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ABSTRACT

A theory for the growth kinetics of planar silicide formation in single- and bi-layer metal
silicon systems has been developed on the basis that the chemical potential gradient in
the growing layer is the driving force for diffusion. The predictions §f the theory, when
applied to single layer metal-silicon systems, is in agreement with other theories and with
experimental results. Planar growth of the outer silicide- layer in bilayer metal-silicon
systems 1s predicted to proceed linearly with time, both when controlled by an interfacial
reaction and when limited by diffusion through the interposed silicide layer (when this
layer is sufficiently thick). In the latter case it is predicted that the growth rate of

the outer silicide layer is inversely proportional to the thickness of the interposed layer.

These predictions of the theory have been tested with reference to the Si/Pd/Cr thin film
system and have been found to be veritable. A Qetailed investigation of the thermal behaviour
of the Si/Pd/Cr system which is transformed to Si/Pd,Si/CrSi;, has been carried out and
various techniques, including Rutherford backscattering spectrometry, glancing anglek X-ray
diffraction, and scanning and transmission electron hicroscopy, were used to characterize
the specimens. Linear growth of CrSi, on Pd,Si is observed irrespective of the Si substrate
orientation or Pd.,Si layer thickness. The activation energy associated with CrSi: growth
on thin and thick polycrystalline Pd.Si is 1.7 % 0.2eV, while values of 1.6 } 0.2eVv and
2.1 * 0.2eV are found respectively for thin and thick epitaxial Pd,Si layers formed on Si
<III> substrates.- The growth of CrSi, on thick Pd.Si layers has been shown to be diffusion
limited. Using a fhin tungsten layer as an inert marker, silicon and palladium are-féund
to diffuse with comparable fluxes during Pd;Si growth. Silicon proves to be the only

diffusing species in Pd:Si during CrSi. growth on both epitaxial and polycrystalline Pd.Si.

By sandwiching the Pd,;Si layer between Si and Cr, Pd and Ge, Ni and Si respectively, the
flux of Si, Pd and Ni through Pd,Si could be monitored. This provided a means of determining
the atomic mobility of Si and Pd, and the grain boundary diffusivity of Ni in Pd.Si. The
mobility of Si is found to be orders of magnitude lower than that of Pd when extrapolated
to around 200°C. The mobility of Si in polycrystalline Pd,Si (activation energy 1.7  0.2eV)

is higher than in epitaxial Pd,Si (activation energy 2.1 % 0.2eV). These activation energy
values suggest that Si is transported through Pd:Si during CrSi. growth by vacancy diffusion.
The activation energy of Ni grain boundary diffusion in polycrystalline Pd,Si is 1.2 ¥ 0.2ev,

which is also believed to be that of Pd grain boundary diffusion through Pd,Si.

In using lateral diffusion couples, the atomic mobility of Pd (activation energy 1.1 ¥ 0.2ev)

is also found to be much larger than that of Si. Very large distribution of grain size
(up to 1lum) suggests that Pd diffusion is via vacancies in the Pd;Si lattice. Although
both Pd and Si diffuse through Pd.Si during its conventional growth, the various experimental
results suggest that the atomic mobility of Pd is much larger than that of Si in Pd;Si when
Pd and Si transport through Pd.Si is isolated. The dominant transport mechanism for both

Pd and Si proves to be vacancy diffusion.
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CHAPTER 1

INTRODUCT ION

ExtensiQe research into electronic materials has paved the way
for the rapid evolutioh of electronic devices from the single.
planar silicon transistor in 1958 [1] to modern integrated cir-
cuits. Semiconductor-metal contacts are critical parts of in-v
tegrated circuits. Most of the individual electronic devices
(transistors and diodes) which make up an integrated circuit

are connected by means of low resistance semiconductor-metal
contacts (ohmic contacts). When the semiconductor is lightly
doped, the contact can be rectifying (Schottky barrier contact).
This particular property is exploited in the fabrication of _
Schottky barrier diodes which are used mainly as clamping diodes
in integrated circuits. Various considerations such as con-
trolled barrier height, good adhesion to silicon and low resis-
tance ohmic contact have contributed to silicide-forming metals
such as Pt, Pd, Ti or W being favoured for contaqts in silicon-
based integrated circuits. The excellent properties of these
contacts are ascribed to the fact that during process tempera-
ture excursions, the metals react with the Si substrate to form
metal silicides. The critical metal-silicon interface is there-
by displaced to within the silicon substrate (silicon-silicide

interface) where it is relatively free of contamination.

Although the physical and metallurgical aspects of these con-
tacts have enjoyed tremendous attention, recent trends in de=
vice fabrication have aroused new interest in silicon/metal con-

tacts. An example of a new development is the use of salicides



(self aligned metal silicide layers) in MOS devices [2]. A com-
prehensive understanding of silicon/metal interactions (metal
silicide formation) is therefore essential to support the advan~

cing silicon technology.

As the integrated circuit technology has developed, the metalli-
zation schemes used for contacts and interconnects have become
more complex. A typical scheme is shbwn in Figure 1 - 1 which
is a Partial,croséﬁxmtion through an integrated circuit, showing

an ohmic contact between the silicon»énd the silicide layer.

- interconnect

Al(Cu)

NNSSSSSSSANNE ‘\\\\\\\\ —~—diffusion
Cr {or Ti:W barrier

PRIy L Sl02 .-—-d|feolsctr|c
isolation

Silicide for
contact

FIG 1-1 Partial cross-section through an integrated

circuit showing a complex metallization

scheme,

The feature to be obéerved is the metallization scheme at the
contact window: Si/Pd,Si/Cr/Al. The stability of such a
multilayer scheme will contribute to the production yield and

reliability of the device. Upon heat treatment during device



fabrication, interdiffusion in these multilayer structures is-
inevitable. A thorough knowledge and understanding of the
thermal behaviour of such multilayer metal/silicon systems is
therefore important for designing devices (selectihg metalliza-

tion schemes) and planning their processing (heat treatment).

Theoretical treatments of metal silicide formation upon ther-
mal interdiffusion of metal/silicon binary couples have been
documented by several. authors [3-5]. The experimental re-
search pertaining to metal silicide formation is extensive and
is reviewed in several books and articles [3,6,7]. In con-
trast to this well covered area of metallsilicide formation,_-
multilayer metal silicide formation has not attracted as much
attention. A theory for characterizihg its complex growth

kinetics is non-existant and experimental studies are limited.

The purpose of this investigation was to develope an approach
for modelling silicide formation in bilayer metal silicon
systems. Having tested the validity of the model with re-
spect to a particular system, it was applied in developing a
diffusion membrane technique for measuring the atomic mobility

in compound thin films.

The experimental techniques used in this investigation are dis-
cussed in Chapter 2. The procedure for preparing thin film
samples used for multilayer interdiffusion and lateral diffu-
sion studies is followed by a brief description of the analyti-

cal techniques used to characterize the samples. |



- Various effects such as the microstructure and the thickness

A model which characterizes silicide formation in bilayer : :
metal/silicon sytems, is developed in Chapter 3. Various

' concepts used in this model are also relevant to binary metal/
silicon systems. The theory of silicide formation in bi-

nary systems is therefore reformulated in order to establish

these concepts. Subsequently, this theory is extended to the

complex silicide formation in bilaver metal/silicon systems.

Experimental results of the thermal behaviour of the Si/P4,Si/Cr
systems are presented in Chapter 4. A comprehensive study of

the growth kinetics of the outer silicide layer is reported.

of the interposed silicide leyer are investigated. The validity
of the model developed in the previous chapter is checked by

comparing its predictions with experimental results. '

The flux ratio of the diffusing atom species during silicide
growth, as determined with the aid of tungsten marker atoms,
‘is discussed in Chapter 5. These results are evaluated in re-
lation to previously published results of experiments in which

different techniques were used.

The diffﬁsion membrane technique which was used to determine

the Si and Pd mobilities in Pd,Si is fully described in Chapter 6.
In addition, a study of Ni grain boundary diffusion in Pd4,Si

is also reported. - All these results are used to postulate a

diffusion mechanism in Pd,Si during its growth.



Lateral diffusion, which provides an elegant technique for
determining the mobility of the individual components during
compound growth, is treated in Chapter 7. The experimental

results for the mobility of Pd in Pd,Si are reported here.

Finally, the investigation as presented here is summarized and

concluded in Chapter 8.



CHAPTER 2

EXPERIMENTAL

2.1 SPECIMEN PREPARATION

2.1.1 Preparation of thin film structures

Substrates of single crystal <100> and <111> oriented silicon
and oxidized silicon (Si0,) were used in these studies. The
substrates approximately 1 cm?, were degreased ultrasonically
in ethanél, acetone, and trichloroethylene, and rinsed in
deionized water. Prior to loading these samples into the
high wvacuum chamber for thin film depositién, the substrates
were etched in a 20% HF solution to remove the native oxide

layer. This. step was omitted in the case of SiO, substrateé.

After loading, the deposition chamber was evacuated to a back-

7 Torr. The pressure while

ground pressure better than 10~
depositing the various thin films by means of electron beam
‘evaporation, was between 3 and 8 x 10”7 Torr. Multilayer

thin film structures were obtained by depositing the various

layers sequentially without breaking vacuum.

The thin film samples were then annealed in a guartz tube
‘vacuum furnace. A vacuum better than 10”°% Torr was maintained
during the anneal. When different samples required identi-

cal heat treatments, such samples were annealed simultaneous-

ly.



2.1.2 'Preparation of lateral diffusion couples

Two different sample configurations were used for lateral
diffusion-studies namely deviqe structures and island étruc-
tures (see Chapter 7). The island strdctures_were'prepared
as follows: A thin iayer of silicon (or metal) approximately
500.£>thickl was deposited onto SiO2 or Al,0, substrates.

This waé followed by the positioning of a Si mask over the

substrate (in contact). The Si mask contained 400 x 400 um?
square openings etched into it. A relatively thick metal
(or silicon) layer was deposited through the mask. After

removal of the mask, the déposition was rounded off with a
thin layer of SiO, (200 &). This SiO, layer serves to limit
contamination and to exclude surface diffusion during high
temperature (400-700°C) anneals. The entire deposition was
performed without breaking vacuum so as to reduce interfacial
contamination. The above procedure resulted in a thin sili-
con (or metal) layer on an inert substrate with well defined
islands of metal (or silicon) on it. Prior to annealing, the
samples were cleaved into smaller pieces containing one or

more islands.

The device structure samples were prepared similar to the
procedures which are usually followed in the fabrication of
electronic devices (see Fig. 2-1). A thin layer of oxide
(500 R) was grown on a Si <100> wafer in dry oxygen. Standard
photolithographié procedure was followed to obtain a patterned
layer of photoresist on the oxide layer. The pattern con- |

sisted of lines of widths varying between 5 and 40 um. The
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FIG 2-1 Sample preparation procedure for device

structures for lateral diffusion studies.



samples were etched in 4% HF to éxpose the Si substrate
through windows in the S$i0, (lines patterned on it). Subse-
quently the patterned photoresist was removed by etching the
samples in aéetone. Finally, a thick metal layer (3000 f)
was deposited on these samples followed by a thin layer of
$io, (200 &). The various stages of the sample preparation

prior to metallization are schematically shown in Figure 2-1.

The samples used for lateral diffusion studies were etched in
dilute HF after annealing, prior to characterization by S E M.
This was done to remo?e the thin SiO, covering layer on the

samples so that the silicon signal during Energy Dispersive..
Spectroscopy (E D S) is attributed to the initially deposited

silicon only.

2.2 ANALYTICAL TECHNIQUES

2.2.1 Backscattering analysis

The use of ion backscattering for analysis of solids was

first reported in 1913 by Geiger and Marsden [8 ]. The scattering
effects were subsequently explained in terms of the Rﬁther—

ford atomic model. The technique has developed in a well
established tool for near—surface micro-analysis of materials.

An excellent treatment of backscattering analysis is found in
reference [.91]. In brief, the technique consists of placing

the sample to be analyzed in a beam of monoenergetic ions

(¥, Hé+, or He**) and analyzing the ions which are scattered

from the sample with respect to their energy. A schematic

repreéentation of the geometry of sample and ion beam is shown

in Fig. 2-2.
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T /Normal to surface

)

MeV “He't
Substrate ‘
J Detector ;

S ‘ | i
\HThin film .

FIG 2-2 - Sample and ion beam geometry for back-

scattering analysis ;

The energy of the incident ions providea by an accelerator is
typically between 1 and 3 MeV. Since the beam spot is

about 1 mm?, the samples to be analyzed should have uniform
lateral composition over at least such a dimension. This
technique was therefore not suitable for anal?zing the structures

used in the lateral diffusion studies (5-400 um).

Since the scattering angle is very large (170°) and the energy
of the projectile is a few MeV, screening by electrons can be
ignored and the scattering is therefore fully described by the
Rutherford scattering law. The maximum energy of the back-
scattered particle.is fixed by the mass of the projectile m,
the mass of the target M, the energy of the projecﬁile EO and

the scattering angle 86 according to the formula:
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2
N mcosf + VM? - (m?sin?®9) _
- EO{ m+ M } (2-1)

I
I
=

The energy of particles scattered back from heavy mass elements
is therefore higher‘than that of particles which had inter-
actions with light elements. A gualitative analysis of the
sample is therefore possible. The differential scatterihg

cross-section based on Coulomb interaction is given by:

2 : _ . 3
do [ zze? {cost + [1 i sinf)2]"}?

> - (2-2)
dQ .\ZEOSlHZG/ [1 - (% sine)Z]%

 where Q2 is the finite solid angle spanned by the detector and

Z and z are the atomic numbers of the target and.projectile
respectively. A consequence of the Z-dependencé of the cross-
section is that high Z-number (large mass) atoms will result

in large signals which further enhances the spectroscopic

ability of the technique.

Ohly a fraction of the incident ions interact with the surface

atoms. Most projectiles penetrate the target sample and loose
energy by electronic stopping. The energy loss is given by:
t/cosb6;
AE = JdE/ék dx (2-3)

0

where t is the penetration depth and 6: the angle between the

incident ion beam and the sample surface normal. The inte-
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grand dE/dx is a slowly varying function of energy. The ions

which are backscattered from target atoms below the surface, .

leave the sample with an energy: - =~ o
T t)cose, ] o
= - E _ {dE -
E = [Eo Jd / ax de K J /ax dx (2 4)
0 t/cosb,

r

where 6, is the angle betwééh:a:backscéttered ion and the
-sample surface normai: A é;mpie dfrinfinite thiékness will
therefore_giVe rise tb é continuoﬁs energy'spectfum whereas a
thin film wili cdfréépbnd'to gn enefgy'peak of which the width
is a measure for the thickness of the film. This technique -
therefore yiélds depth information as well as qualitative ih;
formation about the target. ‘ _ - |

The number of éguﬁts at a particulér ehergy in the spectrum
ié,determined b; the atomic density of the target material at
the corresponding depth. The height of the energy spectrum
can therefore be used to determine the composifioﬁ of the
- film at any depth.  Two different elements at the same depth
will have separate corresponding signals in the backscattering
energy spectrum (provided the atomic numbérs are sufficiently
different). By comparing the heights of the two signals, the
composition at that particular:depth'can be determined accor-
ding to the approximate expression: o

n,. . HA/UA: i

_é - H (2—5)
B B/GB |

AP T S i

where 0 is the average differential scattering cross-section,
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n X . R .
A/nB is the composition ratio ..and, HA and HB are the heights

of A and B signals respectively. By extending this principle
to the entire compound. layer, a composition profile can be
established from the corresponding signals in the backscatte-

ring spectrum.

A typical but fictitious backscattering spectrum is shown in
Figure 2-3. The arrows on the spectrum indicate the calculated
energies of the ions scattered back from an atom of A,B or C

if located on the surface on the sample. Note the relative

i

>\
§o)
L °\
=
<
H
I
o,
-+
a«—

-—@m

>
@

BACKSCATTERING YIELD (counts)

ENERGY (MeV) ——=

FIG 2-3 Fictitious backscattering spectrum of a multi-

layer specimen
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surface positions of the three elements and corresponding
heights of each signal. It is seen that signals A and B

are shifted to lower energies indicating that neither elements
are at the surface. The high energy step in signal A and the
low energy step in signal B correspond to the layer with com-
position AxB' interposed between pure A and B. The composi-

tion ratio x is obtained from the heights of these steps.

In Fig. 2-3, the heights of the various signals are shown to
increase slightly with decrease in energy. This is a conse-
quence of (2-2) and (2-3). Equation (2-2) impliés that the
differential scattering cross-section is inversely proportional
to the square of the energy of the colliding projectile.

From (2-3) it follows that the energvy of the colliding pro-
jectile deeper into the target is lowe; than that near the sur-
face due to.the energy loss. The differential scattering cross-
section therefore increases with depth below the target  surface
(decrease in energy). If the atomic density of the film is

uniform, the corresponding signal height in the backscattering

1

spectrum will increase with decrease in energy (heighte TEHE?§§TT)‘

The ordered array of atoms in a crystal will.influence the
interaction between the‘mega—electron'volt projectile ioﬁs and
the atoms in the crystal. The collective nature of the inter-
action comes about bécause of the correlation of the scattering
events from the ordered atoms. When the energetic ion
approaches the atomic row at a glancing angle, the small de-

flection due to scattering from the first atom determines the
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impact parameter (also scgttering angle) of the collision

with the second atom, and this in turn determines the impact |

with the third atom etc.. The net effect is the steering of

the trajectories of the incident projectile ions. The

steered or channelled ions are confined to the spaces or

channels between the atomic rows. This channeling condition thus
exists when the ion beam is almost parallel to the cxystallo-
graphic axes and leads to a many-fold decrease in the number

of close encounter collisions such as Rutherford backscattering [101].
The reduction in the yield of backscattered particles is there-
fore observed when a single crystal specimen is positioned in

such a manner that a crystallographic axis is aligned with,thé
projectile beam. Imagine a specimen consisting of a single
crystal substrate covered with a thin film. Channeling of

ion beams in the case of analigned specimen, will then be evi—

dent in both the subsfrate and the thin film on its surface

if the thin film is epitaxial. Channeling is therefore an

elegant technique'to establish the epitaxy of a qrown or

deposited thin film. Polycrystalline or amorphous materials

do not show overall channeling effects.

The essential features of backscattering analysis have been

described in order to illustrate its use for determining quali-

tative atomic depth profiles. The limitations of the techni-
que are:
(1) The atomic mass resolution decreases with mass

number. (It can however be compensated for by

increasing the projectile energy).
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(2) Small concentrations of low mass atoms in heavier
mass matrices are difficult to detect because of

the unfavourable ratio of scattering cross-sections.

(3) The depth resolution is typically 150-200 i. This
can be improved by increasing 6; and/or 6,, although
overlapping of signals will limit the maximum values

of 8; and 6, which are useful.

2.2.2 X-ray diffraction

The phase indentification of the various compounds were made
using Read and Guinier glancing angle X-ray diffraction cameras.
Inthe case of the Read camera, the structure of the thinvfilm
samble is identified in a manner similar to that employéd in

the Debye Scherrer camera. The Guiniefvcamera which is

usually used for more accurate determination of lattice spacings
operates on the principle of focusing cameraé, in particular

the Seemann BOhlin camera. The general principles of both these
cameras are described in references tll,12]. Given the camera
COﬁsiant and diffraction line spacings, the phases were iden-
tified with the aid of ASTM (American Society for Testing

Materials) powder compilations.

2.2.3 Electron microscopy

Two characteristic properties of the lateral diffusion zone
need to be monitored when studying lateral phase growth - the
lateral extent of the diffusion zone and the phase of the com-

pounds formed. To this end, the scanning electron microscope
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was used to obtain images of the surface morphology of the
lateral diffusion structures.  The phases of the compounds
in the various diffusion regions were identified using energy
dispersive spectroscopy while operating the microscope at

4-5 kV. Specially prepared samples which were sufficiently
thin weré analyzed by means of transmission electron diffrac-
tion for compound phase identification and by transmission

electron microscopy for grain size measurements.



CHAPTER 3

THEORY OF SILICIDE GROWTH KINETICS

3.1 INTRODUCTION

A limitéd number of experimental studiesron the planar growth

of silicide layers in bilayer metal-silicon systems have been
reported. A theoryrof the growth kinetics of such silicide
layers has not been documented. Upon interdiffusion in binary
couples (not necessarily metal-~silicon) several intermediate
compound phases can be formed. Multiphase growth in binary
couples has been treated by several authors [5,13-15]. These
theories are however not directly applicable to tertiary Syséems
(e.g. bilayer metal-silicon systems) in spite of the analogy
between the two systems(multiphase layers in binary couples and
single phase layers in multilayer metal-silicon systems). It
~is therefore necessary to develope a theory specificaily for
silicide growth in bilayer metal-silicon systems in order to
interpret experimental data. In this chapter the theory of

the growth kinetics of a single phase in binary couples is re-
formulated. In the custdmary approach, a concentration gra-
dient is considered to be the driving force for diffusion
through the growing layer. The diffusion process is therefore
characterized by the diffusion coefficient (section 3.2.3).

A different approach will be followed in this work. Here the
chemical potential gradient across the growing compound layer is
considered to be the driving force for diffusion. The mobility
now becomes the important parameter which_characterizes the

migration of the atoms during phase growth (section 3.2.5).



19

-Various concepts will be developed in this section and will
subsequently be applied when formulating a theory\for the
kinetics of layer growth ;n bilayer metal-silicon systems
(section 3.3.3). This theory is in essence just an extension

of the theory applicable to binary couples.

3.2 DPHASE GROWTH IN METAL-SILICON BINARY COUPLES

3.2.1 Growth kinetics

Consider a binary couple consisting of metal (symbol M) and
silicon (Si) which upon interdiffusion forms a compound MvSi.
The stoichiometriC'ratio of M to Si in MySi is representedAby
Y. Planar growth of MySi is usually characterized by two
parameters,the_linear rate constant Ry 4., and the parabolic
T The linear rate constant describes the

y :
planar growth of the compound during the initial stage of M-Si

rate constant §M

interdiffusion. The thickness of the Mysi layer L, grown in

time t is then given by:

L = Ry gjet (3-1)
y
This stage of layer growth is commonly known.as the linear kine-
tics stage since the érown layer thickness is linearly propor- |
tional to the time. The magnitude of the linear rate constant
is usually determined by the rate of reaction at one of the

two intefaces, Si/Mysi or MySi/M.

Following the linear regime, the kinetics generally go - over

into the parabolic regime where:
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L2 = 2B, . (3-2)

The phase growth process which was initiaily determined by an
interfacial reaction, is slowed down and controlled by diffu-
sion of M and/or Si through the growing MySi layer. In this
regime, L? « t. The magnitude of the parabolic rate con-=

stant is determined by the mobility of the diffusing atoms.

Every éompound—forming interaction in binary couples is ini-
tially interfacial reaction controlled (linear) and ultimately
becomes diffusion limited (parabolic). The stage at which the
kinetics change over from linear to parabolic depends on the
relative magnitudes of RM Si and EM Sic Both of these para;
meters are expected to be temperatuze dependent and can in
principle be related to more fundamental properties of the inter-
acting system. In this work the symbol B rather than the .
commonly used D is used for the parabolic rate constant since it

will be shown further on that the parabolic rate constant is more

closely related to the mobility B rather than to the diffusivity D.

In the following section, possible interfacial reactioné will

be proposed. These reactions form the basis for the model for
compound growth which is to be developed in this chapter. The
common approach for establishing relations between the growth
rate constants and other fundamental properties of the inter-
diffusing couple, is the solving of the appropfiate diffusion
equation (section 3.2.3). A different approach will be followed
in sections 3.2.4 and 3.2.5 where it will be shown how the
chemical potential concept can be applied in establishing these

relations. Particular attention will be given to the idea of
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local thermodynamic equilibrium at the interfaces.

3.2.2 Interfacial reactions

During compound formation in binary couples, there is transporﬁ
of atoms through the compound layer. Since atomic transport

in solids is esentially due to the mobility of pdint defects,

it is necessary to consider the reactions and equilibrium of

the point defects in the compound phase. In non-ionic solid
state reactions, for example metal/metal or metal/semiconductor
reactions, electrical potential gradients do not occur so that
point defects are not formed in pairs (Fenkel or Séhottky pairs).
Instead point defects are present as one type of defect only,
which are vacancies inclose-packeéd structures (e.g. Pd,Si) {16].
Hence it will be assumed that the transport mechanism dufing
Mysi formation is vacancy duffusion. For the sake of simpli-
city, silicon will be considered to be the only diffusing
species. In the event that M or both M and Si diffuse, the

treatment which is to follow can easily be adapted.
Proceeding, specific atom/vacancy reactions are postulated at
the two interfaces, following an approach commonly used in metal

oxidation studies [17].

MYSi/M interface

A metal atom from the M phase attaches itself to the MySi phase
in a regular M sublattice position, thereby creating a Si

vacancy in the Si sublattice.
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Mo MY+ Vg ag (3-3)
where M represents a metal atom from metal lattice
M represents a metal atom in the MY Si 1at£ice
on a M sublattice site.
VSi‘ represents a Si vacancy in the MySi lattice
(Si sublattice)
AgM is tﬁe pértial molar free energy change

"associated with the reaction at the metal/

silicide interface.

Since new M atoms join the existing MySi phase, this interface
is referred to as the advancing interface. The free energy
change is defined in terms of the standard (equilibrium) free

energy change AgM'e (see reference 18):

tMl (3-4)

(] [Vsi],
}

agt = 8g™'® 4 RT £n {

where R is the universal gas constant and;

T is the temperature

'Here the brackets [] represent the concentration e.gq.

[Mx], the concentration of MX, The subscript in [VSi]M
indicates that it is a concentration measured at the inter-
face near the M layer (Mysi/M interféce). The standard free
energy change (partial molar) is, in turn, defined in terms

of the equilibrium concentrations:



23

1€ 1

[M 1€

M

Vsi

(3-5)
[M]€ '

where [M’;]e is the concentration of M* when local equilibrium

M,e ar[M]e

prevails at“the interface. Thé superscript e in Ag
indicates that these are the magnitudes of the parameters
measured when equilibrium prevails. The vacancy concentration
in metalsand metallic compounds is typically 10° cm—3 compared
to the atomic concentration of metals around 102® cm® [16]. Even
if the vacancy concentration would increése_many—fold, the
atomic concentration can be considered to remain approximately
constant. The difference between the concentrations [Vsi] aqd
[VSi]e can therefore be significant, while . [M*] or [M] can bé
considered not to deviate from their equilibrium valués. There-

fore:
(M] = [M]€

and [(M*1 = [M%)€ - (3-6)

.The equalities (3-6) hold even when thermodynamic equilibrium

does not prevail at the interface. From (3-4), (3-5) and
(3-6) : .
e
V..
M [ Sl]M
Ag” = = RT &n - (3-7)
[Vsi]
L M

It follows from (3-7) that AgM is zero when local equilibrium

prevails at this interface ([VSi] [VSi]e).
) M

M
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3 e
Va.
The Si vacancy concentration is initially different from[ Sl]M

and approaches its equilibrium value as described by a first
order differential equation, assuming first order kinetics in

equation (3-3):

where kM is the reaction rate constant.

Si/MySi interface

The Si vacancies which were created at the MySi/M interface
during MySi phase growth do not accumulate there but migrate
;o the Si/MySi interface where they are annihilated. The

Si layer provides Si atoms which fill the Si vacancies in the
silicide layer near the Si/MySi interface as the vacancies

arrive. The postulated interfacial reaction 1is:

. : 4 Si
Si + Vg, > Si Ag (3-9)
Following the approach used at the MySi/M interface, the time

variation of the vacancy concentration is civen by:-

d

at [VSi]Si - kSi{[VSi]:i } [V'Si]Si} (3-10)

An expression analogous to (3-7) can be found for the free

energy change associated with the interfacial reaction (3-9):
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Vo
AgSt = -RT £n Sl]Si (3-11)
[Vs1]g,

The equilibrium (standard) free energy change associated with

reaction (3-9) is given by:

Sire . _Rr 4n [Si%J ° (3-12)

[Si]e[VSi]Zi
which is analoébus_ﬁo (3-5).

The combination of the reactions at the two interfaces (3-7) .

and (3-10) represents the formation reaction of the MySi phase.

M + S8Si - MX + Six, ‘

The sum of the standard molar free energy changes in

‘(3-5) and (3-12) (i.e. AgM’e and AgSl’e) is therefore

related to the standard free energy change of formation

f
and [Vs.], at the two interfaces are not equal. When : '
JSi .
combining (3-7) and (3-10) to obtain the overall formation

AGY of the MySi phase. The vacancy concentration [Vsi}'
M

reactions as above, this fact was ignored. It will there-

fore be found that

It can be shown that:

M,e Si,e

+ Ag = AG

Hh O

; o s
Ag + AGf /'qSi

where qgi/is the stoichiometric atomic fraction of Si in MySi.
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3.2.3 Diffusion through the compound

The magnitude of [V .] at the two interfaces viz.[V and

» Si Si]Si
[VSi] are not equal nor do they vary independently of each
M
other. The two equations (3-7) and (3-10) are incorporated
into the boundary conditions (source and sink equations) of the

diffusion equation (Fick's second law) in the growing compound

layer, where D

v is the vacancy diffusion coefficient Il9]: f

3 _ 92
3t [Vsi] = Pv 3x7 [Vsi] (3-14)

The boundary conditions are essentially the expanded conti-

nuity equations at the interfaces.,. At the Si/MySi interface: C
3 [ - 32 |
— [V.. = D, —5 [v . -k .[v .
ot Sl]Si vV 9x Sl]Si Si Sl]Si

The last term on theright hand side represents the rate of

annihilation of the vacancies. At the MySi/M interface:

B %2 [VSi]M g% , «

%E [VSi]M = Dy 3x? [VSi]M * Ky [VSi]M
Thé second term on the r.h.s. represents the rate of vacancy
production whereas the third term represents the vacancies in-
corporated in the newly grown layer of thickness dL formed in
the time interval dt. The mathematical problem in (3-14) is
commonly referred to as a moving boundary problem. The solu-
tion of (3-14) with the accompanying boundary conditions is
complex and no exact (analytical) solution has been reported.

The linear and parabolic growth rates would follow from its solu-

tion. A solution to equation (3-14) will not be attempted here.
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Deal et al. and G8sele et al. have treated the problem of
planar phase growth in binary couples. Having made gross
approximations, the authors arrived at similar solutions to
the moving boundary problem [5,20]. The essential feature of
‘their solutions is that in the initial stage of phase forma-
tion, the growth is nearly linear and it eventually becomes
parabolic. There are however important differences in the
approach followed here and that taken in references [5,20].
In this work the vacancies (Si) have been considered as the
migrating species as well as the reaction rate determining
species. The atoms are considered as the migrating species
in references [5,20] and the authors do not propose specifié
interfacial reactions. The rate constants in (3-8) and
(3-10) and the diffusion coefficient in (3-14) will therefore
have differént meanings as compared to similar parameters in

references [5,20].

If vacancy diffusion is the transport mechanism then the atomic
diffusion coefficient will be proportional to the vacancy
concentration. In applying Fick's first law in [5,20], the
authors assume an atomic concentration gradient which implies

a significant vacancy concentration gradient. This makes the
diffusion coefficient to be used in the diffusion equation
strongly variable. Fick's second law in the form of (3-14) is
no longer applicable so that the solution in [5] and [20] could
be erroneous. ‘In this work the diffusion coefficient of vacan-
cies is assumed to be independent of the vacancy concentration, so
that (3-14) remains valid when the migrating vacancies are con-

sidered.



28

From the solution of the diffusion equation (3-14) relations

v

v kSi’ and kM are known in the Mysl phase, it
is still not possible to determine §M Si since the concentra-
Y

tion gradient needs to be known too. This makes the theories

between RMySi"BM Sy’ kSi' kM' and D, are established.

Assuming that D

in [5] and [20] inadequate for any quantitative determinations
although the qualitative predictions of the theories are in

agreement with experimental results.

A different approach will be taken in the following sections
where the driving force for diffusion will be considered. In-
stead of solving the diffusion equation, the chemical potenﬁial
difference (driving force for diffusion) across the growing com-
pound phase is computed and from it, the linear and parabolic

rate constants determined respectively.

3.2.4 Chemical potential difference

Consider a binary couple M (for metal) and Si, which has par-

tially interdiffused with the formation of Mysi. A schematic
of this couple is shown in Figure 3-1. The ‘free energy of
this system is illustrated in Figure 3-2. Each phase in the

system is represented by a free energy vs. composition curve.
The minimum free energy of Mysi corresponds te the free energy
of formation AG?. The shapes of all three curves are not
known but they are in principle determined by the defect forma-
tion energy in M&Si, Si, and M respectively [21]. Although AG?
is relatively insensitive to temperature variations, the width

and curvature of the curves are strongly influenced by the

temperature.



v

R
)
:.. .'. l
Si fﬂf{“ﬂ
o
R

. .
o ** e
e .
. . -
LI
.
.
« o tv e
.
l. -
o®
. .
.
»%e, "
. e -
® .
.
® e o
.
L) .
. »
K P

\

Original Si/M interface

FIG 3-1 -~ Schematic of a partially reacted
'Si/M binary couple.
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When the MySi phase is isolated (complete consumption of both

Si and M during MySi growth), the M/Si atomic ratio is deter-

mined by the original quantities of M and Si and can be any-
where in the phase field (between B and C in Figure (3-2)).
However, when MySi is bounded by M and Si as in Figure 3—1,
the situation is very different. A necessary condition for
local equilibrium at the two interfaces is that the chemical
potential of M and Si at the two phase boundaries must be
unique. The values of the'chemical potentialslare obtained
by constructing common tangents to the free energy curves of
the two phases which co-exist in equilibrium. The common
tangent construction technique is based on the relation be-

tween chemical potential and free energy:
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FIG 3-2 Free energy versus composition diagram showing the

pure and intermediate phases.

where My is the chemical potential of M, G is the free energy
per gram atom and q, is the atomic fraction of M [21]. The
‘contact points of the common tangents determine the M/Si atomic
ratios at the two interfaces. The MySi will therefore have

an atomic ratio B near the Si/MySi interface and a ratio C near
the MySi/M interface (see Figure 3-2). The MySi phase region
is thus said to be Si-rich near tﬁe Si/MySi phase boundary and
M-rich near the MYsi/M phase boundary. The atomic ratio in

the M _Si phase region will vary between these two extremes, B
and C. This vériation in M/Si atomic ratio can be accommodated

in various ways, in particular through point defects (vacancies
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and interstitials) in the M and Si sub-lattice respectively.
In a compound with a close-packed structure, these defects are
expected to be vacancies. The bulk of the MySi layer will
therefore deviate slightly from stoichiometry with an atomic
ratio’different (less than and greater than) from the value

indicated by A in Figure 3-2.

The chemical éotentials of M and Si at the phase boundaries are
represented by the intercepts of the common tangents at the M
and Si free enerqgy axes respectively. The driving forces for
diffusion of M and Si th;ough MySi are the respective equili-
brium chemical potential differences across the MySi region 

which can be expressed as follows:

e . 0, S -
AuM = AGf/qM (3-15(a))
e o0, s ' _
AuSi= AGf/qSi (3-15(b))

where AG? is the standard free energy of formation of MySi and

q; and qgi are the stoichiometric atomic fractions of M and Si

in the MySi compound, with
s, s _
qM/qSi =Y

-and
s s _
Ay * 953 = 1
The equilibrium chemical potential differences Auﬁ and Augi

are illustrated in Figure 3-2,
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The construction of the common tangent to the free energy
curves is justified, assuming that local thermodynamic equili-
brium exists at the interface. This implies that the two
different phases co-exist in equilibrium at the interface.

The chemical potential of say Si in Si is therefore equal to
the chemical potential of Si in MySi near the Si/MySi inter-
face. The equilibrium chemical potential difference of Si
across the MySi layer is therefore equal to the difference be-
tween the chemical potential of Si in the Si %gyer and Si in

the M layer.

It was pointed out in section 3.2.1 that during the initial_
stage of interdiffusion (linear regime) the concentrations of

Si vacancies at the interfaces are in the process of approaching
their equiiibrium values so that local equilibrium does not
prevail. The equilibrium chemical potential differences Augi
and Au; as given by (3-15) are then no longer the driving forcés
for diffusion through the growing compound layer MySi. The
difference between the chemical potential of M in the M and

Si phases respectively is approximately given by (3715(@)),
irrespéCtiVe of whether equilibrium prevails at the phase
boundaries. . Similarly the difference between the'chemical

potential of Si in the Si and M phases is given by (3-15(b)).

It is necessary to consider the free energy balance for the
enitre MySi growth process in order to compute the driving
force for diffusion under non-equilibrium conditions. Three

sub-processes which together, constitute the growth process,
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can be characterized. These are the reaction at the Si/MySi
interface, the migration of Si atoms (migration of Si vacan-
cies in the opposite direction) and the reaction at the MySi/M
interface. The partial molar free energy change of Si for
the growth process (Auzi) is the sum of the free energy changes
associated with each sub-process:

...‘Allgi = AgSi + Ausi + AgM | (3—16(§))
The free energies AgSi and AgM are associated with the inter-
facial reactions in (3-9) and‘(3—3) respectively and expres-
sions for these free energy changes, previously derived, are

given once more (see (3-11) and (3-7)):

|
!
o
H .
o
2)

Adgs = - 1€

bgy -RT fn ———=

The chemical potential difference of Si across the MySi layer

Au (also referred to as the partial molar free energy change)

Si
is seen to be less than or equal to the equilibrium chemical

potential difference Augiwhen (3-16(a)) is rewritten as:

bug; = Augi - Agg, - bgy (3-16 (b))

During the initial stage of phase growth (linear regime),
equilibrium does not prevail at one of the two interfaces. (It

is unlikely that both interfacial reactions will have the same
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reaction rate constant and éubsequently approach equilibrium

at the same rate). The growth process is therefore entirely
controlled by a single interfacial reaction (say (3-9) at the
Si/MySi interface). The associated free energy change will

bé AgSias given in (3-11). Since local eqﬁilibrium prevails at
the MySi/M interface, the associated free energy change AgM is zero.
In the extreme case where diffusion through the MySi laygrvis
very rapid the change in vacancy concentration at the inter-

face 1is independent of the flux through the growing layer.

In order to determine the time dependence of the driving force
for diffusion A“Si’ it is necessary to determine the time .

dependence of AgSi from the differential equation:

%E[VSi]Si - kSi{[VSi]:i - [VSi]Si} (3-10)

Solution to this equation is:

o
Here |V_. is the initial wvalue of |V_. , i.e. its value
Silsi Silsi

in the very early stage of phase growth. Since local equili-
brium is assumed at the other interface (as a result of a fast

interfacial reaction), the entire layer will initially have a

. - e .
vacancy concentration [VSi] , being the equilibrium concen-
M
tration at the MySi/M interface. Therefore:
o e
Y .] = [v .]
[ Si gi Si M
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so that

Furthermore the MySi layer is relatively silicon-ri¢h (dow Si vacancy con-
centration) near the Si/MySi interface and metal-rich (high

Si-vacancy concentration) near the MySiAainterface'so that

[Ves], > [VSi]s;

In the initial stage of layer growth, the non-equilibrium Si
vacancy concentration is .close to its initial value [VSi] and
M

therefore also much greater than [véi so that

st
-k..t

e
[vSi]Siz [-vsi]M o Si

which can be rewritten as

e
I,n[v,s'i']Si = £n[VSi]M ~kg;t
2 VSi]Si = 2 © v 1 - kot
and hence : nf;;:ji: = n[VSi]M n[VSi]Si si
Substituting in (3-11):
Agg; = -RT 4n [vSi]j1 + RT £n [vSi]:i + RTkg,;t (3-17)

It can be shown that the first two terms on the rhs in (3-17)

reduce to Augi (see appendix B). Equation (3-17) .then becomes:

bgg; = Au‘;i + RT kg, t.
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Substituting in (3—16l(b))'with’AgM = 0:

Bug; = -RTkgt .  (3-18)

-

The magnitude of A“Si is seen to increase linearly with time
(AuSi is negative and decreases) and has an initial value of
zero. The free energy balance as suggested by (3-16) is
graphically illustrated‘in Figure 3-3. The various positions
(direction) of:the tangents to thevMySi-free energy curve, as
- the layer growth progresses, is no& described, starting from

the very early stage of layer growth. If the two interfacial

D
i

D>
&

FREE ENERGY —=

phase field

a

, I
(Soi) | (M)
ATOMIC. FRACTION OF M— -

FIG 3-3 Tangents drawn for the case of non-equilibrium at
one of the interfaces. Local equilibrium is
assumed at the MySi/M interface so that one of the
tangents is common to the free energy curves of

the two phases in equilibrium.
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reactions were equally slow (an unusual caSe), the tangents to
the M_Si free energy curve would initially be horizontal, in-
tercepting the Si free energy axis in ¢ (minimum free energy

of MySi). However, with a fast regction at the MySi/M inter-~
face the two tangents to the MySi free energy curve will imme-
diately move to position indicated by a (local equilibrium

at the M_Si/M interfaée). The one common tangeﬁt will remain
in this position implying local equilibrium at the MySi/M.inter-‘
face. The other tangent will move through positions b,c,d

and finally e when equilibrium at the Si/M?Si interface is also
achieved. During this process the;mégnitude of AgSi decreases
while the magnitude of A”Si increases (linearly with time
during the initial stage). Once equilibrium is reached at both

interfaces (AgSi = O and AgM = 0) the chemical potential diffe-

rence of Si across the MySi layer is equal to the equilikrium

e
value Ausi.

In the followingbsection it will be shown how the grcwth kine-
tics are controlled by the chemical potential difference. The
two extreme cases will -be considered namely thé initial non-
equilibrium stage when one interfacial reaction. completely
controls the growth, and the equilibrium stage where diffusion

1imits the growth.

3.2.5 Mobility and the arowth rate constants

The flux of diffusing atoms J as a result of a concentration

gradient VC is given by Fick's first law [19]:

J = =DVC (3-19(a))

where D is the diffusion coefficient of the diffusing atoms.



A more general expression for the flux is the phenomenological

equation attributed to Onsager [19]:

J = -BCVu (3-19(b))

where C is the concentration, B the mobility and Vu the

gradient of the chemical potentialvof the diffusant.

It was pointed out in 3.2.2 that relations such as (3-19(a)) which
involve concentration gradients are inadequate for quantité—

tive determinations since the concentration gradients across

the compound layers are usually unknown. The alternative
expression (3-19(b)) is more attractive since the chemical poten-
tial is a more accessible parameter. as was shbwn in éection
3.2.3. The chemical potential gradient'yu is effectively the
driving force for diffusion, also in cases where the concen-
tration gradient is negligibkle. A consequence of using (3—19(b))
rather than (3-19(2) )is that the mobility B rather than the
diffusivity D, co-determines the flux. These two parameters
have different meanings and should hot be confused. They are

inter-related:

- J 3 (£n y) _
D = RTB 11+ 3 (InC) (3-20)
where Y is the activity coefficient [19]. The symbols R and
T have their usual meanings. The activity coefficient is not

a well known function and is very often and incorrectly, (e;g.
in [20]) assumed to be constant (indepedent of concentration)
so that D = RTB. This could introduce serious errors into

~calculations based on (3-19(a)).
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The mobility B is fundamentally defined as the pfoportionality
constant between the driving force for diffusion (Au in equation
(3-19(b))) and the drift velocity of the diffusing atoms (flux in
equation (3-19(b))). The physical significance of the mobility
is realized by considering the diffusion process on an atomic
scale and consequently deriving an expréssion for B from firét
principles. This is done in Appendix C. The mobility B is
shown to have'an Arrhenius-type of temperafure dependence,
sihilar to that of the diffusion coefficient D. The activation

energy associated with the mobility is however shown to be

different to that associated with the diffusion coefficient.

During the growth of MySi, a layer of thickness L is formed in
time t. The.diffusing species are still considered to be>
silicon only. There‘is no significant built-up of Si concen-
tration in the M&Si layer since it is stoichiometric dr near-
stoichiometric. The Si flux JSi should therefore be uniform.
If the growth direction is indicated by x, then we may inte-
grate (3-19(b)) with respect to x: |

L L

OU s
- X4 S1
| Jgydx = sti[Sl ]—§§—dx
O

where [Si*] is the Si concentration in the MySi layer.

L : La
. X uSi
JSide = - Bsi[Sl ]f de
(@) . (@)
-— -— ~ e X -
J..L = Bsi[Sl ]Ausi (3-21)

Si

The parameter AuSi represents the chemical potential difference
of the diffusant (Si) across the MySi layer of thickness L.
It is not necessarily equal tc its equilikrium value Augi'

(see 3.2.4). The flux is in turn related to the growth rate
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dL

aEvOf the MySi layer:
- [si¥] 4L _22)
JSi = [8i7] 3t (3-22)
Combining (3-21) and (3-22):
IL4dL = -BSi AuSi.dt (3-23)

The growth kinetics (time dependence of L) are now determined

in the two limiting cases:

Linear regime

On substituting (3-18) for AuSi in (3-23) and integrating with
N

respect to t:

LdL = RT kSiBSi t dt
- * = I3 . -
. L vRT kSlBSl t (3-24)

The thickness of the MySi layer therefore increases linearly

with time and the linear rate constant is given by:

L=y . -
RMySi RT BsikSl (3-25)

Parabolic regime

The equilibrium value of AuSi, i.e. Augi is substituted in

(3-23). Upon integration:

L? _ e _
5 = BSi Ausi t (3-26)
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This is the equation of a parabola. The thickness L in-
creases linearly with the square root of time and the para-

bolic rate constant is given by:

~ _ 1,2
Bysi ° 3t
y
B = -B_,.AuS (3-27)
M, Si si*“¥si

It is seen that the parabolic rate constant is a direct measure
for the atomic mobility of the diffusant (when one of the two
components is the dominant diffusing species). Although i; _
appears in (3-27) that the parabolic rate constant is negative,

it should be borne in mind that the chemical potential diffe-

e
Si

tial). The  negative sign of Au

rence Ay is negative (diffusion from a high to a low poten-

gi is also evident from (3-15)
since the free energy change associated with exothermic com-

pound formation is negative.

On comparing (3-25) to the expressions obtained in [5,20], it

is seen that they are different even if the incorrect substitu-

tion D = RTB is made (see 3-20)). -The expression for the
parabolic rate constant in (3-27) also differs from those
derived by the authors in [5,20]. In (3-27) it is seen that

the parabolic rate constant is proportional to the atomic
mobility (Au:i is almost'independent of temperature) whereas
the authors in [5,20] found the rate constant to depend on the
diffusion coefficient. The mobility of an atom is a measure

of the ease with which the atom can migrate when the oppor-
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tunity arises (vacancy is available). The activgﬁion}energy,
determined fram the parabolic growth rate thus reflects the migration enérgy
of the vacancies when vacancy diffusion is the transport mechanism. The
activation energy of atomic diffusion on the other hand is the resultant

of the migration and formation energies of the vacancy [19].

This explains why the activation energy obtained from para-

bolic rate measurements is much lower than the values usually
associated with self diffusion processes. The suprisingly low
activation energy has up to now been explained in terms oﬁ

grain boundary diffusion rather, than vacancy diffusion, being

the dominant transport mechanism.

The apprcach followed above, where the mobility rather than

the diffusivity is considered as the controlling parameter,'is
seen to result in relatively simple and usefull expressions fér
the rate constants. ‘The conéepts developed will subsequently
be used in extending the approach to silicide formation during

bilayer metal-silicon interdiffusion.

3.3 BILAYER METAL/SILICON INTERDIFFUSION

3.3.1 Sequence of silicide formation

Silicide formation in bilayer metal-silicon systems is complex
becauée of the various competing reactions (metal-silicon

and metal-metal interdiffusion). The complete reaction can
usually be divided into a number of pseudo-binary interdiffu—
sion reactions. Consider the system Si/M1/M2 where M1 and M2

are two different metal layers on a silicon substrate. The
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first stage of the silicide formation reaction will be deter-
mined by the relative reactivities of Si/M1 and M1/M2 couples.
The metal-metal interdiffusion case will not be considered

here since it leads to the silicide formation in tertiary
systems, which is outside the scope of this work. During the
Si/M1 interdiffusion, the multilayer system is transformed to
Si/MlySi/MZ (see Figure 3-4). The M2 layer is inactive during
this process so that the growth kinetics of MlySi are similar

to the binary couple case as described in section 3.2.1.

Upon subsequent interdiffusion, three of the possible inter-
actions can be distinguished and these are illustrated in-

Figure 3-4.

1
Si —Mt:
1

NN I U
si [Zhwmelil  si |:mysiclve,
= \\\ it -._'-_.‘.';'.|||-l|
Subsequent interdiffusion
=1 Sy h R Tk
si[-Msilivel  sifm,SiiliMe, Si [:Mi, Siz /1 Me.
- .'.’.'-|| |I‘ '_.'._.:~..: ty, g A Vs ST
M2 Si
M2 grain boundary Mi /M2 inter- Si diffusion‘
or interstitial diffusion M2,Si formation
diffusion

FIG 3—4_ Possible interdiffusion schemes in the Si/M1/M2
system. Si diffusion with M2xSi formation is

of particular importance.
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The interactions are:

1) grain boundary or interstitial diffusion of M2 into

and through M1ySi;

2) substitutional interdiffusion of M1l and M2 and;

3) Si diffusion into M2 with phase formation.

Although variations and combinations of thesewinteraétions are
possible, only the interactions in 3) will be considered.

This will result in planar silicide formation yielding a
Si/MlySi/M2xSi mzu§URe, assuming that the MlySi phase does

not change due to the Si transport process.

The grcwth kinetics of the M2xSi layer will be determined:by
the slowest interfacial reaction and the mobility of the
diffusant in both M1 Si and the growing M2_Si layers. In
order to determine the diffusant flux from which the growth
rate is determined, it is necessary to consider the inter-
facial reactions and subsequently the driving force for diffu-

sion.

3.3.2 Interfacial reactions

The mechanism whereby equilibrium is established during M2xSi
growth on MlySi'is similar to that during MlySi growth as
explained in section 3.2.2. Silicon vacancies are created or

annihilated at the various interfaces and migrate through the
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silicide layers. These interfacial reactions together with
the vacancy fluxes will establish the various equilibrium

vacancy concentrations at the interfaces.

Consider the case where M2 has partially reacted to form MZXSi.
It is assumed that neither M1l nor M2 diffuse during this for-
mation process. The reactions and vacancy concentration

variation at the various interfaces are now given:

ggXSi/MZ interface

M2 > M2¥ 4 v rg™? » (3-27)

The corresponding vacancy concentration variation is given by:

M2_Si
x>
si

[ i MZXSi]e [m2.sip )
v A v MZ} | (3-28)

Q.a|Q.a
o

JMZ

The symbols in the above equations have their usual meaning.

The notation for concentration has been adapted in order
: M2 Si
to indicate the specific silicide layer e.gq. rV X ]
[ Si JM2
indicates the Si vacancy concentration in the MZXSi layer near

the M2 layer, i.e. at the MZXSi/MZ interface.

glySi/MZXSi interface

The reaction at fhis interface is considered to be a combina-
tion of two reactions on either side of the interface. Sili-

con atoms are effectively transported across the interface.
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M1l Si side:
4 - Ml Si
Si > si + vsiY (3-29)
MZXSi side:
Si + vM2XSl » 5i%2 (3-30)
Si
On combining these two equations:
<1 szsi %2 : MlySi M o
Si + VSi + Si + VSi Ag (3-31)
M1 /M2

where Aggi has been used for Ag , the partial molar free

Si
energy change associated with the complete interfacial reac-
tion. Sin and Sixz indicate Si atoms on lattice sites in

the MlySi and M2xSi layerS'respectively.

The vacancy concentration variation due to the individual re-

actions are given by:

M1l _Si M1 Si<S . M1_Si-q
I s Sl IR e 2 [v e }
) dt | "si JM 1| "si JM Si J,M
and
. . e .
d_ VMZXSl'l ) x VMZXSl'l _ [VMZXSl-I-
dt | 'si JM. 3 Si JM Si J‘M
Si/MlySi interface
M1 Si . -
si o+ v.. ¥+ si¥  agS? (3-32)

si
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The corresponding equations for the vacancy variation with
time is:

M1 Si
Vel

S lva = Ay

, e
M1 S
vasll T

Si g

The_growth kinetics of the M2xSi layer will be dependent on
the relative magnitudes of the reaction rate constants ki,

k,, k; and k4, and the mobility of Si in the MlySi and MZXSi
layers respectively. A solution of the diffusion equation in

both silicide layers, subject to the numerous bounaary condi-

tions will not be attempted. The same approach as in section
3.2.5 will however be followed. The driving force for diffu-
sion in the various limiting cases will be considered. Of

the four interfacial reactions, it is only the slowe;t reac-
tion that may possibly control the growth kinetics. The
particular choice will not affect the final results of tﬁe
model, so that we may assume that M2xSi/M interfacial reaction

is the slowest without any loss of generality.

3.3.3 Growth kinetics of M2x§i

The MlySi/MZxSi_interface constitutes a three component system
so that a ternary free energy diagram should in principle be
used to determine the chemical potential of Si, analogous to
the procedure followed in section 3.2.4. If no metal-metal
interdiffusion takes place then the MlySi layer merely ser?es
as a membrane through which Si is transpofted. No ternary

- compounds are formed and therefore the ternary free energy dia-
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gram is .unnecessary.

Since it is assumed that Si is the only diffusing species
during M2xSi growth, the chemical potential of Si at the
various interfaces needs to be considered. Using (3-15), the
chemical potential of Si at the M2xSi/M2 interface on the M2
side, is seen to be related to the free energy of formation of
M2 Si:

X v

: o(M2_sSi)
M2 _ X

where n = qzi the stoichiometric atomic fraction of Si in M2XSi.

The chemical potential of Si in the silicon layer near the .

Si/MlySi interface is by definition zero (or near zero).

The free energy balance is now considered in order to obtain

an expression analogous to (3-16(b))

o(M2_Si) - MlySi M szsi M2
AGf /n = Ag + A“Si + Ag + AuSi + Ag
(3-33)

which is the difference between the chemical poteﬁtial of Si

in Si and Si in M2. The various terms in (3-33) are explained
in the schematic in Figure 3-5(a). In section 3.3.2 it was
argued that only one (the slowest) interfacial reaction needs
to be considered. The reactions at the other two interfaces
are assumed to be relatively fast so that local equilibrium
prevails at those interfaces (see section 3.2.2). The reac-

tion energies Agsl and AgM associated with the reactions at
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s M1, Si M
Hsi=ag +Apg?™ + Agg,
(a) . / - AG MRSy _agMZ_p  M2,SI
/ N '
Si M1, Si M2, Si Mz
A\ / )\
— \ SI 7 o
Hsi=0  =Agg; =AG/n
. M2
_Ags A/.LM.' SI éAGf/n-AgSi
(b)
si M1, Si M2lSi Mz

FiN LN
<) Q < ;= AG}/n
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i=0 fi5=AG/n - Ags.
_ Mi,Si M2, Si
Dpg? + Dpg "

FIG 3-5 The chemical potential of Si, Mgy e in a bi-layer
metal silicon system,
(a) general case and
(b) local equilibrium at the Si/MlySi,and -
MlySi/ngSi interfaces.

the Si/MlySi and MlySi/MZxSi interfaces respectively are
assumed zero. Therefore the chemical potential at the
various interfaces have the values as indicated in Figure

3-5(b), so that:

o(M2_5i) MlySi M2 Si M2
AG N o= Au + A + A 3-34
£ /n Hay uSi. g (3-34)

The growth kinetics of the M2, 51 layer will be determined by

the dominant term in (3-34). Three limiting cases can be

characterized and in each case the flux through the M2xSi layer
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(which is identical to the Si flux through the MlySi layer since
there is no Si-concentration build-up and since silicon ‘is
assumed to be the only diffusing species in both silicide layers)

can be expressed uniquely.

M1l _Si
a) AuSiy ~ is dominant in (3-34) so that:
MlySi o(M2XSi)
AuSi o~ AGf /n

The silicon flux as was given by (3-21) now becomes:

BlAG:(M2XSi)[Sin]

Si nY,

where Y, is the thickness of the MlySi layer and B; is the
si mobility in MlySi. The effective mobility is now
defined as:

F = _BAumax

ax is the maximum chemical potential difference

where Aum
of the diffusing atom with mobility B. The flux equation

above becomes:

B.1/Y,

The controlling parameter is therefore §1/Y1 which is

associated with diffusion through the MlySi layer.

M2 Si ’
b) | AuSi is dominant in (3-34) so that:
MZXSi o(MZxSi)
A“Si o AGf /n

As shown in (a), the silicon flux is given by:

Jg; = [Sixz]'ﬁz/Yz
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The controlling parameter is therefore ﬁz/Y2 associated

with diffusion through the MZXSi layer.

c) AgM2 is dominant. This is similar to the linear kine-

tics regime discussed in section 3.2.5. Differentiating

(3-24) and substituting in (3-22):

[Sixz]/EEEZET

[Sixz] Xy

[
I

Si

where K; = /RTB, ki is called the effective.reactioﬁ rate,
associated with the reaction rate k;. (The effectivé
reaction rate is in fact the linear growth rate constant
of MZXSi, grown from a M2-Si couple in the case.where
the reaction at the M2XSi/M2 interface limits the linear
growth) . In this particular case where AgM2 is domi-
nant, the flux controlling parameter is the effective

reaction rate constant K;.

The particular process (diffusion or interfacial reaction)
which controls the growth is determined by the relative magni-
tudes of the three parameters (B:/Y:, B./Y, and K;) which are
all measures for the Si flux through the silicide bilayer.

In Figure 3-6, the growth kinetics is illustrated for a number

of limiting cases. In Figure 3-6(a), By1/Y, >> K, and
B1/Y1 >> B, /Y, . The growth of M2XSi is therefore unaffected
by the MlySi layer. Initially, the growth is linear with

time (interfacial reaction limited) and fihally it becomes

diffusion limited when the thickness of the M2 _Si layer Y, has



52

B/Y,» — ()
i : A
1
I
|
i
| _
> K @2/Yz: K>B,/Y, b
« T i
S u
(b
= K> )
-~ |
- |
x |
o {
= l
S B/ KB/l B/Y,DB/Y,
= _ :
& B,/v, ) @
W _
=
S
T | k<8,
'— .
K >B/Y,
TIME

FIG 3-6 Growth kinetics of the M2xSi layer growth for various

cases:
(a) High mobility Bi : §1/_Y1 >> K1 and El/Yl >> gz /Y,
(b) Fast reaction : Ky >>B;/Y: and K; >>B,/Y,

(c) High mobility B, : B,/Y, >>K; and B, /Y, >> B./Y:.
become sufficiently large so that K1>>§2/Y2.'

Figure 3-6(b) illustrates the case of fast interfacial reac-

tion kinetics: K; >>§1/Y2, and Kllnrﬁz/Yz. The growth rate

of the M2xSi layer initially remains constant (linear growth)
while B,/Y; < B,/Y,. Since Y, increases with time, the situa-
tion will eventually be reached where B./Y: > B,/Y,. The

growth becomes parabolic since it is now limited by diffusion

through M2xSi, the thickness of which increases with fime.
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The case illustrated in Figure 3-6(c) (B,/Y, >> K, and

B,/Y, >> B;/Y:1) is of interest in this work. Because of the
hiéh Si mobility in MZXSi, the growth kinetics of M2xSi is
controlled either by the interfacial reaction when K; < B:/Y;
or by diffusion through MlySi when K, > §1/Y1; These two
types of kinetics are both characterized by linear growth but
the one type does not change into the other during M2XSi growth.
In both cases however, the kinetics eventually becdme para-
bolic as shown in the two figures above (a) and (b)), when Y,
has increased sufficiently so that B,/Y, < K, or B,/Y, < Bi/Y:.
The linear kinetics regime will be further analyzed in the

following section.

3.3.4 Linear kinetics of bilayer metal silicide growth

When the interfacial reaction controls the growth of the MZXSi

layer, the growth rate is given by an expression similar to
A

(3-25):

dy

g1z _

dt K1
= JéTBz.kl ' (3-35)
= RO ,

This represents the maximum growth rate of MZXSi on the inter-
posed MlySi layer and this rate is henceforth denoted by Ro'
Since RO (B, and ki) 1is constant at constant temperature, it
is obvious that (3-35) implies linear growth at constant

temperature. The growth rate RO (K;) is not necessarily the
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same as the linear growth rate measured in the case of M2xSi
growth directly on Si (i.e. without the interposed MlySi layer)
since in that case it.might be a different interfacial reac-

tion controlling the growth (e.g. Si/MZXSi interface).

Linear growth is also evident when B1/Y: < K. This can be
seen from the following. Local equilibrium prevails at the

interface so that AgM2 in (3-34) is zero. Since B:/Y1 << B,/Y,,
M2 _Si
therefore, Ausi is near zero (condition for unique flux),

so that ;
M1 Si ., o(M2_Si)

AuSiy = AG g /n (3-36)

The Si flux through the MlySi layer is given by:

MlySi
: A, .
_ . X1 Si _
JSi = Bl[sl-] T »(3 37)
and the growfh of the M2xSi layer is given by:
av, _ . ;X2 -
3 = JSi/[Sl ] (3-38)
From (3-38), (3-37), and (3-36):
; o(M2XSi)
T [ss¥1] 25 (3-39)
[Six2] n Y,
= R2
< Ro

The growth rate R, is now less than the maximum rate Ro in

(3-35) as can be shown by substituting B:1/Y; < K1 into (3-39).
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The mobility Bi and the reaction rate constant K; (also Ro)
are characteristic parameters of a particular system and
therefore constant at constant temperature. The thickness

of the MlySi layer Y;, will therefore determine whether the
linear kinetics are controlled by an interfacial reaction or
by diffusion through the M1 Si layer. A critical thickness
Y, is defined and is to be used as a criterium for determining

which factor controls the linear growth. When Y; < Yo' it

is implied that Y; < §1/K1(since'K1 < B1/Y1) so ﬂtﬂ:thebeSi]ayer

growth is limited by the interfacial reaction. When Y1 > Y
(Y1 > B1/Ki1) the M2_Si layer growth is limited by Si diffu-
sioﬁ through the MlySi layer. The two regimes of Y

will be referred £o as the "thin" and "thick" regimes. This

model for linear growth in bilayer metal silicon interaction

therefore predicts that:

av, _
i RO for ¥, < Yo
. (3-40)
dy
at—2-=R2<Ro fOI‘Y1.>Yo
. . ay, . .
It is seen in (3-39) that g is influenced by Y:. The Y
dependence of gzz can therefore be expressed as:
ay, - R_ = constant, for Y; < Y
dt o) ’ 1 o
and ; (3-41)
dy
o /¥, for Y, > Y,

The variation of 4dY,/dt with 1/Y: as implied by (3-41) is

graphically illustrated in Figure 3-7.  This particular plot
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is not universal but is influenced by the temperature (which

affects both R_ and Y ).
; o o

dY, /dt
A

_——— —— — i ————— — —

Py
o

M2.Si GROWTH RATE

1/ Y, Y,
RECIPROCAL MI,Si THICKNESS

FIG 3-7 Variation of MZXSi growth rate with reciprocal
MlySi_thickness as predicted by the model.

The significance of the linear kinetics discussed in this
section should be viewed in comparison to the kinetics of
phase growth in binary couples as discussed in 3.2.1.
Linear gr;wth in binary couples is without exception due

to a controlling interfacial reaction. In the case of

bimetal silicide growth, linear kinetics is no longer a

sufficient condition for interfacial reaction controlled
growth. It is necessary to investigate the thickness
effect of the interposed layer in order to establish the

growth controlling factor.
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The predictions of this model for bilayer metal

silicide growth have been tested in the Si/Pd/Cr system

and the experimental results are presénted in Chapter 4.

It was argued in 3.3.3 that the interposed metal silicide
layer serves as a membrane through which Si is transported.
A diffusion membrane technique was there developed to deter-
mine the mobility of components in a compound based on
(3-39). The results of this technique used to determine

the mobility of Pd and Si in P4d,Si are discussed in

Chapter 6.



CHAPTER 4
si/pd/Cr THIN FILM SYSTEM

4.1 INTRODUCTION

The bilayer metal-silicon system which is to be used for testing
the validity of the model developed in Chapter 3, should exhibit
specific features such as limited metal-metal interdiffusion

and distinctly different silicide formation temperatures of the
two metals. It wil.l be shown further on that the Si/Pd/Cr system is
an excellent choice, displaying most of the required features.
The Si-Pd and Si-Cr binary systems have been studied extensive-~-
ly. In the following sections a brief summary of the reported
investigations will be given, in particular those features
which pertain to this research. This will be followed by a
presentation of experimental results of the thermal behaviour

of the Si/Pd/Cr structure, in which specific attention will be
given to the effect of interposed Pd,Si thickness on the growth

rate of CrSi,.

4.1.1 Cr/Si interaction

Metallic chromium or its silicide is not generally favoured
for wide use in integrated circuits as Schottky barrier con;
tacts because of the low barrier height of chromium silicide
[6]. An interposed layer of Cr is occasionally used say
between Pt andei to improve the adhesion of the contact
metallization [22]. Another application of Cr stems from its
ability to serve as a diffusion barrier to Al (see 4.1.3).
The above-mentioned applications and other characteristic

features of chromium silicide have stimulated studies regarding



the Cr/Si interaction [23-27].

The first phase to form around 400°C durihg Cr

CrSi, [23-25)]. . This is the most Si-rich phase indicated on the

°C
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/Si interaction is

equilibrium phase diagram shown in Figure 4-1 .
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silicide formation on silicon substrates (unlimited Si-
supply) therefore yiélds one phase only, namely CrSi,. The
growth 6f CrSi, is found to be limited by an interfacial
reaction with an activation energy ranging between 1.5 and

1.7 ev [23,24]. It is believed that the reaction at the
'CrSi,/Cr interface controls the CrSi, growth. By implanting
Xe marker atoms into either the Si or the Cr layer, Martinez
et al. showed that Si is the dominant diffusing species during
CrSi, growth [24]. These results are supported by Botha et

al. who found that Si is extremely mobile in CrSi, [26].

4.,1.2 Pd4/Si interaction

The wide use of palladium silicide for Schbttky barriers and
ohmic contacts in microelectronic devices has stimulated ex-
tensive research into its growth kinetics, micro-structrue
and electrical properties [28-36]. During Si/Pd interdiffu-
sion; Pd,Si is the first phase to form. It has been found
to form at extremely low temperatures (room temperature) and
remains stable up to 750°C above which it transforms to PdSi,
in the case of unlimited Si supply [28,29]. This particular
phase sequence is anticipated since PdSi is the adjacent phase,
richer in silicon, as can be seen in the phase diagram shown
in Figure 4-2. When grown on Si<1l00> or amorphous Si sub- -
strates, Pd,Si is polycrystalline with the hexagonal C-axis
preferentially alicned normalato the surface [301. Be-
cause of only a small mismatch (2%) between the 8i<111>

and Pd,Si lattice constants (basal plane), Pd,Si grows epi-=

taxial on 8i<1l11> substrates [30,31]. The degree of epitaxy
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(from reference 27).

is found to increase dramatically with increase in formation
temperature. A limited degree of improvement is obtained

upon post annealing at elevated tempefatures (31].

The growth kinetics are diffusion qéntrolled with reported
activation energy Qalues between 0.9 and 1.5 eV [29-32].
Contrary to earlier reported results, Cheung et al. recently
reported the parabolic rate constant to be sensitive to the

microstructure and orientation of the Si substrate [31].
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Marker experiments tend to indicate that both Si and pd diffﬁse
through Pd,Si during its growth [33-36]. This makes P4,Si
ﬁnique since in all the other metal silicides it has been
found that either the metal or the Si is the dominant moving
species during first-phase growth in binary metal-silicon

couples.

4.1.3 Chromium as a diffusion barrier to Al

A»typical contact metallization scheme such as Si/Pd,Si is
usually followed by a layer of Al for interconnection. Since
the final heat treatment following the Al layer deposition is
around 400°C, the stability of Al on the underlying silicide
layer is important. Penetration of Al through the silicide
and into the Si substrate at these temperatures is however

observed [37].

It has been demonstrated that an interposed refractory metal
layer of Cr, Ti, or V between the Al and silicide layers can
serve as a diffusion barrier to Al [38-40]. The barrier
mechanism is based on the compound formation between the re-
fractory metal and Al (41]. A typical diffusion barrier such
as anVCr layer will also form a silicide during heat treatment
at temperatures exceediﬁg 400°C.  The effectiveness of the |
diffusion barrier is thus diminished through the consumption
of Cr during silicide growth. A thorough knowledge of the
silicide formation of Cr on underlying metal silicide layers
is therefore imperative in order to utilize the diffusion

"barrier potential of Cr.
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4,1.4 Bilaver silicides

The growth of CrSi, on polycrystalline Pd,Si on Si has been
investigated by Olowolafe et al. [23]. Analogous studies of
TiSi; and VSi: on both epitaxial and polycrystalline Pd,Si

on Si were also reported by Finstad et al. [42] and Mayer et al.
[43]. The growth rates of CrSi., TiSi. and VSi, were found to
be unaffected by the thickness of the interposed Pd4,Si layer.
This is not necessarily contrary to the predictions of the mpdei deve-
loped in Chapter 3. (See 3.3.4) It is plausible that in these re-
ported studies the Pd,Si layver did not exceed the critical
thickness which is necessary for observing the thickness
effecf. In a similar study of CrSi, growth on PtSi and NiSi
respectively, Naudé et.al. did not report any interposed layer

thickness dependence of the CrSi, growth rate [44].

The above-mentioned results tend to suggest that the thickness
of an interposed silicide layer does not affect the growth.
rate of the outer silicide layer. The Si/P4d/Cr thin film
combination was nevertheless chosen to test the validity of
the model developed in Chapter 3, because it displays the

following attractive featuresﬁ

1. Upon heat treatment Pd,Si forms at relatively low tempe-
ratures (100 to 400°C) and remains stable up to 750°C

e

(see 4.1.2).

2. Chromium silicide usually forms only at temperatures

above 400°C (see 4.1.1). It is therefore relatively
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easy to effect silicide formation in the Si/Pd/Cr system

in two separate stages.

3. No Pd-Cr interdiffusion has been observed prior to or
during Pd,Si formation [23], in spite of the relatively high

solubility of Cr in Pd [45].

4. The Pd,Si and CrSi, layers have not been found to inter-

mix at temperatures up to 600°C [23].

5. ‘Since Pd,Si grows epitaxially onSi<111> and non-epitaxially
on Si<l00> (see 4.1.2), the effect of the microstruqtufe
of the interposed silicide on the growth rate of the outer

silicide layer can be investigated.

A report of an extensive study of the thermal behaviour of the
Si<111>/Pd/Cr thin film combination is représented here. This is
followed by an account of a comparitive study of the Si<111>/Pd/Cr

and Si<100>/Pd/Cr systems with reference to CrSi, formation on Pd,Si.

4,2 EXPERIMENTAL PROCEDURE

Substrates consisting of 1 cm? pieces of Si <100> and Si <11l>
were chemically cleaned prior to metal depositioﬁ, Thin films
of Pd and Cr were sequentially deposited onto the substrates.
The thickness of the Pd layer varied between 200 and 1 500 X
on Si<1l1l1l> subétrates whereas the maximum Pd thickness on
Si<1l00> substrafes was 1 um. The Cr layer thickness was

approximately 750 R for most of the samples.
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The samples with relatively thin layers of Pd were pre-annealed
at 380°C for ten minutes. The pre-annealing‘time was in-
creased to fifty minutes for thicker Pd samples. No CrSi,

was found to form during the pre-annealing stage whereas Pd,Si
formation was complete after such heat treatments. Further
annealing was performed at temperatures between 400 and 500°C
for various periods of time up to three hours. Where samples
of different P4 thiéknesses required identical heat treatment,
these samples wére annealed simultaneously. The silicide

formation upon the various heat treatment stages is schemati-

cally shown in Figure 4-3

Si<111) Pd | Cr

First annealing .
stage l'380['

/—"\
Sic111> | PdSi | cr

/;'——'—
Second annealing .
stage l 450

/—

Si<11> | Pd,Si LrSiy| Cr

—

FIG 4-3 Schematic showing the sample compo-
sition before and after the various

annealing stages
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Rutherford backscattering spectrometry employing 2-3 Mev
alphas was used to characterize the samples with respect

to composition and thickness of the metal and silicide layers.
The phase of the‘various compounds formed was identified by
means of glancing angle X-ray diffraction. For Pd,Si grown
on Si <111>, the epitaxy of the’'silicide layer was confirmed

by channeling and X-ray diffraction.

The interfaces between the Si/Pd,Si and Pd,Si/CrSi, layers were
studied by means of scanning electron microscopy. Selective

etching was used to expose the various interfaces.

4.3 RESULTS

4.3.1 CrSi, growth kinetics in ‘the Si<111>/Pd,Si/Cr system

Figure 4-4 shows typical ‘Rutherford backscattering spectra of

Si <111>/Pd/Cr samples with identically deposited'metal layers.
The two spectra in Fig. 4-4(a) are of a sample prior to annealing
and of one after being pre—annealed at 380°C for ten minutes.
When comparing these two spectra, it can be seen that the Cr
signal has remained unchanged which implies that the Cr has not
reactedcurintefdiffused during the first annealing stage. The
broadening of the Pd signal and the appearance of the Si step
indicate that palladium silicide has formed. The composition
Pd,Si is established by comparing the heights of the Pd signal

to the step-height of the Si signal. The phase of this sili-
cide was not identified by means of glancing angle X-ray diffrac-
tion since the characteristic Pd,Si lines on the powder photo-

graph were absent due to the epitaxy of P4,Si grown.on Si <111>.
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The change in the Cr signal and the second step in the Si
signal (high energy side) in the third spectrum (Figure 4-4 (b))
indicate that Crsi2 has formed after“further annealing. The
widths of the Cr signal and the corresponding.Si-step are

both measures ©f the thickness of CrSsi,. The heights of
these two signals were used to establish the composition of
the chromium silicide layer and the phase was identified by

means of glancihg angle X-ray diffraction.

By measuring the thickness of the CrSi, formed after isother-
mal anneals of increasing duration, the rate of CrSi, forma-
tion was determined. The thickness of CrSi, formed on approxi-

mately _1400’i of ¢ epitaxial Pd,Si on Si <111>, plotted

2000
500°C 485°C

1500 {. ////

Si<111>/ Pd,Si 1 Cr

‘ 1L00A 700A
=< | -
v . .
Z 1000 - /4 ;/? ,
< % 450°C }_
=
v Temp(Q) Rate(A/min)
S o LSO 15
n 470 36
o 4LBS 69
o 500 137
!
50 ) 70

ANNEALING TIME (min)

FIG 4-5 The thickness of CrSi, formed on 1400 & Pd,Si
measured at various temperatures



against the annealing time is shown in Figure 4-5.
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The

linearity of these curves indicate that the silicide formation

process is limited by an interfacial reaction or by diffusion

through a layer of constaht thickness.

It was found that the

thickness of the epitaxial Pd,Si layer (therefore also the

deposited Pd layer) has a dramatic effect on the rate of CrSi,

Figure 4-6 shows a plot of CrSi, thickness formed,

Pd,Si THICKNESS(A) RATE {A/min)

growth.
v o
R 3%
o 650
A 1050
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FIG 4-6 Formation of CrSi, at a fixed temperature of 470°C,
o

for Pd,Si thicknesses varying between O A and 2520 A.

It should be noticed that the rate of CrSi, formation

is the same for O ﬁ

and 390 A of Pd,Si, while the

growth rate decreases for thicker P4,Si layers
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against .the annealing time at 470°C for various thicknesses
of the interposed Pd,Si layer. The thickness of the CrSi,
layer varies linearly with annealing time irrespective of the
Pd,Si thickness while the rate of CrSi, formation decre&ses

with increase in Pd,Si thickness.

The Arrhenius plot from which the éctivation energy, associated
with the silicide growth process, can be determined, is usually
obtained by plotting the natural log of the silicide growth
rate against the inverse 6f the annealing temperature. Since
the thickness of the interposed szsi layer is found to in-
fluence the CrSi, growth rate, it is necessary to compile
Arrhenius plots for constant Pd,Si layer thicknesses. It
proved difficult to prepare a-very large number of samples'with
identical Pd thicknesses, as required for Arrhenius plot com-
pilation. The following normalization procedure was thus
adopted. It was predicted in 3.3.4 that a linear relation-
ship should exists between the outer silicide fofmation>rate
and the inverse of the interposed. silicide layer thickness.

The CrSi, layer growth rate is plotted against the inverse of
the szsi thickness at constant temperature in Figure 4-7.

The asterisks indicate CrSi, growth rates on silicon directly,
i.e. without an interposed Pd,Si layer. Two regions can be
distinguished: the rate of CrSi, growth remains constant fpr
relatively thin layers of Pd,Si but is inversely proportional
to the Pd,Si layer thickness for thick Pd,Si layers. The
CrSi, growth rates on Pd,Si layers of various thicknesseé are

now read off from Figure 4-7 for Pd,Si thicknesses of 300, 1000,
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FIG 4-7 The effect of Pd,Si thickness on CrSi; growth rate
at various annealing temperatures. It can be seen
that for thicknesses less than a critical valﬁe,
the rate of CrSi, formation is not affected by the
interposed Pd,Si thickness. The asterisks indiéate
CrSi, growth rates as measured directly on a sili—
con substraﬁe, therefore a ‘Pd,Si thickness of O A.
The arrows on the top scale indicate the Pd,Si thick-

ness for which Arrhenius plots are given in Figure 4-8.
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1400 and and 2500 A (see arrows along the Pd,Si thickness axis).

The corresponding Arrhenius plots are shown in Figure 4-8.

Two activation energies were obtained, namely 1.6 eV for the
relatively thin Pd,Si layer (300 A) and 2.2 eV for the thick
Pd,Si layers (1000, 1400 and 2500 A). The temperature depen-
dence of the parameter {ROYO} is also shown in Figure 4-8.
Values of the parameters Ro and Yé were obtained from Fig 4-7
where R is the CrSi, growth rate on "thin" Pd,Si layers and
Yo is the critical thickness of the Pd,Si layer (see

section 3.3.4). An activation energy of 2.2 eV was also ob-

tained from this plot.

4.3.2 Comparison between CrSi, formation on polycrystalline

and epitaxial Pd,Si respectively

It is well-known that Pd,Si grows epitaxially on Si<1l1l1l> and
non-epitaxially on Si<100> (see 4.1.2). A comparative study
was therefore made of CrSi, growth on Pd,Si fdrmed on Si<111>
and Si<100> respectively in order to investigate the effect

of the microstructure of the Pd,Si layer.

The growth of CrSi, on polycrystalline Pd,Si formed on Si<100>
was reported to be linear with time [23], similar to the \
results presented in 4.3.1. The extent to which the inter-
posed Pd;Si layer affects CrSi, growth on it depends on the
microstructure of the Pd.Si. layer. Backscattering spectra of
identical samples (except for the substrate orientation or
Pd,Si thickness) annealed at 470°C for 25 minutes are shown in

Figure 4-9. It is observed that CrSi, formation is complete
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in all cases except on relatively thick epitaxial Pd,Si
(Si<11l1l> substrate). This 1is consistant with the results pre-

sented in 4.3.1 where it was shown that "thick" interposed

eptaxial Pd,Si layers reduce the CrSi, growth rate. From

(3-39) it is however expected that'any interposed silicide
layer, including non-epitaxial Pd,Si (Si<1l00> substrate) would in-

fluence the rate of CrSi, formation. when the critical thickness

Yo is exceeded.
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FIG 4-9 Rutherford backscattering'spectra illustrating how
thick epitaxial Pd,Si layers inhibit the growth of
CrSi,. No thickness effect is seen for Si<100>
substrates as the Pd,Si is not epitaxial.
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Such an effect is in fact observed when the polycrystalline
Pd, Si layer thickness approaches 1 pm at temperatures between
400° and 500°C. In Figure 4-10 backscattering spectra of
$i<100>/Pd/Cr samplés énnealed at 440°C for fourty minutes are
shown. The two samples differ with respect to the Pd,Si.

layer thicknesses (1730 A and 9530 3).

ENERGY (MeV)
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FIG 4-10 Backscattering spectram of Si<100>/Pd/Cr samples
' annealed at 440°C for 40-min. - The step width of the
Cr signal representing CrSi, (hatched area), is much

smaller in the case of thick Pd,Si (9030 A).
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On comparing the Cr signals in the two spectra, it is seen that
a thinner layer of CrSi, has formed on the thick Pd,Si layer.
This is due to the reduced growth rate on thick Pd,Si.. The
growth of CrSi, remains linear with time, similar to CrSi,
growth on epitaxial Pd,Si (4.3.1) and on thin polycrystalline

Pd,Si [23].

The dependence of the CrSi, growth rate on the P4,Si layer
thickness is illustrated ianigure 4-11. The CrSi, growth
rate is seen to be inversely proportioﬂal to the Pd,Si layer
thickness for both epitaxial and polycrystalline Pd,Si. The
very thick layers of polycrystalline Pd,Si ﬁecessary to in-
fluence the CrSi, growth rate are ascribed to the higher Si
mobility in polycrystalline szsi cbmpared to that in epitaxial

pPd,Si.

As a result of limited data obtained for CrSi, growth on poly-
crystalline P4,Si, it was not possible to produce a family of
growth rate curves similar to that in Figure 4-7 from which

Arrhenius plots were compiled for CrSi, growth on epitaxial

Pd.Si. A different normalization procedure was therefore
followed. From (3-39) it follows that:
AG _ ‘ .Pd,S1i
g}c{ Y = Bgy - n y [SlCrSi :
[si 2]
Y, . -
where at represents the CrSi, growth rate and Y, represents

the Pd,Si layer thickness. It is seen that the temperature
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(see Figure 4.7).
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%%L.Y1 reflects the temperature dependence

of Si in Pd,Si since all the other parameters on the right

dependence of

hand side are insensitive to temperature changes. The

product of the true CrSi, growth rate and the "thick" interposed
Pd,Si layer thickness is termed the normalized growth rate

of° CrSi,. An Arrhenius plot of the normalized CrSi, growth
rate against the reciprocal temperature is shown in Figure

4-12. Data used in compiling this curve are summarized in

Table 4-1. An activation energy of 1.7 eV is determined

from the Arrhenius plot and is associated with the Si trans;

port process through polycrystalline P4,Si.

TABLE 4-~1 DATA USE FOR COMPILING THE ARRHENIUS PLOT IN
FIGURE 4-12

Temperature | Pd,Si layer CrSi, growth Normalized
thickness rate CrSi, growth
b = o

(°c) (2°) (A°/min) (10713 2*/min
420 9 500 0.12 1.14
425 9 500 " 0.16 1.52
445 9 500 0.45 4.28
445 15 500 0.27 4.19
455 ' 9 500 0.52 4.94
470 9 500 0.85 8.08
470 15 500 0.47 7.39
480 9 500 1.1 10.45
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4.3.3 Microstructure and morphology

The stoichiometry of the Pd,Si layer is found to be affected
by the CrSi, growth process. Two spectra of a Si<1ll11>/Pd/Cr
. sample at various stages of CrSi, growth are shown in Figure

4-13. The stages represented in the spectra are

(a) after pre—annealing (complete Pd,Si formation but prior to

CrSi, growth) and

(b) partial CrSi, growth.

By comparing the plateaus of the Pd and corresponding Si eig—
nals in the spectra, it is deduced that the Pd/Si atomic ratio

in PGZSi is affected by the CrSi, growth process.

The plateaus of the eignals representing Pd and Si in Pd4,Si in
Figure 4-13(a)‘both show the expected gradual increase in

height with decrease in energy. This suggests a uniform atomie
concentration 6f Pd and Siinthe Pd,Si film (see 2.2.1).  The ratio

of the two signal heights indicate that the P4,Si layer is
roughly stoichrometfic (Pd/Si =~ 2). The Pd signal height in
the second spectrum (Figure 4-13(b)) shows a decrease with decrease
in energy while the corresponding Si signal height increases
with decrease in energy. This suggests that the Pd/Si ateﬁic
ratio in the Pd,Si layer decreases with increase in depth below
the specimen surface. The Pd,Si layer is therefore relatively Si-

rich near the Si/Pd,Si interface and relatively Pd-rich near the Pd. Si/CrSi.
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interface. It is estimated that the difference in Pd/Si
atomic ratio between the Si-rich and Pd-rich regions is in
excess of 10%. Spectra of samples in which the CrSi, forma-
tion is complete, indicate that the Pa/Si atomic ratio returns
to its uniform value (similar to spectrum (a)) upon termina-
tion of the CrSi, growth process. This phenomenon whereby the
CrSi, growth process affects the stoichiometry of the Pd,Si
layer was also observed in the case of Si<100>/Pd/Cr samples

with similar metal 1éyer thicknesses.

The morphdlogy 6f the Si/Pd,Si and Pd,Si/Crsi, interfaces was
examined using scénning electron microscopy. The miéroqraphé of
the Pd,Si/CrSi, interface of a Si<1l00>/Pd,Si/CrSi, and Si<111>/pPd,Si/ -
CrSi2 sample are shown in Figure 4-14. These samples were iden-
tical with respect to the deposiﬁed metal layers, heat treatment
and chemical treatment during etching. The two interfaces appear
to be equally uniform. Figure 4-15 shows micrographs of the
Si/Pd,Si interface of the same samples‘as shown in Figure 4-14.
'fhe correspondinag backscattering spectra of the samples before etchj.r_xg
are also shown in the figure. It is obvious that the Si{111)/Pd,Si interface
is relatively non-uniform. ‘'The tail of the iow energy edge of the
the Pd sighaI of the corresponding backscattering spectra is indicative of a
non-uniform interface, in agfeement with the SEM results. Both: interfaces
of samples with thin interpdsed layers of epitaxial and poly-
crystalline Pd,Si were found to be relatively ﬁniform. This

was deduced from scanning electron micrographs as well as back-

scattering spectra.
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(Pd‘signal height in aligned spectrum/Pd signal height in
random spectrum). This is a typical value for epitaxial Pd,Si
since it compares well with values reported by Cheung et al.;
80% for Pd,Si formed at 300°C and 70% for Pd,Si formed at 400°C
[31]. It is assumed that-the degree of epitaxy (80% minimum
yield) is established during Pd,Si formation at 380°C and that
further annealing at 480°C or Si transport during CrSi, growth

does not affect the epitaxy of the interposed Pd,Si layer [31].
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FIG 4-16 Random and aligned backscattering spectra of
Si<111>/Pd,Si/CrSi, specimen. The reduced height of
the Si in Si<111>, Si in Pd,Si and Pd in Pd,Si sig-
nals in the aligned spectrum indicate that the Pd,Si
layer-has grown epitaxially on the Si<1l1l1l> substrate.
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4.4 DISCUSSION

4.4.1 Kinetics

It is interesting to note that the first phase to form dufing
the heat treatment of Si/Pd,Si/Cr samples is CrSi,, identical
to the phase formed during Si-Cr interdiffusion in binary
couples. This suggests that the physical and/or chemical
characteristics of the Si/Cr interface do not determine which
phase (CrSi,, Cr,Si; or CrSi) will form first as such an inter-
face (Si/Cr) is absent in Si/Pd,Si/Cr samples. Walser and
Bené suggested a model to be used in predicting the first phase
to nucleate in binary couples [4]. This model is based

upon the postulation that a glassy membrane forms at the inter-
face between the components of the couple, most probably during
vapour deposition, prior to compound formation. The tempéra—
ture during the heat treatment of the Si/szsi/Cr‘samples never
exceed 600°C whereas the lowest eutectic temperature of Si-Cr
is 1305°C. It is therefore unlikely that a glassy Si-Cr meﬁ-
brane would have formed at the Pd,Si/Cr interface prior to
Crsi, formation. This would imply that the first siiicide
phase to form is not determined by the glassy membrane as was

proposed by Walser and Bené€.

It has been found that the growth of CrSi, on epitaxial and.
polycrystalline Pd,Si is linear wifh time. This is in agfee—
ment with previous results reported for CrSi, growth on thin
(less than 3000 A) layers of polycrystalline Pd,Si [23]. . It

was pointed out in section 3.3.4 that linear growth in bilayer
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metal-silicon systems is not necessarily an indication that the
growth is limited by an interfacial reaction. Linear growth
in conjunction with an interposed layer thickness effect im-
plies a diffusion limited process.

The model developed in section 3.3 suggests that the thick-
ness of the interposed layer, Y:, affects the growth rate of the
tdp silicide layer only if Y: exceeds a critical value. ' The
results shown in Figures 4-7 and 4-11 are in complete agreement
with the‘modei predictions as illustrated in Figure "3-7. The
rate of CrSi, growth is found to be inversely proportional tq
the Pd,Si layer thickness when the critical Pd,Si thickness is
exceeded. For thin interposed layers of P4,Si, i.e., less than
the critical thickness, the CrSi, growth rate is unaffectéd by
the Pd,Si layer thickness and similar to that for Si-Cr binary
couples. The growth rate of CrSi, grown on polycrystalline
Pd,Si was reported to be unaffected by the Pd,Si layer thick-
ness [23]. The reason for this apparent disagreement lies in
the féct that the critical polycrystalline‘szsi thickness
(approximately 6700 2 at 450°C) was not exceeded in the re-

ported Study.

It is interesting to note in Figure 4-7 that the critical
thickness Yo increases with increase in temperature. This

temperature variation can be interpreted by rewriting (3-39)

. — de - -
with ¥, = Yo and I - Ro'

[SiszSi] AGo(CrSiz)

Y = B.. T £

o si [SiCrSiz ] nR (4-1)
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Although both the mobility B and the linear growth rate Ro

Si
increase with temperature, an increase of Yo with'temperature
indicates that the activation energy associated with the mobili-
ty is larger than that associated with the linear rate constant.
The fact that the critical thickness of polycrystalline Pd,Si
(approximately767oo i at 450°C) is more.than ten times the
critical thickness of epitaxial Pd,Si (approximétely 500 A at
450°C) indicates that the Si mobility in polycrystalline Pd,Si

is at least an order of magnitude larger than in epitaxial Pd.Si.
The higher Si mobility is ascribed to the polycrystallinity of
the non-epitaxial Pd,Si. Grain boundary diffusion is expecfed
to contribute to the Si transport process in polycrystalline_A
P4, Si whereas in epitaxial Pd,Si, silicon vacancy diffusion is
considered to be the dominant transport mechanism. Grain boun-
daries can also serve as sources and sinks for Si vacancies.f463.
In the case of vacancy sources, the Si vacancy concentration in
polycrystalline Pd,Si is enhanced. Both the abo&e-mentioned
effects of grain boundaries would subsequently increasé the Si

mobility in polycrystalline P4, Si.

The activation energy of 1.6 eV obtained from the Arrhenius
plot in Figure 4-8 (300 A Pd,Si) is in good agreement with the
values of 1.7 and 1.5 eV reported for CrSi, formation directly
on Si [23,24]. Since the growth rate of CrSi, is unaffected

by the epitaxial Pd,Si layer thickness around 300 i, the linear
kinetics and similar activation energy value indicate that the

same controlling interfacial reaction is operative during CrSi,
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growth with and without interposed Pd,Si. The only interface -
which.is common to the two systems (Si/Pd,Si/CrSi,/Cr and
Si/CrSi,/Cr) is the CrSi,/Cr interface. It can therefore be
concluded that the CrSi,/Cr interfacial reaction controlls

the gfowth of CrSi, .in binary couples in agreement with the
speculation in reference 24. The measured activation energy
of 1.6 eV is therefore associated with the reaction at the

CrSi,/Cr interface.

Although CrSi, growth on "thick" Pd,Si is linear.with time, it
is not necessarily reaction limited. The growth rate is found
to be inversely proportional to the Pd,Si layer thickness,.,-
which, together with the linear growth, indicate that the
growth is limited by diffusion of Si through the Pd,Si layer.
The high activation energy of 2.2 eV measured in the cases of
‘1000, 1400, and 2500 A Pd,Si (see Figure 4-8) is associated
with the Si transport process as can be deduced from equation

(3-39):

[ [s1Pd251] AG?(Crzsi)
l»{S-CrSiz] ) n vy,
1

eniRr,} = n{Bg,} + £n

The temperature dependence of £n{R,} in fact reflects the
temperature dependence of Zn{BSi}'since the second term on ﬁhe
right hand side is insensitive to temperature variation. Thelggh
éctivation energy of 2.2 eV for CrSi, growth (R,) on "thick" epitaxial

Pd, Si therefore répresents the activation energy of the'Si mobili-

ty‘(BSi) in epitaxial Pd,Si.

il

From (3-39) the "normalized" growth rate R;Y; can be.expressed as:
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. o (CrSi,)
_ J' [_Sl PdZSl] AGf )
(n{RzYl}J-ln{BSi} + £n 1 l CrSiz] .
si

1

n

The activation energy of 1.7 eV which was obtained from the
Arrhenius plot in Fiqure 4-12 is therefore that of the Si
mobility in polycrystalline Pd,Si. A similar plot for epi-
taxial Pd,Si was included in Figﬁre 4-8 (ln{RoYo}lagainst 1/T)
and yielded 2.2 eV, in agreement with the other curves in the

same figure.

The activation enerqgy of 2.2 eV for the mobility of Si in
epitaxial Pd,Si is of the same order as the value of 2.1 eV
reported for Si self diffusion in PtSi [47]. Self diffusion
takes place predominantly by_Si vacancy diffusion. It is
therefore concluded that the Si transport mechanism in epita-
xial Pd.Si during CrSi, growth is also vacancy diffusion. The
lower activation energy of 1.7 for Si mobility in polycrystal-
line Pd,Si as determined from Figufe 4-12 is due to the
presence of grain boundaries. The contribution of grain bqun-
daries in providing short circuit diffusion paths and in ser-
ving as sources of Si vacéncies will be reflected in the lower-
ing of the activation enerqgy. The possible coﬁtribution of
fast diffusion paths along the grain boundaries is less likely
since grain boundary diffusion would generally not lead to the

R, « dependence (see 6.2.2).

==

The rate of CrSi, formation directly on Si substrates (i.e.,

reciprocal Pd,Si thickness + =) was generally foundvto be slightly
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less than the rate on thin Pd,Si layers, (see asterisks in
Figure 4-7) in accordance with observations‘by Olowolafe et al.
[23]. This observation is believed to be due to a contaminated
Si/Cr interface. An interposed Pd layer serves the purpose

of "cleaning"” the Si/Pd interface during Pd,Si formation so that ;
subsequent CrSi, growth is not inhibited by a contaminafed in-

terface at the Si substrate.

4.4.2 Microstructure and morphology

The Si transport process through Pd,Si is not expected to affect
the stoichiometry (see Figure 4-13) or the interface morphology
(see Figure 4-15) of the Pd,Si layer unless a lattice diffﬁsion
mechanism is operative. It is observed that the stoichio-
metry of the Pd,Si layer is uniform after preannealing, i.e.,
before CrSi, growth., - The stoichiometry of Pd,Si at this stage
is therefore determined by the Si/Pd,Si interface equilibrium
conditions since the Pd,Si/Cr interface is inactive (no trans-
port across the interface prior to CrSi., growth). The Pd,Si
layer is therefore expected to be slightly silicon-rich. | The
Si/Pd atomic ratio corresponds to point B in the imaginary free

energy diagram in Figure 3-2.

During Cr_Si2 growth on Pd,Si, a gradient in the Pd and/or Si
atomic concentration in Pd,Si developes, as is deduced from

Figure 4-13(b). - In order to identify the sublattice (Pd or
Si) of szsi,which contains the large cqncentration gradient,

it is necessary to determine the absolute densities of Pd and
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Si in the Pd,Si layer. This proves to be difficult when uti-
lizing backscattering spectrométry for sample analysis.
Suppose'that only Si atoms are displaced in Pd,Si during CrsSi,
growth (see Chapter 5), then it is reasonable to assume that
the gradient observed in the backscattering spectrum is due to
a gradient in thé Si atomic concentration across the P4,Si
layer. This Si concentration gradient developes as a result
of the two interfacial reactions and the diffusion process.
Following (3-29) and (3-32), the interfacial reaction equations

are:

in the Pd,Si layer at the Pd,Si/CrSi, interface where Si vacan-

cies V.., are created, and;
Si ! _

Vg, *+ Si - si¥

at the Si/Pd,Si interface where the Si vacancies are annihilated.‘
In the above equatioﬁs SiX represents a silicon atom on a
iattice site in Pd;Si whereas Si represents a frée silicon atom.
These two reactions establish different Si vacancy concentra-
tions (also different Siatomic concentration), at the two inter-
faces, resulting in a flow of Si vacancies. A corresponding Si
flux in the opposite direction therefore establishes the ob?
served Si concentration gradient across the Pd,Si layer. The
fact that the Si concentration gradient disappears once CrSi,
growth is terminated (Cr cdmpletely consumed) indicates that the

-8i concentration in Pd,Si is eventually determined by a single

interfacial reaction, probably that at the Si/Pd,Si interface.
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The non-uniformity of the Si/Pd,Si interface only appearé when
Si is transported through thick epitaxial Pd,Si for CrSi,
growth. Because of straggling in the case of "thick" poly-
crystalline Pd,Si 0§lum) it was impossible to investigate the
uniformity of the Si/Pd,Si interface by means of backscattering
spectrometry. Following the arguments below, the Si<100>/Pd,Si
interface uniformity is not expected to be affected by Si
transport through thick polycrystalline Pd,Si. The exact
cause of the non-uniformity is not known but the following ex-
planation is proposed: As a result of the misfit (lattice
mismatch) between the Si<111> substrate and the epitaxial Pd,Si
layer, the interface is strained. It is known that the ihﬁef—
facial strain energy incréases with increase in epitaxial film
thickness and is insignificant in the case of polycrystalline -
films [48 , 49 ]. The interfacial strain can howéver be re-
lieved through the development of misfit dislocations.[48].
These dislocations could serve as sources and sinks for the
generation or trapping of vacancies, thereby creating a favoura-
ble chemical environment for nucleation and reaction TSOJ.

The Si-release reaction (Si bond breaking) at the Si<111>/Pd,Si
‘interface will therefore be enhanced at the sites where these
dislocations emerge. It is furthermore expected that £he in-
terfacial strain is noh—uniform, having its peak values where
the expitaxial "grains" meet. These localized high-strain
regions represent "weak" spots on the Si<111> substrate where
Si bond-breaking will preferably take élace. This laterally

non-uniform process whereby Si is released for diffusion through
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the P4,Si layer results in the pitting of the Si<111> substrate
which is reflected in the nbn—uniform Si<111>/Pd4,8i interface
in the case of thick interposed epitaxial Pd,Si layers. The
Si<111>/P4,Si interfaCe<3f samples with thin interposéd épita—
xial Pd,Si layers remains uniform 6wing to the small amount of
interfacial sfrain energy (strain energy increases with increase
in film thickness [48,49]). The uniformity of the Si<100>/Pd4,Si
interface of Si<100>/P3,Si/CrSi, samples is not affected by the
Si release process since the strain energy is significant only

in the case of isostructural (epitaxial) films [48].

It is interesting to note that the Si<111>/Pd,Si interface re;
mains relatively uniform during the growth of thick epitaxial

- Pd;Si layers from Si<111>-Pd couples, in spite of the expected‘
.laterally non-uniform Si-release. It should however be borne
in the mind that both Pd and Si diffuse during Pd,Si growth
whereas only Si diffuses through Pd,Si during CrSi, growth on
it (see Chapter 5). The diffusing palladium atomé which reach
the Si/Pd,Si interface during Pd,Si growth assist in the silicon
bond breaking process by diffusing interstitially into the Si
substrate [51]. . This leads to a léterally uniform Si-re-
lease process and hence fesults in a uniform Si<111>/P4,Si in-

terface.



CHAPTER 5

THE DIFFUSING SPECIES DURING CrSi, GROWTH ON Pd,Si

5.1 INTRODUCTION

During CrSi, growth on Pd,Si there is an overall displacement
of Si with respect to Pd in the Pd,Si layer. The gquestion
to be addressed in this chapter is: what is the specific
diffusion mechanism for Si transport through the Pd,Si layer.

Various mechanisms are possible:

1. Silicon diffuses via vacancies in the Si sub-lattice

of Pd4d,Si.
2. Silicdn diffuses interstitially through the Pd,Si lattice.
3. Silicon diffuses along the grain boundaries in poly-

crystalline Pd,Si.

4. Dissociation of Pd,Si near the szsi/CrSig interface
will release Si for CrSi, growth. The free Pd atoms
subsequently diffuse to the substrate to form new
P4, Si. The specific mechanism of Pd diffusion is

irrelevant in this study.

" The diffusion mechanism for Si transport could also be a

combination of the processes described above.

Marker experiments have been used extensively to identify the
diffusing species and the diffusion mechanism during atomic
interdiffusion. Two classes of markers can be distinguished

namely inert markers and isotope markers. Inert markers which
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do not participate in the diffusion process, reveai the flux
ratio of the interdiffusing atomic species. No information
regarding the specific diffusion mechanism can be obtained.
Isotopic markers (radio-active or stable) participate in the
diffusion process since they are chemically identical to one
of the diffusing species. Information about thé diffusion
mechanism can therefore be extracted from the redistribution
of the isotopic markers upon interdiffusion. These two
techniques are seen to be complementary and a complete pic-
ture of the diffusion process can be obtained by applying

both techniques to the interdiffusing system.

5.2 RADIO-ACTIVE >!Si TRACER STUDIES OF CrSi, GROWTH ON Pd,Si

A radio -active 3!Si tracer experiment, with the objeétive of
establishing the Si transport mechanism during CrSi, growth on
Pd,Si, was performed by Pretorius et al. [52]. .The signi-
ficance of the experimental results will become evident after
the following detailed description of thevexperimental proce-
dure. Radioactive silicon (Si*) was deposited on Si<100> sub-
strates on which palladium was predeposited. This was followed
by a chromium layer of thickness varying between 300 and 3500 A.
The specimens (Si<lOO>/Pd/Si*/Cr)were subsequently pre-annealed
at 400°C for five minutes to form Pd,Si by a reaction of Pd

with both the activated amorphous Si and the single crystal Si
from the substrate. The radioactive Si is therefore imbedded in
a P4d,Si sublayer‘(Si<lOO>/szsi/'szsi*/Cr). On further |
annealing at elevated temperatures up to 650°C, CrSi, was formed.

The Si radio-activity of the samples originating from the B-decay
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of 3!'si, was determined before and after removal of the CrsSi,
layer. In Figure 5-1, the percentage activity left in die

Pd,Si layer after etching off CrSi,, ds plotted as a function

of the D-values (ratio of Si atoms in CrSi, to Si atoms in the

Pd,Si layer) for various annealing temperatures.
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FIG 5-1 Percentage SE radio activity left in the Pd,Si layer
after CrSi, formation, as.a function of CrSi, thick-
ness (D value). Curves A, B and C are calculated for
various diffusion mechanisms in Pd,Si: A, grain boun-
dary or interstitial Si diffusion; B, Si vacancy diffu-
sion-with high Si self diffusion in Pd,Si; C, Si vacan-
cy diffusion with low Si self diffusion in Pd,Si.

(from reference 52).
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Theoretical curves are also shown in Figure 5-1. Curve A is

" obtained if it is assumed that Si is transported along the
grain boundaries or via interstitial sites in the Pd,Si latticé.
When calculating curve B, Si vacancy diffusion was considered
to be the transport mechanism, with a high Si-self diffusivity
in Pd,Si and low Si self diffusivity in CrSi,. Complete
mixing of the radioactive and non-radicactive Si in Pd,Si is
thus obtained. A variation to this mechanism is Si vacancy
diffusion through the interposed Pd,Si layer with relatively
low Si self-diffusion in P4,S8i (little mixing of radiocactive
and non-radioactive Si in Pd,Si). This is represented by curve
C. In Figure 5-2 the radiocactive Si distribution in the-
Si/Pd/*Si/Cr samples before and after CrSi, growth, are shown
schematically for the three cases, A,B, and C in Figure 5-1.

It is shown that specific diffusion mechanisms as mentioned in
section 5.1 give rise to specific activity distributions upon
complete CrSi, formation. Silicon vacancy diffusion (mecha-
nism 1) and Pd,Si dissociation with Pd diffusion (mechanism 4)
give rise to the same Si activity distfibution after CrsSi,
growth. Similarly diffusion of silicon via interstitial sites
(mechanism 2) and diffusion along grain boundaries (mechanism 3)

give rise to the same Si activity distribution.

The experimental results of interest to this work are the data
at temperatures below 500°C. From Figure 5-1 it appears that
approximately 50% of the Si is transported via grain boundary‘or
interstititial diffusion. The remainder is transported either
via Si vacancy diffusion or Pd diffusion (in conjunction with

Pd,Si dissociation). A decrease in temperature seems to favour
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Mechanism 1 Vacancy diffusion of Si through Pd,Si
Mechanism 2 Interstitial diffusion of Si through P4, Si

Mechanism 3 Grain boundary diffusion of Si through

polycrystalline P4,Si

- Mechanism 4 Dissociationof Pd,Si with Pd diffusion
through Pd4,Si ' *

FIG 5-2 Redistribution of radioactive Si as a result of
CrSi, formation. Fast Si self diffusion in CrSi,
has been assumed [26]. The curves A, B and C which
are‘béing‘referred to, are shown in Figure 5-1 and
the corresponding diffusion mechanisms are illustrated

in the above figure.
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grain boundary and interstitial diffusion as could be expected from
thermodynamic considerations. It should be pointed out that
theseAmeasurements reflect the Si transport mechanism (during
CrSi, growth) through P4,Si, which has been formed through the
interaction of Pd with amorphous (radioactive) silicon. The
grain size of Pd,Si formed on amorphous Si substrates is found
to be significantly smaller than that on Si<100> substrates
{31,531]. The contribution from Si grain boundary diffusion to
Si transport through Pd,Si on Si<100> will therefore be smaller
than ié implied in Figure 5-1. In the case of epitaxial Pd4,Si,
grain boundary diffusion of Si can be largely disregarded. Although
these results ddvnot provide an unambiguous picture of the
diffusion mechanism for Si transport in Pd,Si during CrSi,
growth, they tend to suggest that Si vacancy diffusion and/or
Pd diffusion are the dominant mechanisms. It is therefore
necessary to use radioactive Pd tracer atoms or inert markers

to complement these results so as to identify the diffusing species.

5.3 TUNGSTEN MARKER IN Si/Pd/Cr SYSTEM

5.3.1 Introduction

Inert markers were first used by Kirkendal in bulk Cu-Zn

couples [54]. Since then the marker technique has been widely
applied to various interdiffusing systems including thin films.
Theldominant diffusing species during thin film metal silicide
formation have bgen established for a large numbér of systems,
using this method [24,55]. 1Inert noble gas marker atoms (Ar, Xe, or

Kr) are usually implanted in the metal or Si layer prior to
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interdiffusion. An analytical technique such as RBS is theﬁ
used to monitor the position of the marker with respect to
the moving interfaces during silicide formation. The flux
ratio of the interdiffusing atomic cspecies is determined from
‘the relative displacement of the marker atoms with respect

to the moving interfaces.

In order to provide reliable results with unambiguous inter-

pretations, the inert marker has to fulfill a number of require-

ments:

1. It should not partake in the diffusion, nor react
with any of the components [56].

2, The presence of the marker should not influence the
diffusion process through becoming a diffusion. barrier
to one or both interdiffusing components.

3. The marker layer thickness should be relatively small
compared to the total diffusion layer thickness.

4. The marker atoms should not be dragged along by the

moving interface [57].

Implanted inert markers'satisfy most of the above requirements.
The ideal situation is when the inert marker is imbedded in the
partially formed silicide layer. This would avoid interface

drag.

Recently W has been used as a marker during metal silicide

formation and oxidation [56-58]. An advantage of using W is
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the ease with which it can be introduced into the thin film .
system, using the usual deposition techniques. This eliminates
the uée of an implanter. Another ad&antage is the well de-
fined distribution of deposited W compared to implanted inert
atéms. It is anticipated that W would form compounds such as
WSi, with the Si atoms. Because of the high thermal stability
of this compound these silicide molecules (clusters) will be
relatively inert so that W can be considered as a pseudo-inert
marker. In order to limit the influence of W on the diffusion
process, the tungsten layer should be discontinuous. It is
a.ssumed that very thin layers of W (<10°A)- will result in incomplete
- coverage, thereby limiting the interference caused by the marker

atoms.

In the following sections experimental results of W marker

studies of Pd,Si growth and CrSi, growth on Pd,Si are presented.

5.3.2 Atomic flux ratio during Pd,Si growth

Thin film structures consisting of Si/Pd/W/Pd were prepared.in
the usual manner. Both Si<100> and Si<111> substrates were
used. The thickness of the various layers were approximately
20 5 P4, 5 3 W, and 1000 i Pd. The thin Pd layer between Si
and W ensures that the initial Si/Pd interface does not affect
the movement of the W marker. It also provides Pd4,Si nucleaf
tion seeds for epitaxial growth on Si<111> substrates. The
samples were subséquently annealed at various temperatures

between 200 and 400°cC.
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Eackscattering spectra of a Si<100>/Pd/wW/Pd sample, before and
after Pd;Si growth, are shown in Figure 5-3. On comparing
the spectra it is seen that the W signal position is not

affected by the Pd,Si growth process. The broadening of the
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FIG 5-3 Backscattering spectra of a Si<100>/Pd/W/Pd sample
before and after Pd,Si formation. The position of
the W signal is unaffected by Pd,Si growth.

Pd signal and the step in the Si signal are indicative of

Pd,Si formation. The relatively A;rrow W peak before
annealing is seenrto be spread out after Pd,Si.growth. This
wduld suggest that the W atoms paftake in the diffusion process

to a limited extent. A similar behaviour has been reported
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for implanted inert atoms during silicide growth [55].°

Although the position of the W signal in Figure 5-3 is nét
affected by the silicide formation, it actually represents a
shift in the position of the W layer with respect to the
Si/Pd,Si (originally Si/Pd) interface.. The relative displace-
ment of the W layer from which the Si/Pd atomic flux ratio.is

calculated is determined from energy loss considerations.

Consider a Si-Pd couple with the W marker atoms originally at

the Si/Pd interface. This is illustrated in Figure 5-4(a).

{a)

Si As-deposited

(b) |
Annealed

FIG 5-4 Schematic of a Si-Pd couple with W
marker atoms originally near the
Si/Pd interface. After Pd,Si growth
the W marker atoms are imbedded in the

Pd,Si layer.
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The thickness of the Pd layer is Y. If both Si and Pd
diffuse during Pd,Si growth, then the position of the W marker
atoms with respect to the Pd,Si layer will be as illustrated

in Figure 5-4(b). The number of silicon atoms which have

diffused past the marker atoms is given by YSi ] where

Pd,Si
1

[s ] is the silicon concentration in Pd,Si and Yo is the

depth of the W marker atoms below the specimen surface. Simi-

larly the number of palladium atoms which have diffused past

Pd, Si; pazsi]'

the marker atoms are given by YPd[Pd ] where [P4 1 is

the palladium concentration in Pd,Si and.YPd is the distance from

the W atoms to the Si/Pd,Si interface. The Si/Pd atomic flux
ratio is now given by

» re.Pd,sSi
Si flux = 'ISi[Sl ] (5_1)
Pd flux Pd,Si

YPd[Pd ]

The parameter Y is determined from the energy shift AE of

Si
the W signal in the two backscattering spectra in Figure 5-3

Pd P4 f P4, Si Pd, Si Pd,Si P4, Si
AE., = Y [€] [PAa ] - Y..3l€] [Si ] + [e] [ Zel ]}
W o' pg Sil" gy Pd
(5-2)
P4d,Si
where [eg] is the stopping cross-section factor of Si
Si

in P4,Si, -and

P4d,Si
[si ] is the concentration of silicon in Pd4,Si.
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The parameter Y is determined from the conservation of mass

Pd

principle:
Pd Pd,Si
Yo[Pd] = (YPd + Ysi)[Pd] (5-3)
}
Using the following experimental data (AE and Yé) and published
values for the stoppihg cross-section factors and concentra-
tions in conjunction with the three equations above, the Si/Pd

flux ratio was determined.

Experimental:

AE.. = O (no significant energy shift of W

signal observed in Figure 5-3)

From reference [9] :

Pd —1s ‘
[e:]__d = 154 x 10 ~~ eV cm?
P
Pd, Si 1
[e] = 154 x 10 eV cm?
pd
d, Si -
[e]P-’Sl- = 77 x 107'° ev cm?
Si
From reference [6] :
Pd ’ 3
[Pd] _ = 6.8 x 10?2 atoms cm
Pd, Si L,
[P4] So= 4 x 10%2 atoms cm
Pd, Si

[Si] = 2 x 10?2 atoms cm™’
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The values of Y and YP were found to be:

Si d
YSi = 1720 A
YPd = 420 A

From these values of YSi and YPd it is seen that upon Pd4,Si

growth, the marker atoms are positioned approximately %th
[ Ypa ]
[ (g * ¥g;) |

of the Pd,Si layer thickness away from the

Si/Pd,Si interface. The Si/P4d atomic flux ratio was thus found
to be 2.0 = 0O.6. The large uncertainly in the value for the
flux ratio is a consequence of the poor depth resolution of

the backscattering technique (typically 200 3).

The temperature of Pd,Si formation was not found to have a
significant influence on the atomic flux ratio. This suggests
that the Si and Pd flux are coupled through a diffusion
mechanism which is characteristic of the particular crystal
structure. If Si and Pd were to diffuse independently, the
temperature would be expected to influence the atom flux ratio
if it is assumed that the respective mobilities are associated
with different activation energies. The Si/Pd flux ratio was
found  to be very similar (within experimental error) for epi-

" taxial and polycrystalline Pd,Si growth, in spite of the fact
that the diffusion mechanisﬁs are probably slightly different.
This indicates that the contribution from grain boundary
diffusion to the growth of polycrystalline Pd,Si is relatively
small compared to lattice diffusion. The small difference in

activation energies reported for epitaxial and polycrystalline’
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Pd,Si growth (0.95+ 0.1 eV polycrystalline and 1,05+ 0.1 eV
epitaxial [ 31]) suggest similar diffusion mechanisms in the two
cases. Since grain boundary diffusion in epitaxial Pd,Si is
limited, the similar activation energies suggest little gfain

boundary diffusion also in the case of polycrystalline Pd,Si.

It is thus concluded that both Si and P4 diffuse through Pd,Si
during its growth andltheir atom fluxes are comparable. Inert
marker atoms, originally near the Si/pd intérface, will be
positioned near the Si/Pd,Si interface (approximately %th 6f
Pd,Si layer thickness), after Pd,Si growth, irrespective of

the formation temperature or Si substrate orientation.

5.3.3 Atom flux during CrSi, growth on P4,Si

The diffusion mechanism during CrSi, growth in Si/Cr couples

has been carefully examined [24,26]. The results indicate

that Si diffuses via vacancies. It is aésumed that the in-
terposed Pd,Si layer in Si/Pd,Si/Cr samples does not influence f
the diffusion mechanism in CrSi, during its growth on Pd4,Si.
In order to elucidate the relative Pd and Si fluxes in P4,S1i
during CrSi, growth, a W marker expefiment similar to that
described in 5.3.2 was performed. The pseudo-inert W atoms,

imbedded in the Pd,Si layer, delineate a reference plane across

which the flux of Si and Pd is monitored.

Samples, similar to those described in section 5.3.2 except
for an additional Cr layer on the surface, were used in the
study. After preannealing these samples at 390°C for fifteen

minutes, the W is positioned in the Pd,Si layer. This is
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illustrated in Figure 5-5 where the backscattering spectra of

Si/Pd/wW/Pd/Cr samples, before and after pre-annealing, are

shown. The position of the W peak is seen to be relatively un-

affected by the formation of Pd,Si, similar to the case without

Cr, discussed in section 5.3.2. On further annéaling at

elevated temperatures, CrSi, forms. Backscattering spéctra
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of a sample prior and subsequent to annealing at 480°C are
shown in Figure 5-6. Both the Pd and W peaks are seen to

be shifted to lower énergy positions;while the relative posi-
tion of the W peak with respect to the Pd peak remains the
same. This indicates that the W atoms, after becoming em-

bedded in the Pd,Si layer during Pd,Si growth, do not move
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FIG 5-6 Backscattering spectra of a Si 100 /Pd/W/Pd/Cr speci-
men before and after CrSi, growth at 480°C. The
shifts in the W and Pd signals to lower energies are

equal.
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relative to the Pd atoms during CrSi, growth. During silicon
transport from the Si substrate, through the Pd,Si layer, to
the CrSi, layer, Si atoms thus migrate relative to both the

W and Pd atoms. The orientation of the Si substrate; pre-
annealing temperature and CrSi, formation temperature were

all found to have no significant effect on the observed re-

lative shifts of the W and Pd peaks during CrSi, growth.

5.4 DISCUSSION

The pseudo-inert W marker experiment has shown that both Pd

and Si diffuse through Pd,Si during its growth. The limited
depth resolufion of the backscattering analysis technique |
makes it difficult to determine the atom flux ratios with

great accuracy. It is therefore concluded that the magnitude
of the Pd and Si fluxes during Pd,Si growth are comparable.
This is in agreement with results from radioactive Si tracer
experiments [33] and the redistribution of interfacial oxide
layers studies ([35,36] . It is however in disagreement with
W marker studies by Bartur et al. [ 58 ] who concluded that Si
is the only diffusing species. Their results are questionable
because of the particular sample configuration used in the
investigation. The composition of the unannealed sample was
reported to be Si<100>/W/680 Z Si/1200 g Pd. During the ini-
tial P4,Si formation stage, the deposited Si layer will be con-
sumed, resulting in the following structure: Si<100>/W/1650 i
P4, S/ 200 a Pd. Upon further heat treatment (complete Pd,Si
formation) the structure is transformed toithe.fﬁllowingﬁ

Si<100>/1980 & Pd,Si. The Pd,Si layer which can possibly
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affect the position of the W marker atoms is buried under

1650 i_PdZSi. The final position of the W marker atom is
expected to be 66 A (%th of 330 i) from the Si/Pd,S8i inter-
face which is well below the depth resolution of backscattering.
Although the final position of the W marker atoms is near the
Si/Pd,Si interface (from which fact they concluded that Si is

the only diffusing species), both Pd and Si diffusion have in

fact influenced the position of the W marker atoms.

During CrSi, growth on P4d,Si, W marker experiments have thus
shown that Pd,Si does not dissociaté but that Si diffuses
through the Pd,Si layer. In a similar W marker expériment,_A
it was also found that Si is the only aiffusing"species in |
Pd,Si during its oxidation at 750°C [58]. The Pd,Si layer
merely serves as a membrane through which Si diffuses to form
Si0, on the P4,Si layer. The passive nature of Pd in Pd,Si
during Crsi, growth is not surprising, considering the large
energy barrier for dissociation at the Pd,Si/Cr interface.

The following two equations together_with the associated en-

thalpy change are expected to reflect the interaction at the

P4, Si/Cr interface. Dissociation of two moles of Pd,Si:
2(Pd,Si) + 2(2pd + Si) AH‘f’ = 2 x 56,5
2Pd, Si - . 4Pd + 2Si = 113 kcal

Formation of one mole of CrSi, *

28i'+ Cr > CrSi, AH? = =29 k cal
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The heats of formation AH?_are obtained from reference [6].
The effective energy barrier is 84 k cal (3.7 eV). On dif-
fusing to the Si/Pd,Si interface, Pd would however combine with Si

to form new Pd,Si according to the equation below:

2(2pd + Si) -+ 2(Pd,Si) AH‘f’ = 2(-56.5)
or ~ 4Pd + 28i > 2P4,Si = -113 k cal
Although the total enthalpy change is AH® = =29 k cal (84-113)

which indicates an energetically favourable process, the large
energy barrier (3.7 eV) for dissociation at the Pd,Si/Cr in-
terface makes.the dissociatibn mechanism improbable. The »
enfhalpy has been used instead of the free'energy since free
energy data is not available. . The entropy term (difference

between free energy and enthalpy) is however expected to be

insignificant.

The reliability of the W marker results depends on the extent
to which W is a diffusion barrier to either of P4 and Si.

Since it was shown in section 5.3.1 that both Si and Pd per-
méate the W marker layer, it is concluded that the thin W layer
does not act as a diffusion barrier and thus does not perturb
the diffusion mechanism in the Pd,Si layer during CrSi, growth
on it. Silicon is therefore the only diffusing species

during CrSi, formation on Pd,Si.

The results of radio—-active Si tracer experiments shown in

Figure 5-1, suggest that Si vacancy diffusion and/or P4 diffusion
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can account for approximately 50% of the Si transport. It

was theVer argued that in the case of Pd,Si formed on Si<100>
or Si<111> substrates in contrast to Pd,S1 fqrmed with amorph-
ous Si (as was the case for the radiocactive silicon tracer
experiment), the fraction of Si transport via Si vacancy dif-
fusion or Pd diffusion is expectea to be significantly higher.
The W marker experiments have shown that Si rather than Pd
diffuses through Pd,Si during CrSi, growth. It is therefore
concluded that when CrSi, grows onﬁPdZSi which was formed on
single crystal Si, silicon diffuses through the Pd,Si layer

mainly via silicon vacancies.



CHAPTER 6

DIFFUSION MEMBRANE TECHNIQUE

6.1 INTRODUCTION

The atomic mobility of the components of a compound is a
measure for its stability with respéct to interdiffusion.

The mobility is therefore of importance for reliability con-
siderations of electronic devices fabricated from these com-
pound materials. Few techniques have been exploited to
determine the atomic mobility of the components (metal and
silicon) in thin film metal silicides. The measufing tech-
nigues are limited through the fact that the silicide system
should be subjected to a driving force during mobility measufé-
ments. Self-diffusion experiments, by virtue of their nature,
do not involve driving forces for diffusion and as sugh do.not
provide measures for the mobility (stability). Before
describihg the diffusion membrane method, two other measuring
techniques of which only one has been reported, will be dis-

cussed.

6.1.1 Growth kinetics technique

When a metal silicide forms by the interdiffusion of a metal/
silicon éouple, the mobility of one of the components can be
determined from the growth kinetics of the metal silicide
phase. This method is applicable only to systems satisfying

the following conditions:

(1) The silicide layer growth is limited by diffusion.

(2) A single phase is growing.
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(3) Only one of the two components (metal or silicon)

diffuses during phase growth.

(4) The chemical potential gradient of the diffusing
species in the growing layer is known. This
provides a measure for the driving force for diffu-

sion.

A brief outline of the procedure for calculating the mobility
follows. From (3-27) the mobility B is given in terms of the
parabolic rate constant B and the chemical potential difference

across the growing layer:
= _B/AuE
B = B/Ausi
With the appropriate equation in (3?13), it follows that:
- -3n o
B = -Bn/AGg

where n is the stoichiometric atomic fraction of the diffusing
species in the compound layer. The entropy does not contri-

bute significantly to the free éenergy at temperatures common

o
f

can be replaced by the enthalpy change AH?. The parabolic

in these investigations so that the free energy'change AG

2

rate constant is defined in (3-2) as %E

ness of the growing layer formed in time t. The mobility is

where L is the thick-

therefore given by:

O
B =-nL2/2tAHf : (6-1)
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'The mobility can therefore be calculated from the parabolic
rate constant, the stoichiometric atomic fraction of the
diffusing component in the silicide and the standard free
energy of formation of the silicide. Only a few metal
silicides satisfy the requirements for using (6-1). In
Table 6-1, the mobility values for the diffusing species
during Ni,Si, Pt,Si, Co,Si and TiSi, growth are given at a

- particular temperature. The parabelic rate constants-and free
energy of formation were obtained from the literature. The
activation energies reported by the various authors fbr the
respective parabolic rafe constants are necessarily the acti-

vation energy associated with the respective mobilities.
More general methods are however necessary for determining
the mobility, since this particular approach is applicable to

very few silicide systems.

6.1.2 Inert marker technique

The inert marker technique for determining the atomic flux ratio
of the interdiffusing components of a compound was discussed
in 5.3. By combining the results of such experiments with
the growth kinetics measurements, the respective mobilities

of the two components can be unravelled. This method, as

was the case in the previously described approach, is appli-
cable only to systems in which the compound growth is limited
by diffusion. The advantage of this technique however is
that the mobility can be determined even when both components

diffuse.
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TABLE 6-_1, DATA USED FOR CALCULATING THE ATOMIC MOBILITY
Compound Ptzsi Ni,Si Co,S51 'I’iSi2
L b) c) d) e)
(A°) 1 000 1 000 1 500 300
t b) c) d) e)
(min) 80 25 58 55
Parabolic
rate constant 4 4 4 4
B = L?/2t 0.6X10 2.0X10 1.9%10 0.08X10
(A°?/min)
(Effective mobility
Temp. 250 250 468 475
(°C)
Atomic ratio 2 2 2 2
o “/3 /3 /3 /3
a)
[=]
AHg 51 35.4 27.6 32
(kcal/mol) )
Mobility
B _ =16 -16 -16 -17
(cm? mol/sec kcal) 1.4X70 6.3X10 7.8%X10 2.8X10
Species Pt Ni Co Si

B = —nL2/2t AH%
(a) reference 6
(b) reference 59
(c) reference 60
(d) reference 61

(e)

reference

62
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On this ‘basis an attempt was made to extend Darken's analysis
of marker motion [63], to implanted Xe marker motion in Ni,Si
during its growth [57]. The incorrect application of certain
physical principles resulted in an unrealistic ratio for the
mobility of Si and Ni. A simple analysis was recently
suggested for determining "diffusion coefficients” from the
relative motion of an inert marker with respect to the two
moving interfaces during compound growth [64]. The ease with
which this analysis can be applied makes it very attractive.
It is evident that with this technique, the mobility is deter-
mined and not the diffusivity as is incorrectly suggested by

the authors.

6.2 PRINCIPLE OF MOBILITY AND DIFFUSIVITY MEASUREMENTS

6.2.1 Diffusion membrane technigque

The diffusion membrane technique to be described, is proposed
as a method for determining the mobility of the components in
a compound. 'It is also possible to extend this method for

measuring the mobility of foreign étoms ander certain special

conditions.

Consider a Pd,Si layer as a membrane. A substrate of A atoms
(A for Si, Pd or foreign atoms) serves as a source region.-
"The flux of A through Pd,Si can now be monitored with the aid
of a suitably chosen layef of material B on the other side of
the P4, Si layer. This layer serves as a sink for the diffu-
sing atoms.(see Figure 6~1(a)). On diffusing through the Pd,Si

layer, the A atoms react with B to form a compound A, B. The
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described arrangment of chemically and physically différent phase

boundaries gives rise to a chemical potential gradient of A in
the Pd,Si membrane. Following equation (3-39), the flux of A

through Pd,S8i, J can be expressed in terms of the chemical

Al
potential difference of A across Pd,Si, bu,, and the mobility of

A in P4,Si, B,.

A
. Ay
_ P4, Si A
Ja = B AT (6-2)
Pd,Si, . . . . B
where [A ] is the concentration of A in Pd,Si and Y is the
thickness of the Pd,Si layer. The effective mobility B is

now defined as:

In equation (6-2) and in the definition for the effective

mobility, -Ay, represents the magnitude of the chemical poten-

A
tial difference. By convention the chemical potential diffe-
rence is negatiVe (since.AG% in equation 3-15 is negative).

The flux equation (6-~2) becomes:

Pd,Si
-5 A *""] -
JA = BA 7 (6-3)

The rate of AxB formation RA B’ is expressed in terms of the
b

flux according to (2-38):
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so that
. Pd,Si _
-5 A 2771 . -
RAXB = By AB._ (6-4)
[A 1Y
which can be rewritten as:
AxB
= Y[A 1 _
By = Rp g P4, Si (6-5)
X [a ]

The effective mobility B, is not equivalent to the intrinsic

A

diffusivity of A in Pd,Si, since A is subjected to a driving

force AUA, but it is comparable to the parabolic rate constant

~

Bpa,si
equation (3-26)).

as determined from Ehe'growth kinetics of  P4d,Si (see

Equation (6-5) offers a means of calculating the effective
mobility of component A in Pd,Si when the various parameters
are known. This measuring technique where the Pd,Si serves
as a membrane through which the atoms diffuse, is to be re-

ferred to as the diffusion membrane technique.

In choSing suitable sinks for the various source atoms, the

following guidelines should be used:

(1) The sink atoms should not diffuse into the membrane
or react with the components of the membrane compound

except when forming the AxB compound.
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(2) ‘The reaction whereby AxB is formed should be relative-
ly rapid so that the transport of A through the mem-
brane is not limited by the interaction between A and

B.

'From Figure 6-1(b) it is seen that in the Pd-Si binary couple,
.Pd serves as a sink for Si and vice versa, because both P4

and Si diffuse during P4,Si formation (see chapter 5). Since
the growth regions cannot be distinguished from the membrane,

this configuration is not suitable for mobility measurements.

The following multi-layer combinations were used for determi-

ning Pd and Si mobility in Pd,Si:

(1) Pd mobility: Pd/Pd,Si/Ge
The Ge layer serves as a sink for Pd and the compound
Pd,Ge is formed at the Pd,Si/Ge interface (see

Figure 6-1(c).

(2) Si mobility: Si/Pd,Si/Cr
The Cr layer which serves as a sink for Si yields
CrSi, which is formed at the Pd,Si/Cr interface (see

Figure 6-1(4)).

When applying the diffusion membrane technique to-a particular
system, one has to realize that the driving force (chemical
potential difference) which is characteristic of the system,
influences thé measured values of the.effective mobility.

Care should therefore be taken when comparing effective mobility



124

values. The applicability of this technique is based on the
fact that the growth of the A_B layer is limited by diffusion
of A through szsi. In order to verify it, the following
properties of AxB layer growth should be investigated.

:

(l) It should grow linear with time since t‘-kinetics
would imply growth controlled by diffusion through
a layer which grows with time, that being AxB {see

section 3.3.3).

(2) Equation (6-4) predicts that R o 1/Y.‘ The rate

A B
X

of AXB growth should:therefore be inversely propor-

tional to the thickness of the interposed Pd,Si layer.

In the event that the thickness 6f the interposed Pd,Si does

not affect the growth rate of AxB one of the interfaces or

diffusion through the AxB layer controls the growth so that

the diffusion membrane technique is not applicable. When A
the mobility depends on the membrane thickness (e.g., when

the transport mechanism through Pd,S8i is grain boundary diffu-
.sion), the growth rate of AxB is affected more strongly by

the Pd,Si thickness so that instead, the following thickness

dependence will be found:

RAXB o 1/YP (see (6-8))

where p > 1 and typically p =~ 2, as will be shown in the :
following section where grain boundary diffusion will be

treated.
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6.2.2 Surface accumulation tehcnique

There are fundamental differences between the diffusion mem-
brane technique (6.2.1) and the surface accumulation method

to be described here, although the two techniques are similar
in principle. The prime differencé is that the diffusivity

is determined by means of the surface accumulation method
whereas the mobility is determined using the diffusion membrane
technique. The surface accumulation method for studying the
diffusion of atoms along grain boundaries and dislocations is
well documented [65-701]. Typically, a polycrystalline film
(diffusion matrix A)‘is deposited on a substrate (B) which al-

so serves as the source. The accumulation of B atoms on the

free surface of A after diffusion through A (see Figure 6-2(a))

SURFACE ACCUMULATION METHOD

(@) ' ‘/8 accumulating
S -~ on free surface

(b)

Sink
A % c

Compound BC

(c)

Sink
Pd,Si 2 Si

\NQ&

FIG 6-2 Schematic of sample configurations
for surface accumulation experiments.
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is monitored by various techniques such as AES, (Auger
electfon spectrometry) RBS (Rutherford backscattering spec-
trometry) or ESCA (electron spectroscopy for chemical analy-
sis). It is also common to provide a sink for B atoms at

the free surface of A so thaf the B atoms are consumed

through a reaction upon arriving on the surface. An oxidi-
zing ambient [67] ér a layer of material C deposited on B as
in Figure 6-2(b) could act as a sink. This is similar to the

diffusion membrane configuration (see Figure 6-1(a)).

The analysis of data obtained from™sirfiace accumulation ex-
perimenfé“iswg;ggussed in references [69] and [70]. A simpie
approximate solution of the associated mathematical problem

is obtained when certain conditions are satisfied:

(a) For an infinite source the concentration of the
diffusant at the entrance to the grain boundary

remains constant and equal to Ay

(b) If an infinite sink is available (the case where
B and C readily react to form a compound) then the
diffusant concentration at the exit of the grain

boundaries remains zero.

(c) The loss of diffusant from the grain boundary into

the grain is negligible.

The surface accumulation of B atoms, Q, is then given by

equation (9) of reference [69]:
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Q/a_L = vinit - 1/6 - 2/1* | (-1)3/32 exp(-n*j*n2t))
351 |
(6~6)

where Q : amount (atoms/cm?) of diffusant accumulated on

the surface;

o : concentration of diffusant at the entrance to

the grain boundaries;

L : thickness of layer A;

v : density of grain boundaries;

ng : grain boundary diffusion coefficient
n? : ng/L2

t : time

The three conditions above (a,b and c) are necessary in order
to postulate a concentration gradient in.the‘grain boundary.
The use of the grain boundary diffusion coefficient ng to
characterize the flux of atoms along the érain boundary is

therefore justified;

A graphical representation of the above equation approaches
4 constant slope for sufficiently large values of ﬁzt, i.e.,
for large values of t for which quasi-steady state diffusion

is established in the grain boundaries. Equation (6-6) becomes:

]
<
=
N
ﬂ-

Q/aoL

(6=7)

1
<
o

o
‘.'.
~
e
n

Q/aoL =
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If we assume a constant grain boundary width w, and cylindri-
cel grains with grain size d, then the grain boundary density,
Vv is approximately given by 2w/d. The grain size is usually
dependent on the film thickness [71]. Suppose the relation

between grain size and film thickness is given by
a = grPt (6-8)

where B and p are constants,then from (6-7), (6-8) and (v = 2w/d);

the accumulation dependence is expressed as:

0 «D . t/LP (6-9)

gb

The accumulation Q is therefore linear with time for constant

ng (constant temperature) and constant L (same layer thick-
ness). By rewriting (6-9) in the form
D .« oLP/t (6-10)
gb

it is seen that QIP/t is a measure for the grain boundary diffu-
sion coefficient. The ratio Q/t is referred to as the accumu-
lation rate and QLp/t is referred to as thée "normalized" rate

of accumulation.

Since the grain size is usually directly proportional to

the layer thickness, the value of p is typically 2. (since
p-1=11in (6-8)). The proportionality constant in (6-9)
or (6-10) depends on-ao, w and R. In the event that these
parameters are not known, it is impossible to obtain quanti-

tative values for the diffusion coefficient from (6-10). It



129

should be pointed out that the diffusivity is determined by
means of the surface accumulation method using this specific
analysis, whereas the mobility is determined using the diffu-
sion membrane technique. There are no stoichiometric re-
strictions on the.concentration of foreign atoms in the grain
boundaries as there are on the concentration of the components
of a compound in the grains.' A concentration can there-

fore be assumed so that the use of Fick's diffusion laws in

reference [69], where equation (6-6) was derived, is justified.

The Ni/Pd,Si/Si system was chosen to study grain boundary
diffusion of Ni through P4, Si. The Ni layer serves aszan__
infinite source while the Si substrate acts as an infinite
sink for Ni (see Figure 6-2(c)). It will be shown that this
system satisfies the conditions necessary for applying the

above analysis. The experimental results are presented in

section 6.3.3.

6.3 RESULTS

6.3.1 Si mobility in Pd,Si

The mobility of Si in epitaxial and polycrystalline Pd,Si was
determined by using Si<111>/Pd,Si/Cr and Si<100>/Pd,Si/Cr
thin film structures respectively. The experimental data
'nécessary to calculate the mobility according to equation
(6-5) have been'discussed invChapter 4, It was shown that
CrSi, growth on both epitaxial and polycrystalline Pd4d,Si is

linear and the rate is inversely proportional to the P4,Si
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thickness provided a critical Pd,Si layer thickness is ex-
ceeded. The conditions for applying the diffusion membrane
technique are therefore satisfied provided'uman;Si membrane

is sufficiently thick.

The experimental data used for mobility calculations are
summarized in Table 6-2. A single epitaxial PdZSi‘layerv
thickness and corresponding CrSi, growth rate have been selec-
ted for each temperature from the data represented in the
curves in Figure 4-7. The data for the polycrystalline P4,Si
membrane are in essence the data contained in Table 4-1. |
The effective mobility values for Si in.PdZSi are shown graphi—,
cally in an Arrhenius plot in Figure 6-3. The microstructure
of the Pd,Si layer is seen to have a drastic effect on the
mobility. A lower activation ehergy 1.7+ 0.2 eV and.higher
mobility is measured for polycrystalline P4, Si compared to‘an
activation energy of 2.1 + 0.2 eV for epitaxiél Pd,Si.  The
difference is ascribed to the presence of the grain boundaries
in polycrystalline Pd,Si which offer additional diffusion

paths and serve as point defect sources.

6.3.2 Pd mobility in P4,Si

The utilization of Pd/Pd,Si/Ge structures for Pd mobility
measurements makes it impossible to vary the microstructure
of the Pd,Si membrane as in the case of Si mobility measure-
ments. These étructures were obtained by preannealing the
multi-layer structures Ge/Si/Pd deposited on an inert sub~

strate Si0O,, at temperatures around 200°C. Backscattering
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TABLE 6-2 DATA USED IN CALCULATING THE EFFECTIVE

MOBILITY ACCORDING TO:

AxB
B-gr, _.y.—2"1
AgB PA,Si,
* o AT
Y . . B
Diffusing L Temp . Pd,Si AxB growth Effective
species thickness rate ‘mobility.

(°c) (R) (R/sec) | (107 3cm? /sec)

450 1 100 0.3 0.77
Si through epi- 470 1 000 0.75 1.75
taxial Pd,Si to 485 1 420 1.14 3.8
form CrSi, : :

500 1 420 2.9 7.6.

420 9 500 0.12 2.7

425 9 500 0.16 3.6
Si through poly- 445 9 500 . 0.45 9.9
crystalline
Pd,Si to form 445 15 500 0.27 9.8
CrSi, 455 9 500 0.52 11.6

470 9 500 & 0.85 19.0

470 15 500 0.47 17.2

480 9 500 ' 1.1 25.0
Pd through poly- 200 1 600 0.022 0.23
crystalline P4,Si
to form Pd,Ge 220 1 6OQ 0.083 | 0.13

[T e RPN [l RPN
[SiszSl] [Pdele]
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spectra of an unannealed and preannealed sample are showﬁ'in
Figure 6-4(a). On comparing the two spectra, a broadening
of the Si signal as well as a step in the Pd signal are ob-
served. This indicates that Pd,Si, which wés confirmed by
X-ray diffraction, has formed. The Ge signal around channel
430 has remained unchanged, indicating that no Ge compounds

have formed on preannealing at 220°C for one hour.

After further annealing the sample at 220°C for three hours,
‘a change in the Ge signal is observed. (see spectrum in
Figure 6-4(b)). The decrease in height and the broadenihg of
the Ge signal as well as the increase in the step of the Pd
signal are indicative of Pd,Ge that has formed. This was
confirmed by X-ray diffraction. Since it is difficult to
distinguish the Pd,Si and Pd,Ge regions of the Pd signal; the
thickness of the unreacted Pd was determined and from that
the thickness of the Pd,Ge layer was deduced. The width of
the signal originating from Ge in szGebis also a meésure for

the thickness of Pd,Ge.

The growth of Pd,Ge at 200°C is illustrated in Figure 6-5.
Linear thickness and time scales are used in this figure in
order to illustrate the dramatic effect of interposed Pd,Si
on the Pd,Ge growth. It is observed that Pd,Ge growth on
Pd,Si is linear with time whereas it is parabolic (linear,
when the thickness is plotted against the square root of the
annealing time) when grown during Pd/Ge binary couple inter-

diffusion. It was pointed out in 3.3.4 that linear growth in
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~bd/Ge couples is parabolic (time scale at top).
With interposed Pd,Si the growth is linear (time

scale at bottom).

multi-layer compound forming systems is no longer indicative

of interfacial reaction controlled growth. The Pd,Ge growth

on Pd,Si is in fact limited by diffusion of Pd through the

Pd,Si layer, the thickness of which remains constant with time.
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The effective mobility of Pd in Pd,Si at 200 and 220°C are
also shown in Figure 6-3. | The data used for calculating
these valueé are given in Table 6-1. Because insufficient
data is available;‘the activation energy has not been deter-
mined. The Pd mobility is seen to be orders of magnitude
larger than the Si mobility when extrapolated down to about
200°C. Plots representing the parabolic rate constant for
P4, Si growth from Si~Pd couples (from literature) are also
shown in Figure 6-3. It is observed that the Pd effective
mobility is of the same order of magnitude as the parabolic

rate constant.

6.3.3 Ni grain boundary diffusion in Pd,Si

The diffusion of Ni along the grain boundaries of polycrystal-
line Pd,Si was monitored by studying the thermal behaviour

of Si/Pd/Ni thin film structureé. Since Pd,Si growth is
rapid compared to Pd/Ni interdiffusion, the system is trans-
formed to Si/Pd,Si/Ni during the initial stage of the heat
treatment. It is known that Pd;Si grows epitaxial on Si<1l1ll>
and non-epitaxial on Si<100> substrates [30,31]. Grain
boundary effects can therefore be distinguished by using both
substrate orientations for the Si/Pd/Ni samples. The
Si/Pd/Ni deposited samples were preannealed at 250°C to form
Pd,Si without Ni/P4d or Ni/Pd,Si interdiffusion. Sﬁbsequent-
ly, the samples were annealed at elevated temperatures for

various periods of time.
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Typical -backscattering spectra of a Si<100>/Pd/Ni sample are
shown in Figure 6-6. The two overlayed spectra in Figure

6-6 (a) are of the sample before and after being pre-annealed

at 250°C. The change in the Pd signal and the step appearing
in the Si signal are indicative of Pd,Si formation. Similar
backscattering spectra were obtained for samples with identi-
cal metal layers deposited onto Si<11l1l> substrates. After
further heat treatment at 350°C, no significant change is ob-
served in the Pd and Si signals (see Figure 6-6(b)). A

second Ni peak is however observed around channel 415. The
position of this peak corresponds to that of the Si<100>/Pd,Si
interface. = The backscattering spectrum of a Si<lll>/PdQSi/Ni
sample subjected to the same heat treatment as a Si<100>/Pd,Si/Ni
sample, does not show a second Ni peak (i.e. no Ni at the
Si<111>/P4,Si interface). This dramatic effect of the S;
sﬁbstrate orientatioh.is illustrated in Figure 6-7 where back-
scattering spéctra of a Si<100>/Pd,Si/Ni and a Si<111>/Pd,Si/Ni
sample are shown. Nickel is seen to diffuse into the bulk

of the epitaxial Pd,Si layer (high energy step in Pd signal

and low energy step in Ni signal).

The accumulation of Ni at the Si<100>/Pd,Si interface is seen
to occur without a significantly high concentratidn of Ni in
the Pd,éi layer. This indicates that Ni is transported
through Pd,Si by grain boundary or interstitial diffusion.

The concentration of Ni in Pd,Si is estimated at appréximately
1.0 at. %&. Since no Ni accumulation is observed at the |

Si<111>/P4,Si interface, we conclude that Ni . diffuses through
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FIG 6-6 Backscattering spectra of a Si<100>/Pd/Ni sample.
(a) Upon pre-annealing-at 250°C, Pd,Si forms.
(b) On furthe rannealing, Ni diffuses through
Pd,Si and accumulates at the Si<100>/Pd,Si

interface.
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FIG 6-7 Backscattering spectra of Si/Pd,Si/Ni samples. The
second Ni peak observed for Si<100>/Pd, Si/Ni sample is
absent in the Si<100>/Pd,Si/Ni specimen spectrum. Note step in

" Ni signal in the case of Si<1l1l1>/Pd,Si/Ni sample.

polycrystalline Pd,Si (on Si<100>) predominantly along the
grain boundaries. Very similar diffusion behaviour of Pt

tﬁfough Ni, Si was reported by Finstad [72].

The fact that Ni accumulates at the Si<lOO>/Pd2$i interface
without any significant amount of .nickel silicide being formed
at the Pd,Si/Ni interface indicates that Ni diffusion along

the grain boundaries is faster than Si diffusion through Pd4,Si

(lattice or grain boundary).
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\

Figure 6-8 shows the backscattering spectra of samples sub-
jected to isothermal anneals at 350°C for various periods of
time. The area under the second Ni peak is seen to increase

with time. A small decrease in the width of the surface Ni
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FIG 6-8 Backscattering spectra of a Si<100>/Pd,Si/Ni showing
. the accumulation of "Ni" at the Si 100 /Pd,Si inter-
face (development of the "Ni" signal).

peak is observed. This is consistent with the loss of Ni to
the Si<100>/Pd,Si interface. The area under the second Ni

peak represents the density (atoms/cm’) of the Ni accumulated
at the Si<100>/Pq, Sl interface but is expressed as an "effec-
tive" thickness of accumulated Ni. Although the phase of the :
‘accumulated_Ni (indicated as "Ni" in Figure 6-8) has not been

established because of insufficient amounts present, it is
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expected to be Ni,Si. The pafticular phase of "Ni"

(Ni, Ni,Si or NiSi) does not affect the analysis and interpre-
tation of the results. In Figure 6-9, the effectivé thick— |
ness of accumulated Ni is plotted agaiﬁst the annealing time
for three different temperatures. The accumulation rate is

seen to be constant at constant temperature but increases with

temperature.

Accumulated Ni through I730 & Pd,Si

150+ Temp () Rate (A/min) ‘
350 0.3
380 0.7
400 16

400°C
100 380°%

ACCUMULATED Ni THICKNESS (2’\)
(8]
o

| 2 3 4
ANNEALING TIME (hr)

’FIG 6-9 The accumulation of Ni at the Si<100>/Pd,Si inter-

face is seen to increase linearly with increase in

annealing time.
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The thickness of the Pd,Si layer is found to affect the rate
of Ni accumulation at the interféce. This is 1illustrated in

Figure 6-10, where the Ni accumulation rate %, is plotted

against the Pd.;Si layer thickness L for various temperatures.
Since a logarithmic scale is used, the slope of the curves re-

presents the thickness dependence of Q The average slope

'E'-
of -1,8 implies UE&.Q/t a-L_l'8 and from (6-9) it follows that

p = 1.8. The value of 1.8 obtained for p implies that d « L'8
(see (6-8)), indicating that the grain size is almost propor-

tional to the Pd,Si layer thickness. This was confirmed by

grain size measurements by means of TEM.
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FIG 6-10 The rate of Ni accumulation (log scale) as a func-
tion of the Pd,Si layer thickness (log scale) for
S$i<100>/Pd, Si/Ni structures. '
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The constant rate of accumulation‘at constant témperature and
the particular value of p indicate that the grain boundary
diffusion measurement principle as described in 6.2.2 is
applicable. Figure 6-11 shows the.Arrhenius plot of the
normalized accumulation rate (QLp/t) against the reciprocal
temperature. The slope of this curve represents an activa-
tion energy of 1.2 e§ which is associated with the diffusion

of Ni along Pd,Si gréin boundaries.
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FIG 6-11 Arrhenius plot for the normalized accumulation
rate of Ni on Pd4,85i. The activation energy of
1.2 eV is associated with the grain boundary

diffusion process.



6.4 DISCUSSION

The prime objective of the mobility measurements was to ob-
tain a more comprehensive understanding of the interdiffﬁsion
of Pd and Si during Pd,Si growth. It was shown in section
3.2.5 that the effective mobility is equivalent to the para-
bolic rate constant. A comparison of these two parameters

is therefore very instructive. The validity of such a com-
parison }s based on the assumption that the chemical poten-
tial differences for the diffusing atoms across the P4,Si .
layer is not very different in the various cases (multi-layer
film combinations). The chemical potential difference for
the diffusing atoms across the Pd,Si layer is related to the
heat of formation of the growing compound layer (see section
3.3.3). Since the heats of formation of silicides are of the
same order of magnitude [6] and since Pd,Ge is expected to
have a heat of formation of similar magnitude, it is reasona-
ble to assume that the driving forces for diffusion in the
various diffﬁsion membrane configurations (b,c and d in

Figure 6-1) are of the same order of magnitude.

The Si and Pd effective mobilities are graphicaily compared

to published values for the parabolic rate constant of Pd,Si
growth from Pd/Si couples, in Figure 6-3. The good agreement
between the effective mobility of Pd and the parabolic rate
constant suggests that the Pd mobility is sufficiently high to
account for the Pd,Si growth. The spectrum in Figure 6-4(b)
and other spectra of similar samples show detectable amounts of

' Ge diffusion into the Pd,Si layer. It is well documented that
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impurities in films can influence the diffusion of atoms
through it [72-75]. The extent to which impurities enhance
or iﬁhibit diffusion depends on their interaction with the
matrix and diffusing atoms and on the diffusion mechanism.
Germanium does not differ much from silicon‘with respéét to
its chemistry and atomic volume. The presence of Ge in.the
Pd,Si layer is therefore not expected to have an appreciable

influence on the diffusion of Pd through the P4,Si layer.

Wheﬁ the Si effective mobility curves are ' extrapolated down

to about 200°C, the values are found to be orders of magnitude
lower than the Pd effective mobility and the parabolic rate_-
constant for both epitaxial énd polycrystalline Pd,Si growth.
The Si mobility is therefore far too low to account for the

Pd, Si growth. Considering the fact that the effective mobili-
ty of Pd is found to be sufficiently high, this would suggest
that Pd atoms are the dominant diffusing species during Pd,Si
growth, in disagreement with the results in section 5.3.2 where

it was shown that Pd and Si have comparable flux magnitudes.

The high activation energy of 2.1 eV obtained for Si mobility
in epitaxial Pd,Si is characteristic of lattice diffusion via
vacancies. Similar values have been reported for Si self
diffusion in PtSi (2.1 eV) and NiSi (2.3 eV) [47 , 76]. The
activation energy associated with Pd,Si growth (epitaxial and
polycrystalline).Qas reported to be approximately 1.0 eV [31].
The large difference_in activation energy between the Pd4,Si

parabolic‘growth rate constant and Si mobility implies that Si
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is not the only diffusing species during Pd,Si growth since

the parabolic rate constant and mobility are directly propor-

tional (see section 3.2.5).

The apparent disagreement between the mobility results pre-
sentéd here and the flux ratio results presented in section
5.3.2 can be explained if it is assumed that the Si diffusion
' mechanism in the two cases (Pd,Si growth, and CrSi. growth
on Pd,Si), is different. The reason for assuming different
mechanisms lies in the particular crystal structure of Pd,Si

which is schematically illustrated in Figure 6-12. It is

seen to consist of two alternating planes, the basal plane
with hexagonal symmetry. The planar growth of Pd,Si (epi-
taxial and polycrystalline) is usually perpendicular to this
plane [30] which suggests that rapid diffusion is possible

in this direction relative to other possible.directions of
diffusion (anisotropic). The Pd,Si crystal has a closed pack
structure so that interstitial diffusion of Pd or Si is unlike-
ly [77]- In Figure 6-12 the relative position of a Si atom
in the pléne above or plane below is indicated by the broken
circle. It is observed that these Si atomé do not have
}mmediate Si atom neighbours in the adjacent planes. Vacan-
cy diffusion in the Si lattice (normal to these planes) is
therefore éssociated with a large migration energy during CrSi,
growth on Pd,Si.  In Figure 6-13, the szsi.crystal structure
is shown once more but with certain Pd atoms removed, thus

representing Pd vacancies (indicated by V in figure). The
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FIG 6-12 The two alternating atomic planes normal to the
c, axis in Pd,Si and parallel to the Si substrate
surface. ~The large clear circles are Pd atoms
and the smaller mottled circles represent Si.

(a) 1is the base plane of the hexagonal unit cell

while . . »
(b) 1is a plane half way along the co axis. The
broken circle indicates the position of a Si atom

in the plane above or plane below. (Fram reference 78)

mobility of Si atoms betweeﬁ the neighbouring planés (assuming
Si vacancies are present) is seen to be drastically enhanced
in the neighbourhood.of a Pd vacancy (see arrow indicatiné
migration of Si past a Pd vacancy in Figure 6-13). -.There-
fore, if we assume that Pd diffuses via Pd vacancies during
Pd,Si growth, the presence of the Pd'vaéancies will drasti-
cally increase the mobility of Si atoms (reducing the Si

vacancy migration energy) so that both Pd and Si will diffuse.
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FIG 6-13 A palladium atom has been removed from the
lattice (P4 vacancy shown by V). Migration of
Si between adjacent planes is facilitated when

Si atom moves along arrow.

During CrSi, growth on Pd,S5i, Pd atoms do not diffuse
(therefore few Pd vacancies) so that the mobility of Si

is relatively low.

The Si/Pd,Si/Ni structure used in the .study of Ni grain
boundary diffusion is analogous to the Si/Pd,Si/Cr structure
used for Si mobility measurements (Pd,Si membrane sanwiched
between Si and Ni sink layers). It‘ié therefore expected that
silicon transport through the szsi membrane would result in
Ni,Si or NiSi being formed at the P3d,Si/Ni interface. It is
rather surprising that both spectra in Figure 6-7 show that

no significant Ni,Si or NiSi has formed on Pd,Si (polycrystal-
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line and epitaxial) in Si/P4d,Si/Ni specimens annealed for
60 minutes at 400°C. Interdiffusion in Si-Ni binary couples
(no interposed Pd,Si) usually produces Ni,Si at temperatures

around 250°C (see Table 6-1 and refence 60).

Now assume that Si is the only diffusing species during Pd,Si
growth (around 200°C) then the effective mobility (ﬁsi) of

_13 2 ‘
cm? /sec (maximum

Si in Pd,Si should be approximately 10
parabolic rate constant at 200°C in Figure 6-3). Using equation
(6~4), the expected rate of Ni,Si growth on Pd,Si formed on Si

at 200°C can be calculated:

: = . Pd,Si
_ Bgy(®t ]
Ryi,si Ni,91
Ypa,sil St ]
where YPd,Si: is tgedeZSi layer thickness
= 1 030 A° (from Figure 6-7),
Ni,Si-. ) . e
[Si lis the concentration of Si in Ni,Si
= 2.2 X 1022 atoms/cm?
[Sipdzsl]is the concentration of Si in P4,Si
= 2 X 1022 atom/cm?
* [
. . RNizsi = 1 A/sec

Assuming linear Ni,Si growth, 3 600 A° Ni,Si is expected to
form after 60 minutes at 200°C. Since the mobility of Si
is expected to increase with increase in temperature, the

thickness of Ni,Si formed on Pd,Si is expected to exceed
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3 600 A° after 60 minutes at 400°C. Experimental evidence
shows that the Ni,Si formation on Pd,Si is limited (not
detected) so that it can be concluded that the effective
mobility of Si in Pd,Si is orders of magnitude lower than
the parabolic rate constant of Pd,Si growth, in agreement

with the results from the diffusion membrane experiments.

The Ni grain boundary diffusion data is interesting inr
itself but it is more important to relate it to Si and Pd
diffusion in P3d,Si. It is expected that a pair of elements
from the same column of the periodic table willvdisplay very
similar behaviour in a diffusion system. This assumption
was exploited in using the interface between the two metai"
layers as a marker during silicide formation f79]. Although
the binary couples Ni/Pd, Ni/Pt and Pd/Pt form contiﬂuous
series of solid solution [80], the respective crystal strﬁc—
tures of the near-noble metal silicides are different: Ni,Si
orthorhombic, Pd, Si hexagonal and Pt,Si tetragonal [61. Sub-
stitutional diffusion of one metal (say Ni) into another ,

metal silicide (say Pd,Si) is therefore expected to be limited.

Grain boundary or interstitial 'diffusion is not expected to
be infiuenced by the tendency of the diffusing atom to form

a silicide with a crystal structure different to that of the
matrix. Information about grain boundary and interstitial
diffusion can therefore be obtained by probing the silicide
with a different metal but from the same column.of the periodic

table. It was shown that Ni diffuses through polycrystalline
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Pd,Si predominantly via grain boundaries. The Ni grain
boundary diffusion in Pd,Si is therefore a measure for

Pd grain boundary diffusion. It was found that the Ni
transport along the grain boundaries is more rapid than
Si transport along the g;ain boundaries or through the
lattice of Pd,Si. If we assume that Ni and Pd have simi-
lar behaviour in identical diffusion systems, then it is
_ reasonabie to conclude that Pd diffuses faster than Si
along the Pd,Si grain boundaries. The activation energy
of Pd grain boundary diffusion in Pd,Si is therefqre ex-

pexted to be 1.2 eV, as measured for Ni grain boundary.

The'grain boundary diffusion of predominantly Pd as de-
duced from the Ni diffusion experimental results is sup-
ported by reported observations during Pd,Si growth studies.
The parabolic rate constant for Pd,Si growth on Si<100>
(polycrystalline Pd,Si) was found to be slightly higher than that
for epitaxial growth on Si<111>[31]. This is due to dif-
fusion along the grain boundaries contributing only in the
case of polycrystallinity. It was observed by Cheung et

al, that voids were present along the szsi/Pd interface of
partially reacted Si<100>/Pd couples [31]1. Although the
authors explained the presence of the voids in terms. of

a large flux of Pd aéross the Pd,Si/Pd interface (not neces-
sarily via grain boundaries), it is_believed that the cause
of the voids is the following: grain boundary diffusion of
only Pd causes the Pd layer to be depleted (pitted) around

the entrance to the grain boundaries without any silicide
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being formed there to compensate»for the loss of material.
This is illustrated in Figure 6-14. Voids were not observed
at the Pd,Si/Pd interface of partially grown expitaxiai Pd,Si
vspecimens (Si<111>/Pd,Si/PA4) [31]; This is consistenf with
the void forming mechanism proposed above since grain boundary

diffusion in epitaxial layers is negligible.

VOID FORMATION DURING
POLYCRYSTALLINE Pd,Si GROWTH *

Pd,Si

FIG 6-14 Schematic of'Si/PdZSi/Pd structure showing
' void formation as result of Pd release
from Pd layer and subsequent diffusion

along Pd,Si grain boundaries.

When considering the analogy between the Si/Pd,Si/Cr and
Si/Pd,Si/Ni structures once more, it is surprising that Cr is not
found to diffuse along the Pd,Si grain boundaries towards the
Si substate to form CrSi, at the»Si/PdZSi intérface, as was
found in the case of Ni. .The explanation for the difference

in thérmal behaviour should be sought in the chemical proper-
ties of Ni and Cf in relation to those of Pd. Palladium and
nickel are similar(near noble metals from the same column in

the periodic table) where as\chromium is very different in its
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chemical behaviour (refractory metal). It was argued earlier
that the grain boundary diffusional behaviour of two chemically
similar eiements will be similfr. Chromium, which will be a
chemically foreign atom in Pd,Si, is therefore expected to

have a very small tendency to diffuse along the Pd,Si grain

boundaries or through the Pd,Si lattice.

Considering the mobility and diffusivity results presented in
this chapter and the atomic flux ratio results presented in
section 5.3.2.,, the following diffusion model for Pd,Si growth
is proposed. Both palladium and silicon diffuse.via a vacan-
cy mechanism through Pd,Si (epitaxial or polycrystalline).
Since the mobility of Si was shown (postulated) to dependfon
the presence of Pd vacancies, the Si and Pd atomic fluxes are
expected to be coupled (Pd mobility also depends on Pd vacancy
concentration). This is in agreement with thé fact that

the Pd/Si atomic flux ratio was found to be independent of
temperature. .In addition to the lattice diffusion of both

Pd and Si, palladium also diffuses along the grain boundaries

in polycrystalline Pd,Si.



CHAPTER 7/

LATERAL DIFFUSION

7.1 INTRODUCTION

Metal silicides such as Pd,Si and PtSi have long been used in
contact with lightly doped silicon in fabricating Schéttky
barrier devices [68]. These éilicides have also been con-
sidered as candidates for fabricating ohmic contacts to
heavily doped silicon. As device dimensions are being scaled
doyn in VLSI (very large scale integration) technology, sup-
pression of metallurgical erosion effects to shallow junc-
tions become increasingly important., During IC fabrication,
a metal layer is usually deposited over the contact opening
(Figure 7-1(a)).  The depth of this silicide layer ié usually
limited by the stringent conditions laid down by VLSI conside-
rations (see Figure 7-1(b)). Prolonged heating résulfs in
the erosion of the siliéide/silicon contact as é result of late-
ral diffusidn of the metal and the silicon, as illustrated in'
Figure 7-1(c). The silicide spike thus shorts the p-n junc-
tion. This is similar to the well-known spiking'effect.in
Si/Al contacts [29]. Both lateral and vertical design limits
of the contacts are therefore exceeded. A knowledge of
1ateral diffusion in silicides is therefore essential in order

to prevent or limit the erosion of silicide/silicon contacts.

Itis often claimed that thin film behaviour is very different
to bulk behaviour with regafd to interdiffusion and compound
formation. By using lateral diffusion couples, it is possi-

ble to perform diffusion studies in thin films in the micron
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regime which approaches the typical dimensions of diffusion

regions in bulk couples.

It will be shown that lateral

diffusion couples are ideal for determining the atomic

-~
-~

mobility of the components, especiallv in cases where both

components diffuse during comvound growth (e.g. Pd,Si).

There

is therefore considerable interest attached to the study of

lateral diffusion from an academic point of view as well as

from the point of view of electronic device manufacturing.
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7.2 Lateral diffusion couple geometry

Various thin film sample geometries have been found suitable
for lateral diffusion studies [81 - 83]. Three different
géometries are shown in Figure 7-2. The characteristic

features of these geomeries are:

(1) An inert substrate or layer such as SiO, or.Al,0,
prevents vertical diffusion in the lateral diffu-

sion zone.

(2) A source region which is rich ih either Si or metal,

is laterally well defined.

m’ﬂme%

A Z
/Sioz o
(b) ] ,VMetql - /_Metol silicide
/////g ///»{/ﬂ Y
102 Silicon

(c) | F# (S

T = S

As-deposited ~pre-annealed

FIG 7-2 Sample geometry of lateral diffusion couples
before and after the pre-annealing stage. Cases

(b) and (c) are identical after being pre-annealed.
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(3) A planar region exists through which the diffusing

atoms (Si and/or metal) move laterally.

The purpose of the covering SiO, layer is to reduce or eli-
minate surface diffusion which could overshadowvlateral diffu-
sion effects. | In Figure 7-2(a), the substrate acts as a

. source, supplying the diffusant through the etched window.
This geometry is the device structure. The geométries in
Figures 7-2(b) and'7-2(c),are'essentially'the same, (after.
being pre-annealed) differing only in the sequence ip which
the two layers (metal and silicon) are deposited. This
particular sample configuration is referred to as the island

structure.

In Figure 7-3 the development of the lateral diffusion zone
is illustrated. A single sample geometry is used (Figure
7-2 (b) without the covering SiO, layer).v Two different con-
figurations are obtained by interchanging the metal and
silicon. The well defined island of metal (or silicon) be-
comes a metal-rich (or silicon-rich) source region after pre-
annealing. On further annealing, the diffusion regions
which develope (lateral extent L) are due to either metal (or
silicon atoms) diffusing laterally form the source ftregion,

as indicated in the figure. The lateral diffﬁsion technique
thereforé offers the advantage of isolating the contribution
to diffusional growth, of the respective.components of the

couple.
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FIG 7-3 Two different configurations of island structures
illustrating the diffusing species during lateral

growth.

It ié however possible that both silicon and metal diffuse
(in opposite directions) in the same sample. It is illu-

| strated in Figure 7-4 that the movement of species towards
the source region does not affect the lateral extent of the»
diffusion region but drastically affects the thickness of .
the region. Three different cases are shown where the
silicon/metal flux ratio (silicon/metal mobility ratio) is
different in each case. The lengths of the arrows reflect

the relative mobilities of the silicon and metal atoms.



159

Si

M

/177703777
As deposited

//////f////f
Pre-annealed

|
f
|
1

- -

=L = =L —==]

P e e ,__Ei'.f‘-'-;‘gzz'. = - -
‘////f/////// ///////////f //./////////f
Si Si - Si 'S Si S
M 1-4 M M

Annealed

FIG 7-4 Length of the arrows below represent the relative

magnitude of Si and M mobility -respectively.

The lateral extent of the diffuston zaone is therefore entire-
ly determined by the mobility of the species diffusing from

the source region.

7.3 Mobility of the diffusing species

Consider the geometry ofua sample as illustrated in Figure 7-5.
A metal rich sourée provides metal atoms to diffuse outwards.
The original interface between the source and silicon region
now divides the diffusion zone (length L) intb two regions
which are referréd to as the inside region (length di) and
outside region (length do) respectively. The outside region

is the true growth region resulting from metal having diffused
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through the already formed silicide zone and reacting with the
silicon. The inside region‘is effectively formed by dépleting_

the source of the excess metal.
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FIG 7-5 Progress of the lateral silicide
growth process showing all the

relevant parameters.

The létegél extent of the entire diffusion zone is L and a
uniform silicide phase Mysi is assumed. The inside region

of length di will increase by Adi during infinitessimally short
time interval AT whereas the outside ;egion of length dO will
incréase by Ado. " A flux balance dufing‘time interval At is
set up. The number of metal atoﬁs crossing a unit area at

the silicide/silicon interface (diffusing outwards) during

time interval At is ANM while the number of silicon atoms

crossing the same interface (diffusing inwards) is ANSi.
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The metal atoms diffusing outwards across the silicide-silicon
interface are incorporated in the newly-formed silicide region

of length Ad.

. ANNI = {number of metal atoms incorporated in the

silicide region of length Ado}.

If y is the ratio of metal to silicon atoms in the stoichio-

metric compound MySi, then

ANy = vy {number of Si atoms incorporated in the

silicide layer of length Ado}.

These silicon atoms however represent only a fraction of the

silicon atoms originally present (as deposited) in the region

(length Ado).

e ANM = y {number of Si atoms orginally presént in the
deposited silicon layer of thickness hSi
and length Ado - number of silicon atoms

diffusing into the source}.

If [Si]Sl is the atomic concentration of silicoﬁ in silicon,

then

AN.. = v{ 'S‘iﬂ a AN .} (7-1
ANM = y{[Si hg ad - si ( )

The metal atoms diffusing outwards originate from the source

region with an original (as-deposited) metal layer thickness hM‘
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.*. AN, = {number of metal atoms in the deposited
metal layer of thickness hM and length
Adi - number of metal atoms incorporated
in the silicide layer of length Adi}.
The silicide layer on the "inside" is formed through metal

reacting with the silicon in the deposited layer (thickness

).

hSi) and with silicon diffusing inwards (ANSi

= {number of metal atoms in the deposited metal-

.. ANM
layer of thickness hy, and length Adi} -y
{number of silicon atoms in the deposited-Si
layer of thickness hg, and length Adi_+ ANSi}.
. M tas S1 '
.. DNy = (M ]hMAdi - y([si ]hSiAdi + ONg,)
(7-2)
Equating (7-1) and (7-2)
.S 4 R o . Si
y[si™™] hg;8d = [M] hMAdi y[Si®7] hg;0d,
pa (M1 h
. (°] M
.. T3 = i -1 (7-3)
i y[si ]hSi
Upon integration, (7-3) becomes:
M
4, _ ¥, 4
3, - 51 -1 (7-4)
i y[si®*1h
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The significance of (7-4) is that the ratio of the inside and
outside regions of the diffusion zone, is determined by the
thicknesses of the deposited layefs hM and hSi' It is un-
affected by the diffusion of Si into the source, on the
assumption that 'the phases of the inside énd outside regions

are identical.

It will now be shown that the effective mobility of the atoms
diffusing outwards, in this case the metal atoms, can bé deter-
mined from the lateral growth kinetics of the diffusion zone.
Let the total length of the zone be L and the increase in

length during the time interval At be AL. Then:
AL = Ado + Adi
Using (7-3):

AL = Ado

. Si
{1 o vist ]hgii } (7-5)
[M Iny, - y[Si” ]hg,

Si
If AuM is the chemical potential difference of M across the
diffusion zone then the flux of metal atoms in the diffusion

zone J is given by:

MI
MySi
Jy = BylM 1. Auy/L
where By is the mobility of M in MySi. (similar to (3-21)},

The lateral growth of the outside region is a direct result

of the metal flux. See (3-22):
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MySi Ado
JM = [M\ 1. AT
Ado ‘
where i is the rate at which the outside region advances.
Therefore:
. : Ado s AuM
AT M L

The effective mobility EM is defined as

By = "By Auy

so that:

From [7-5] énd [7-6]:
AL _ E_M [1 4 Y[SiSi]hS }
bt~ L [(M"1n, - ysiSiing,
Upon integration:
.Si
By = %%' {l - Y[S;‘ ]hSif (7=7)
(M ]hM

The effective mobility is therefore very closely related to

the parabolic rate constant for lateral growth %%. It was

shown in section 3.2.5 that the effective mobility is equal to
«

the parabolic rate constant for conventional éomp0und.growth

provided only one of the components diffuse. Care should

therefore be taken when compafing the parabolic rate cohstant

for lateral growth to that for conventional thin film growth

of the corresponding silicide, as the factor in brackets in
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(7-7) could be significant. This factor however approaches
unity as the metal to silicon thickness ratio increases so

that the ideal sample geometry is a very thick metal layer

onto a very thin Si layer. From (7-7) it is seen that the
2
ratio %E (parabolic rate constant for lateral diffusion) is

determined solely by the effective mobility of the out-dif-
fusing metal atoms (% not dependent on ESi in this configuration) .
The lateral diffusion techique is therefore ideal for separating
the diffusion contributions of the components of a couple without

introducing foreign atoms (inert marker atoms) into the system.

7.4 RESULTS

In this study of lateral diffusion in Pd-Si couples various
sample geometries, as described in section 7.2, were used.

The specimens were annealed at temperatures between.350 and
650°C for periods of time up to 30 h.’ The pre-annealing stage
(pre-annealing around ‘300°C during which the Pd-rich or Si-
rich source region developes) was omitted in most of the
specimens since it was found that it did not have a significant
effect on the developement of the lateral diffusion zone

during the final heat treatment (source region developes with-

in the. first few minutes of the final heat treatment).

Extensive lateral diffusional growth of Pd,Si was observed only
in structures with Pd-rich source regions, i.e. only in cases
where the lateral diffusion zone developed as result of Pd

diffusion from Pd-rich source regions. The structures with
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Si-rich source regions shdwed limited lateral diffusional
grbwth (approximately 1 um). In Figure 7-6 scanning electron
micrographs of the surfsce topography of Si-rich struétures
are shown. Both device structure (a) and island structure

(b) configuration are shown in Figure 7-6. The limited
diffusional growth is seen to be very irregular (spike-like).
The Pd thickness (area of Pd signal) from EDS of these spikes
was found to be less than the Pd layer thickness of-'ﬁhs surrounding
areas (deposited Pd la?er thickness). This indicates that Pa
diffused into the source region from these spike-like areas.
Cracks are also observed along the perifery of the source
region. This fact, together with the observation that Pd
diffuses inwards, suggests that the mobility of Pd in Pd,Si is

much greater than the mobility of Si. (see Figure 7-4).

Typical scanning eléctron micrographs of island structures with
Pd-rich source regions are shown in Figure 7-7. The advan-~
cing interface is seen to be relatively uniform. The compo-
sition of the inside and outside diffusion zones was established
as Pd,Si from the yield of electron-induced X-rays (EDS). Tﬁe
phase was identified as Pd,Si by means of transmission electron
diffraction in thin samples, prepared specifically for trans-
mission electron microscopy studies. Diffraction patterns
characteristic of Pd,Si were also obtained from the insidé
region of the diffusion zone especially near the original inter-
face separating she inside and outside diffusion regions. The
phase of the Pd-rich source region.is expected to depend on the

thickness ratio of the deposited Si layer and Pd island as well
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as the annealing temperature. In most of the specimens the
phase of the source region is expected to be Pd,;Si plus excess
Pd (Pd/si thickness‘ratio of specimens greatér than 3 and
temperature above 300°C). This is based on the results of

a study of Pd-rich silicide formation by Canali et. al [85].
It is possible that the phase of the source regions of some
specimens (annealing temperature around 600°C) is Pd4Si. (see
reference 85.) Due to the thickness of the source region it is

impossible to identify its phase with TED.

The lateral extent of the diffusion zone (inside +outside
regions) was found to increase wifh time at constant temper&ture.'
The square of tﬁe’diffusion zone length L? is plptted against
the annealing time t in Figure 7-8.  The observed linear re-
lation is characteristic of diffusion limited growth in

phase forming binary couples. The parabdlic growth rate
constant L2?/2t is plotted in Figure 7-9 against the recipro-

cal temperature. - The activation energy obtained from the

slope of the curve (Arrhenius plot) is 1.1 * 0.2 eV. This
activation energy is associated with the mobility of Pd in
Pd,Si (Figure 7-7) and is of the same order of magnitude as that
published for Pd,Si growth from conventional Pd-Si couples [31].
When extrapolating to lower temperatures, the parabolic rate
constant is seen to be of the same order of magnifude as that
of conventional Pd,Si growth as shown in Figure 7-9. This
would suggest that the diffusion mechanism in both conventional

and lateral diffusion processes is the same.

Figure 7-10 is a composite transmission electron micrograph of

the diffusion zone of a Pd-rich specimen. The Pd,Si gfain size
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FIG 7-9 The Arrhenius plot of the parabolic growth rate of

Pd,Si in lateral diffusion couples.

is seen to vary from approximately”SOb A in the outside region
to 1 um in the inside region. It shoﬁld be borne inmind that
the grain size of Pd,Si layers grown from conventional couples
have been reported to vary between 200 and 900 R (31,53]. The

. grains in the lateral diffusion zone were found to have a
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preferred orientation, namely the hexagonal basal pLané being
parallel to the specimen surface. This is similar to the
case of conventional Pd,Si layers grown in single crystal or

amorphous silicon substrates [28,30].

7.5 DISCUSSION

The difference in thermal behaviour between Pd-rich and Si-
rich structures is ascribed to the difference in mobilities of
Pd and Si‘in Pazsi. It was schematically shown in Figure 7-4
that when the inward diffusing speéies has a much higher
mobility than the outward diffusing species, the diffusion zone
becomes very thin and could eventually lead to crack- formation
in the film. The cracks observed in the Si-rich samples are
therefore believed to indicate that the Si mobility in Pd4d,Si
is significantly lower than the Pd mobility. This is in
agreement with the diffusion membrane results reported in
aChapter 6. It is however, in disagreement with. the W marker
experimental results presented in Chapter 5, which indicate

that Si and Pd have comparable fluxes in Pd,Si during its growth.

The relatively low Si mobility in Pd,Si, as deduced from the
limited lateral diffusional growth‘and the cracks in the film
of Si-rich structures, is ascribed to -the pérticular crystal
structure of Pd,Si. The source region of the Si-rich struc-
tures is expected to consist of Pd,Si + excess Si. (The tréns-
formation Pd,Si +ASi > PdSi is not expected at temperatures
below 750°C [28,29]). It has been reported that Pd,Si grains,
formed by the conventional thin film reaction between Pd and

amorphous Si, have a preferred orientation, namely with their
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hexagonal plane parallel to the sample (substrate) surface'
[30]. During lateral diffusion, the atoms (Si and.Pd) are
required to diffuse through Pd,Si along the basal plane. It
was illustrated in Figure 6-13 that Si atoms do not have Si
nearest neighbours in this particular plane. The silicoh
migration energy will therefore be large, assuming Si vacancy
diffusion in this close-packed Pd,Si lattice. The migration
energy of Pd will be relatively low since it is observed that
Pd atoms do have Pd nearest neighbours in the plane. Conse-
quently the Pd mobility will be larger than Si mobility in the

basal plane.

The lateral diffusional growth of Pd,Si in Pd-rich specimens is
found to be parabolic, similar to Pd,Si growth in conventional
Pd-Si couples, indicating diffusion controlled growth. The
activation energy associated with lateral growth is found to

be similar to the values reported for conventional growth [31].
This would suggest that the diffusion mechanism in the two N
cases is the same. It should however be pointed out that the
lateral diffusion zone developes predominantly as a result of

Pd migration (see (7-7)) whereas both Si and Pd diffusion \
contribute to the cdnventional diffusional layer growth of Pd,Si

. (see section 5.3.1).

The Pd effective mobility (as determined using (7-7)) compares
favourably with the parabolic rate constant for conventional
Pd,Si growth as can be seen when the data in Figure 7-6 are

extrapolated to temperatures around 200°C. This good agreement
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and the.similar activation energies do not necessarily indi-
cate that Pd is the dominant diffusing species duringvcon—
ventional P4, Si gréwth. - It was mentioned that the Pd4d,Si
grains in the Pd-rich specimens were found to have a preferred
orientation (basal plane parallel to the specimen surface).
During conventional Pd,Si growth, diffusion occurs perpendicu-
lar to the basal plane of Pd,Si whereas during lateral growth,
diffusion occurs in the basal plane. In section 6;4 it was
suggested how the Si mobility during conventional Pd,Si growth
(perpendicular to the basal plane) is enhanced by the presence
of Pd vacancies. Earlier in this section it was explained
why the Si mobility'during lateral Pd,Si growth (along thg}y
basal plane) is much iower than the P4 mobility. The diffu-
sion mechanism is therefore different in the two cases althoﬁgh
the parabolic rate constants are similar, so that conclusions
with regard to the dominant diffusing species in conventional
Pd,Si growth, based on lateral diffusion results, cannot be

drawn.

The large grains (1 ym) observed in the Pd,Si diffusion zone
(in the inside region) is ascribed to grain growth subse-
quent to lateral Pd4,Si férmation. In similar lateral diffd—
sion studies using Ni islénds on Si layers, the Ni,Si grains
were observed to grow after NiZSi formétion, using in situ’
heating in the transmission electron microscope [86]. It

is interesting to note. that the grain size of conventionally
grown Pd,Si films was not found to exceed 1000 i, even when

formed at temperatures as high as 550°C [53]. The difference
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~in grain size must be ascribed to the difference in growth
mechanisms in the two cases (lateral and conventional)f

During compound growth (e.g. Pd,Si from Si and Pd) the volume
component is drastically increased (e.g. l.cc Si transformed

to 2,5 cc Pd,Si). In conventional compound growth the volume
increase is along the direction of mass transport i.e. perpen-
dicular to the specimen surface plane. However in lateral
diffusional growth the volume increase is perpendicular to the
direction of lateral mass transport, (volume increase perpen-
dicular to the.specimen surface). The laterally grown Pd,Si
layer is therefore under stress. It is well known that grain
growth is a means of relieving stress in polycrystalline films
[87]. This‘explains why laterally formed Pd,Si grains grow
after formation. The fact that the large grains are found iﬁ

the inside region only, suggests that the film stress is loca-

lized.

!In.Figure 7—11 the effective mobility results as obtained by
using the two methods (diffusion membrane in Chapter 6 and
lateral diffusion couples), are shown along with parabolic rate
constants for conventional Pd,Si growth (from literature).
The good égreement'between the Pd effective mobility values
(they can be characterized by a single curve) shows that the
two techniques are consistant and that both techniques offer
reliable means of determining the (effective) mobility of atoms
in thin films. The Pd effective ﬁobility values are seeﬁ to
be of the same order of magnitude as the parabolic rate con-
stant. It is therefore concluded that the parabolic rate con-

stant during conventional Pd,Si growth does not exceed the con-
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tribution from Pd diffusion by more than an order of magnitude.
(Parabolic rate constant is equal to the sum of the respec-
tive.effective mobilities: B = gSi + ﬁPd)' This is in agfee—
ment with the results in section 5.3.1 where it was found that
the fluxes of Si and Pd during Pd,Si growth are comparable.

It would appear that the grain size and formation temperature
do not affect the diffusion mechanism (single activation energy)
during Pd,Si growth.‘ It is therefore concluded that the

atoms are transported predominantly through the Pd,Si lattice

during its growth.

Lateral diffusion has beeﬁ shown to be an elegant approach_for
measuring the atomic mobility of components in a compound
during its growth, even in cases where both components usually
diffuse during compound growth from conventional couples.

Care should however be taken when interpreting the mobility.
results as the  microstructure of the compéupd film could play

a significant role in determining the mobility.



CHAPTER 8

SUMMARY AND CONCLUSIONS

Transition metal silicides are used extensively in silicon-
based integrated circuits for ohmic and rectifying contacts
to silicon while aluminium is commonly used for making in-
terconnections between the various contacts. Such contacts
have however been found to degrade upon heat treatment, dﬁe
to silicide-aluminium and silicon-aluminium interdiffusion.

A diffusion barrier layer such as a refractory metal is
generally required between the silicide and aluminium layers
in order to limit or prevent the degradation of the contacts.
The complete metallization therefore contains several layers,
each of which can react directly or indirectly with silicoﬁ'
from the substrate during IC processing. Silicide formation
in multilayer metal-silicon thin film systems is therefore of
prime importance to modern integrated circuit technology, and

research in this field is most valuable.

A theoretical treatment of silicide formation in multilayer
metal-silicon systems has not been documented. It was thus
‘the purpose of this investigation to deveiope a model for
characterizing the silicide growth kinetics in bilayer metal-
silicon thin film systems and to test the validity of the model.
Several authors have treated (theoretically) compound formation
in binary couples. The approach has been to solve the diffu-

sion equation which is subject to moving boundary conditions.
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The essential features of these theories are that they predict
compound growth to progress linearly with time in the initiai
stage, and that the growth eventually slows down and becomes
parabolic (1ayer'thickness being proportional to the sqguare
root of time). °~ This is in agreement with experimental results.
These theories_have however been found to be inadequate with
regards to quantitative predictions. The diffusing atoms'ére
considered to migrate because of a concentration gradient.in
the "stoichiometric" compound film. The diffusion coefficient
therefore characterizes the migration of the atoms. Concen-
tration variations in stoichiometfic compounds are generally
thought tovbe accommodated by vacancies. The vacancy concen-
tration is therefore non-uniform if an atomic concentration_.
gradient is present. If the atoms diffuse via vacancies, the
atomic diffusion coefficient, which is proportional to the
vacancy ”concentration,will be~n0n—uhiform. Theories based on
the assumption of a uniform diffusion coefficient could there-
fore be erroﬁeous. Furthermore, the concentration gradient in
the growing stoichiometric compound proves to be very small

and not easily measurable. These factors make the theories
for growth kinetics of compounds in binary couples, inadequate

for quantitative applications.

A different approach was followed in-this'work in developing a
theory of the growth kinetics. The underlying idea in this
theory is that the kinetics of compound growth is determiﬁed by
the dfiving force for diffusionbthrough the compound layer

which is believed to be the chemical potential gradient.
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In order to determine the driving force, it is necessary to
~ establish the process(es) whereby thermodynamic equilibrium

is attained at the interfaces.

Since atomic transport in solids is predominantly via defects
(vacancies in the case of close-packed crystal structures such
as Pd,Si), vacancy diffusion is assumed to be the dominant
transport mechanism. Interfacial atom-vacancy reactioné, which
could influence the_vacanCy céncentration, are postulated. It
is hence proposed that thermodynamic equilibrium at the inter-
faces is attained through these interfacial reactions whereby
equilibrium vacancy concentrations (at the interfaces) are
established. Two stages of compound growth can therefore be
characterized viz. the initial non-equilibrium stage and the

final equilibrium stage.

The total driving force for compound formation.is essentially

~the free energy change of formation AG?. This free energy is
"spent" in two ways viz. dissipation AGB due to atoms crossing
the interfacial boundaries and the dissipation~AGD due to atoms

diffusing through the compound layer:

o — X
AGf = AGD + AGB

In the case of local thermodynamic equilibrium at the interfacés,
the energy dissipation at the interfaces is zero so that the
driving force for diffusion AGD is a maximum (AGD = AG?) and
remains constant. Any deviation from local equilibrium at the
interfaces will decrease the free energy dissipation due to
diffusion. (AGB # 0). It is however shown that during the

Si

initial growth stageAAGB (Ag in (3-17)) decreases linearly
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with time so that AGD (Ausi in (3-18)) increases linearly with
time. | Since the driving force increases linearly with time,
the planar growth of the compound layer is found to be linear
during the initial non—equilibriumvstage. When local equili-
brium prevails at the interfaces, the driving force for diffu-
sion is constant and the growth of the compound layer is found
to be parabolic (square of layer thickness proportional to

[y

time).

This theory is in agreement with other documented theories and
with experimental results, in that it predicts that planar com-
pound growth in binary couples is initially linear but even-
tually becomes parabolic. The difference between this theory
and others is that the mobility (B) and not the diffusivityv(D)
of the diffusing atoms in the cémpound layer is the important
parameter which determinesithe growth rate constant. The para-
bolic rate constant for compound growth is seen to be equal to
the product of the mobility and the driving force for diffusion

(free energy change of formation).

In extending this theory to éompound growth in bilayer metal-
silicon systems, the various concepts (e.g. equilibrium, non-
equilibrium, mobility, driving force for diffusion) which were
applied to binary couples, are used. Although a Variety of
interdiffusion mechanisms are possible, attention is given to
the sbecific case where the two metal layers form silicides
sequentially, without any metal-metal interdiffusion. The
dominant transport mechanism during silicide formation is again

assumed to be vacancy diffusion. The interposed metal layef
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forms a silicide, independent of the outer metal layer so that
the growth kinetics are essentially that of a binary metal-
silicon couple. The theory developed for the growth kinetics

of the outer silicide layer is based on the fact that the total
driving force for the formation reaction (outer silicide) is
"spent" through dissipation of free energy in the two silicide
layers due to diffusion. The\important prediction of the theory
is that 'the growth of the outer silicide layer is linear, not only
when equilibirum does not prevail at one of the interfaces, but
also in the case of equilibrium, subject to a special condition,
this épecial condition being that the mobility of the diffusant
is comparitively low in the interposed silicide layer. The
linear kinetics in both cases will however go over into paraSolic
kinetics when the outer silicide layer has grown sufficiently

thick.

It.is therefore seen that in binary couples, linear growth of

a compound layer is due to an interfacial reaction limiting

the growth process. In bilayer metal-silicon systems, linear
growth of the outer silicide layer is no longer a sufficient
condition for an interfacial reaction to be controlling the
growth process. If the intefposed layer is-relatiVely "thin",
the linear growth is limited by an interfacial reaction. When
the interpoéedAlayef is relatively "thickﬁ, the linear growth
of the outer silicide layer is controlled by diffusion through
the interposed layer (the thickness of which remains constant
during the growth;of the outer silicide layer).‘ The criterium
for distinguishing between the "thin" and "thick" layers of the

interposed silicide is to be known as the critical thickness,
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which is found to depend on the mobility of the diffusant andv
the linear rate constant in the thin regime. In the "thin"
regime (interposed layer thickness less than the critical
thickness) the linear growth rate constant is found to be in-
dependent of the interposed layer thickness. However, in
the "thick" regime (greater than the critical thickness) the
linear rate constant is found to be inversely»proportional to

.the thickness of the interposed layer thickness.

In order to test the validiﬁy of the theory developed for the
~growth kinetics in bilayer metal-silicon systems, and to apply
the theory to atomic mobility measurements, a variety of experi-
ments were performed. Single-layer and multilayer thin‘filﬁs
were depositedkonto various substrates (Si<100>, Si<1lll>, 8i0,,
Al1,0,) by means of electron beam evaporation at pressures of
about 5 x 10”7 Torr. After annealing the specimens in a
vacuum tube furnace (approximately 10~7 Torr), different tech-
niques were used to characterize the thin films, interfaces and
saﬁple surfaces. The layer thickness, composition and degree
of epitaxy were determined by means of backscattering of mega-
electron volt alphas's. The phases of the various layers were
established by means of glancing angle'xéray diffraction. Speci-
mens used for the study of lateral diffusion were characterized
using scanning electron microscopy for surface topography
imaging and energy dispersive spectrometry for composition
analysis. The surface morphology of exposed interfaces of
multi-layer specimens were also studied by means of scanning
.electron microscopy. Specially prepared thin specimens were

analyzed with respect to grain size and compound phase by means
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of transmission electron microscopy and transmission electron

diffraction repsectively.

A detailed study was made of CrSi, growth on Pd,Si layers;
grown on Si<l00> and Si<1lll> substrates. The attractive

features of the Si/Pd,Si/CrSi, system are

(a) that Pd,Si grown on Si<lll> substrates is epitaxial while

polycrystalline on Si<1l00> substrates,

(b) Pd,Si forms at relatively low temperatures (below 400°C)
whereas CrSi, forms at relatively high temperatures (above

400°C) and

(c) the interdiffusion of Pd and Cr at temperatures below

500°C is relatively slow.

The Si/Pd/Cr multilayer structures used in this\study were pre-
annealed at 380°C to transform them into Si/Pd,Si/Cr. Subse-
quently, the structures were annealed at elevated temperatures
(400—SOO°C) for various periods of time.

i .4
The planar growth of CrSi,, on both epitaxial and polycrystalline
Pd,Si was found to progress linearly with time. The linear
growth is not necessarily an indiqation that it is reaction
_.controlled. For thin epitaxial Pd,Si layers (less than approxi-
mately 500 ﬁ) the CrSi, growth rate remained constant at con-
stant temperature which indicates that the groch is reaction
limited. When fhe interposed epitaxial Pd,Si layer exceeded
some critical thickness (around 500 R at 450°C) the CrSsi,,

growth rate was found to be inversely proportional to the thick-
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ness of the epitaxial Pd,Si layer. This is characteristic
of the CrSi, growth being limited by diffusion through the
interposed Pd,Si layer. Very similar behaviour was dis-
played by the S$i<100>/Pd,Si/Cr system. The major difference
is that much thicker layers of polycrystalline Pd,Si layers
are required to influence the CrSi, growth rate. The criti-
cal thickness of polycrystalline Pd,Si was found to be about
6 700 & whereas that for epitéxial Pd,Si was épproximately
500 R around 450°C. This large difference in the c¢ritical
thickness is ascribed to the highef Si mobility in poly-
crystalline Pd,Si. The existance of the critical thickness
of the interposed Pd,Si layer and the fact that the growth
rate of the silicide is inversely proportional to the thick-
ness of the.interposed silicide layer when it exceeds thei-
critical thickness; prove the validity of the model developed

for silicide growth in bilayer metal-silicon systems.

The activation energies associated with CrSi, growth on Pd4,Si

are given in Table 8-1 below.

TABLE 8-1. ° ACTIVATION ENERGY ASSOCIATED WITH CrSi, GROWTH
ON Pd,Si
INTERPOSED Pd,Si LAYER ACTIVATION ENERGY FOR CrSi,

.GROWTH (eV)
THICKNESS MICROSTRUCTURE

"thin" polycrystalline : 1.6+0.2
"thick" polycrystalline 1.7+0.2
"thin" epitaxial 1.6+0.2

"thick" | epitaxial 2.2+0.2
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Although the activation energies for Crsi, growtﬁ on “thin“

and "thick" polycrystalline Pd,Si are similar, they are un-
related since they are associated with two distinctly diffe-
rent processes (reactidn limited growth and diffusion con-
trolled growth respectively). The similar acfivation ener-
gies are therefore a matter of coincidence. The activation
energy of 2.2 eV for CrSi, growth on "thick" epitaxial Pd,Si

is characterist;c of a vacancy diffusion controlled procesé.
When considering CrSi, growth on "thick" epitaxial and "thick"
polycrystalline Pd,Si (diffusidn controlled growth), the signi-
ficant . difference in activation energies is ascribed to the
presence of grain boundaries in polycrystalline Pd,Si.. The
mobility of Si in polycrystalline Pd,Si is enhanced due to <
possible diffusion along graih boundaries. These grain boun-
daries could also serve as sources for vacancies, thus in-
creasing the vacancy concentration and consequently the atomic

mobility in the case of a vacancy diffusion mechanism.

An intéresting feature of the Si/Pd,Si/CrSi, structures is the
relatively non-uniform Si<1l11>/Pd,Si interface of specimens
with thick interposed epitaxial Pd,Si layers. The non-uni-
formity was deduced from the backscattering spectra of the
structures (tail;ng of signals) and SEM images of the exposed
(by chemical etching) interface. The Si/Pd,Si interface of
specimens with thin interposed epitaxial Pd,Si layers and thin
and thick polycrystalline Pd2Si layers was found to be rela-
tively uniform. . Interfacial strain and misfit dislocations

in the case of thick epitaxial Pd,Si layers are believed to
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result in laterally non-uniform Si-release from the substrate
at the Si/Pd,Si interface, causing the substrate to become

pitted.

The atomic ratio of the components of a metal silicide layer
is usually found to be uniform (within epxerimental uncertain-
ty) during and after its growth. It was therefore surprising
to find that the Si/Pd atomic ratio in the Pd,Si layer was
affected by CrSi, growth on it, as deduced from the Pd and Si
signal plateaus in the backscattering spectra. The Si/Pd
atomic ratio in the Pd,Si layer was found to be greate: near
the Si/Pd,Si interface. The different atom/vacancy reactions
at the two interfaces (Si/Pd,Si and Pd,Si/CrSi,) are though£
to establish different vacancy concentrations there, which,
when large enough are reflected in different atomic concentra-
tions. It is believed that the observed non-uniform Si/Pd
atomic ratio is as é result of a Si (not Pd) concentration
gradient which developes in the Pd,Si layer during CrSi, growth.
This Si concentration gradient is not present before or after
complete CrSi, grbwth. The presence of the Si cohcentration
gradiént in Pd,Si during CrSi, growth suggests that the Pd
atoms are relatively immobile during CrSi, growth and that Si
is the dominant diffusing species.b This is cbnsistent with |

the results of the tungsten marker experiments.

A thin layer of tungsten in the deposited Pd layers was used
as a chemically ‘inert marker to monitor the atomic flux of
silicon and palladium in the Pd,Si layers during its growth

and during CrSi, growth on it. The W marker atoms imbedded
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in the initial Pd,Si sublayer delineate a reference plane
across which.the élux‘of Si and Pd is determined. The ratio
of silicon to palladium flux during Pd,Si growth was found to
be comparable (2.0 #* 0.6). This result is in agreemént with
reported results from radio-tracer experiments and oxygén
marker experiments which also showed that the silicon and
palladium fluxes are comparable.n Since temperature and micro-
structure (epitaxial/polycrystalline) of the Pd,Si layer were
.not found to have a significant effect on the flux ratio, the
silicon and palladium fluxes are believed to be coupled, owing
to the particular crystal structqre of Pd4,Si. This explains
why Pd,Si is unique in the sense that it is the only silicide
in which both silicon and metal atoms have been found to _

diffuse during its growth.

During CrSi, growth on Pd,Si (epitaxial and polycrystalline)
the palladium atoms4were found to remain stationary with re-
spect to the W marker atoms imbedded in the Pd,Si layer. This
indicates that Si is the only diffusing species in Pd,Si
during CrSi, growth on it. This result therefore excludes
the poésibility of szsi dissociating near the Pd4,Si/CrSi,
interface, giving up Si fér CrSi, formation and yielding free
Pd atoms which diffuse to the Si substrate. The reported
results of a radio-active Si tracer study of CrSi, formation
on Pd,Si, suggest that grain boundary diffusion of Si thrdugh
polycrys&ﬂjine Pd,Si is the dominant transport mechanism.

The Pd.Si in that study was formed by Pd reacting with amor-
phous Si which generally results in relatively small Pd,Si grains.

The Pd,Si layers in this study is formed by Pd reacting with
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single crystal Si, resulting in large Pd4,Si grains or epi—
taxial Pd,Si layers (on Si<1l11>). Grain boundary difof
Sion-in these cases are expected to be limited. .Considering
these factors (radiocactive Si tracer and W marker resu;ts),

it is concluded that silicon transport through the Pd,Si layer
during CrSi, growth in this study, is mostly via Si vacancies.
The high activation energy found for diffusion controlled CrSi,
growth on "thick" Pd,Si layers also supports this Si trans-
port mechanism.

The W marker experiment has shown that the Pd,Si layer merely
serves as a membrane through which Si atoms diffuse for Crsi,
growth. A diffusion membrane technique was developed where-
by the mobility of Si in Pd,Si could be determined, using
Si/Pd,Si/Cr structures. The same technique was ﬁsed to
determine the mobility of Pd in Pd,Si with the use of Pd/Pd,Si/Ge
structures. Instead of calculating the atomic mobility, the
effective mobility (product of mobility and maximum chemical
potential difference) was determined since this proves to be

a more suitable parameter for comparison with the parabolic
rate constant of silicide growth. The measuring téchnique is
simple in that the effective mobility is determined by measuring
the thickness of the Pd,Si membrane and monitoring the growth
of the compound on it (CrSi, growth for Si mobility and Pd;Ge
growth for P4 hobility).

The effective mdbility of Si in polycrystalline Pd,Si was found
to be significantly higher than in epitaxial Pd,Si and, the

associated activation energy was higher in epitaxial P4,Si
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(2,2 eV vs 1.7 eVv). The difference in mobility is ascribed
to the presence of grain boundaries in polycrystalline Pd,Si. -
The grain boundaries offer additional diffusion paths (in
addition to lattice diffusion) and serve as sources of point
defects (vacancies) so that the atomic mobility is enhanbed,
assumingAthatrvacancy diffusion is the dominant diffusion
mechanism. When extrapolating the Si effective mobility data
(at 400-500°C) down to 200°C, it is found to be orders of
magnitude lower than the parabolic rate constaht of P4,Si
growth. This indicates. that Si diffusion cannot account for
the growth of Pd,Si (Si is not the only diffusing species).
The effective mobility of Pd on the otherhand is found to be
of the same. order of magnitude as the Pd,Si parabolic grbwtﬁ
rate constant which would suggest that Pd could be the oniy
diffusing species during Pd,Si growth. This would be in
disagreement‘wifh the results from the W marker experiment

and reported radioactive Si tracer experiments which indicate
that both Pd and Si diffuse through Pd,Si during its growth.
When considering the crystal structure of Pd,Si it is obvious
that the moblity of Pd should be higher than that of Si since
Pd has Pd nearest neighbours whereas Si does not have Si
nearest neighbours. It is therefore concluded that the trans-
port mechanism during Pd,Si growth is different to that during
mobility measurements. It is believed that Pd diffusion
stimulates Si diffusion during PdZSi growth resulting in a
high enhanced Si mobility whereas during CrSi, growth on Pd,Ss1i,
Si is tﬁe only diffusing species so that it migrates with its

low intrinsic mobility.
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The grain boundary diffusion of Ni in Pd4,Si was investigated
using Si/Pd,Si/Ni structures. Nickel was found to diffuse
faster than silicon along the Pd,Si grain boundaries. Con-
sidering the chemical similarity of Ni and P4, it is conciuded
that Pd should also diffuse faster than Si along the Pd,Si
grain boundaries. The activation energy of Ni grain boundary
diffusion in Pd,Si is found be be 1.2 eV which suggests that

- the value for Pd grain boundary diffusion in Pd,Si would also

} be around 1.2 eV. The diffusion mechanism during P4, Si

- growth is now thought to be as follow: Both Pd and Si diffuse
(vacancy diffusion) through the P4,Si 1a£tice (epitaxial and
polycrystalline Pd,Si) with comparable fluxes. In addition,
-Pd diffuses along the grain boundaries of polycrystalliné~Pézsi.:
This particular diffusion model is supported by reported péra-
bolic rate constant measurements for Pd,Si growth and cross-
sectional TEM studies of the Si/Pd,Si and P4,Si/Pd interfaces.
It is very instructive to compare the Si/Pd,Si/Ni and
Si/P4d,81i/Cr systems. The different thermal behaviour (Ni
grain boundary diffusion versus Si lattice diffusion) is
ascribed to the chemical similarity between Pd and Ni and the
dissimilarity between Pd and Cr, and thus suggests that the

use of Ni as a tracer :for Pd is justified.

The use of lateral diffusion couples has proved to be aﬁ ele-
gant techniéue for measuring the moblity of the components of
a couple even in the case where both components diffuse during
compound growth. Two different sample geometries were used

in this study.
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(a) Device structures were prepared by opening windows -
(20 ym wide) in the thin Si0, layer covering the Si
~substrate, followed by a thick layer of Pd deposited

onto the entire specimen.

(b) Island structures were obtained by depositing a thin
layer of Si (or Pd) onto an SiO, or Al,0,; substrate
followed by a thick layer of Pd (or Si) deposited

through square openings (400 x 400 m?)

buring the preanealing stage, a laterally’well defined metal-
rich (or silicon-rich) source regibn developes. Upon further
heat treatment significant lateral diffusion was observed in
island struétufe specimens with Pd-rich source regions oniy.
Limited lateral diffusion was obseryed in structures with
Si-rich source regions. This suggests that‘the mobility of
Si is significantly  -lower than that of Pd. The lower Si
mobility is expected since Si does not have Si nearest neigh-
bours whereas Pd has Pd nearést neighbours. It is perhaps
surprising that Si diffusion is not stimulated by Pd diffusing
in the opposite direction as was postulated for Pd,Si growth
from conventional Pd/Si couples. The explanation lies in

the fact that during conventional Pd,Si growth, diffusion is
along the c-axis of Pd4,Si, whéreas during lateral Pd,Si growth,
diffusion is perpendicular to the c-axis. Because of the
particular crystal structure of Pd,Si, the stimulation of‘Si

diffusion by Pd diffusion is effective only along the c~axis.

The lateral extent of the diffusion zone (Pd~rich specimens)

3

was found to progress parabolically with time (L «t*) implying
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that the\iateral growth process is limited by diffusion through
the growing Pd,Si zone. The parabolic rate constant for
lateral Pd,Si growth and its associated activation energy of
1.1 eV compare favourably with the corresponding parameters
reported for conventional Pd,Si growth (comparison done in-
Figure 7-11 where lateral diffusion data is extrapolated to
temperatures around 200°C). Since the parabolic growth rate
in Pd-rich structures reflects the effective mobility of P4,

it is concluded that the effective mobility of Pd is of the
same order of magnitude as the parabolic rate constant for
conventional Pd,Si growth. The tungsten marker experimental
results have shown that the Pd and Si fluxes dufing Pd,Si
growth are comparable, so that the effective mobility of P4
should be of the same order of magnitude as the parabolic rate
constant since the parabolic growth rate constant is roughly
the sum of the Si and Pd effective mobilities. The lateral
diffusionai gfowth results and W marker experimental results
are therefore in agreement. The large Pd,Si grains observed
in the diffusion zone do not seem to affect the parabolic
growth rate since the growth is found to progress parabolically
and.a single activation energy is'measured. If it is borne
in mind that the grains probably grew auring lateral diffu-
sional gfowth of the P4d,Si zone, then it can be concluded that
the parabolic growth rate‘is independent of the grain size.
This suggests that the dominant transport mechanism is lattice
diffusion (vacancy diffusion in the close-packed structures

such as Pd,Si) and not grain boundary diffusion.
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When considering the results of studies regarding Pd,Si growth
from conventional Pd/Si couples, the very similar activation
energies reported for epitaxial (1.05 eV) and polycrystalline
P4,Si (0.95 éV) suggest the same diffusion mechanism for both
microstructures. Since it has been shown that (Ni) grain
boundary diffusion is insignificant in epitaxial Pd,Si, it is
concluded that the dominant diffusion mechanism during both
polycrystalline and epitaxial Pd,Si growth is lattice diffu-
sion (vacancy diffusion). A similar conclusion was drawn
above,'regarding the Pd transport mechanism during lateral
Pd,Si growth. The relatively high activation énergies deter-
mined for Si mobility in polycrystalline and epitakial Pd,Si
(1.7 and 2.2 eV respectiVely)’alsovsuggest that Si is trans-
ported through Pd,Si via vacancy diffusion. 'It should how-
ever be borne in mind that both Si and Pd diffuse through
Pd,Si during conventional Pd,Si growth (W marker results)
whereas only Pd or Si diffuse through Pd,Si during its lateral
growth or during CrSi, growth on Pd,Si (W marker results).
The atomic transport in all three cases however appear to
proceed via the P4,Si latticé alhtough the diffusion mechanisms
afe different. This can be ascribed to the particular'crystal

structure of Pd,Si (hexagonal close-packed). The peculiar

diffusional behaviour of Pd,Si makes it unique but interesting, -

and one should be cautious when comparing experimental results
obtained under different diffusional environments. The atomic
mobility of Si and Pd in Pd,Si is therefore very sensitive to

the driving forces (diffusional environment) for diffusion.
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The theory of the silicide érowth kinetics developed for
single~ and bi-layer metal silicon systems should prove most
valuable for interpreting experimental results. It should
thus contribute to the understanding of the silicide formation
process. It has been shown that the atomic mobility is easily
measurable. This parameter should be given some considera-
tion when evaluating the reliability of electronic devices
(interdiffusion could lead to contact degradation of silicon/

silicide contacts).
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APPENDIX A

SYMBOLS

mobility

mobility of metal atoms

mobility of silicon atoms'

mobility of silicon in MlySi

mobility of silicon in MZXSi

effective mobility of silicon in MlySiv

parabolic rate constant of MySi growth

concentration of diffusant

concentration of diffusant

length of inside region of lateral diffusion zone
length of outside region of lateral diffusion zoné
increase in di during time interwval At

diffusion coefficient

grain boundary diffusion coefficient

diffusion coefficient for vacancies in the compound
layer

energy

energy of incident projectiles

ehergy shift of W signal in the backscattering spectrum
partial molar free energy change aschiated with the
reaction at the MySi/M interface

partial molar free energy change associated with the
reaction at the Si/MySi interface

standard partial molar free energy change associated

with the reaction at the Mysi/M interface
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AG

AG

AG
AG
AG
o(M2_Si)
a6, %

hy

Si
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total driving force for.the reaction

free energy dissipation due to atoms crossing the
interface

free energy dissipation due to atoms diffusing
through the compound

free energy of formation of vacancies

free energy of migration of the atoms

standard free energy change for compound formation

standard free energy change for M2xSi formation

deposited metal layer thickness
deposited silicon layer thickness
height of the signal in the backscattering spectrum;
due fo scattering from A atoms .
standard heat of compound formation

flux of diffusant

flux of silicon atoms

rate consfant of reaction at the MySi/M interféce
rate constant of reaction at the Si/MySi interface
reaction rate constant at Si/MlySi interface
kinematic factor

effective reaction rate associated with the inter-
facial reaction rate k;

thickness of layer

mass of projectile

mass of target atom

free metal atom

metal atom in a lattice site in the’MySi layer

metal atom concentration in the MySi layer
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equilibrium concentration of metal atoms in the
M _Si- layer

v Y

stoichiometric atomic fraction of diffusant in the
compound

atomic concentration of A atoms in a layer

atomic fraction of M in the solid solution -
stoichiometric atomic fraction of M in the compound
M Si

Y

amount of diffusant accumulated on the surface
universal gas constant

linear rate constant for MySi growth

maximum growth rate of M2XSi on the interposed
Mlei layer

growth rate of MZXSi on MlySi when MlySi layer
exceeds the critical thickness

silicon atom on lattice site in MySi

silicon atom on lattice site in MlySi
concentration of Si atoms in MySi

time

penetration depth of projectile'

temperature

mean drift velocity

silicon vacancy in MySi layer

silicon vacancy concentration in MySi layer

silicon vacancy concentration in MySi layer at the

MySi/M interface

equilibrium concentration of silicon vacancies in

the MySi layer at the MySi/M interface.
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V.. °© - initial value of |Vv.. at the M_si/M interface
- 8i . . Si b%
M M
' M1 si]® :
[VSi y ] - equilibrium concentration of silicon vacancies
M .

in the MlySi layer at the MlySi/MZxSi interface

X - atomic ratio of metal (M2) to silicon in M2 _Si
v - étomic"ratio of metal tobéilicoh in MVSi

Y - thickness of the interposed layer

YPd - thickness of Pd,Si sublayer formed by Pd atoms

diffusing through the Pd,Si layer

YSi - thickness of Pd,Si sublayer formed by Pd atoms

| diffusing »

Yo . = thickness of the deposited Pd layer

Yo - .criﬁical thickness of the interposed layer

Y1 - thickness of MlySi layer

Y, : ~ thickness of M2ySi layer

z - atomic number of projectile

Z , - atomic number of target

o, - concentration of diffusant at the entrance to the

grain boundaries
Y ~ density of the grain boundaries
- activity coefficient
’P - probability that the atom migrateé to a heigh-

bouring plane

€54 - stopping cross-section factor for P4 in Pd

.spgzsi - stopping cross-section factor for Pd in P4,Si
P | .

Vu - chemical potential gradient

Y - chemical potential of M

Mgy - chemical potential of Si

A“Si - chemical potential difference of Si across the

compound layer
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equilibrium chemical potential difference across
the compound layer

natural vibration frequency of the atoms
épacing'between neighbouring atomic planes
scattering angle

angie between incident ion beam and sample
surface normal

angle between backscattered ion beam and sample
surface normal

scattering cross-section

solid angle

probability that the léttice site on the neighf,‘
bouring plane is wvacant

time interval
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APPENDIX B

e

481 M

e .
THE RATIO @ [Vgy]_ /[Vgi]
Consider silicon vacancies VSi in the Si subiattice of a
compound. The vacancy concentration [VSi] is usually very
low so that the silicon sublattice, is considered to be a dilute
solution of vacancies (the solvent being the silicon atoms on

the lattice sites). In the dilute regime, the chemical

potential of the vancancies Hy is given by (see [21]):
. Si

(@]
Hy

ot by, + RTLn [vsi] (B-1) -

Hy

where'us is a constant and R and T have their usual meanings.
Si

Vacancies are virfual particles (absent atoms) so that the
associated chemical potential is also virtual [21]. Since the
concentration of Si lattice sites remains constant, the concen-
tration of Si atoms [Six] plus the conéentration of Si vacan-
cies VSi also remains constant.

[S;x] + [VSi] = constant.

An increase in Si vacancies results in a decrease -in occupied

Si lattice sites:

[ = ]
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The change in Gibbs free energy (of a unit volume of the

lattice) is given by (see [21]):

dG = u d[Six] sy (B-3)

Si d[v

Si s ]

where u and u are the chemical potentials of Si and V
X V..

si Si S1
in the compound respectively. When thermodynamic equilibrium
prevails, the free energy is a minimum so that 4G = 0. Equa-

tion (B-3) now becomes:

O=1nu d[Six] + Uy 'd[Vﬂ.]

Si Si o1

Upon substituting (B-2) in the above equation:
u = -\ (B-4)
siX Vsi

A usefull expression for the chemical potential of Si in the

Si sublattice is now obtained by substituting (B~1l) into (B-4)

X

o
u = -u - RTEn|V_, (B-5)
si Vsi [Vsi]

Consider a partiaily reacted Si-M binary couple in which the

compound MySi has formed (y is a constant). The equilibrium
chemical potential of Si in the compound u ¢ hear the two
interfaces is then given by: e |
Si/MySi interface:
e o ' e
gy ; = —uVSi - RTln[VSi]Si
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MySi/M interface:

The equilibrium chemical potential difference of Si across

the MySi layer is therefore: .

Aug. = qu € - u e
i S S _
LM 1 |si
€ e
= RT&n [V ] - RT4n [V ]
Si Si [ Si M
- e
e VSi]M
or AuSi = RTLn =
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APPENDIX C
MOBILITY

During planar diffusion in the absence of external forces
being exerted on the individual atoms, the flux J of
diffusing species (say Si atoms) is characterized by

Fick's first law of diffusion;

= -p & rgj -
J-Ddx[s;] (C-1)

where D 1is the diffusion coefficient,
[Si] is the concentration of the Si atoms and
x 1is the direction of diffusion.
The diffusion process described by the above equation takes-
place as reéult of the concentration gradient of the

diffusing atoms.

Consider vacancy diffusion to be the dominant mechanism
whereby the atoms migrate during diffusion. The atoms
exchange positions with neighbouring vacancies and the
frequency of jumps is isotropic. When there are driving
forces which make the individual atomic jump probability
higher in one direction than in another, there is an overali
migration of atoms in one direction which is characterized
by an average drift velocity. Examples of driving forces
are chemical potential gradients and electrical, magnetic or
mechanical stress fields applied across the diffusion matrix.
A diffusion coefficient gradient, although not considered to-
be a true driving force, also gives rise to the atoms

drifting in a particular direction. Atomic migration during
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compound growth in bilayer or muitilayer thin film structures
usually proceeds as a result of the presence of a chemical
potential gradient across the gro&ing layer. In this work,
where compound layer growthis being addressed, the chemical
potential gradient is considered to be the dominant driving
Lforce for diffusion while the atomic concentration is assumed

to be uniform.

The atom flux between two neighbouring planes in a crystal
lattice is determined by the mobility of the diffusing atoms.
In order to obtain a physical interpretation of the mobility
and to find a suitable expression for it, the energetics of
the migration process needs to be considered. The following

factors influence the mobility and therefore also the atomic

flux between neighbouring planes:

(a) The natural vibration frequency v of the atoms since these
vibrations are the sources of atomic motion in the-lattice.

(b) The probability T that the atom from a particular plane
will reach the neighbouring plaﬁe.

(c) The probability 2 that the lattice site on the neighbouring

plane is vacant.

The free energy of an atom in a lattice in the absernce of a
driving force is usually a minimum when such an atom occupies

a regular lattice position, whereas the free energy is a max-
imum when the atom is midway between the neighbouring sites.

The height of the maximum with respect to the minimum is denoted
by AGm. An energy barrier AGm therefore hinders the atom from
migrating to a neighbouring lattice site. The probability T

that the vibrating atom will overcome the energy barrier AGm
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“is given by [19]:

' = exp (—AGm/RTJ (C-2)
where R and T have their usual meanings.

The probability @ that the neighbouring lattice site is vacant
is determined by the free energy of formation of vacancies AGf,
assuming a vacancy diffusion mechanism. By applying statistical

mechanical principles [19], an expréssion for Q@ can be found:

Q = exp ( '-AGf/RT ) (C-3)

In the presence of a driving force for diffusion (e.g. chemical
potential gradient), the probability factors in (C-2) andA(C—B)
are influenced, depending on the nature of the driving force.

In Appendix B it was shown that the chemical potential differ-
ence across the growing layer determines the vaééncy concentra-
tion in the layer. This implies that the driving force for dif-
fusion influences the probability that the neighbouring lattice

site will be vacant.

Consider two neighbouring planes (+) and (-) between Which the
atoms migrate in both directions. Let Q, and {_ be the proba-
bilities that the lattice sites on the respective planes are
vacant. In the absence of a driving force, these prqbabilities
would have been equal (=) . The chemical pétential gradient
causes Q+ and _ to be different. Using>statistical mechanics
principles, it can be shown that [88]:

Q, = exp(—iﬂ A/ )
9x 2RT
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and Q_ = 2 exp(+3U u Ay

3% 2RT

where QO is a constant,
u is the chemical pbtential of the diffusant,
A is the spacing between neighbouring planes,
X 1is the direction of motion (perpendicular to the
vlattice planés,

and R - and T have their usual meanings.

Since the atom jump probability is now different in the two
directions, there will be an overall migration (drift) of the
atoms in one particular direction (say from (-) to (+)) and the
flux will be determined by the difference in probabilities Q+

and Q_. Therefore:

Q,-0_ = 9 lexp(-2hA/, ) - exp(+3“x/ )]

+ 2RT 2RT

Since the exponents in the above expression are very small, a

first order Taylor's expansion is justified so that it becomes:
Q,-q_ = -g 28 A | (C-4)

A vibrating atom (natural frequencyiv), in ﬁigrating success-
fully to the neighbouring plane, is displaced a distance A, the
spacing between neighbouring planes. The frequency with which
these jumps occur is not v but vF(Q+—Q_). The meah drift velo-
city of the atoms (displacement x jump frequency) is therefore

given by:

1}

<v> AVP(Q+-Q_)

2. OW -
A VFQO-Z-)—}-{.' /RT

(C-5)

The flux of atoms (say Si) migrating as a result of the drift
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is given by [19]:
J = [si¥l<v>

Upoh substituting (C-5) into the above expression;
J = [Six]xzvrﬂog“/RT

which can be written as

- - .‘x Jdu _
J [si®] B % (C-6)
where ' B = liﬁﬁﬂb (c-7)
. RT

In equation (C-7) B is known as the atomic mobility. In the
absence of a driving force for diffusion, an analogous expres-

sion is found for the diffusivity D [19];
D = A%WIQ | (c-8)

which would suggest that BRT =D. It should however be pointed

out that the probabilities QO and @ differ.

In the absence of a driving force, an equilibrium concentration

of vacancies is present and the probability is given by;

Q = exp (—AGf/RT) (C=-2)

where AGf is the free energy of formation of the vacancies.
It was however shown in Appendix B that the chemical potential
gradiént determines the vacancy concentration so that (C=-2)
is no"longer applicable and consequently Qo is a constant, in-
dependent of temperature. The expression for the mobility,

equation (C-7) therefore becomes:

AZ2vQ
RT

o) exp(-AGm/RT) (C-9)
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The analogous expression for the diffusivity D is [19]:
= 22y - -
D = A°v expl (MG, +AG ) /o] (C 10)

The activation energy of the mobility B is therefore AGm, the
free energy of migration whereas the activation energy of the
diffusivity D is larger and equal to the sum of the free ener-
gies of formation and migration, AGf+-AGm. Thisidifference

in activation energies of the diffusivity (driving force absent)
and the mobility (driving force present) is analogous to the
activation energy difference between intrinsic and extrinsic
ionic diffusion {19]. In the intrinsic regime (low impurity
concentration) the ionic diffusivity is given by (C-10). 1In
the extrinsic regime (high impurity concentration) the vacancy
probability 1is no longer given by'(C—3) so that the activation
- energy of the diffusivity is AGm only, similar to that of the

mobility in (C-9).
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