensity of C49(131) structure increases.
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The sheet resistance of

Table 3.1:

measured at room temperature for

different samples heated to different peak annealing temperature

Sheet Resistance of

Sample No.

Peak Temperature

1

Room Temperature : 23

3.924

2

450

4.724

3

550

10.608

4

650

18.03 1

5

700

6.387

6

750

4.726

7

800

4.471

8

850

0.843

9

950

0.804

Remarks

Ti film

C49

From Fig. 3.1, the reaction sequence of Ti/Si can be explained as follows:

1 to 2: Heating from room temperature of

to 450°C causes the overall sheet

resistance (Rs) to increase slightly. This is a reversible change and further annealing
will mark the onset of amorphous titanium silicide (a-Tisix) formation. This is

consistent with the finding reported elsewhere [12]. From TEM micrographs in Fig.
3.2 (a) and (b), the interfaces of TiJa-TiSi,/Si substrate and

is formed at 450°C and found

respectively are shown. It can be seen that
between Ti/Si substrate layer. The
700°C to form

substrate

disappears as temperature increases to

Z.Ma [12] found that

tends to first nucleate from

substrate layer. Several other reports [126,127,128] further show that the
increase of

thickness actually is able to reduce the formation temperature of

50
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C49 and enhance the C49-to-C54 transformation by increasing the density of silicide

2 to 4: The linear increase of sheet resistance in this region is due to the
formation of

below 450°C, followed by its grain growth until the peak

annealing temperature reaches 650°C, or sometimes

depending on deposited

Titanium thickness. However, this experiment only attempts to observe the trends of
titanium silicidation transformation. As mention previously, TEM analysis in Fig.
3.2(a) shows the formation of

structure at 450°C. The amorphous layer is

found to be about 5 nm at the thickest region.

This is consistent with the work

reported by Z.Ma et. al. and Raaijmaker et. al. [12,25].

4 to 7: A sudden plunge of sheet resistance (Rs) values from (4) to (7) is obvious
in this part of the annealing process (600°C to 800°C). This can be explained by
initial nucleation of

at 650°C as shown in Fig. 3.1(b). The C49(131)

structure can be seen at 41.8. This is the onset of the formation

Rs value drops

because during C49 phase, the electrical conduction is greater than the amorphous
titanium silicide

At 700°C (5-7), the intensity of C49(131) structure

increases, showing that more C49(131) structure continues to form. At the region of
points (5-7), sheet resistances (Rs) continue to decrease from 750°C to 800°C. The
plateau at 800°C indicates that no more C49 phase reaction is taking place. Figure
3.2(b) shows the XTEM micrographs of
observed.

annealed at 700°C. No

is
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Figure 3.2: TEM micrographs at 600x (a) amorphous TiSix formation at Ti/Si
interface and 450°C (b)

formation at 700°C
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7 to 9: At 850°C, sheet resistance (Rs) plunges again due to the formation of C54-

(Fig. 3.2 at 850°C). The plunge of Rs value is due to the lower intrinsic
resistivity of C54 phase (15-20

as compared to C49 phase (60-90

The C49(131) structure is converted mainly to C54(311) structure. At 850°C, the

XRD spectrum in Fig. 3.2 shows no sign of C49 phase. From that XRD spectrum
(Fig. 3.1), C54(311) structure with two minor peaks of C54(004) and C54(022) are
found at

42.5" and 43.32" respectively. Further annealing showed a flat plateau

(8 to 9) in the sheet resistance.

3.3 The effects of annealing time and temperature on C49-to-C54
transformation
3.3.1

Experimental setup

8-inch P-type silicon (Si) wafers were used in this study. Prior to Ti deposition,
the wafers were dipped into a beaker of diluted HF of 100:1 for 2 to 3 mins to remove
all native oxides. Ti film of 100 nm was sputtered deposited onto the Si substrate at
torr. Two different experiments are carried out: (1) the wafers were heated to
different peak annealing temperatures from 450°C to 900°C and holding times of 1
min, 3mins, 10 mins, 20 mins, 30 mins, 45 mins and 60 mins. (2) The wafers were
annealed at constant annealing temperatures of 750°C, 800°C, 850°C and 950°C in
argon ambient flowrate of 200 L/h was purged into the heating chamber and heating
rate of 100°C/min. Afterwards, all samples were subjected to back-etching process to
remove all unreacted Ti using

of 1:5:1 for 4 mins. Four-point

probe was used to measure the changes in sheet resistance. A single ramp up and
down rate for thermal cycle is used as illustrates in Fig. 3.3. The furnace used is the
same as in section 3.2.1
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Time (sec)

Figure 3.3: Temperature Profile of the anneal process. Heating and cooling rate
are constant but holding time
temperature,

and

and

for a specific peak

are different. The annealing process is

carried out for different peak temperatures.

3.3.2

Results and Discussion

Different temperature profiles are designed by changing the peak annealing
temperature and holding time. For example, heat treatment profiles for temperature
and

corresponding to time

and

are depicted in Fig. 3.3.
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From Fig. 3.4, it can be seen that the time taken for complete

formation

for each condition is increased with decreasing temperature. For instance, the time
taken for sheet resistance to reach

increases from 4 mins to 20 mins with peak

annealing temperature of 850°C and 800°C, respectively.

Sheet resistance also

decreases with time for any specific temperature.

Time (sec)

Figure 3.4: A plot of sheet resistance against holding time at different peak
annealing temperature measured at room temperature for different
samples

Two results can be deduced from the graph. First, for temperatures between 750°C
to 850°C, the increase in holding time from point 1 to 7 causes a decrease in sheet

resistance. From XRD spectrum in Fig. 3.1(b), it is found that the decrease in sheet
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resistance is due to the formation of

C54 phase gives lower sheet

resistance since the high resistivity of

is generally ascribed generally to the

extensively faulted structure and smaller grain size [130]. The small grain size and
faulted structure will decrease the electron mobility by increase more grain
boundaries and dislocations as electron barriers. It is suggested that a sheet resistance
saturation point can be observed because titanium is completely reacted to form C54We can explain the time dependent of

formation from the following

general Equation [23].

is the volume of the new phase (C54 phase)

where
V

is the volume of the sample (C49 phase).

t

is the time for the volume growth

n

is the Avrami exponent

Equation 3.1 implies that as time is increased, the volume fraction of the new beta
(C54) phase is also increased. In this case,

is growing to C54 phase.

Under a constant temperature, the nucleation rate is independent of time or remains
constant. This indicates that

grows to occupy the original C49 phase with a

limited number of nuclei.

Secondly, with the increase of temperature, it is found that the holding time needed
to reach the sheet resistance saturation point or complete

formation

decreases. One of the reasons may be due to the increase in thermal budget for
samples holding at the same time. From Fig. 3.3, the area under the curve in

is
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larger than

Thus, the sample is exposed to higher temperature for longer time

during

formation.

However, it is believed that the effect of higher

annealing temperature plays a more dominating role since nucleation rate increases
with increasing temperature.
This can be represented by Eq. (3.2) below:

where

is the nucleation rate, that is, the number of new particles which form per

unit
volume per unit time
=

is the free energy of the critical nuclei

exp(-Q/kT) is the diffusion matter needed for nuclei growth, such that Q is
the activation energy for diffusion and k is Boltzmann constant

Equation 3.2 indicates that nucleation rate,

is highly dependent on temperature at

Increasing the temperature will increase the C54 phase nucleation density.

Figure 3.5 further describes the relationship between of temperature and holding
time transform

completely. It can be seen that higher temperature

needs shorter holding time due to the increase in nucleation rate. For sample 1
(750°C) and 4 (950°C), the holding time needed to achieve the required sheet
resistance is approximately 70 mins and <1 mins respectively. When peak annealing
temperature increases to 850°C and above, the holding time does not appear to be an
important factor for C54 phase nucleation.
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Peak AnnealingTemperature

Figure 3.5: Holding time vs different peak annealing temperature for different
samples of the same batch to reach sheet resistance of about

3.4 Effects of Ion implantation on the formation of
3.4.1

Experimental Setup

Prior to Ti deposition, 8-in Si(100) wafers were cleaned by 100:1 HF to remove
native oxide. They were then loaded into a sputtering chamber to deposit ~ 40 nm of
titanium at

torr. Silicon (Si) or Indium (In) was then implanted through the

metal film for some of these wafers.

Upon deposition of Ti, three silicidation

schemes were used: (I) Conventional scheme without implant in which Ti deposition
is followed by an rapid thermal processing (RTP), (II) Si-implantantation with energy
of 40 KeV and a dose of 2E15 atoms/cm2 through the Ti film prior to RTA and (III)
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In implantation with energy of 30 KeV and dosages of 1E18, 3E14 atoms/cm2 and
135 KeV and 3E14 atoms/cm2 through the Ti film prior to RTA. All RTA anneals
ambient using a commercially available Applied Materials

were performed in

Centura RTA tool. The samples were annealed for 30 seconds at 600°C, 650°C,
700°C or 760°C with a ramp rate of 50°C/s. After RTA, the samples went through an
etch-back process to remove unreacted Ti and the thickness of
measured to be 50

formed was

5 nm. Samples were analyzed using X-ray Diffraction (XRD),

four-point probe and Transmission Electron Microscope (TEM). SIMS was used to
determine the out diffusion property of Indium.

By searching through heavy metallic species which would combine favorable
metallurgy, with the amorphizing capability of arsenic (Molecular weight

=

75).

Indium came out as a good candidate. It is a good amorphizer (Molecular weight

=

115) and its alloying properties towards titanium and silicon are summarized by: (1)
indium is insoluble in silicon
is soluble in titanium
compounds with titanium

= +32
=

kJ /mol) and forms no silicide; (2) indium

-25 kJ/mol); and (3) indium does not form stable
:

= +72

kJ/mol). Thus, the indium will diffuse

out of the Si substrate during silicide formation, avoiding counterdoping. Unlike
other heavy metal like molybdenum, indium will not form a silicide [7]. This is
proven in chapter 4.

The indium will end up dissolved in the silicide, without forming compounds with
neither Si nor Ti, and might act as a catalyst for the C49-C54 transformation.
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3.4.2 Results and Discussion
The use of ion implantation reduces the activation energy of

formation.

This reduction to the amorphous layer formed on the surface of silicon substrate
before silicidation process. In this section, the effects of ion implantation namely
Silicon (Si) and Indium (In) ions to

transformation is discussed.

J.A Kittl et. al. [5,24,25] also showed that after ion implantation into Si substrate,
the amorphous layer formed helped to decrease

transformation

temperature. Figure 3.6 confirmed that ion implantation decreases the formation
temperature of

It can be observed from condition (d) that the sheet

resistance values are higher than condition (c). The implantation depths depicted in
Fig. 3.7 calculated the depth of 45.8 nm and 14.4 nm for 130 KeV and 30 KeV
respectively, thus indicates that the ion implantation depth will affect the
nucleation significantly. However, no significant effect on
observed with different dosages as seen in Fig. 3.6(d) and (e).

nucleation is
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Figure3.6:

Sheet resistance measured at room temperature vs different peak
temperature (a) standard -annealing without implantation (b) Si-ITM at
40 KeV, 2E15 atoms/cm2 (c) In-ITM at 130 KeV, 3E14 atoms/cm2 (d) InITM at 30 KeV, 3E14 atoms/cm2 (e) In-ITM at 30 KeV, 1E18 atoms/cm2

Figure 3.7 shows the simulated profile of In and Si ions with a dosage of 3E14
atoms/cm2 and 2E15 atoms/cm2 respectively by using Transport of Ion in Matter

(TRIM) simulation [26] program. Figure 3.7(a) and (b) show that for a projected ion
penetration range,

of 45.9 nm, the implant energy for silicon (Si) and indium (In)

ions are 40 KeV and 130 KeV respectively. Furthermore, their straggle ranges are
24.8 nm and 20. nm. In addition, the vacancy formation per ion ratio (vac/ion)
increased from ~446 for silicon ions to ~1648 for indium ions.
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Figure 3.7: TRIM simulation (a) Si-implantation at 40 KeV (b) In-implantation

at 130 KeV (c) In-Implantation at 30 KeV
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Hence, we can deduce that Indium implantation indicates a lower projection
straggle range (i.e. ~4.7 nm) compared to silicon implantation due to larger mass and
atomic size. The lower straggle range suggests that less junction leakage will occur

with In-implantation. Junction leakage is defined as the biased current that may leak
from the source/drain of the transistor to the electrical grounding of the transistor
(commonly Si substrate).

Figure 3.8 shows when a current is biased onto the

transistor, the vertical distance between the straggle ranges, d, to source/drain junction
boundary becomes closer. Hence, a lower resistance path will lead the current, I, out
into the Si substrate since the dislocation can act as a leakage path. Thus, smaller
amorphization range would mean less crystal dislocation at the source and drain of the
transistor. Depending on the degree of severity, more dislocations may form a current
short-circuit towards the silicon substrate, thus increase junction leakages. However,
higher implantation energy is needed for larger mass of indium ions than silicon ions
for the same penetration depth. Besides, larger atomic indium ions can cause more
atomic damages than silicon ions. This does not necessary mean higher current
leakages because the ion straggle range that penetrates into the junction is smaller.
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which causes larger energy loss per unit distance. When the nuclear stopping power
is increased, total penetration depth, R will decrease. As the projected range

is

related to total penetration depth, R by Eq. 3.4 by

RP

R

(3-4)

is the projection range

where

is the incident (implant) atomic mass
is the target (substrate) atomic mass

A higher atomic mass of indium ion would mean higher implant energy (130 KeV) is
needed to achieve the same penetration depth as silicon ions (40 KeV). In addition,
due to the higher energy needed for indium ion, more vacancies are also formed.
More vacancies indicate that the amorphization of silicon is more efficient, hence
easier

formation.

is the projection range

where
M

is ion implant mass

With higher atomic mass, the projected straggle

would be reduced as shown in

Eq. 3.5. The above relation shows that the increase in implant ion mass
the reduction in projection straggle as the projection range

causes

decreases. Thus, it can

be explained why the projected straggle for indium is lower than silicon implantation.
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Figure 3.7 shows that most silicon and indium ions are accumulated at the Ti/Si
interface. Note that higher Si content on the Ti/Si interface will not cause any issue
during titanium silicidation since Si atom is used as part of the reaction. In contrast,
high Indium content incorporated during
such as

reaction may cause adverse effects

peeling (See Fig. 5.7). Furthermore, Fig. 3.7(c) shows that Indium will

not penetrate into silicon substrate at lower implant energy (30 KeV). From the
simulation, it can be seen that the higher the atomic mass, higher the energy is needed
to penetrate into the silicon surface. It should be noted that indium concentration
implanted into the silicon substrate is kept at only 0.1% (3E14 ions/cm2
ions/cm3) of silicon substrate concentration of 5 x

=

6E19

atoms/cm3. Too high

concentration will affect silicidation and too low concentration cannot amorphize the
silicon substrate properly.

3.5 The effects of different heating rates on
3.5.1

transformation

Experimental Setup

This experiment uses silicon ion implantation samples annealed under different
heating rates to find out its effects on silicidation. Prior to titanium deposition,
blanket wafers were cleaned with 100:1 HF to remove native oxide. Subsequently, 40
nm of titanium was deposited by sputtering at

torr. The scheme was carried

out by using silicon (Si) implantation at 40 KeV and 2E15 atoms/cm2. Subsequently,
the samples were annealed to 850°C with heating rates of

50°C/s, 67°C/s,

100°C/s and 130°C/s at 0 second and 10s holding time in a commercially available
Applied Materials Centura RTA tools with the actual annealing temperature overshot
by +2% at heating above >100°C/s. Excess Ti/TiN was etched away using a solution

of

1:1 :5 for 3 mins.
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3.5.2

Results and Discussion

Table 3.2 shows the annealing profiles for increasing heating rates. The cooling
rates and peak temperature (T) are kept the same. As heating rates increase, the total
annealing time decreases. Hence, the thermal budget is reduced.

Table 3.2:

Annealing conditions of different heating rates annealed to a
constant peak temperature of 850°C and cooling rates of 30°C/sec.

Sample No.

Heating Rates

Holding Time (sec)

1

35

10

2

50

10

Figure 3.9 displays the sheet resistance vs. heating rates. The variation in sheet
resistance for different samples (A,B,C,D and E) ; A is

10s holding time, B is

10s holding time, C is 100°C/s 10s holding time, D is 130°C/s 10s holding
time and E is 130°C/s 0s holding time with Si-implantation of 40 KeV 2E14

The increase in heating rate slightly reduces the sheet resistance for splits of A to

C. However, when heating rate increases to 130°C/s as shown in split D, sheet
resistance increase slightly. It is suggested that this slight change in sheet resistance
is due to process fluctuation and silicide thickness variation. As sheet resistance
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depends on thickness of silicide formed, the increase in thickness will reduce sheet
resistance value. Furthermore, it is also found that lower heating rates produce a more
uniform sheet resistance film than higher heating rates. Sample E shows a greater
variation in sheet resistance when compared to sample D. This can be explained by
the difference in holding time for the two processes. In sample D, the holding time of
10 seconds helps to improve the sheet resistance uniformity within a sample
compared with sample E (no holding time).

3.5

B

A

D

C

Samples

E

.

Figure 3.9: Variation in sheet resistance for different samples (A,B,C,D and E) ;
10s holding time, B is

A is

10s holding time, C is

100°C/s 10s holding time, D is 130°C/s 10s holding time and E is
130°C/s 0s holding time with Si-implantation of 40 KeV 2E14
atoms/cm

2

Figure 3.10 shows a XRD spectrum of
rates of

formation over a different heating

and holding time of 0 or 10 sec annealed at 850°C At

850°C, all the samples heated with different heating rates shows
68

formation.
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The intensity of each C54 peaks at different heating rates is approximately equal
indicating that a similar amount of C54 phase is formed. This suggests that the
heating rate does not affect the amount of C54 phase formed.

2 Theta

Figure 3.10:

XRD spectrum of titanium disilicide annealed at different
heating rates with peak annealing temperature of 850°C

3.6 Concluding remarks
The studies of C49-to-C54
chapter.

transformation have been carried out in this

From the results, it is found that the use of high temperature and

amorphization can enhance C54 formation. Prolonged holding time during high
annealing produces very slow C54 phase nucleation rate. Hence, high heating rate
during annealing is preferred due to shorter processing time. Furthermore, higher
heating rate implies lower gate to source/drain current leakages in CMOS transistor
which shall be presented in the subsequent chapters.
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CHAPTER 4
GRAIN SIZE ANALYSIS OF

UNDER DIFFERENT

PROCESSING CONDITIONS FOR DEEP-SUBMICRON
POLYCRYSTALLINE SILICON GATES

4.1 Introduction
Metal silicides play an important role in reducing parasitic resistances on
integrated circuits. The formation of metal silicide films like

and Nisi

with the desired electrical and mechanical properties is crucial for the overall success

of IC device fabrication. For

phase transformation from the metastable C49

phase to thermodynamically stable C54 structure has become an issue as device
fabrication advances into deep submicron regime [8-10, 29]. The limiting parameters
that control C49-to-C54 phase transformation are film thickness, dopant and dopant
concentration and film stress [8,9,30].

More importantly, C49-to-C54 phase

transformation has been found to be linewidth dependant. Large grain size of C49have been shown to inhibit

phase nucleation in polycrystalline silicon

(or polysilicon) lines narrower than 0.3

due to limited triple point grain

boundaries. Since then, several techniques have been developed to enhance the
formation of C49-to-C54 phase in narrower lines. These techniques include preamorphization implantation (PAI) [24,30,3 1], bilayer alloy or alloy implantation
[5,32,33] and spike annealing [34]. Among them, the most commonly used technique
is PAI which can only improve the formation of
gate length where the average

up to 0.18

polysilicon

grain size obtained is usually about 40 nm

using two-step RTA process. For instance, J.A. Kittl et. al. [4] have emonstrated that
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the formation of

at 0.06

polysilicon lines can be achieved using Mo

implantation or Mo bilayer through the growth of

phase.

There have been also many studies on the mechanisms of C49-to-C54
transformation in thin

films [9,28] by using Transmission Electron Microscope

(TEM) or in-situ TEM. TEM shows that

growth proceeds by heterogeneous

nucleation predominately at triple point grain boundaries of

followed by

two-dimensional growth in thin titanium film (40 nm). These studies indicate that
smaller

grain enhances the nucleation of

for thin titanium films

(<40 nm) deposited on submicron polysilicon gate. Moreover, the nucleation kinetics
and mechanism under PAI conditions in patterned structures have also been studied

[25]. They showed that

activation energy remained the same regardless of

polysilicon linewidths up to 0.26

Therefore, to achieve higher

nucleation density, higher peak annealing temperature is necessary. However, the use
of higher annealing temperature results in higher gate-to-source/drain (G-S/D) current
leakage when silicon diffuses into the spacer which eventually causes device to short
circuit. Furthermore, agglomeration can also be a major problem. However, J.A.
Kittl et. al [38] reported that shorter processing time is able to provide larger process
window and to suppress agglomeration.

Since the formation of

narrow polysilicon lines is determined by C49

grain size, it is important to find out the smallest grain size achievable under different
process conditions. Most studies [25,35] focused on the factors affecting the grain
size of C49 but to date no studies has reported the minimum achievable grain size of
C54 phase with different processing conditions. As the final grain size of C54 phase
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indirectly reflects the number of nucleation points, I have investigated the changes in
grain size with different processing conditions using one-step annealing
processes. These conditions include (a) varying the peak annealing temperature (b)
silicon ion pre-amorphization (PAI) (c) changing the heating rates. I have studied the
smallest achievable C54 grain size through optimizing peak annealing temperatures,
heating rates and silicon ion implantation on blanket films. Blanket film is defined as

an unpattern wafer deposited with a layer of thin film. It is found that the smallest
grain size to be approximately 23 nm at 900°C. By controlling the
processing temperature and time through high heating rates, agglomeration can be
suppressed. This has enabled the formation of
0.12

4.2.

with low sheet resistances at

polysilicon gate in actual devices.

Experimental

Bare samples of 8-in Si(100) wafers were cleaned with 100:1 HF to remove native
oxide prior to titanium deposition. The wafers were then loaded into a sputtering
chamber to deposit ~ 40 nm of titanium at

torr. Indium (In) and Silicon (Si)

ion implantation were carried out separately on some of these wafers after the
titanium deposition. Hence, samples with Si preamorphization (sample (a)), samples
without preamorphization (sample (b)) and In preamorphization (sample (c)) were
produced. Transport of Ion in Matter (TRIM) simulation [26] showed that the
projected range was ~

Upon deposition of Ti, two silicidation schemes were

used: (I) Conventional scheme i.e. without preamorphization implantation in which Ti
is deposited onto silicon substrate followed by an RTP anneal, (II) Preamorphization
by Si-implantantation and (III) Preamorphization by In-implantation through the Ti

film followed by RTP annealing.

All wafers were heated to peak annealing
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temperatures of 600°C, 650°C, 700°C, 720°C, 760°C, 800°C, 850°C and 900°C in a
Rapid Thermal Processor (RTP) in nitrogen atmosphere. Moreover, different heating
rates of

50°C/s,

100°C/s, 130°C/s and 150°C/s were utilized for

annealing temperatures of 720°C, 760°C, 850°C and 900°C while the others were
ramped up at only

After RTA, all samples went through an etch-back process

to remove TiN and unreacted Ti away.

Study of surface

grain size was performed with a Digital Instrument

(DI) nanoscope III Atomic Force Microscope (AFM). XRD (X-ray Diffraction) was
used to identify the final phase formation at room temperature. Four-Point Probe was
also used to measure the sheet resistance of the different

films after cooling the

samples to room temperature. As a one-step anneal process is used for silicidation
formation, this study was not able to quantify the C49 grain. Instead, C54 grain size is
being measured. It is assumed that each C54 grains grew from one nucleate and no
substantial growth across two grains had occurred. The final results were compared
with data from other studies which used a two step annealing scheme.

4.3. Results

4.3.1 Difference between a one-step and two-step annealing process for
formation

Before studying
transformed C49 and

grain size limit, the phases and grain size of completely
were examined using XRD and AFM respectively.

Figure 4.1(a) and 1(b) show the AFM planar view micrographs of the polycrystalline
C49 and C54 phase annealed at peak temperature of 650°C and 760°C of two samples
respectively, using Si preamorphization process and ramp up rate of
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By comparing Fig. 4.1 (a) and (b), it can be seen that one-step annealing process
produces
of ~0.07

grain size of ~ 0.03
at 650°C at a heating rate of

at 760°C which is smaller than C49 grains
This observation is contrary to the

results obtained using a two-step annealing process. Robert Beyers et. al.[28] showed
that typical C49 (i.e. after
are 0.1

annealing) and C54 (i.e. after

and between

to

annealing) grain sizes

respectively without pre-amorphization.

Masao Okihara et. al.[35] also showed that the C54 grain sizes increased after
transforming from C49 phase under two-step process. The average C49 and C54 grain
sizes they obtained were 0.21
and 0.055

and >1

and >10

for samples without pre-amorphization

for samples with pre-amorphization at annealing

temperature of 650°C and 825°C respectively. Z.Ma et. al.[10] observed that the larger
C54 grains were formed because some C54 grains were able to grow across many
smaller C49 grains without restriction from adjacent C54 grains, resulting in
extremely large

grains over a temperature of 650°C to 750°C.
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Figure 4.1: Transformation of C49 and

for Si pre-amorphization

(a) 650°C and (b) 760°C

4.3.2 Grain size limit of Polycrystalline

As mentioned earlier,

grain size decreases with increasing peak

annealing temperature in one-step process condition. This indicates that more C54
nuclei are formed during high temperature annealing. The average grain sizes and
grain size distribution are recorded in Table 4.1 for both conventional and
preamorphized processes for annealing temperature of 600°C to 900°C and heating
rates of

X-ray Diffraction (XRD) is used to identify the phases of titanium

disilicides formed and the results are depicted in Column 3 of Table 4.1. In addition,
sheet resistances data are also summarized in Table 4.1.
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Table 4.1: Effects of Increasing Peak Annealing Temperature on C49 and C54
grain sizes for different processes

Splits

Temperature

Sheet

Phase

Grain size

Resistance Transformation

Conventional
RTA

Si-ITM

In-ITM

(nm)

Average

Std. Dev.

650

17.51

C49

107.43

28.03

700
760
850
900
600

13.60
3.21
3.15
3.17
15.21

C49
C54
C54
C54
C49

82.64
39.15
29.12
26.78
76.80

26.76
16.02
10.02
10.52
34.28

650
700
760
850
900
600
650
700
760

10.35
3.32
3.15
3.13
3.15
16.88
10.45
3.28
3.17

C49+C54
C54
C54
C54
C54
C49
C49+C54
C54
C54

57.24
49.03
29.61
25.99
22.89
77.29
68.39
52.55
47.40

38.34
15.84
11.39
10.12
6.89
18.19
25.28
15.76
14.61

As seen in Table 4.1, C49-to-C54 phase transformation occurs at a lower temperature
(650°C) for the silicidation scheme with silicon-implantation compared with

conventional process for which the transformation occurs at 700°C. This is consistent
with previous observations [24,25,30].

Table 4.1 shows the main factor for achieving smaller C54 grain size is the
annealing temperature.

Despite both processes (i.e. preamorphization and

conventional) displayed complete conversion into C54 phase and approximately the
same sheet resistance of 3.2

at 760°C, C54 grain size is smaller by about 10 nm

suggesting a higher amount of C54 nuclei are formed in preamorphization samples.
As peak annealing temperature increases to 850°C in Fig.. 4.3, differences
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700

750

800

850

900

Peak Annealing Temperature

Figure 4.2: Sample with Si amorphization, the number of C54 grains measured
at room temperature after annealing. C54 grain size reduces rapidly
up to 850°C and slow down at 900°C.

The grain size of

based on AFM measurements as a function of

temperature is shown in Fig. 4.3. The curve clearly shows the smallest average grain
size of 23 nm can be achieved at about 900°C.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 4.3: Changes in C54 grain size of peak annealing temperature between
700°C to 900°C using Si amorphization process. C54 grain size
reduces rapidly at about 850°C and slows down further at 900°C

The C54 grain size distribution of both processes is summarized in Fig.4.4. In
general, both preamorphization and increasing peak annealing temperature can reduce
C54 grain size. In this case, no exceptionally large C54 grain is observed when two
steps annealing process was used as reported elsewhere [28.29,34].
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Figure 4.4: Grain size distribution of C54 phase for (a) conventional and (b) Si
pre-amorphization processes.
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4.3.3 Effects of Heating Rates
Figure 4.5(a) and (b) show no significant differences in C54 grain size for heating
rates of

and 130°C/s with preamorphization and a peak annealing temperature

of 850°C. The average grain size is about 26 nm. X-ray diffraction (not shown)
detects no C49 phase present. However, it is determined that increasing heating rate
during annealing can significantly improve gate to source/drain (G-S/D) current
leakage (will be shown in Chapter 5).

Similar observation can be found when one and two step RTA process is used
(Fig.4.6). Figure 4.6(a) shows that the grains are more uniform and smaller during the
first RTA but C54 grains are much larger after the second RTA (Fig. 4.6(b)). The
grains for one and two step RTA are measured to be
respectively

ntn and

nm
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Figure 4.5: AFM micrographs for C54 grains at heating rates of (a)
(b) 130°C/s after annealing to 850°C with Si preamorphization.
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Figure 4.6: The effects of grain size using one and two step RTA process without
preamorphization. (a) One step annealing to 760°C at 130°C/s (b)
Two step annealing at 760°C at 130°C/s and 720°C at 50°C/s for 30sec.
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4.3.4 Indium amorphization
Table 4.1 shows that there is no difference in implantation species on the effects of
amorphorizing silicon substrate. Both Si and In ions give the same trend in
decreasing sheet resistance with temperature as depicted in Table 4.1. However, a
closer investigation on the Indium samples implanted with 130 KeV shows otherwise.
Figure 4.7 shows that some

grains are missing for Indium implanted

samples as indicated by the arrows. Hence, amorphization specie can easily affect the
nucleation of

As mentioned in chapter 2, section 2.5.1, arnorphized silicon gate will reduce the
nucleation energy due to free energy of crystallization resulting in lower threshold
temperature for nucleation. However, different specie of implantation ion can also
determine the final behaviour of the

film. When Indium of 130 KeV and dosage

of 3E14 atoms/cm2 is used, some

grain is found to be lost as indicated in Fig

4.7. This effect is not seen in Si implantation. E.Ganin et. al [53] have shown that
Indium precipitation occurs in Si after rapid thermal annealing (RTA) at more than
800°C. They pointed out that, when Indium concentration reaches its solubility
limits (~ 1E14 atoms/cm2) in silicon during diffusion, phase separation occurs that
causes Indium to segregate. Hence, the segregation and out diffusion of Indium ions
may be the reason that induces stress within the film and suppresses the formation of
resulting in the formation of voids.
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Si-implantation, however, would not cause this problem because the implanted Si
ions will react with titanium to form

during the annealing process. Figure 4.8

(a) and (b) shows the SIMS profiles for Indium atoms against silicon substrate. The
profile of Indium before and after titanium silicidation shows that indium out diffuse
as titanium silicidation takes place. At approximate ion sputtering time of 400s, the
intensity of indium detected is

cps before titanium silicidation. However,

after the annealing process, the indium detected lowered to ~2 x

cps. This

shows indium has diffused out and segregation of Indium will cause serious problem
to the silicidation in device wafer.

Surface distance 55464
Horiz distance(L) 93.750 nM
Vert distance
0.336 deg
Angle

Figure 4.7: In-ITM scheme at 650°C with missing grains of size 94nm
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Figure 4.8: SIMS data for Indium profile (a) Before Annealed (b) After
Annealed

4.4 Discussion

The formation of

using high annealing temperature has been reported by

several groups [8,9,36,37]. Some warned that annealing to high temperature can
cause agglomeration, enhanced grain growth on polysilicon and inversion of the
layers that could result in high sheet resistance and gate leakage. However, most of
these studies were constrained to furnace processes or RTP with lower heating rates.
As pointed out by Kittl et. al. [38], RTP temperature and annealing time are
responsible for agglomeration, the fraction of C54 transformation and the amount
dopant concentration at silicide-silicon interface.

They concluded that short

processing time and high annealing temperature are necessary to suppress
agglomeration a n dproduce good

formation. Eric Gerritsen [34] reported

using spike annealing to lower the thermal budget thus producing
G-S/D leakages for 0.18

polysilicon gate length. Low sheet resistance was

achieved on gate length down to
at 0.12

with low

Here, it is shown that

formation

polysilicon gate length using high annealing temperature and ramp rate

together with preamorphization to suppress agglomeration in the next chapter.

Z.Ma [39] and Raaijmakers et. al. [40] found that the kinetics of C49 phase
transformation proceed initially with discontinuous nucleation of C49 phase, then
followed by thickening and lengthening. The initial stage proceeds very fast until a
continuous C49 phase is formed during the first annealing. During the second
annealing, C54 phase grow at the triple point junctions for thin (40 nm) Ti film.
Usually, C54 grains are larger than its parent metastable C49 grains. By using onestep annealing scheme, the final C54 phase is
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indicating an increase in nucleation density, thus the successful formation of C54at 0.12

polysilicon gates.

4.4.1 C49 and C54-TiSi2 nucleation at high ramp rate and annealing
temperature

H.J.W. van Houtum et. al. [41] have reported that smaller

grains formed

at higher ramp rates decreases C54 phase formation temperature. According to Z.Ma
et. al. [10,40] smaller C49 grains help to enhance

nucleation as more triple

point grain junctions are formed. They have proposed that the kinetic of the C49-toC54 transformation depends mainly on C49 grain size.
the grain boundary and triple grains junction of

will nucleate from
However, they have found

that for thin films of 40 nm and below the activation energy of C54 phase increases.
Heterogeneous nucleation of

preferentially occurs at triple point junctions

(edges) because of lower nucleation barrier than normal grain boundary. Hence,
higher annealing temperature would be needed to enhance C54 nucleation at narrower
polysilicon gate length.

Two possible reasons can be deduced. First, due to the high ramp rate (130°C/s)
and annealing temperature (850°C) in the experiments, it is proposed that during the
nucleation of C49 phase at its discontinuous stage,

has already begun to

nucleate. As annealing temperature is far above the critical temperature for the
nucleation of C49 and C54 phases, most of the C49 nucleation sites can be filled
within a short time and their grains are thus small. Once a C49 phase triple point is
formed, C54 phase can nucleate simultaneously resulting in smaller final C54 phase at
above 850°C.
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Second, metal/silicon oxides may have formed or segregated at the triple point
junctions of

during the transfer from

RTA to

RTA after the removal

of excess Ti/TiN layers. Several studies [42,43] have shown that metal oxides and

silicon oxides formation can be readily formed at low annealing temperature (<800°C)
and high temperature respectively. Furthermore, impurities segregation [44,45] or
stress formation [46] can also occur at the C49 grain boundary. These factors may
inhibit C54-nucleation during

RTA thus reducing the nucleation density.

The observation can be further explained by Eq. 4.1 from the relation in [10].

where

is the energy barrier needed for
is the interfacial energy between

nucleation
and

is the grain boundary energy of the
is the difference in volume free energy between

and

and is the driving force for the C49-to-C54 transformation
is the misfit strain energy caused by interfacial misfit between C49and
Coefficients a,b and c depend on the geometrics such as grain boundary or grain
edge.

Equation 4.1 implies that by increasing the grain boundary energy of the C49through increasing the number of grain edges (triple-grain junction), the
energy barrier needed for

nucleation,

89

is reduced. To increase the
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density of grain edges of

the grain of C49 phase has to be smaller. Thus

high annealing temperature of 850°C favors the reduction of C49 and C54 grains.

Additionally, preamorphization can also effectively enhance C54 nucleation at an
annealing temperature lower than 760°C. However, the effect of preamorphization in
promoting C54 nucleation decreases at 850°C. While annealing temperature is below
760°C, smaller C49 grains of ~0.07pm can be achieved by silicon prearnorphization
process [24] but the grains of C54 phase tends to grow to ~0.1

after second

annealing. Therefore, preamorphizing of the silicon substrate will decrease C49
..

grains at lower temperature thus higher density of triple grain edges.

By increasing the number of triple grain edges, the nucleation rate of
will increase. As higher C54 nucleation density can also be obtained by thermally
activating

the nucleation rate,

for

depends mostly on

temperature through Eq. 4.2 [3, chapter 2 and 3].

where temperature, T is the main variable that controls the

nucleation rate.

The nucleation rate, increases with temperature. A higher nucleation rate results in
more

nuclei.

grains start to grow two-dimensionally [10]

meeting at the adjacent grain boundary as illustrated in Fig. 4.9.
temperature is low, fewer

Therefore, if

nuclei are formed. The growth of the nuclei is

not restricted by the adjacent nuclei, thus they are able to grow larger. However, the
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grain growth will be constrainted by the adjacent nucleus when more

nuclei

are formed at higher temperature.

Figure 4.9: Comparison of

grain growth. (a) Lower temperature will

produce lesser C54 phase nuclei thus increasing the final C54 phase
grain size (b) Higher temperature will produce more C54 phase
nuclei thus final C54 phase grain size will be smaller due to
restriction by the adjacent nuclei.

As such, smaller C54 grains can be achieved by increasing the peak annealing
temperature. Figure 4.3 illustrates the correlation of the average C54 grain size for
pre-amorphized samples and peak annealing temperatures. Figure 4.3 shows that
increasing in peak annealing temperature causes a decrease in final C54 grain size for
silicon pre-amorphization process.

A steep grain size reduction is observed in

temperature between 700°C to 850°C. However, as temperature reaches 900°C, C54
grain size starts to level off at about 23 nm.
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It is suggested that there are two competing reactions taking place at temperature
above 760°C. They are the recrystallization of amorphorized silicon substrate and
C54 phase transformation. C.Hill et. al. [47] have reported that the velocity of silicon
crystallization front increases from

at 750°C to

at 800°C

respectively when [100] silicon substrate is amorphized with Si. Thus, as annealing
temperature increases, the recrystallization rate will also increase together with C54
phase nucleation. When the recrystallization rate of amorphorized silicon substrate is
increased, higher free energy of crystallization is formed. Thus, the rate of final C54
grain size reduction decreased.

Eventually, the nucleation rates of C54 phase

decreased, resulting in approximately the same grain size for both processes at above
850°C. Hence, the differences in grain size between conventional and implantation
process narrows down when temperature increases above 800°C as seen in Table 4.1.

Note that the

transformation is not terminated by the gradual reduction in

growth rate, but by impingement with adjacent grains growing with a constant
velocity. There is also a maximum nucleation rate [48]. Hence, this experiment
grains

shows that the optimum nucleation temperature is not reached since

continue to decrease even with temperatures up to 850°C. Results can be seen in
Table 4.1 where the mean grain size of

decreases with temperature.

Better grain size uniformity is attributed to the higher C54 nucleation density. With
amorphization samples, the initial nucleation density of

at lower

temperature is increased. As C54 nucleation is heterogeneous in nature, higher
nucleation density would means better uniformity since the C54 grain growth is
restricted by the adjacent C54 grains as illustrated in Fig. 4.9. The same explanation
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applies to the case when the peak annealing temperature is increased. Therefore, ion
implantation and high temperature would give small grains and better grain
uniformity,

4.5 Concluding remarks
This study has demonstrated the formation of

using one-step annealing

with high ramp rate and annealing temperature. No agglomeration is observed. High
annealing temperature helps to decrease the grain size of C54 phase while high
ramping rate reduce the diffusion time of Si diffusing onto the spacer that preventing
short-circuit. It is believed that one step process of higher ramp rates and annealing
temperature is needed for devices smaller than 0.1

In addition, voids (missing

polysilicon gate.

grains) are found when Indium amorphization

process is used. This is due to the out diffusion of Indium atoms and Indium
precipitation in the silicon substrate that may cause stress thus poor

formation.
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CHAPTER 5
ELECTRICAL PERFORMANCES OF TITANIUM DISILICIDE
UNDER DIFFERENT PROCESS CONDITIONS

5.1 Introduction
Self-aligned titanium disilicide (Ti-salicide) technique has been used for many
generations on Very Large Scale (VLSI) and Ultra Large Scale integration (ULSI)
devices because

has very good temperature stability and low resistivity [8,9].

Unfortunately, the main roadblock for the extension of titanium disilicide
beyond 0.18
resistivity

CMOS technology is the increasing difficulty to transform higher
to the lower resistivity C54 phase. Large

been shown to inhibit
(polysilicon) gates of <0.3
reason,

grains have

phase nucleation in polycrystalline silicon
due to limited triple point grain boundaries. For this

has been utilized. However,

can form junction spiking easily if

the Co/surface is not treated properly to remove all native oxides and contaminations.
Furthermore, the thickness of

formed after silicidation is also much larger than

Ti silicidation. This will increase substrate junction current leakages. Thus,
salicide can still be an attractive technique. In order that Ti-salicide be remained a
viable technology for ULSI applications, techniques must be found to overcome its
limitation. Some earlier studies [7,49-51] have revealed that increasing heating rate
decreases the C49-to-C54
application of

transformation temperature and is able to extend the

In addition, the current leakage, due to the diffusion of Si atoms

from polysilicon gate and/or source/drain onto the spacer, can also be controlled. In
previous work [52], it is shown that the minimum C54 grain size achievable is
approximately 23 nm after using amorphization with one step high heating rate and
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annealing temperature. Moreover, the uniformity of C54 grains is also better than
using lower heating rates. Hence, this technique is a promising method to extend the
application of titanium disilicides into deep-submicron regime. The use of one-step
annealing scheme from the conventional two-steps annealing scheme can also be an
added advantage to reduce thermal budget and manufacturing costs.

In this study, the aims are to investigate and analyze the electrical performances
in transistors using different process conditions. These conditions involve 1)

of

two-step annealing process with either Indium or Silicon implantation or with no
implantion, 2) two-step process with different heating rates and annealing temperature
and 3) one-step process with high heating rate, annealing temperature and silicon
implantation. Most of these processes are carried out on polysilicon gate of between
0.35 pm to 0.25 pm. Only the experiment in condition (3) is carried out on 0.12
polysilicon gate. Implantation species of Indium ion is used to compare with silicon
ion. As Indium does not combine favorably with titanium disilicides, it should
produce better prearnorphization on the silicon substrate. It has high atomic mass
=

115) and does not form alloy with titanium and is insoluble in silicon.

However, the results showed that high dosage of Indium (3 x
silicide peeling.
dosage (1.8 x

atoms/cm2) causes

This impaired the sheet resistances (Rs) of transistors. Lower
atoms/cm2) produces only minor improvement in

formation over silicon (Si) ion species. Thus, Si is found to be a better amorphization
ion in term of better formation in

film integrity.
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By applying heating rate of above 130°C, gate to source/drain (S/D) current
leakage decrease with polycrystalline silicon (polysilicon) gate. This reverse current
leakage phenomenon differs from the traditional behaviour, where current leakage
increases with decreasing polysilicon gates, and is highly desirable as transistor
devices become smaller.
arnorphization on

The effect of high heating rate (130°C/s) and Si
transformation have been achieved on 0.12

transistors. The results clearly showed this method is much more effective than the
two step annealing scheme.

5.2 Experimental

Two kinds of patterned 8 inch (100) Si wafers were used for the electrical
investigation: 1) Patterned wafers with n+ doped polysilicon gate of 0.35
and 2) patterned wafers with n+ doped polysilicon gate of 0.18

to 0.18

to 0.12

Prior to Ti deposition, the patterned wafers were cleaned with 100:1 HF to remove
native oxide. The wafers in (1) were then loaded into a sputtering chamber to deposit
~ 40 nm of titanium at

torr. Indium (In) and Silicon (Si) ion implantation were

carried out separately on some of these wafers after the titanium deposition. Hence,
samples with Si amorphization (sample (a)), samples without amorphization (sample
(b)) and In amorphization (sample (c)) were produced. Transport of Ion in Matter

(TRIM) simulation [26] showed that the projected range was ~ 45.9 nm. After
amorphization, two silicidation schemes were used: (I) Two-step rapid thermal
process (RTP) conventional scheme, in which Ti was deposited onto silicon substrate
followed by an RTP anneal without amorphization implantation, (II) Two-step rapid
thermal process (RTP) with Si amorphization or In-amorphization through the Ti film
followed by RTP annealing. Then all wafers were heated to different peak annealing
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temperatures of 720°C, 760°C, 850°C and 900°C in nitrogen ambient. Moreover,
varied heating rates of

130°C/s and 150°C/s were utilized during the first rapid

thermal annealing (RTA) and with practically no holding time (~ 0 sec) (so called
Spike annealing). All samples went through an etch-back process to remove TiN and
unreacted Ti. Those wafers that went through second RTA was carried out at 720°C
or 850°C with heating rates of
sheet resistances of

and varied holding time 20 to 30 seconds. Then

on polysilicon gate were evaluated. Secondly, a separate

scheme using one-step high heating rates of 130°C/s temperature of 850°C were used.
Only samples with Si amorphization and samples without amorphization were
utilized.

Readers are advised to read Appendix A for the details of electrical

measurements.

5.3 Device performance with different polycrystalline silicon gate length using
standard process

Here, the standard process refers to two steps annealing scheme without
amorphization. The patterned Si wafers have polycrystalline silicon gate length of
between 1 pm to 0.25 pm. First rapid thermal annealing (RTA) step was carried out
at 720°C and

ambient. Etchback was performed using

of

1:1 :5 to remove all excess Ti and reacted TiN. Second annealing was then carried out
at 850°C with a 30 sec hold to convert all C49 phase to

The sheet

resistance (Rs) results for different polysilicon gate lengths are measured and shown
in Fig. 5.1. A sudden increase in sheet resistance indicates that

has failed under

drastic microstructural changes, presumably due to agglomeration [5,8,9,24]. In this
case, sheet resistance is measured to be ~2.5

at polysilicon gate lengths between
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1

to 0.35 pm. As the sheet resistance increases to greater than 5

it indicates that agglomeration of

Figure 5.1:

at <0.3

film has taken place.

Sheet resistance vs polysilicon gate length for standard process.
Sudden increase in sheet resistance is obtained when polysilicon
gate length reached below 0.3

annealing carried out at

850°C.

The measurement of current leakage between polysilicon gate and source/drain
(S/D) is carried out to detect any bridging of
gate joint to the

Bridging occurs when

at the

at the S/D, causing low resistance, thus introducing a large

current between the two points. . Readers are advised to appendix A for the details of
sheet resistance and gate to source/drain current leakage measurement. Readers are
advised to Figure 5.2 shows that the gate to source/drain (S/D) current leakages of
transistor lengths 0.35

to 0.25

remain at approximately 7.5 pA at OV. This
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means that only negligible current leakage occurs. It should be noted that under
normal process conditions, the current leakage increases with decreasing polysilicon
gate lengths. Therefore, a good electrical performance
within sheet resistance, Rs = 3 to 5

film should operate

and gate to source/drain current leakages

Amperes (A).

Figure 5.2: Gate to Source/Drain current leakages measured at -4V to 4V.

5.4 Device performances of standard process with different heating rates
In this experiment, the patterned Si wafers had polycrystalline silicon gate range
between 1

to 0.25

720°C with heating rates of
performed using

.These wafers went through the first annealing step at

and 130°C/s in

ambient. Etchback was

of 1:1:5 to remove all excess Ti and reacts TiN.

Second annealing was then carried out at temperature ranges between 720 to 900°C
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with 30 sec and 20 sec holding time to convert all C49 phase to

Figure 5.3

shows the result of sheet resistances at different polysilicon gate lengths. The sheet
resistances of each condition show similar behaviour. All of the conditions indicate
that

fails at approximately 0.3 to 0.35

since a sudden increase in sheet

resistance occurs. This sudden increase depicts that agglomeration of

film on

the polysilicon gate has occurred.

Figure 5.3:

Sheet resistance vs different polysilicon gate lengths for different
heating rates and holding time.

Although no improvement is seen in enhancing

formation for smaller

polysilicon gates, higher heating rate shows lower gate to source/drain (S/D) current
leakages. Figure 5.4 shows the gate to S/D current leakages between heating rates of
and 130°C/s. At measured voltage of OV, current leakages for polysilicon
gates between 0.35 to 0.25

are observed to be approximately the same (7.5

100

at
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heating rate of

However, as heating rate increases to 130°C/s, the graph

evidently shows that current leakage decreases by as much as 2 times at
polysilicon gate. A reverse current leakage has occured as heating rate increases from
to 130°C/s.

Applied Voltages (V)
Figure 5.4: Gate to Source/Drain current leakages of 0.25
polysilicon gate lengths with heating rates of

and 0.35
and 130°C/s.

To further explore the significance of Fig. 5.4, the gate to source/drain leakage
current is plotted into Fig. 5.5 of different polysilicon gate. It is seen from the circled
region that both current leakages for heating rates of
0.35

and 130°C/s are ~ 7 pA at

However, the current leakages for 130°C/s decreases with the polysilicon

gate lengths. This indicates that less Si atom is diffused from the polysilicon gate and
the source/drain to form

on the spacer. Therefore,

can be achieved with

lower current leakage at smaller polysilicon gate under high heating rate.
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Figure 5.5: Gate to source/drain current leakages of with
rates

and

RTA of heating

annealed to 720°C 30sec at OV.

Equation 5.1 and 5.2 shows that dependence of diffusion lengths with time and
temperature.

Where

Diffusion Length, L =

(5-1)

Diffusion Coefficient, D =

(5 -2)

t is the time taken for annealing
Q is the activation energy of the of Si atom

k is the boltzmann constant
and

T is the annealing temperature of the process.

As the heating rates of the process changes from

to 130°C/s, the diffusion

length L of Si atom from gate and source/drain should also decrease, affecting the
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current leakages. However, as the physical gate length decreases and L remains the
same, current leaks between heating rates of

and 130°C/s becomes

approximately equal. Thus, in order to decrease diffusion length further, heating rates
must increase.

However, from Eq. 5.2, the diffusion coefficient D of Si atom increases
exponentially with annealing temperature.
micrographs of

Figure 5.6 illustrates the TEM

formed on polysilicon gate of 0.25

130°C/s after the two step rapid thermal annealing.

with the heating rates of
Figure 5.6 (b) and (a) are

annealed to 850°C and 900°C during the first step respectively. The

found to

encroached onto the oxide spacer, are much longer in Fig 5.6(a) than Fig 5.6(b),
indicating that high current leakage may have occurred. Hence, it can be seen that the
effect of current leakages increase with decreasing polysilicon gate lengths of lower
heating rate. At higher heating rates, a reverse gate to S/D current leakages effect is
produced. This did not mean that current leakages will not occur. At higher
annealing temperatures, diffusion is still dominant. A short circuit between gate to
source/drain would occur when current leakages is high. The limit for annealing
temperature is investigated with heating rate of 130°C/s. This phenomenon can be
easily explained by the diffusion length of Si atom during annealing.
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Figure 5.6:

TEM micrographs of 0.28 pm polysilicon gate lengths (a) 850°C (b)
900°C. The titanium disilicide formed at the spacer is longer in (b)
than (a), hence higher gate to S/D current leakage occurs because
small resistance path is connected from the gate to source/drain.
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Figure 5.7 shows that 850°C is the limit to the process of using heating rates of
130°C/s before massive current leakage occurs. At annealing temperature below
850°C, current leakage remains at range of approximately

ampere. However, as

annealing temperature reaches 900°C, current leakage immediately reaches to
approximately

ampere. Hence, the process limit for heating rates of 130°C/s is

850°C.

Figure 5.7:

Comparison of polysilicon gate to source/drain current leakage
under different annealing temperature. In this case, the holding
time is 0sec.
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5.5

Device performances of amorphization implantation with two steps
annealing scheme

Amorphization was carried out on silicon substrates, using either Silicon (Si) or
Indium (In) ion implantation into the pre-deposited Ti film. Si was implanted with
2

energy of 40 KeV and dosage of 2E15 atoms/cm while In was implanted at 130 KeV
and dosages of either 1.8E13 atoms/cm2 or 3E14 atoms/cm2. Three silicidation
schemes were used: (I) Conventional scheme without amorphization, (II) Siimplantantation through the Ti film prior to RTA and (III) In implantation through the

Ti film prior to RTA as illustrated in Table 5.1. All RTA anneals were performed in
ambient using a commercially available RTA tool. The samples were annealed for

30 seconds at 600°C, 650°C, 700°C or 760°C with a ramp rate of 50°C/s. After RTA,
all samples went through an etch-back process to remove unreacted Ti and TiN. The
thickness of

formed was measured to be

nm. The sheet resistances of the

samples were measured using a probe station. The process steps are the same as
describe in chapter 2.

Table 5.1: Ion amorphization conditions
No.

Implantation Conditions

1

Indium,130 KeV, 3E14

2

Indium,130 KeV, 1.8E13

3

Silicon, 40 KeV, 2E15

4

No amorphization
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Figure 5.8: Sheet resistance of

formed on different polysilicon gate

length under different implantation conditions.
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Figure 5.8 shows the graph of sheet resistance (Rs) of

formed on different

polycrystalline silicon gate lengths. From Fig. 5.8(a), samples with no amorphization
show high sheet resistance at about 0.24

gate length. This suggests that

presumably agglomerated. As gate lengths are reduced below 0.24
resistance rises rapidly to greater than 600

has
the sheet

this result will be used subsequently

to compare with other process conditions.

Samples using amorphization condition of In 130 KeV and 3E14 atoms/cm2, the
sheet resistances for all polysilicon gate lengths scattered from 5

to about 1200

It can be shown that this scattering in sheet resistance is due to the peeling of
the silicide film (Fig 5.9). This phenomenon only occurs when the dosage reaches
3E14 atoms/cm2. The reason that causes peeling of the

film can be described as

in the following paragraphs.

Figure 5.9: Polysilicon gate (a) peeling at narrow linewidth (b) peeling at
corner (c) normal silicide

It is mentioned in Chapter 4 that Indium will diffuse out from the silicon surface
causing indium segregation. Furthermore, from the simulations in Fig 4.8, indium
peaks are found near the interface of titanium/silicon. The higher amount of Indium
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at the

interface may cause poor adhesion of the film to the wafer or increase in

film stress. Together with the out-diffusion of In atoms in the film during annealing,
different region of a polysilicon line especially at the comer will further enhance
peeling that cause sudden increase of sheet resistance (Rs) value. Hence, scattering of
Rs occurs when silicide film peels off at different portion of polysilicon gate.

As

more stress is accumulated around the comers of polysilicon gate, most peeling is
observed in this area (Fig 5.9(b)). In addition, the effects of temperature and smaller
gate lengths may also increase stress thus cause peeling. The growth of silicide is
compressive in nature [8], hence the reduction in gate length will induce higher stress
in the film. This effect is more pronounced at the corner of the polysilicon line where
there are more sides to induce stress. Hence, the sheet resistance (Rs) value scattered
whenever film peeling occurs.

At lower Indium implantation of 1E13 atoms/cm2, no peeling is observed and the
sheet resistance only starts to rise at 0.165

gate (Fig. 5.8(b)). This performance is

slightly better than Si amorphization that fails at 0.18

The better

film

formation on smaller gate can be due to less stress formed on the samples due to
lower Indium dosage. Although, lower Indium implantation dosage shows better
sheet resistances without any peeling up to, an overall higher sheet resistance of ~10
is obtained which cannot be seen from Fig. 5.8(b) due to graphical scaling. The
first reason can be attributed to the poor indium amorphization that results in
incomplete conversion of
resistivity of

From Eq. 5.3, both the intrinsic

formed and thickness change will contribute to the increase in

sheet resistance, Rs value.
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Rs =
where p = resistivity
t = thickness of film (cm)
If, the incomplete transformation of C49-to-C54 phase is the main factor that cause
the increase in the sheet resistance. Using the above relation, it can be shown that:
Taking Rs value at 0.2

(Fig 5.8), for Si implantation, Rs = 3

t = 65.9 nm
Hence,

thickness)

p = 19.8

(within the range of theoretical value of C54

However for In-implant,

Hence,

Rs

= 10

t

=

58.9 nm

=

58.9

(within the range of theoretical value of C49 60-90
sample (standard),

Hence,
(partial C49 and C54 phase present.)

and without implant
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From the calculation above, it can be determined that Indium implantation at 1E13
atoms/cm2 is not sufficient to amorphize the polysilicon gate and source/drain. By
comparing the resistivities of In-implanted samples (58.9
samples (19.8

and standard samples (48.9

Si-implanted
it can be deduced that

is formed more easily in Si-amorphized samples and standard process than

in In-implanted scheme. Second, as Indium may cause the delay in
final film thickness reduction can occur.
reduction of

formation,

Figure 5.10(a) and (b) show that the

thickness have occurred resulting in film thickness difference of

~10 nm between Si and In amorphized film. One plausible reason [53] may be due to
the formation of Indium precipitate during silicidation process. Higher activation
energy of

is increased because energy may be used on indium segregation .

Thus, Indium is not suitable for the formation of

Indiurn amorphization will not

be included in the next experiment. Only silicon implantation will be used to enhance
formation.
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Figure 5.10:

thickness of (a) Si-implanted 40 KeV 2E15 = 65.9 nm (b) Inimplanted 130KeV 1.8E13 = 58.9 nm (c) without implant
amorphization =48.9 nm

5.6 Formation of

using one-step high temperature, ramp rates and

amorphization on 0.12

and beyond polycrystalline silicon linewidth

In this study, 8-in Si(100) patterned wafers were cleaned by 100:1 HF to remove
native oxide. They were then loaded into a sputtering chamber to deposit ~40 nm of
titanium at

ton. Si implantation was done on all of these patterned wafers.

Samples are annealed to 850°C using RTA with heating rates of
130°C/s for polysilicon gate of linewidth 0.12

and

After RTA, all samples went
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through an etch-back process to remove TiN and unreacted Ti. This experiment uses
the findings so far to achieve

formation of up to 0.12 pm polysilicon gate

length. Figure 5.11 depicts the sheet resistance as a function of different polysilicon
gate lengths of up to 0.12 pm. It can be seen that by increasing the heating rate from
to 130°C/s, the sheet resistance (Rs) remains at a low value of
linewidths down to 0.12

.On contrary, samples annealed at

for
and

showed a sudden rise in Rs for linewidths at 0.18 pm. By examining the transistors of
0.12 pm gate length in Fig. 5.11 using scanning electron microscope (SEM), no
titanium silicide is formed on samples annealed at heating rates of

(Fig. 5.12)

or agglomeration has occurred. Furthermore, peeling of silicide film was observed

with

samples. However, samples with high heating rate of 130°C/s shows

good silicidation.

Linewidth

Figure 5.11: Changes in sheet resistances vs different polysilicon gate length for
different heating rates. Sheet resistances for heating rates of
and

show sudden increase at 0.18

line.
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Therefore,

grains can be reduced by increasing the annealing temperature

and agglomeration can be suppressed by short processing times using high annealing
ramp rate to produce good

formation at 0.12

polysilicon gate length

and beyond using conventional manufacturing equipment.

Figure 5.12: SEM micrographs for titanium disilicide for different heating rates.
(a) Samples annealed with lower heating rates
show no silicide formation at 0.12
silicide formed on 0.12

10 sec)

polysilicon gate. (b) Titanium

polysilicon gate of higher heating rates

(130°C/sec 10 sec). (c) and (d) Titanium silicide formed on both
gate either heating, rates.
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Discussion

5.7

The effects of silicide formation with different heating rates and processing
schemes (one or two RTP annealing) on 0.35 pm to 0.12

gate sheet resistance,

gate to source/drain (SD) leakage and agglomeration have been presented.

Two main findings are presented here. First, at high heating rates (130°C/s), a
reverse gate to S/D current leakage is observed. Second, when higher annealing
temperature is used, no agglomeration occurs. Furthermore, when annealing at high
temperature, the
C54 phase.

RTA is less important because most C49 phase has converted to

Tan et. al [54] has shown that high heating rates can control

agglomeration during high temperature annealing at 0.25
0.12

Here, it is achieved on

polysilicon gate with no agglomeration. To explain the phenomenon, the

film stack structure of during first thermal annealing has to be first understood.
Figure 5.13 illustrates that the film can be separated into TiN/unreacted
gate given that the top is TiN film. It can be seen that the film
stack would be the same for one or two steps annealing schemes. However, between
the two schemes, the only difference is the removal of TiN/excess Ti in two step
annealing scheme that would induce stress within the

stack film. According to

d'Heurle [55], the stress could affect the rate of Ti/Si diffusion and

nucleation

especially for nucleation-controlled reaction. Furthermore, stress may also play a role
in the lateral propagation of C54 phase from discrete nucleation centers. In addition,
the type of stress (compressive or tensile) seems to affect

growth that is

dominated by grain boundary diffusion since the chemical free energy is easily
modulated by stresses.
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Figure 5.13: Schematic diagram of different film stack during high heating
rate thermal annealing. Tensile and compressive stresses are
formed at

and TiN/unreacted

interfaces

respectively.

During the growth of

fast heating leads to fast thermal expansion with

different thermal expansion coefficients [56]. This difference generates big pressures
between each film. Tensile stress (Fig. 5.13) is generated between the
/ Si substrate (~1 x

interface and vacancies [56] are generated.

Therefore, an additional vacancy flux from
causes more flux of Si atoms into

(~1 3 x 10-

to silicon appears. Vacancy flux

Thus, as polysilicon gate lengths decrease

with high heating rates (Fig. 5.5), the stress increases with smaller gates and the gate
to source/drain (S/D) current leakages also decrease since more Si atom flux enters
into

film instead of the spacer. Furthermore, the thermal budget due to high

heating rate has significantly reduced overall annealing time, hence the diffusion of Si
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ion also decreased according to Eq. 5.1 and 5.2. At the TiN/unreacted
interface, the thermal expansion coefficient of TiN/unreacted Ti (-9 x
slightly lower than

During heating,

is

expands more than TiN, and therefore

gets compressed by TiN. Hence, TiN helps to prevent agglomeration from occurring
[54]. Furthermore, lateral growth of [46]

grains cause a compressive stresses,

thus enhancing the agglomeration resistance.

5.8

Concluding remarks
The electrical properties of

of different polysilicon gates have been studied.

The gate to S/D current leakages is found to decrease when heating rate increased to
130°C/s. Furthermore, no agglomeration has occurred up to 0.12
suggested that the compressive and tensile stresses formed at the
and TiN/unreacted

and 850°C. It is
substrate

interfaces respectively enhanced this effect. Compressive

stress helps to reduce agglomeration while tensile stress enhances silicide formation.

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 6
STRESS IN POLYCRYSTALLPNE

6.1

GRAIN BOUNDARY

Introduction

Stress generation during metal silicidation has been an area of interest due to their
technological importance in the microelectronics industry. For instance, stress in the
Si substrate can affect the electrical behaviour of oxides in transistor,gates. However,
most of the stress studies carried out on metal silicides range from material
[8,10,28,53] to electrical studies [8,20,113,114-116], involving the understanding of
Si consumption, nucleation density, thermal stability and activation energy during the
polymorphic transformation of metal silicides.

in particular, has many well-

established works in these areas. However, not many studies have examined the
stress and strain developed between Ti disilicides and their silicon substrate [2,58-60,
106-1081. Some of these works [2,58-60] used the measurement of wafer curvature to
calculate indirectly the bulk stress developed during annealing. Their analysis of
intrinsic stress is only co
119].

ned to volume change when Ti is formed to

[55,117-

d'Heurle et al. [55] have also' revealed that many of these works tend to

measure only the forces between the silicide film and the substrates without
differentiating these two dominating processes: 1)

phase transformation and 2)

the consumption of Si substrate. In fact there is not enough focus on microstructural
stresses in

Under normal circumstances the nucleation of low resistivity
starts at the triple point boundary of high resistivity

[5], hence it

is important to understand the stresses formed at the grain boundary that will later
modulate the formation of new phases. As the activation energy of formation for C49
(0.562 eV/atom)-to-C54 (0.587 eV/atom) [8]

only differs by 0.025 eV/atom,
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any small stress changes at the

grain boundary can either enhance or inhibit

the formation of C54 nuclei.

Recently, a localized stress analysis using convergent beam electron diffraction
(CBED) [60] provides more information at microscopic level, but the data analysis for
CBED is very complicated because tensor simulation is needed to analyze the
diffraction patterns. In this study, an attempt was made to measure directly the
microstructural stress of

in order to obtain its stress profiles. Due to the

lack of understanding on intrinsic grain boundary stresses that result from the
formation of Ti silicides, a quantitative evaluation of microstructural stress is
necessary. High-resolution cross-sectional TEM (Transmission Electron Microscope)
micrographs are used to investigate the stress and strain developed near the grain
boundaries of

It is observed that many dislocations are found near the

grain boundary regions. This contradicts the assumption made by some models for
stress development during silicides formation [55,61] - that there is no plastic
deformation caused by dislocations.

The technique developed by M.D. Robertson et. al.[62] involving the calculation
of the cumulative sum (CUSUM) of deviations from an average lattice fringe spacing
value has been modified to calculate polycrystalline elastic strains. Figure 6.1 shows
cross-sectional TEM micrographs of two

grains. The sample was annealed

to 650°C and fast fourier transformed (FFT) image [86,87] is obtained from this TEM
micrograph (Fig 6.1(b)) to diffraction pattern. The chosen area for FFT is taken from
the white box of Fig 6.1 (a) into Fig. 6.1(b). Then the FFT is inverse to fourierfiltered transformed images to show the lattice spacing (Fig. 6.1(c)). By measuring
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the distance perpendicular to the lattice spacing across the FFT filtered lattices in
Fig.6(c), the strain can be calculated. The following formulae are used to calculate
the strain and stress (strain energy).

Elastic Strain,

=

(Avg L at artbitrary strain free region)

Strain Energy,

=

Y

Where L is the lattice spacing from lattice number 1 to
starts near the

(6-1)

The lattice spacing number

grain boundary and continue outwards into the bulk of the

grain. Y/ (1-v) is the elastic modulus of

in the range of 1.1 to 1.42 x 1012

[58,63] and v is Poisson ratio for

in the range of 0.18 to 0.24 [64].

The average value of lattice spacing, L, at the arbitrary strain free region in Eq (6.1) is
taken from the stress free region 4 to 15 nm from the grain boundary. This is because
no long-range strain is expected in the bulk of polycrystalline film [65].

In order to measure systematically the lattice spacing with no human error, a
macro-program is specially written to identify and automatically calculate the strains
in the grains. In summary, numerical values are generated from the Fourier-filtered
image in Fig. 6.1 (c). Polynomial curves are used to fit these numerical values so that
the lattice spacing can be obtained. Please refer to Appendix B for further details.
The compressive force for two C49 grain growing towards each other is denoted by a
negative sign whereas a positive sign is used when tensile force is applied to the grain
boundary.
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Figure 6.1:

(a) Bright-field TEM micrograph showing nanocrystalline grains
and grain boundary of C49 phase titanium disilicides at (111) and
(130) planes (b) The Fast Fourier Transform (FFT) pattern showing

the relation of the two grains (b) A Fourier-filtered image from
inside the white box A. In (c), the strain is measured in the
perpendicular direction (marked by the black arrows). The black
curve indicates the grain boundary position.
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6.2

Experimental

Silicidation was carried out for Ti film deposited on Si(100) wafer. Prior to Ti
deposition, a Si wafer was cleaned using HF 100:1 to remove native oxide on the
surface. Subsequently, this wafer was loaded into a sputtering chamber for deposition
of 40 nm Ti film at pressure of

torr and in

ambient. The Ti deposited wafer

was then amorphized using silicon ion implantation. In order to examine how the
stress at the grain boundary is closely related to the stress condition during C49-toC54

transformation, annealing at 650°C was adopted. This is the temperature

closely associated with nucleation of C54 phase [53]. Hence, the wafer was rapid
thermal annealed (RTA) to 650°C with a ramp rate of 50°C/sec. After RTA, the
unreacted Ti and TiN layers formed was removed to expose the underlying
Thinning of the cross-sectional

film.

film to 70-100 nm [62] (i.e. nearly

transparent to the primary electron beam) is done by

ion milling to minimize any

excessive stress relaxation during the specimen preparation. The specimens were
observed in a JEOL 200 TEM (Japan Electron Optics Laboratory, Ltd., Tachikawa,
Tokyo) operated at 200 kV.

6.3

Results

Stress developed during

growth is an important factor affecting the

grain boundary energy, thus the final heterogeneous C54 nucleation density.
Generally in nucleation-limited transformation, non-equilibrium defects such as
dislocations, stacking faults, inclusions, excess vacancies and free surfaces will
provide suitable nucleation sites due to increased free energy.

Furthermore the

amount of grain boundary energy can also determine if a new phase can be formed
[73]. However, as grains growth proceeds, two boundaries coalesce into one causing
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strain energy at the grain boundary increases with decreasing grain boundary energy
and width [71]. In the case of

it is observed from previous studies [2,8,25] that

nucleate at triple point junctions, but not many of these suitable sites are
able to generate C54 nuclei. The quantity of grain boundary misfits (strain) may be a
major factor affecting the C54 nucleation density, since C49-to-C54
transformation only requires 0.025 eV/atom [58]. It is the aim in this study to
understand the strain energy in both low and high angle grain boundaries of C49As mentioned previously, if C49 triple point junction is the preferred
nucleation site, then it is necessary to understand why the normal grain boundary is
not preferred.

6.3.1

Analysis of low angle grain boundary strains

Figure 6.1 shows the low angle

grain boundary with grain orientations

of (111) and (130). The grain boundary angle is found to be

<100> tilt. The box

in Fig. 6.1(a) has been Fourier transformed and filtered into Fig. 6.1(c). Strain
measurement is carried out perpendicularly along the lattices of (111) and (130) grain
boundary as shown by the arrows in Fig. 6.1(c). The strains are then calculated and
plotted into strain profile as depicted in Figure 6.2. The strain profiles of both grains
are found to decay exponentially. The stress propagation decays to

eV/atom at

about 2.5 nm from the grain boundary, showing that there is no long-range stress.
This is consistent with stress models [65] for low angle grain boundary. From Fig.
6.2, high strain energies of ~1.5 and 3 eV/atom are found to be ~1 nm away from the
both sides of the grain boundary. Figure 6.2(a) shows that the negative strain at the
grain boundary region is generated by the smaller lattice spacing compared to the bulk
of the

grains (~4 nm away). Thus the high strain energy (Fig. 6.2(b)) near the
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grain boundary suggests that the molecules in these areas are subjected to high
compressive stress from the surrounding grains as the C49 grains are growing towards
each other. Furthermore, the strain at the grain boundary may change with different
grain orientations. It is seen from Fig. 6.2(a) that (111) and (130)-oriented grains
possess two different strain magnitudes at the boundary region. As different grains
orientation may have varied grow rates, the stress induced at this grain boundary will
also vary from that in surrounding grains. Thus it is found that close to the grain
boundary (~1 nm), the region would has experienced some plastic deformation.

From the equation showed by Hirth and Lothe [65], the relation between stress
from the distance x of a low angle grain boundary to be

where

is the stress in X-Y axis and

v, b, y and D are shear modulus,

poisson ratio, Burger vectors, vertical dislocation distance along the grain boundary
and spacing between dislocations respectively. In this case, vertical direction y is
approximately zero since the stress is measured only in the x direction,
6.3, the stress at the grain boundary
Burgers vector b.

increases with decreasing

From Eq.

and is linear with
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Distance from grain boundary (nm)

Distance from grain boundary (nm)

Figure 6.2:

A plot of (a) measured changes of strain from grain boundary (b)
calculated changes of elastic strain energy from grain boundary
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From Eq. 6.3, the Burgers vector b and distance of dislocations D are found to
be 1.31b, 4.45b and 0.48439b, 2.06298b [see Appendix C for calculation details] for
(1 11) and (130) grains respectively. Although the measurements are carried out at the
same area of the grain boundary, it is found that the Burgers vectors are different.
This suggests that two sides of the grain boundary are experiencing different
magnitudes of compressive stresses since different plane orientations have different
lattice spacings. Thus there is a net resultant stress produced when two neighbour
grains come into contact with each other for this asymmetrical grain boundary. To
determine if the assumption for vertical dislocation distance y in Eq. 6.3 is accurate, y
is found to be

nm and

nm for (111) and (130) grains respectively. The

angle of orientation is calculated to be approximately

which is also similar to

the measured result.

However, Eq. 6.3 can only explain the results in Fig. 6.2 for distance x >>
i.e. greater than 2 nm where the strain energy reduces rapidly to less than 0.01
eV/atom. At locations where the strain is very close to the grain boundary, x ~
the effect of grain boundary stress is so high that Eq. 6.3 is no longer valid. Based on
Fig. 6.2(b), the grain boundary strain energies for (111) and (130) grains are estimated
to be 0.5 eV/atom and 0.1 eV/atom respectively at distance x = 2 nm. By calculating
the difference between these two strain energies, the resultant (compressive) stress
induced from both grains in opposite directions is 0.4 eV/atom. This value is much
higher than the 0.026 eV/atom calculated by Z.Ma [58] on the average thermal stress
obtained in formation for

Therefore, the probability of

nucleation would be low since the diffusion process can be significantly reduced by
compressive force [55].
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6.3.2 Analysis of high angle grain boundary stress propagation
In this study, the strain caused by high angle grains is being investigated. The
illustration in Fig. 6.3(a) shows the schematic diagram of Fig. 6.3(b) of crosssectional TEM micrograph explaining that the strain measurements are carried out at
region A

-

the

boundary, and region C -

substrate interface, region B - the center of the grain
film surface/ambient . The strains of high angle grain

boundary grains of these three regions are measured within the white boxes drawn in
Fig. 6.3(b). The measurement procedure is the same as described in section 6.1. Fig.
6.3 also shows that the overlapping regions are observed at both (130) high angle C49
grains in region A

interface) and C

film surface). The angle of

rotation at region A and C are measured to be

and 20°, respectively. The fast

Fourier Transformed filtered image on the bottom of Fig. 6.3(b) depicts an example
where the measurement direction is perpendicular to the lattice fringes.

The strain energy of region A is first plotted into Fig. 6.4. Figure 6.4 shows the
strain profile vs distance from the grain boundary. Both strain percent (Fig. 6.4(a)
and strain energy (Fig. 6.4(b)) shows the changes in lattice spacing as the
measurement move away from the grain boundary. It is observed that the strain
profile is completely different from low angle grain boundary. In low angle grain
boundary, the strain decrease exponential to a zero (stress free) further away from the
grain boundary. However, in region A, the irregular strain profiles suggest that the
overlapping grain boundaries are still subjecting under a non-equilibrium stress. The
peak elastic strain at the overlapped grain boundary is approximated to be 5.5 x
eV/atom. This value is much lower than the chemical-potential change,

=

0.026

eV/atoms suggested by Rodbell et. al [85] and the C49-to-C54 activation energy of
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0.025 eV/atom.

is the thermal stress of

and

is the atomic volume of

The chemical potential change is very comparable to the expected driving
force for the transformation. If there is not enough time to relax the stress, the grain
boundary stress will either hinder or enhance the transformation depending on the
nature (compressive or tensile) of the stress. Thus the low strain energy measured at
region A suggests that region A may have encountered a stress relaxation so that the
compressive stress induced by the grain growth is easy to overcome during C54
nucleation. Although the high angle grain boundary does not obey Eq. 6.3, very
useful information still can be extracted from the strain calculation from Eq. 6.3.
Firstly, Fig. 6.4 shows that a peak of ~5 x

eV/atom is observed from the "left"

portion of the overlapped grain boundary in Fig. 6.4(b). The strain energy slowly
reduces to zero within the grain boundary which certainly suggests that the
overlapped boundary region is a source for reducing the grain boundary stress. Thus,
the reduction of strain energy at the grain boundary concludes that the boundary is
undergoing some sort of stress relaxation. Secondly, the "right" portion of the (130)
grain shows the peak is smaller as indicated by the inset of Fig. 6.4(b). The stress has
decreased to ~ 1.7 x

eV/atom from the center of the overlapped grain boundary.

This value is about 1 order smaller than the "left" grain, therefore, the stress in the
right grain is releasing its stress slower than the ''left" grain. Hence, it is believed that
grains are trying to release their stress by growing bigger, the "left" grain grows faster
towards the "right" grain and stress relaxation occurs. Thus, by subtracting the two
opposing forces, the resultant stress is calculated to be in the order of ~5
eV/atom of tensile stress.
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Figure 6.3: (130)

grains (a) Schematic diagram of Fig. 1(b) describing

it in details. (b) TEM micrograph at 400x magnification showing
region A, B and C where the strain are measured. Fourier
transformation of the lattice spacing is shown at the bottom.
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Figure 6.4: (a) Elastic strain of lattice vs distance from the grain boundary
near the

interface of

and silicon substrate.

(b) Strain energy vs distance from the grain boundary.
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At region B, there is no overlap of grain boundary. However, it is worth
mentioning that the strain energy behavior does obey Eq. 6.3. Figure 6.5 shows that
both "left" and "right" grains have induced the same magnitude of grain boundary
strain energy by producing a net stress value of zero. If both strain energies measured
are similar, one should expect that the b and D values are the same. Indeed, it is
found that the Burgers vector b and distance for dislocation D obtained for both "left"
and "right" grains are 0.26b, 1.378b and 0.265b, 1.381b from Eq. 6.3. These values
also indicate that there is only one dislocation direction for this symmetrical (130)
grain boundary and the magnitude of the stress is quite similar. Furthermore, the
strain decays exponentially within ~ 2 nm and no long range stress propagation is
observed. This result contradicts the prior stress measurements from region A, where
the stress propagates almost up to ~ 8 nm.

This clearly explains why the grain

boundary is expanding. The expansion helps to reduce the strain generated within the
grain boundary. As a result, stress annihilation occurs from both sides of the grains in
region B.
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Figure 6.5:

(a) Elastic strain of lattice vs distance from the grain boundary
center at the middle of

grain. (b) Strain energy vs distance

from the grain boundary center at the middle of

grain.
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Figure 6.6 shows the strain profile of the grain boundary near the surface of the
film (i.e. region C). In this region, the maximum strain energy occurs at the
edge of the overlapped grain boundary instead of at the centre of the overlapped
region, as shown in Fig. 6.4 above. This indicates a different kind of stress interaction.

Very likely, this difference in strain profile can be due to the stress induced by the
underlying silicon substrate. In region C, the lateral grain growth is usually dominant
while any additional strain from the silicon substrate at region A will affect the grain
growth at the interface. The additional strain can be induced from the difference in
thermal expansion coefficient of both

(12.5-13 x

and Si (~1 to 3 x 1

substrate at region A. Thus the direction of the strain is tensile at the
interface and compressive at the

surface. The slightly higher strain energy

observed for the "right" edge of the (130) grain boundary suggests that the "right"
portion of the grain (i.e. stress generation [66,67] at the grain boundary) is growing
slower than the "left" portion of the grain. Hence, the "left" (130) grain is releasing
its strain through strain relaxation, and grain growth occurs laterally towards the
neighbouring grains. As a result, there is a stress compensation effect at the grain
boundary. At zero position, Fig. 6.6 shows that the measured strain energy for the
"left" grain is 1.1 x

eV/atom and the "right" grain is 3 x 1

shown that the elastic strain limit of

eV/atom. It has been

film is about 0.026 eV/atom [85], and the

grain boundary strain energy will be within this elastic limit. This again indicates that
the overlapping of grain boundary is an effective way to reduce any excessive stress.
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Figure 6.6: (a) Elastic strain of lattice vs distance from the grain boundary
center at the grain surface of

grain boundary. (b) Strain

energy (stress) vs distance from the grain boundary center at the
grain surface of

grain boundary.
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boundary

Figure 6.7 shows how the net strain energy along the grain boundary changes
from the

interface. Based on the strain profile in Fig. 6.4 at the

interface, tensile stress is exerted on the grain boundary. The tensile strain starts to
decay approximately to zero at the middle of the grain boundary. At a distance
further away from the interface, the net strain becomes compressive.
phenomenon can be explained with the following facts.
difference in thermal expansion coefficient of
silicon substrate (~1 x

This

At the interface, the

(12.5-13 x 10-6

[116] and

has created the tensile stress after the start of cooling

for the sample from 650°C. However, compressive forces are also induced during the
lateral grain growth of

Eventually, both stresses are opposed to each

other, where a net tensile stress at the interface indicates that the force induced by the
difference in thermal expansion coefficient is larger than the lateral grain growth. At
the surface of

grains, the compressive forces generated by the lateral grain

growth dominate since this region is far from the interface and the influence of the
silicon substrate will be smaller. The consequence of these two opposing forces will
cause stress annihilation around the middle of

grain in region B. Hence, it

is not difficult to measure the stress along the grain boundary where it can change the
different grain sizes, grain growth rates and grain boundary parameters (i.e. Burger
vectors, angle of misorientation, and dislocation spacing).
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Figure 6.7:

Stress distribution along the grain boundary of
the distance zero is the interface of

where
substrate vs

the change (A) in net strain energy.

6.5

Discussion

Stresses are typically divided into two categories, namely intrinsic and extrinsic
stresses. Intrinsic stresses depict stresses in deposited film, grain boundary and phase
transformation. With regards to the wide field of intrinsic stresses, the results and
discussion presented only focus on high and low angle

grain boundaries.

Much higher compressive strain energies are observed in low angle grain boundaries
than in high angle ones. As mentioned before, the strain between two or more grains
can be influenced by interfacial misfits and/or film thicknesses such that a net stress
distribution along the grain boundary can be developed. The types and magnitudes of
(compressive or tensile) stresses produced in the grain boundaries would either inhibit
or enhance C54 nucleation, especially when the bulk free energy (0.025 eV/atom)
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[58] for

transformation is very small. Clemrn and Fisher [69]

together with other reports [68] show that energy barrier opposing the nucleation
event is associated with the geometry of the nucleation sites, the concentration of
nucleation sites, as well as the surface conditions and stress effects. As
usually nucleate at the higher fiee energy sites of C49 triple point grain boundaries,
the creation of new C54 surfaces and thus new misfits strain energy (stresses), caused
by interfacial coherency, become the main energy barrier to overcome. By lowering
the amount of compressive stresses present in the grain boundaries, thereby reducing
the amount to be supplied by thermal activation [53].

At different nucleation sites with similar surface-to-volume ratio, microstructure
and morphology of the C49 phase, the net strain energy within the grain boundary
would determine the effective nucleation density. According to Eq. 4.1
(4.1)
where

is the energy barrier needed for
is the interfacial energy between

nucleation

and

is the grain boundary energy of the
is the difference in.volume free energy between
.

and

and is the driving force for the C49-to-C54
transformation
is the misfit strain energy caused by interfacial misfit between
and
The coefficients a, b and c depend on geometries such as grain boundary or grain
edge. The energy barrier,
of C49/C49 interface,

from Eq 4.1 depends largely on grain boundary energy
According to Chaudhari [71], two major contributions
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would change the energy of a film. First is the strain energy and second is the grain
boundary energy.

By definition, grain boundary energy is the total energy of

dislocations per unit area of the boundary. When C49 grain growth proceeds, the
strain energy (compressive) gives rise to a positive energy contribution due to
increasing strain, whereas the boundary energy decreases due to a reduction in
boundary area. Hence, the grain boundary energy is directly influenced by the strain
at the grain boundary. The increase in strain energy at grain boundary would decrease
thus further increasing the energy barrier,

needed for C54 phase

transformation.

Grain boundary energy also depends on the Burgers vector. For low angle grain
boundary, the grain boundary energy per unit area is derived to be [70]

Here

is the symmetrical tilt angle and

the energy of dislocation core.

v and b

are shear modulus, Poisson ratio and Burgers vectors respectively. Although Eq. 6.2
illustrates for symmetrical tilt angle, the equation can still be an argument for
asymmetric grain boundary. The grain boundary energy increases with the square of
the Burgers vector (b2). However, as the grain boundary energy also decreases with
grain boundary area [71], the compressive strain generated when two boundaries
coalesce to produce a single boundary during grain growth would mean minimising
grain boundary area and thus grain boundary energy,

This shows that the high

compressive strain energy (~1.5 eV/atom) obtained from the asymmetric low angle
grain boundary may decrease the probability of C49-to-C54
transformation.

polymorphic
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Diffusion rate could also be affected by stresses [120].

As growth is

dominated by grain boundary diffusion [55] and diffusion is known to be reduced by
compressive stress [72], one can easily understand that the reconstruction of C49
phase at the grain boundary will be inhibited due to smaller grain boundary volume.
For high angle grain boundary, the strain energy becomes much smaller than the low
angle grain boundary indicating that the compressive forces are also smaller.

Z.Ma

[73] has initially shown that large disparity in growth rates occur during the
simultaneous vertical and lateral growth of C49 phase. This disparity can be a source
to generate non-uniform compressive stresses within the grain boundaries, thus
introducing different interfacial energy barriers for nucleation. Those boundaries with
higher interfacial energies tend to require higher activation energy for C54 nucleation.
Therefore, the results showed the strain energy in low angle grain boundary is too
high for C54 nucleation while it is possible for high angle grain to nucleate. Although
there is no proof that the high angle grain boundary measured is a TEM cross
sectional view of a triple point junction, the much lower strain energy (1.1 x
eV/atom) than the required activation energy (0.025 eV/atom) suggests that this is a
possible triple point site for C54 nucleation.

Another major factor that can affect C54 nucleation involves the stress
distribution along the grain boundary. It has been demonstrated that both tensile and
compressive stresses can be generated within a grain boundary. After the growth of

C49 phase, the stress interaction between the

substrate interfaces result in

tensile strain that pulls the grain boundary further apart since the thermal expansion
coefficients of

and Si substrate are 12.5-13 x

and 1 x

respectively.
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Cheng et al.[6] have shown that tensile stress can enhance the formation of Ti
silicides. d'Huerle [55] also mentions that when the chemical free energy changes for
many silicon-rich silicides are sufficiently small, stress can modulate the formation of
new phase. As the grain boundary near the

surface is experiencing higher

compressive stress, the tensile stress at the

substrate interface helps to

modulate the grain boundary stress in order to annihilate any opposing forces
generated from the lateral grain growth. Hence, the stress becomes completely
annihilated at the middle region B (Fig. 6.3 & 6.5). This implies that the final
compressive stress within the grain boundary depends on 1) the induced tensile stress
between

substrate interface and 2) the length of the grain boundary (e.g. film

thickness) when two grain coalesce together.

6.6

Concluding remarks
In summary, the strain energies in low and high angle grain boundaries of C49have been studied. The low angle grain boundary has higher compressive strain

energy than high angle grain boundary. Furthermore, this compressive strain energy
is also much higher than the activation energy barrier of C49-to-C54
polymorphic transformation. This implies nucleation of

will be more

difficult. Much lower compressive strain is obtained from the high angle grain
boundary due the grain growth and grain relaxation. Tensile strain from the silicon
substrate may also assist in the decrease of strain energy along the grain boundary.
From the results, reducing compressive stress in grain boundary can be achieved by:

1) grain growth and relaxation and 2) increase tensile strain from the
substrate interface.
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CHAPTER 7
EVOLUTION OF SURFACE ROUGHNESS DURING METAL
SILICIDES PHASE TRANSFORMATION

7.1 Introduction

Study of surface roughness is important in characterizing surfaces. Previous
reports [74-76] have shown that the properties of materials can be affected by surface
roughness. For example, electrical properties such as ohmic contact resistance of SiC
can be seriously affected by micro scratches and surface roughness [74,75].
Furthermore, defects such as atomic height roughness have severe consequences on
the spin structures of ferro/antiferromagneticinterfaces [76]. In order to characterize
surface roughness, various techniques have been developed. For instance, optical
probe like ellipsometer is able to provide roughness information at the interfaces and
on the surfaces of the samples. K.Haberland et al [77] have demonstrated the use of
reflectance spectroscopy in studying the interface and surface roughness of
AlGaAs/AlAs during growth. Atomic Force Microscope (AFM) has also been widely
utilized to measure the 'surface morphology of different materials. Several groups
[78-80] have reported studies of properties such as composition, adhesion and friction
and grain sizes using AFM. Moreover, the study of D.N.Buckley et. al.[81] have
shown that there is a correlation between the surface roughness and recrystallization
of copper metallization.

In this study, the phase transformation of metal (Ti, Co and Ni) / silicon reaction to
form metal silicides has been studied. In particular, the root mean square (RMS)
surface roughness of these silicides during the phase transformation has been closely
141
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monitored. It is found that surface roughness changes as phase transformation occurs
and depends on different processing conditions at different annealing temperature.
These processing conditions include amorphization and capping layer during
silicidation. This behavior is used to give some more insight on the nucleation and
growth of metal silicides under different processing conditions. The correlation of
surface roughness with sheet resistance, film thickness and phase transformation is
found to be independent of film thickness in C49-to-C54

polymorphic

transformation but not for Co and Ni silicides. The transformation of CoSi to
and Nisi to

also change the film thickness. This study has also shown that

initial agglomeration of Ni silicide is usually accompanied by a large change in
surface roughness.

7.2 Experimental
Silicidation was carried out for Ti, Co and Ni films on blanket 8" Si(100) wafers.
Prior to metal deposition, Si wafers were cleaned using HF 100:1 to remove native
oxide on the surface. Subsequently, these wafers were loaded into a sputtering
chamber for metal deposition (a) 40 nm of Ti, (b) 13 nm of Co with 12.5 nm of Ticapping layer and (c) 16 nm and 30 nm of Ni films. These films were sputtered under
the pressure of 1x1

Torr in

ambient. Part of the Ti deposited wafers were then

amorphized using either Indium (dose 1E13 atoms/cm2 at 130 KeV) or Silicon
implantation (dose 2E15 atoms/cm2 at 40 KeV). All wafers were then rapid thermal
annealed (RTA) to various temperatures ranging from 400°C to 900°C with ramp rate
of 50°C/s. After RTA, the unreacted Ti, Co, Ni and TiN layers formed during the

RTA were removed by using

1:1:5 for 3-5 mins.
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The root mean square (RMS) surface roughness of these samples were
characterized by using Digital Instruments Nanoscope IIIa TM (Tapping mode) AFM.
The Si tip was operated at its resonance frequency of 284.86 kHz with a spring
constant of ~23.88 N/m.

The oscillation frequency and voltage applied to the

piezoelectric crystal were adjusted to achieve optimal sample contrast with probing
area of 2.5

x 2.5

In addition, a sampling interval of 512 per line is used. X-

ray diffraction (XRD) was used to monitor the different phase transformation for the
Ti, Co and Ni silicides. The energy of the XRD beam was 40 KeV with a current of
30 mA and

glancing angle. Four point-probe had been used to measure all the

sheet resistances of the samples at room temperature. Some of the film thicknesses
are measured using transmission electron microscope (TEM) while the others are
calculated using the sheet resistance results. The specimens were observed in a JEOL
200 TEM (Japan Electron Optics Laboratory, Ltd., Tachikawa, Tokyo) operated at
200 kV.

7.3 Results and Discussion
Figure 7.1 shows the XRD spectra from samples of Ti/Si reaction which have been

RTA annealed to temperature ranging from 500°C to 850°C. For the samples without
arnorphization (standard process), C49-to-C54 phase transformation occurs at around
760°C (Fig. 7.1).

However, the same phase transformation occurs at a lower

temperature of ~700°C for samples with Indium (Fig. 7.1 (b)) and Silicon (Fig. 7.1(c))
amorphization.

These results are consistent with several other studies [8,10,28].

Furthermore, Fig. 7.1(b) and (c) also show that In-amorphization produces higher
C54(131) intensity than Si-amorphization when annealed at 700°C and 760°C. Higher
C54(131) peak intensity indicates higher

nuclei formed.
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Figure 7.1: XRD results of C49-to-C54

phase transformation at different

peak annealing temperature (a) Standard

- without amorphization

(b) Indium amorhization at 1E14
amorphization at 2E15 atoms/cm2 at 40 KeV.

at 130 KeV (c) Silicon
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Table 7.1: Results of various

physical parameters annealed under different

processing conditions

Table 7.1 shows the results of different physical parameters of

processed

under various conditions. It can be seen that the thickness of titanium disilicides film
remains approximately the same after the C49-to-C54 phase transformation since only

6% of volume change occurs during phase transformation. Sheet resistances decrease
significantly with the nucleation of C54 phase. The sheet resistance reduces to ~3
at 760°C and 700°C for standard and ion implanted process respectively. This is
consistent with the XRD spectrum in Fig. 7.1. The RMS surface roughness of these
samples had been measured with AFM. There is a strong correlation between the
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film thickness, the surface roughness is normalized with film thickness. From the
trend shown in Fig. 7.2(a), it can be seen that normalized RMS surface roughness for
samples using standard process increases with annealing temperature to about 760°C.
Subsequently, surface roughness starts to decrease as annealing temperature increases
to 850°C. This is attributed this trend to the nucleation and growth of
From Fig. 7.1, standard samples annealed from 600°C to 700°C show only the growth
of C49 phase and no C54 phase. At this temperature range, it is believed that the
increase in surface roughness (Fig. 7.2(a)) is due to the C49 grain growth that results
in induced stress. Figure 7.3 shows the cross-sectional TEM micrographs of C49annealed to 650°C. Strains are clearly seen (as described in section 6.3.2) at the
interfaces and grain boundaries. At the grain boundary of two C49 grains, the grains
appear to grow into one another resulting in reduced stress that causes larger
roughness at the surface of the

film.
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Figure 7.2: (a) A plot of surface roughness against peak annealing temperature
for C49 to C54 phase transformation for different amorphization
conditions. (b) Sheet resistance of Ti silicides annealed to different
temperatures
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Figure 7.3:

Interfaces of

grains and silicon substrate annealed to

650°C.

As annealing temperature increases to 760°C, C49-to-C54 phase transformation
has completed. This can be seen in Fig. 7.1(a) where C49 peak has been replaced by
three C54 peaks. Surface roughness also reaches the maximum at 760°C (Fig. 7.2).
The increase in the roughness is attributed to the approximately 6% volume difference
during C49-to-C54 nucleation but this does not affect the thickness significantly as
seen in Table 7.1. When the

nuclei grow between the triple point junction

of C49 phase heterogeneous nucleation[8,28], the grain size distribution will result in
large surface roughness. When temperature increases further to 850°C, the growth
mechanism of C54 phase transformation dominates and nuclei grow twodimensionally, thus surface roughness decreases again.
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Therefore, surface roughness can be used to monitor C54 phase nucleation and
growth.

Similar have been found for Indium and Silicon implanted samples.

However, the maximum surface roughness to occur at 700°C instead of 760°C
indicating that C49-to-C54

phase transformation takes place at a lower

temperature than in samples without amorphization.

Furthermore, it is observed that 700°C RTA samples with In-amorphization
exhibits higher surface roughness than Si-amorphization samples.

This can be

explained as follows. First, Indium precipitation occurs during silicidation due to its
low solid solubility in silicon substrate. E.Ganin et. al.[53] have shown that Indium
precipitation occurs in Si after RTA. They pointed out that as Indium concentration
reaches its solubility limits in silicon during diffusion, phase separation occurs.
Eventually Indium tends to segregate that will result in larger stress. The voids
(missing grains) formation can also be caused by the out diffusion of Indium during
RTA since Indium has low melting points (~157°C) and thus high vapor pressure.
Figure 7.5 shows the Indium depth profile measured with SIMS before and after
silicidation. It is seen that Indium atoms move towards the interface of the silicide
upon rapid thermal annealing (RTA). This will result in larger stress in the silicide
film causing voids (missing grains) (Fig. 7.4).
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Second, the In-amorphized samples showed higher C54 nucleation density after
annealed at 700°C. This can be seen in Fig. 7.1(b) and (c) where the C54(131) peak
in 7.1(b) is about 10% larger than that in 7.1(c). Hence, higher C54 nucleation leads
to larger peak surface roughness.

Figure 7.4:

In-ITM at 650°C with voids (grain missing) at the size of 94nm.
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Figure 7.5:

SIM profile for Indium diffusion (a) before silicidation (b) after
annealed at 760°C.
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Figure 7.2(b) shows a strong correlation between sheet resistance and the surface
roughness (Fig. 7.2(a)). As the sheet resistance reaches its minimum, the surface
roughness reaches its maximum. Subsequently, the sheet resistance remains constant

with increasing annealing temperature but surface roughness decreases. It can be
concluded that smoother surface is obtained with higher annealing temperature due to
increased nucleation density [52] and grain growth. Moreover, the surface roughness
of the samples with amorphization reach the minimum point at a lower RTA
temperature compared to the standard sample. This is consistent with the observation
that the amorphized samples transform from C49-to-C54 phase at lower temperature
as pointed out earlier.

When applying the same technique to

phase transformation, Table 7.2

depicts the correlation of sheet resistance, film thickness, surface roughness and phase
transformation. In this case, Co silicides thicknesses increase from ~20 nm to ~30nm
at annealing temperature of below and above
volume change for

respectively. There is large

phase transformation, thus thickness effect can

attribute significantly to the roughness. To eliminate the effect of film thickness, Fig.
7.6 are plotted as normalized RMS surface roughness of

different annealing temperatures.

transformation with

As temperature increases from 450°C to 550°C,

CoSi grows with increasing roughness as evidenced from the XRD spectra that only
CoSi formed in Fig. 7.7. Maex [3,8] determined that many works confirmed CoSi
phase dominated the formation of cobalt silicide at these temperature range. Most of
these data correlate the phase transformation identified from XRD and in-situ
emissivity measurement to the sheet resistivity. The work presented here is able to
correlate surface roughness to both sheet resistance and XRD spectrum. At
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sharp increase in roughness due to the initial nucleation of new

phase. Maex

[3,8] and Appebaum [83] have show in their reports that the

interface is

rough. This sharp increase in roughness can be induced by a large volume change as
the ratio of

thickness formed per

As temperature increases to beyond

of Co metal on silicon are 2.02:3.52.

(Fig. 7.7),

transformation is

grows laterally larger, the RMS surface roughness also reduces

completed and

(Fig. 7.6). Based on the XRD and surface roughness results, it is suggested that CoSi
nucleates when the annealing temperature changes from 450°C to 550°C.

This

explains why the surface roughness increases sharply at this temperature range as both
CoSi and

exist at temperature

This peak cannot be seen if they are not

normalized with thickness. Thus changes in film thickness during phase
transformation may take away some vital information. At annealing temperature of
600°C, the drop in RMS surface roughness is rapid since

growth is extremely

fast at this temperature region [83] as the film surface is covered with
temperature around 600°C-700°C, a competing nucleation and growth of

At
started

to cause the roughness to remain relatively unchanged. Eventually, at temperature
higher than 700°C,

grows resulting in smaller roughness. Furthermore, it is

possible that the cobalt disilicides' tendency to grow epitaxially that leads to smoother
surface.
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Table 7.2: Results of various

physical parameters annealed under different

processing conditions

Figure 7.6 also shows how sheet resistance of

varies with annealing

temperature. Sheet resistance increases as RTA temperature increases and reaches a
maximum at ~500°C to 550°C. A sudden drop in sheet resistance occurs at
further confirms the correlation of sheet resistance and surface roughness to phase
transformation. Subsequently, sheet resistance decreases rapidly at around 600°C
where the nucleation of

occurs. Sheet resistance (Rs) then remains unchanged

as temperature further increases. Combining with the observations made in the XRD
spectrum (Fig. 7.7), It can be concluded that the nucleation of
surface roughness to increase. However, as the

will cause the

lateral grain growth dominates

at higher temperatures (~800°C), surface roughness decreases.
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Figure 7.6: A plot of surface roughness and sheet resistance of Cobalt
silicidation against peak annealing temperature for different process
conditions.
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2Theta
Figure 7.7:

XRD results of Co silicidation annealed to peak temperature from
400°C to 850°C with 12.5 nm of Ti-Capped layer.

Therefore, from the results of Ti and Co silicides, it can be concluded that at a
certain RTA temperature when there is a sharp drop of surface roughness from its
maximum during phase transformation. This implies that one of the major phases,
preferentially

or

has dominated the growth process.

Figure 7.8 shows the changes in surface roughness for

to

phase

transformation with increasing annealing temperature. The thickness of the deposited
is about 16 nm. This trend is similar to what have been observed for both Ti and
Co silicide. At temperature between 500°C - 750°C, Nisi grows with higher RMS
surface roughness. As the sheet resistance is measured to be relatively the same [84],
the thickness is calculated to be ~30 nm.
156

Here, the sudden increase in surface
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roughness at 750°C is a signature of the formation of
analysis in Fig. 7.9. Since
ratio of 2.36, the thickness of

to

as evidenced in XRD

transformation is accompanied by a thickness
formed becomes ~71 nm. By normalizing RMS

surface roughness with thickness, the trend obtained is similar to the sheet resistance
graph (Fig. 7.8).

Figure 7.8:

A plot of surface roughness and sheet resistance vs different
annealing temperature for Ni silicides transformation.
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Figure 7.9:

XRD analysis of Ni silicides transformation.

For thicker Ni films, the surface roughness was function of annealing temperature
that behaved differently when compared to thinner films. Figure 7.10 illustrates that
for a 30 nm Ni film, the surface roughness does not produce a trend as in Fig 7.8.
Instead, the roughness suddenly decrease and increase without a trend. This change is
attributed to the agglomeration of the Ni films as shown in Fig. 7.11 which shows the
changes of Ni silicide film at different temperatures. Void (Fig. 7.1 1(c)) formation
starts to occur at 750°C.
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Figure 7.10: Plot of surface roughness and sheet resistance vs different
annealing temperature at 30 nm

Figure 7.10 shows the sheet resistance of the Ni films.

The large change in

surface roughness occurs during agglomeration. At temperatures of 600°C to 700°C,
comparable changes in both surface roughness and sheet resistance is observed.
However, at temperatures above 700°C, large decrease in surface roughness occurs
indicating the onset of Ni silicide agglomeration that is on the opposite trend of the
sheet resistance measurement. Signs and severe agglomeration measured by sheet
resistance only occurs at 850°C where it leaped to

is shown in Fig.7.11(a).

Here the depth of the agglomeration is approximately -30 nm that is 25% of the Ni
disilicides thickness formed (~13 nm) (Fig 7.12).
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Figure 7.11: AFM micrographs of Ni silicide (a) 500°C (b) 600°C (c) 750°C and

(d) 850°C
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Surface distance 364.44 n M
Hariz distance<L> 357.42 n M
30.183 nM

Vert distance

Figure 7.12: Depth of Ni silicides agglomeration measured using AFM after
annealed to 800°C

7.4 Concluding remarks
It is demonstrated that the correlation between surface roughness and metal
silicides phase transformation and found that higher nucleation density is usually
associated with higher surface roughness in C49-to-C54

formation. In addition,

we have used the change in surface roughness to identify the effectiveness of
nucleation of

on different implantation conditions and found that Indium

provides better nucleation than Silicon implantation. Although similar observation is
seen in

formation, the change in thickness can affect the sensitivity in

detecting any formation of new phase. The abnormal trends found in Ni films are
determined to be signs of agglomeration.
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CHAPTER 8
CONCLUSIONS AND FUTURE WORK
8.1 Conclusions

The work presented in this thesis can be summarized into four major parts.
Firstly (Chapter 3),

bilayer reaction sequence is established using ex-situ

resistance measurement and some microscopic details regarding the early stages of
formation have been described. However, the bulk of the work is on the rate of
formation under different processing conditions. The conditions carried
out are preamorphization, high heating rates and temperahue with very short overall
processing time. The effect of preamorphization helps to reduce

formation

temperature by reducing the free energy of activation. High annealing temperature
and heating rates increase the nucleation density for complete

formation.

This leads to the reduction in the current junction leakages. In this study, heating
rates do not significantly affect

grain size because grain growth has been

reduced during annealing. This achievement has been successfully implemented into
devices with transistor gates of up to 0.12 pm. The results showed the possibility of
implementing

on transistor below 0.13

gate length using a one step process

of combining preamorphization, high temperature and heating rates. However, this
can be achieved only if the heating rate is high enough to minimize the diffusion of
atoms.

The third part (Chapter 6) investigates the evolution of microstructural stress in
C49-to-C54

polymorphic transformation. It has been found that the grain

boundaries formed in

are mostly high angle grain boundary and the stress

profiles do not follow an exponential model illustrated in literature except for low
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angle grain boundary. More importantly, the strain distribution along the grain
boundaries also changes from

interface to

free surface. The extent of

the strain distribution may be the factor influencing whether a C54 nuclei to grow at
any triple point junction. In addition, the difference in thermal expansion between the
film and Si substrate also causes the stress gradient in

film. From a

technological point of view, the results indicate that microstructural stress needs to be
readjusted in order to improve the processing window and the baseline of
formation in narrow polysilicon gate.

The last part (Chapter 7) discusses surface roughness induced from volume
change during the phase transformation of metal silicides. Surface roughness changes
of

and Ni silicides with annealing temperature due to the formation of

secondary phase are described. In the case of
during C49-to-C54

surface roughness increases

transformation. During the formation of C54 phase, volume

expansion at the triple point grain boundaries due to heterogeneous nucleation is
found to be responsible for the peak in the roughness.

In conclusion, most of

fabrication procedures in the industry recommend a

two step RTA process as described in Chapter 2 section 2.6. The work carried out
here has identified another possible way to extend the application of

for

transistors into deep submicron regime with simpler procedure. From the studies in
chapter 3, 4 and 5, the best approach for a given device fabrication sequence is
actually recommended as follows:
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All other process conditions (e.g. process ambient, Ti deposition temperature,
pressure etc.) remain the same. The advantages of this process are obvious. Firstly,
less process steps are needed thus saving manufacturing costs. Secondly, increasing
the process margin for lower technology devices and enabling

to extend into

deep submicron devices. However, a disadvantage is that the process becomes more
difficult to control because the formation of

now lays on one RTA step.

The process margin of RTA step needs to be controlled more tightly.
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8.2

Future Work
Some key questions still needs to be answer and carried out for future works.

Firstly, the work in chapter 5 still lacks the device data for gate-to sourceldrain
leakages at 0.12

polysilicon gates. Experiments in chapter 5 need to be repeated

on devices with gate-to sourceldrain test structure.

Moreover, properties like

threshold voltage, saturation drain current are necessary to provide an in-depth
understanding of the process.

Secondly, the mechanism of reverse gate-to

sourceldrain current leakage has not been fully understood. In order to study this
mechanism, the Si solid diffusion behaviour during silicidation must be fully
addressed at different heating rates so that this phenonmenon can be fully utilized for
future device applications.

Another area of interest is the better understanding of stress formation in
triple point grain boundaries since C54 phase nucleate at these sites. The work
carried out so far only focuses on high and low angle grain boundaries. Furthermore,
a two dimensional calculation of grain boundary stress should be extended from my
present software program. Two dimensional calculation would help to better
understand the stress induce from the x-y direction instead of only one direction. It
would helps to either confirm or eliminate any interpretation given in chapter 6.
Finally, it would also be worthwhile to study the molecular dynamics of different
silicides to predict and understand the properties of other silicides under the different
grain boundary conditions.
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Appendix A
Details for electrical measurements
This appendix discusses the principle of sheet resistance and gate to source/drain
current leakage measurement in transistors.

The equipment used for these

measurements is called HP4156B Precision Semiconductor Parametric Analyzer

A.l Sheet Resistance measurement

The schematic diagram shows in Fig. A.l illustrates a typical sheet resistance test
structure of metal silicides (Kelvin structure). In the diagram, an electrical current of
1 to 5 mA purposely flowed from bond pad 1 through 4. The voltage induced is

measured from bond pads 2 and 3 by using a voltage meter.

Figure A.l: Kelvin test structure for metal silicides. The typical width of
polysilicon gate is 100

with different gate length.
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The resistance in the metal silicide on the polysilicon gate is extracted from the
graph shown in Fig. A.2. From the resistance, the sheet resistance is calculated using
Eq. A.1.

W
Re sis tan ce, R = RsL
where

Rs is the sheet resistance
W is the polysilicon gate width

L is the polysilicon gate length

Figure A.2: The graph for voltage vs Current. The resistance of metal
silicides is calculated from the gradient of the straight line.
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A.2 Gate to sourceldrain current leakage measurement
The schematic diagram shows in Fig. A.2 illustrates a typical sheet resistance test
structure of metal silicides. In the diagram, both electrical voltage of -5 to 5 V and
current are purposely flowed and measured from the same bond pads. In this case,
bond pad 2 is connected to the sourceldrain of the test structure so that any formation
of metal silicides on spacer can be translated to the reduction in resistance through
increase in current flow.

Figure A.2: A typical test structure for gate to sourceldrain current leakage
measurement.

The gate to sourceldrain current leakage can be directly extracted from the result as
shown in Fig. 5.2 and 5.4.
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Appendix B
Details for strain measurements to determine microstructural stress
Appendix B does not cover the strain measurement discussed by Robertson et. al
[62]. Readers are advised to read their paper to understand the principle of this

technique. The aims in this appendix are 1) to describe in details the procedure of
how to obtain the lattice strains from TEM samples and 2) to describe in details the
automation of calculating strains in microstructure.

1) The procedure to obtain the lattice strains are as follow:
a. High resolution TEM (HRTEM) micrographs are obtained so that the lattice
spacing in the sampled grains can be observed.

b. A selected area of interest in the HRTEM micrograph is chosen to for strain
measurements.
c. This area is Fast Fourier Transformed (FFT) into diffracted patterns and apply
mask on two selected diffraction spots.
d. After masking the selected diffraction spots, the spots are inversed Fourier
transform (IFFT) into filtered image.
e. By measuring across the filtered image, IFFT graph is shown. IFFT is then
converted to text format. Figure B.l shows that polynomial peaks of each lattices.
The distance between two lattice peaks is the lattice spacing.
f. The resolution of the lattice image can be obtained by displaying the calibration
dimensions
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Figure B.l: Inversed Fast Fourier Transform (IFFT) graph for lattices over a
range of 10 nm

2) To measure automatically each lattice spacing across the grain
a. In order to measure the lattice spacing across a range of distances, automatic strain
calculation is needed to improve efficiency in data analysis.
b. The text converted values of the lattices are than inserted into a program written

by my coworker and myself. By opening the values in the spreadsheet program,
the lattice strains are automatically generated. The detailed formulae are written
in Eq. 6.1 and 6.2.
c. The following pages show the program details.
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Appendix C
Calculation of Burger Vectors

According to the solution shown by J.P.Hirth and J.Lothe [65] for low angle
grain boundary that gave the relation between stress and the distance x to be

Here,

b, y and D are shear modulus, poisson ratio, Burger vectors, vertical

dislocation distance along the grain boundary and spacing between dislocations
respectively. The unknowns in this equation are namely b, D and y. As the distance
in y direction is a spot, it is expected that y is very close to zero and no stress effect is
exerting in the y direction. y is assumed to be around the resolution of Transmission
Electron Microscope (TEM) of 1E-9 to 1E-10 m. Therefore, only two unknowns
(b,D) are needed to be determined

The equation is then substituted into the program called Origin v.7.02. The best
fitted curve for the experimental result is shown in the Fig 1. In this case, the
experimental Burger vector

is found to be 1.64 with a R square of 0.998. It can

be seen from the simulated stress profile in Fig.1 that slight variation in stress shall
cause a large change in Burger vector as illustrated by simulated Burger vector
and

Hence, careful analysis has to be carried out in order to obtain the correct

Burger vector.
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Distance from Grain Boundary (nm)

Figure C.l: A plot of Strain energy vs Distance from grain boundary.
actual value of the experimental result. Burger vectors

is the
and

change considerably even with slight change in stress profile.
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Application of phase imaging TM-AFM on the investigation of grain growth and
surface morphology of

film

Abstract
Phase imaging tapping-mode atomic force microscopy (TM-AFM) has been used to study the grain
size of

films. Presently, there is no report in the literature on the application of phase imaging

technique for grain size characterization. In this study, very clear images of

grains have been

obtained and compared to TEM micrographs. For the first time, both the triple point

nuclei

and C49-phase grains have been clearly identified with this technique. The C49 to C54 phase
transformation of

is confirmed by XRD. This study demonstrated that TM-AFM can be used for

grain size characterization with high accuracy and efficiency.

Introduction
Atomic force microscopy (AFM) technique1 has been used to characterize surface morphology with
great success. The principle of AFM imaging is based on probing a sample surface at close proximity
with a micro-tip to sense tip-surface interaction during scanning. In tapping-mode AFM (TM-AFM)
the cantilever oscillates such that the tip is tapping the surface during scanning. In most cases, surface
images are obtained with height mode TM-AFM. Additional information can be obtained with phaseimaging TM-AFM. Properties such as composition, adhesion, friction can be detected and imaged with
During the phase-imaging measurement, the phase shift between the cantilever
oscillation and cantilever's piezo driver is monitored to highlight differences in surface properties
without being affected by height difference.
Many

have investigated biological systems using AFM but only few

have used

AFM technique to characterize semiconductor devices and thin films. Some have reported AFM studies
on aluminum grain size as well as silicon surface roughness. However, no work was reported on the
study of grain size and surface morphology of thin films using phase imaging TM-AFM.

et.

have performed phase imaging mode TM-AFM to detect two phase compounds. They reported
sharp image under different matrix. Robert W.Stark

suggested that TM-AFM with phase

imaging have the potential to detect imperfections in semiconductors or optical devices. They reported
that higher eigenmodes enhance the sensitivity of detecting small surface inhomogeneities.
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F.Cazzaniga et

has studied the

grain size by probing with AFM the silicon ridges at the

silicide-silicon interface after removing the
of grain sizes and surface morphology of

layer. However, there is no report on direct mapping
films using TM-AFM with phase-imaging.

In this study, we explored the possibility of characterizing surface morphology and grain size of
thin films with phase imaging mode TM-AFM The main principle of the technique is to utilise phase
lag caused by the grain boundary imperfection to construct grain images. We demonstrated that phase
imaging technique greatly enhances the contrast of grain boundaries under specific conditions. We
found that larger force (or lower setpoint) applied to the

surface gives better grain image while

smaller force (or higher setpoint) tends to provide information of particles on the surface.
Prior to Ti deposition, wafers were cleaned by 100:1 HF to remove native oxide. They were then
loaded into a sputtering chamber to deposit
performed at 40KeV,
the projected range is about

of titanium at

torr. A Si implantation was then

to amorphise the wafer. An ion implant simulation suggested that
with that implant energy. After implantation, these wafers were rapid

thermal annealed (RTA) at 600°C, 650°C, 700°C and 760°C for 30 s in N2 ambient to form

The

unreacted Ti and the TiN top layer formed during the RTA were removed after the RTA step.
The grain size and surface roughness of the samples were characterised by phase imaging TM-AFM
using DI nanoscope III The Si tip is operated at its resonance frequency of 284.86kHz with fixed
spring constant of 23.88N/m. The oscillation frequency and voltage applied to the piezoelectric crystal
were adjusted to achieve optimal sample contrast. XRD was used to identify different phases of
The energy of XRD beam is 40KeV and 30mA with 2" glancing angle. The information of grain size
obtained by AFM was further verified by TEM.
Figure 1 and 2 are AFM micrographs of samples which were annealed to 760°C and 650°C
respectively. In Figure 1, the C54 phase grain size is in the range of 30-40nm. The grain size
distribution is quite uniform due to the post Ti-deposition Si amorphisation implantation that
presumably increases the number of heterogeneous nucleation sites of C54-phase
et.

J.A Kittl

have reported an amorphisation implantation (PAI) prior to Ti deposition reduces the grain

size of C49-phase

Smaller gain-size

has more nucleation sites for C54-phase

formation resulting in smaller C54 grains in the end.
Although the resolution and contrast can be affected by several factors such as the frequency and
amplitude of cantilever vibration, the spring constant, the effective mass of the cantilever and the
interaction force between the tip and the

surface or setpoint, only the setpoint is the most

dominant factor. In addition, since the grain boundary has higher energy as compared to the grain, one
would expect that the interaction between the AFM tip and the
should be able to produce a phase lag.

grains and grain boundaries
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In order to produce the real grain image, it is important to control the setpoint value. By increasing the
force of interaction between the tip-sample surface or lowering the setpoint

the grains can be

observed clearly (Figure land 2). A high setpoint, however, seems to give image of particles (bright
patches) on the surface instead of grain image (Figure 3). Therefore smaller setpoint (or larger force)
seems to give better grain images. However, reducing the setpoint to smaller than 0.8V could result in
artifacts such as "scratch lines". This indicates that the setpoint has to be optimized in order to obtain
images of good resolution and contrast when probing grains with phase-imaging AFM.
According to the C49-to-C54 phase transformation mechanism reported by Z.Ma et.

and other

nuclei formed preferentially at triple point junctions rather than the grain
boundaries under thin film condition. We observed similar phenomenon in our AFM measurement. In
Figure 2,

nuclei have been observed at triple point junctions as indicated by the arrows.

XRD (Figure 5) spectrum from the same sample shows that both C49- and C54-phase

were

present indicating that these grains (as indicated by the arrows) at the triple points are likely to be in
C54 phase since the peak associated with the C54(131) is relatively small for the sample annealed at
650°C. As temperature increases to 760°C, C54(131) peak also increases while C49(131) peak
decreases indicating the growth of C54 phase. These C54 nuclei will grow two-dimensionally into the
C49 grains until the C49 grains completely transform into the lower resistivity C54 phase. Hence, the
grains in Figure 1 are
In order to further verify the gain size information obtained fi-om AFM measurement, TEM was

performed on a sample with the same process conditions as the one shown in Fig. 2. The TEM
micrograph is shown in Figure 4. From the TEM micrograph, the grain size was estimated to be in the
range of 15-75nm. The grain size in Fig. 2 was estimated to be about 13-71nrn. Both measurements are
very close considering that the calibration error of AFM is
The phase imaging mode of TM-AFM gives much better resolution and contrast as compared to the
height mode TM-AFM (Figure 6(a) and (b)). The arrows (a) in Figure 2, 6(a) and (b) all point to the
same point. One can easily see that the height mode is inferior in revealing the grain boundaries as
compared to the phase mode imaging. The C54 nuclei at the triple point are not as distinctive as
indicated by Figure 5(b). Due to the height difference, the

nuclei cannot be identified as

growing fi-om triple point junction. Moreover, grain boundaries are less distinguishable. The different
in height of each grain produced poorer image details as compare to phase-imaging mode. With the use
of phase imaging mode, grain boundaries are enhanced allowing the grain size to be measured more
accurately. However, height mode is more useful for surface roughness measurement.
Conclusion
In summary, phase imaging mode TM-AFM is ideal for providing grain boundaries details. We had
demonstrated the use of phase imaging to identify grain sizes. The accuracy of the results is
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comparable to TEM measurement with 10% depending on AFM calibration accuracy. It is proven
here that the interpretation of grain size measurement is directly related to the image scan using phase
imaging. In order to obtain good image, it is important to adjust the force between tip-sample surface,
control of frequence and voltage in cantilever vibration and spring constant to obtain optimum
sensitivity. Moreover, phase imaging also depends on the grain boundary properties to produce good
images. Phase imaging mode is also more superior in producing grain boundaries contrast than height
mode as the latter is more sensitive to height and roughness especially when the grains are smaller than
20nm and surface roughness varied at about 50nm. We have showed that tapping mode AFM coupled
with phase imaging is able to detect small imperfection (grain boundaries) in thin

film.
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Figure 1 Si-ITM scheme at
phase size of 30-40nm. (a)

annealing. Uniform grains growth with
(b)
scan size
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Figure 2 Si-ITM scheme at 650°C annealing. Nucleation at triple point junction.
phase size of
by AFM imaging.

Uniform grains growth with
(a)
(b)
scan size
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Figure 3 Particles detection at higher setpoint
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Figure 4 TEM picture of Si-ITM scheme at 650°Cannealing. Grain size is 15-75nm
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Figure 5 Si-ITM at 40keV 2E14

anneal to (a) 600°C (b) 650°C (c) 700°C (d) 760°C
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Figure 5 Si-ITM scheme at 650°C annealing. Nucleation at triple point junction. Uniform grains growth with
phase grains of 13-71nm by AFM imaging. (a) phase imaging (b) height mode
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