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ABSTRACT

The main factors affecting solid-phase Si-
metal interactions are reported in this work. The in-
fluence of the orientation of the Si substrates and the
presence of impurities in metal films and at the Si-metal
interface on the formation of nickel and chromium silicides
have been demonstrated. We have observed that the for-
mation and kinetic rate of growth of nickel silicides is
strongly dependent on the orientation and crystallinity of
the Si substrates; a fact which, up to date, has never been
seriously investigated in silicide formation. Impurity
contaminations in the Cr film and at the Si-Cr interface
are the most dominant influencing factors in the formation
and kinetic rate of growth of CrSi,. The potentiality and
use of silicides as a diffusion barrier in metallization
on silicon devices were also investigated.

Two phases, NiZSi and NiSi, form simultaneously
in two distinct sublayers in the reaction of Ni with
amorphous Si, while only the former phase was observed
on other substrates. On <111> oriented Si substrates
the growth rate is about 2 to 3 times less than that on
<100> or polycrystalline Si. Transmission electron micro-
graphs establish that silicide layers grown on different
substrates have different microcrystalline structures.

The concept of grain-boundary diffusion is speculated

to be an important factor in silicide formation.
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The composition and kinetic rate of Cr812
formation are not influenced by the underlying Si sub-
strate. While the orientation of the Si substrate
does not affect the formation of CrSiz, the purity of
the Cr film and the state of Si-Cr interface become the
predominant factors in the reaction process. With an
interposed layer of szsi between the Cr film and the Si
substrate, Crsi2 starts to form at a much lower temper-
ature (400°C) relative to the Si-Cr system. However,
the growth rate of Cr812 is observed to be independent
of the thickness of the szsi layer. For both Si-Cr
and Si-szsi—Cr samples, the growth rate is linear with
time with an activation energy of 1.7 = 0.1 eV.

A tracer technique using radioactive 3lsi
(Tl/2 = 2.26 h) was used to study the formation of Crsi2
on Pd,Si. It is established from this experiment that
the growth of CrSi2 takes place partly by transport of
Si directly from the Si substrate and partly by breaking
szsi bonds, making free Si atoms available for the
growth process.

The role of Cr812 in Pd-Al metallization on
Si was studied. It is established that a thin CrSi,
layer can be used as a diffusion barrier to prevent Al
from interacting with Pd2Si in the Pd-Al metallization
on Si.

As a generalization of what has been observed

for polycrystalline-Si-Al interaction, the reactions
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between polycrystalline Si (poly Si) and other metals
were studied. The metals investigated include Ni, Cr,
Pd, Ag and Au. For Ni, Cr and Pd, annealing results in
silicide formation, at temperatures similar to those
observed on single crystal Si substrates. For Al, Ag and
Au, which form simple eutectics with Si annealing results
in erosion of the poly Si layer and growth of Si crystal-
lites in the metal films.

Backscattering spectrometry with 2.0 and 2.3 MeV
He ions was the main analytical tool used in all our in-
vestigations. Other experimental techniques include the
Read camera glancing angle x-ray diffraction, scanning elec-
tron, optical and transmission electron microscopy. De-
tails of these analytical techniques are given in Chapter II.

Part of this thesis has been previously pub-
lished under the following titles:
"Iron Silicide Thin Film Formation at Low Temperatures,"

Thin Solid Films 25, 415 (1975), S.S. Lau, J.S5.Y.
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"Interaction of Metal Layers with Polycrystalline Si,"

J. Appl. Phys. 47, 1278 (1976), K. Nakamura,

J.0. Olowolafe, S.5. Lau, M-A. Nicolet and

J.W. Mayer.
"Influence of the Si Substrates on the Formation of Ni

Silicides," Thin Solid Films 38, 143 (1976).

J.0. Olowolafe, M-A. Nicolet and J.W. Mayer.

"Formation Kinetics of CrSj.2 Films on Si Substrates with
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"Chromium Thin Films as a Barrier to the Interaction of
PdZSi with Al," Solid-State Electron. (in press),
J.0. Olowolafe, M-A. Nicolet and J.W. Mayer.
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Cambridge Research Laboratories Scientific
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CHAPTER I. Introduction
A. General
Deposited layers of metals are widely used for
metallization in integrated 'circuits and related de-

(1)

vices. It is common practice to deposit two or more
layers of metals 0.1 to 1 pum thick on the surface of inte-
grated circuit structures. The evaporated metals are
heat-treated to form intermetallic layers, known as sili-
cides, which give the desired properties either as ohmic
contacts or as Schottky barriers. The processing tempera-
ture is usually chosen between 400 and 500°C to form the
silicides and, hence, good electrical contact between the
metals and Si.

Increasing applications of silicides in silicon
technology and the advancing performance of the technology
increase the need to understand the process of formation
of a silicide. A well-controlled growth of a silicide
layer becomes more important when the number of circuits
per unit area on a silicon chip becomes larger.

A multilayer system is not uncommon in metal-

lization schemes in ICs.(l)

Typical among them is the

Pd-Cr-Al ternary system on Si reported in this work.
Recent studies have focused attention on the

characteristics of the silicide formation process, and on

the properties of the resultant compounds. It is known

that near-noble metals Ni, Pd and Pt form silicides at



e
temperatures as low as 200°C, which is only about 0.3
to 0.4 of the eutectic temperature of the binary systems.
The growth is parabolic in time, in contrast to Crsiz,
V812 and M0512 which increase linearly in time at con-
stant temperatures.

Numerous intermetallic and silicide phases have
been identified for metal systems commonly used in thin

(2-17)

film applications. Phase diagrams are shown in

Fig. 1 for Wi, Pd and Cr silicide which are reprinted from

(18)

Hansen. This figure illustrates that Ni, Pd and Cr

like many other metals, have numerous silicide phases.(la’lg)
The phases identified in these diagrams represent equili-
brium conditions, however. Generally, the compounds shown
were produced by slowly cooling a liquid phase mixture of
the metal and silicon. In contrast, the silicides formed
from thin film couples heated to temperature below 600°C
must depend on solid state transport for mixing of the
metal and silicon. This is a nonequilibrium process,
dominated entirely by kinetics. Equilibrium diagrams pro-
vide excellent clues to possible compounds that may
develop when a thin film couple reacts at low temperatures;
however, these diagrams are not sufficient to describe
which phases will result from the kinetic processes which
occur when these thin films are heated. One phase may
dominate because it is more efficient in transporting the

(20)

material needed to continue the mixing , process. Al-

ternatively, a phase may be absent because it does not



Figure 1. Metal-Si phase diagrams of (a) Ni, (b) P4,
and (c) Cr silicides. These figures are
taken from "Constitution of Binary Alloys,"

by Max Hansen.



3] NOJITIS IN33 ¥3d JIMOLY 9 5 LU BRI _.suu ¥3d JINO.Y w

01 U o‘ i ot a2 0 0
T ™ 1T =
_ " T on | sy 3
! 1
| ] AR
™3 | & o
-~ I I
= | = = = '] ] /_
| - - i NOYR
i VST e e e oy S To!m j ﬁmw. - P i
| | 20094~/ . W 7 ~ \ = I & | .. " | 7
, ﬁ i | ﬂ .3 _ o H h _..I. ! “ “_ . |
| { | + e e N I [ ! ;
TP TERTE PP S — 37! ﬂ = | u yooms | b _ “_.__ ":_q | e
PL438 CAOAWNENE ¢ | < a a..n m.w _ .u .E"o.h | M
i Qo - - )
e =Ly L T oooz | = . o
06 08 o ©0* 05 Ov 06 S2_ Q& S O S m £eq !
NOJIIS LN3) W34 LH9IZA £
B o
008 =
1 15 NO31TIS 1N32 ¥3d JIMOLY *
- S T I R R -
i f T T T »
| : H 00§ =
| : s
! i | oy
i T T ! T 200 &
| | uuus
“ , | S¥- " W -
| a v I I A T
e T T v
| o T ! m oIt
_ ] H
! L 0 000t =
-
/ Ve d o021
, w02~ / 4
| 3 “
.q \ : N e . ooss
| . ! ! / -
- b\ 2 2 00v _ ]
Bwm T | E - z 00w
: e L33 x ..uﬁ = T , xRy s
| i ) P
% o % o oﬂ MR s oo - r — - 0054
* s ; b
W3S 1432 §34 1NSL3 05 On-cGr oy 05 0¥ ed

KOS LINID B34 1W9ITA

e e L o T WO PR P



-5-
nucleate at the low temperatures involved. In general,
only one phase is present at a given temperature and time.
Kidson had earlier pointed out that if the rate constants
of diffusion in a given phase are small the phase layer
may be too thin to be detected.?l) Finally, phases which
form in the kinetic mode may not have a direct equilibrium
counterpart. Nonequilibrium phases have also been identi-
fied in the study of amorphous materials.(zz)

Table 1 gives a summary of silicides that have
been identified by He ion backscattering spectrometry.(17)
The number of phases indicated in the phase diagrams, the
structures, the temperature at which they were observed,
the kinetics and the melting temperatures are indicated.

In the studies of Si-metal interactions reported
so far, not much attention has been given to factors that
could be very influential in the formation and kinetic
rate of growth of silicides. It is therefore the main ob-
jective of my studies to investigate the influence of
factors like orientation of Si substrates, impurity (oxy-
gen, etc.) contamination of metal films, tne condition of
the metal-Si interface and presence of an interposed
silicide layer given a ternary system on the formation and
growth rate of silicides. Some factors are more effec-
tive in influencing one silicide growth than in others,
while in some systems a number of these factors might be

competing simultaneously.

In particular, we have studied the influence of



Table 1.

Silicides, their structures, kinetic rate of
formation and related temperatures. Column
two gives the most metal rich, the most Si
rich and an intermediate silicide phase as
given in the phase diagrams. Most of the
data is from J.W. Mayer and K.N. Tu, J. Vac.

Sci. Technol. 11, 86 (1974).
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TABLE 1
K
Backscattering a8
Metal+| Phases | Structure Phase T “C Kinetics |T T oK Ref.
obs _melt melt
Ti.Siq | hexagonal 2120
Ti (3)] Tibi orthochombic % 1700
T1512 " (C49) 'PiSl2 600 t 1540 ~0.5 11
Zr,Si tetragonal 2110
Zr (7)]| Zrsi ortho 2095
Zrsi, " (c49) | zrsi, 700 1520 ~0.5 23
Hfzsi tetra 2430
HEf (5)| HESi ortho or HESi 550 t 2200 ~0.3
hexa (FeB)
HfSi, ortho (C49) !lfsi2 750 1900 ~0.5 12
V,Si wiabic (B=W) 2070
v (3) v 813 te tra (D8m) 2150
vgiz hexa (C40) Vsi, 600 ik 1750 ~0.5 14,24
NbgSi hexa
No (4) | Nb4Si cubic (Cujhu)
NbSi, hexa (C40) NbSi2 ~0.5 25
Ta (3) TaSi | tetra (Al,Cu) 2460
TaSijp hexa (C40) 2200
Cr.8i cubic (B-W) 1730
cr (5)] cx8i | cubic (Fesi) 1600
CrSip hexa (C40) CrSi2 450 : 1550 ~0.4 11*
Mo (3) Mo3Si | cubic (B-W) 2120
MoSiz | tetra (Cllb) MoSi, 1200 t 2050 ~0.6 11
W (2) Wasiz tetra ) 2350
WSip tetra (Cl1) w512 650 t 2165 ~0.35 26
Ni3Si cubic (Cujyhu) 1165
Ni (6) Ni;Si | ortho (PbCly) | Ni_Si 200 t 1318 ~0.31 15+
NiSi ortho (MnP) Niéi 600 992 ~0.7
NiSijp cubic (CaFjy) N1512 800 993 ~0.85 23
Pd3Si ortho (Fe;C) 960
Pd (3) Pd251 hexa (PezP) szsi 200 t 1330 ~0.35 11,27 %
Pdsi ortho (MnP) PdSi 135 1090 ~0,75 4,28
Pt3Si mono B70
Pt (5) Pt231 hexa (F‘ezP) Pt.ZSi 200 t 1100 ~0.4
tetra (AljCu)
PtSi ortho (MnP) PtSi 200 t 1229 ~0.35 |29.,8
FE351
Fe (4)| resi cubic (CrSi) FeSi 450 t 1410 ~0.44 30
FeSiy | cubic FeSiz 550

+The number in parentheses indicated the number of phases found in bulk
samples.
*Also, present work.
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the factors affecting the formation and growth rate of
silicides in the interaction of thin films of Ni and Cr
with Si. These two metals are representative of two
categories of the silicide~forming transition metals in
the periodic table. Ni, which is a near-noble metal,
forms the phase NiZSi at a temperature as low as 200°C(15)
with growth rate of Nizsi proportional to (time)l/z. On
the other hand, Cr, which is a refractory metal, forms
the phase Crsi2 at a relatively high temperture of 450°C
and the rate of CrSi2 formation proceeds linearly with

(11)

time. It has been reported that Ni is the diffusing

species in NiZSi formation while Si is in Cr512 for-
mation.(3l'32)
The formation and growth rate of nickel sili-
cides on <100>, <111>, amorphous (evaporated) and poly Si
substrates are studied in detail. Transmission electron
microscopy analysis was done on the NiZSi layers to show,
for the first time in studies of silicide formation, how
grain-boundary diffusion plays a dominant role in the
kinetic rate of growth of silicides. So far, the sub-
strate orientation was believed to have only minor in-

fluence on silicide formation,(30/33)

We present results
which show that the state of the substrate can signi-
ficantly affect the formation process and the resultant
phases of silicides observed.

The kinetic rate of growth of CrSi, on single

crystal Si on different orientations and on PdZSi grown
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on <100> Si substrates is also presented. We have shown
that the influences of impurities, probably oxygen,
uniformly distributed in the film and the states of
Si-metal interface are more dominant than the orientation
of the underlying Si substrates in the formation and
growth of CrSi,. The effects of an interposed Pd,S5i layer
between the Si substrate and the thin Cr layer on the
composition, structure and growth rate of Crsi2 is also
presented.

The Pd-Si system and szsi have been well
studied.(2-11'13'34) Data on the rate of formation and
structural properties of szsi have been reported. The
electrical properties (barrier heights, contact resist-
ance, etc.) of this silicide have been !
However, the interaction of Cr with Si is less well

known.(ll)

There have been no detailed reports on the
kinetics of growth of CrSi,. Reports on the growth rate,
activation energy, and structures of Cr812 are almost
nonexistent. The nonavailability of detailed infor-
mation on CrSi, and the use of Cr for metallization in
semiconductor industry are other motivating factors in
our studies of the interaction of Cr with Si.

To understand the concept of formation of CrSi2
on szsi we investigated the transport mechanism of
silicon in the process of CrSi2 formation. Three possible

mechanisms can be postulated: silicon can diffuse through

szsi to react with Cr to form CrSiz; in this case, the
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PdZSi layer only acts as a medium for Si transport.
Second, the PdZSi bonds can be broken to provide free
Si for CrSi2 growth at the Pd,Si-Cr interface while new
PdZSi bonds are formed at the Si*PdZSi interface. Third,
these two processes might be going on simultaneously.

In this investigation, we have used an approach
similar to that which Pretorius et al.(35) used in the
investigation of the transport mechanism of Si during
solid phase epitaxial growth of Si in the Si(crystal)/
szsi/si(amorphous) system. The approach can be briefly
described as follows. Radioactive 31Si is formed from

3055 (n,v) 31si by irradiating a chip of Si in

the reaction
a nuclear reactor. This radioactive Si is evaporated on
Pd on single crystal Si before Cr was evaporated on top.
The thickness of the radiocactive Si is such that it will
be completely consumed in the process of szsi formation.
By etching off the CrSi2 layer and counting the activity,
using a Geiger counter, we can determine the sources of
Si in the process of Cr512 formation.

The importance of silicides as a diffusion
barrier in metallization has not been investigated in
detail. Heat treatments of Al or Au on Si substrates at
temperatures used in integrated circuit (IC) metal-
lization is known to have resulted in the migration of

(36-39) When the

Si into the overlying Al or Au layers.
metal film is in contact with the Si substrate at selected

places only, as is typically the case in IC's, this dis-
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solution occurs nonuniformly. Heavy localized erosion
of the Si substrate results. Bower has used a Ti layer
between Si and Al to defer this pitting.(40) He, in-
deed, showed that a TiAl3 compound formed during the
post-metallization heat-treatment. In a similar way,
Nakamura et al. have deferred the recrystallization of
polycrystalline Si (poly Si) in contact with an Al film
by placing buffer layers of V or Ti between the poly Si

(41)

and the Al film. In a similar fashion, we have in-

vestigated the use of silicides as a diffusion barrier

in a metallization scheme. 1In particular, the role of

CrSi2 in a multilayer Si-Pd-Cr-Al metallization is reported.

It has been observed that not all metals
form compound phases in the process of solid-phase re-

(18,19)

actions with silicon. For metals which form

simple eutectics with silicon, heat treatments at temper-
atures below the eutectic results in the dissolution
and recrystallization or regrowth of silicon in the metal

matiris, '3 teA2-44)

Well known of these metals are the

noble metals, Au, Ag and Cu, and Al. Ottaviani et al.
reported that amorphous silicon in contact with silver
films and amorphous germanium in contact with aluminum
films form crystalline precipitates when heated to

temperatures well below the eutectic.(44)

It is believed
that the driving force for the growth is provided by the
higher-energy state of the amorphous material compared

with that of the crystalline material. The solid metal
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layer provides the solvent and transport medium. Nakamura
et al. have demonstrated that the interaction of Al layers
with polycrystalline silicon at temperatures between 400
and 560°C results in the dissolution and recrystallization

of poly Si in the metal film. (43)

The poly Si substrates
were grown by chemical vapor deposition at 640°C.
Polycrystalline silicon is currently being in-
vestigated as a passivation layer on planar devices.(46’47)
The prospects for the use of poly Si for solar cell tech-
nology are also very bright. A thermally grown silicon-
dioxide has been widely used for the surface passivation

(48)

of silicon devices and integrated circuits. Also, a

semi-insulating polycrystalline film can be used as a re-
placement of the thick Si0, layer in Mos-1cs. (46-47)
In most applications, however,. poly Si is used to
prevent intermixing by sacrificial dissolution between the
deposited Al film and the underlying Si substrate in de-
vicés. In these applications, metal layers, typically Al,
are depusited on the poly Si and neat treatéd to provide

electrical contacts.(4a'49)

It is only desirable that the
poly Si layers maintain structural integrity.

To investigate the uniqueness of the poly Si/Al
phenomenon, we have extended the studies to metals which
form simple eutectics with Si (Au and Ag) and to metals
which form silicides (Ni, Pd and Cr).

Backscattering with MeV 4He ions, Read camera

glancing angle x-ray diffraction, scanning electron
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microscopy (SEM), and transmission electron microscopy
(TEM) are the main tools used in all our investigations.
Detailed description of these analytical techniques are

given in subsequent sections and chapters.

B. Basic Concepts in Backscattering
Ion backscattering has received increasing
attention as a diagnostic technique for the microanalysis

(35,50-52)" 1¢ js a well-established

of silicon structures.
tool in experimental nuclear physics. It has recently
become a very powerful technique for surface and thin
film anlaysis.(11'13-15'52_55) In this chapter, the
essential concepts and basic formulas will be given.
The experimental setup will be given in Chapter II.
There are three basic concepts in backscat-
tering and each gives an analytical capability: kinematic

factor (mass analysis), differential scattering cross

section (guantitative analysis) and energy loss (depth

analysis).

1. Kinematic Factor and Differential Scattering
Cross Section
When a projectile of mass m with energy EO
collides with a stationary target atom with mass M, there
is momentum transfer from the projectile to the target

atom. Assuming there is no nuclear reaction, the energies
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of the scattered projectile and the recoil particle can
be calculated from the laws of conservation of energy
and momentum. The kinematic factor, K, is defined as
the ratio of the projectile energies after (El) and
before (E;) collision. This factor depends on the scat-
tering angle 6 in the lab system and the masses involved
in the collision process. The kinematic recoil factor
is expressed as
El . mcos( + /(Mz—mzsinzn))Z

K(M,m,0) = Ky = EH = s (1)

The subscript M is used because m and 0 are predetermined
in a given experiment.

The scattering process due to Coulomb inter-

(56)

action is a classical problem. The differential

scattering cross section given in laboratory coordinates

can be written as:

lezez 2 {cosb + [l—(msine)2 5}2
= ) o
¢ ) m_ . S

2Eosxn 4] [1-(ﬁ31nﬁ) 1

]

(2)

Recoil correction is included in this equation. 4, and

22 are the atomic numbers of the projectile and target

atom, respectively, E, is the energy of the projectile

before scattering and 0 is the laboratory scattering angle.
The average differential scattering cross sec-

tion, U, taken over a finite solid angle, §, spanned by

the detector, is defined as
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— i}
g =5 [ o d (3)

2. Energy Loss - Depth Analysis

when a projectile penetrates a target, it loses
its energy throughout its trajectory to the electrons of
the target atoms by ionization and by excitation, and it
also loses energy by nuclear collisions. During its out-
ward path (i.e., backscattering) it also loses energy to
the target atoms until the particle emerges from the tar-
get. The energy loss for both inward and outward paths
provide information on how deep the projectile has pene-

trated.

The energy loss of the projectile per unit length

expressed—as_éﬁfdxfcvfg or-eV/cm) depends on the energy
of the particle and also on the projectile and the target.
I'ne stopping cross section, €, is related to dE/dx as

1l dE ,eV - cmz

(———

TN dx atom

) (4)

where N is the atomic density (atoms/cm3).
Assuming the incident energy of the projectile

on an elemental target of mass M is B the scattered

0'
particles have enerqgv KMEU when scattered from the sur-

face atoms. KM is the kinematic recoil factor of the

target. The backscattering geomeltry, notation and
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is given in Fig. 2. The projectile

schematic spectrum

loses energyy to the target on its inward path when the

particle is scattered at a depth t, the energy at the

E and it can be re-

par)

depth just before tne scattering is

lated to EO as

where Ul is the incident angle with respect to normal.

After scattering at depth t, the particle will

lose its energy on its outward direction and it will have

energy Ii; when emerging from the target.

-
00502 "
E; = K,E - J S dg (6)
0

The energy difference, AE, between the particles scat-
tered from atoms on the surface and that scattered from
atoms at a given depth t is defined from Fig. 2 as

AE = K B = By (7)

and with BEg. 5 gubstituted in 6, Lg. 7 becomes



oy

Figure 2. Backscattering geometry, notation and

schematic energy spectrum.
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ot ¢t
cosl cos0..
s L an 2 4w
B = KM =% dx + s dx (8)

For small energy loss, di/dx is a slowly varying function

of energy and AE the energy loss can be simplified as

AE = [S]t | (9)

The symbol [S8] is called the backscattering encergy loss
factor and it changes slowly as a function of E and t.
For a very thin film, one can assume tnat dBE/dx
of the projectile in thin film does not change and can be
evaluated at the energy Ey for its incoming path and KMEO

for its outgoing path. Eqguation 8 then simplifies to

K o "
AT TS ey | I )t (10)
cosOL dx - cost, dx K T
0 M0
From Egs. 9 and 10, we obtain [8] as
K
4 ; M db 1 di g
[S1 = o0, ax|, * Goso, asz‘K . skl
‘0 M0

For experiments performed such that the incident beam is

normal to the target, Ol = 0 and 02 = m— @, 80
] dL L drm
5] = K, == ohe o e (12)
- (51 M dx EJ ICObUT dx KMEO
{ 4



A
A parallel set of equations for ¢ instead of dL/dx can be
derived to give the backscattering stopping cross section
factor in the unit of eV—cmz. The stopping cross section

[ = ] = £ (}"‘ ) ‘]"'_'—“-'_I" g ( ( I'-‘ ) (.]_ “) [ S ] ( 3 )
| & l\ e Nl 0 } = O 5 [ L 0 pute ].

Figure 3a gives the shape of a typical dE/dx or € versus
ene;gy curde. I is the inéident energy of the projectile,
When the projectile penetrates the target at a distance,
t, its enerqgy decreases to E. The values of energy loss
dE/dx, along the incident and outgoing path as gliven in
Eg. 8 are accentuated with two heavy bars on the dE/dx
curve in Fig. 3a. The assumpltion made in deriving Egs. 8
to 13 becomes accurate for a very thin target (as By ~ E)
as is shown in a plot of AE versus Ax in Fig. 3b.

The height H, of the backscattering spectrum
given in counts per channel is determined by the number
of scattering events in an incremental target thickness
Ax. This thickness is related to the channel width §E by
§E = [8]Ax, where SE is fixed by the gain of the electronic

system and is typically 2-5 keV. Thus

HM(counts/channel) = QRONAxX (lL4a)
or
SE
= 1 s s 4
HM QRON (57 (14b)

by.substituting for Ax. In these equations Q is the inte-

grated charge (typically Q = 20 pC = 20 nA for 15 minutes),

S
N

TR

BV S S




Figure 3.

=

(a) Schematic diagram of dE/dx versus B

and regions used for backscattering analysis

(Chu, "New Uses of Ion Accelerators, Chapter 2,

Ed. J.F. Ziegler). (b) Enexrgy to depth scale
relations for 2 MeVv 4He+ backscattering from
Si (Chu, "New Uses of Ion Accelerators,"

Chapter 2, BEd. J.F. Ziegler).
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(@ is the solid angle (about 4 msterad = 25 mm2 detector
at 8 cm), N is the atomic density (atoms/volume), o and

[s] are as defined before.

3. Compound Analysis by Backscattering
For an integrated charge, 0, of 4He ions and a
detector solid angle, £, the total area, A in counts under

a peak in a backscattering spectrum is given by
A = QQUNL (15)

where N is the number of atoms per unit volume and t is
the thickness of the target, ¢ 1is the differential scat-
tering cross section.

Figure 4 gives a schematic representation of
an energy spectrum for 2 MeV 4”8 ions backscattered from
a compound, designated as MxSiy in the interaction of a
compound forming metal (M) with Si. The letters x and Yy
are integers which define the stoichiometry of the com-
pound layers (alternative, x and y may be fractions such
that ¥ + y = 1). The shaded areas give the signal in the
compound layer. These areas are defined as in Eg. 15
with Q, © and t the same for both signals. The composition
ratio of metal to Si atoms per unit volume is therefore

given in Eg. 15 to be

NM B AM/GM

(16Y
Ng;  Bgi/o

si

et S L e

B R ey

T s e I ———

R




Figure 4.

e

Schematic representation of an energy spectrum
for 2 MeV 4He ions backscattered from a

typical stiy on aSi substrate. The composition
ratio of the compound layer can be obtained by
comparing the shaded area of metal (M) with that
of Si or by comparing the plateau height of M
with that of Si. The numbers 1 and 2 refer to
the Si—MxSiy and MxSiy—M interfaces respectively,

while 3 refers to the surface of M.
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Using Bg. 14, the platecaus heights for the metal, M,

and Si are given by

_ M _Si
Hy « Ny o, /181,7% ¥ (17)
and
Mij.y
5 o ; ¢ 5
Hoy « Bgg Ggqf [8)gy v18]
where Ny, N.. are the atomic densities of the metal and
P
Si in the compound layer: o, and o_.. are the differ-
. M SM o o
51 M 51
ential scattering cross sections; [S]M Y ana [S]qi
are the enerqgy loss factors for the metal and Si re-
M Si
spectively in the compound layer. Values of [S]Mx Y and
M _Si
ES]ST Y can be obtained from BEd: <12 These values are

calculated for nickel, palladium, chromium and Si in the
silicide layers and are given in Table 2. By substituting
Egs. 17 and 18 into Eqg. 1€ using Table 2, we obtain the

metal to Si composition ratio as

N, Ogy HAE,
N T G I AE (19)
Si M Si”rsi

The comocsgition of dielectric layers has been determined

i
in a similar feshion by using Egs. 16 or 19.(J0)
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TABLE 2.
) ‘Ni.Si Ni.Si .
Si 4 2 = 2 N i
[Slg; [S1gy (514 [Slgy  “ni 9y
36,1 101 107 118.6 4.13
pd. Si Pd.Si
2 e pd
[Slgy (S1pg [81pa  9pa’%si
102 102 120 y & B
crsi Crsi
2 2 Cr
[s1q; (81a, -3 foel UCr/USi
85.57 95.04 110.5 3.02

Calculated values of the backscattering enerqgy loss
parameters [S] (eV/R) used in the compositional and
kinetic analysis of nickel, palladium and chromium sili-
cides in this work. Values of OM/GSi' the differential
cross—-sectional ratios are also given. Values of [S5] are
calculated from knowledge of the silicide density p, stop-
ping powers of the metal and 5i, and Bragyg's rule. S
The subscripts on [S] refer to the species from which
scattering is considered and the superscripts refer to the
media in which the enerqgy loss is experienced. The values
are calculated for an incoming beam of 2.0 MeV 4He ions
and a detcclor angle of 170°. Values of stopping powers

were obtained from J.F. Ziegler and W.K. Chu.(37)
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CHAPTER II. Experimental

A. Samplp Preparation
1. Si-Ni, Si-Cr, 8i-Pd-Cr and Si-Pd-Cr-al

Substrates of single crystal <100> and <111>
oriented, amorphous (evaporated) and polycrystalline
silicon (poly Si) were used in the studies of the inter-
actions of Ni with Si. The studies of chromium silicide
were made on single crystal <100> and <111> oriented Si
and on palladium silicide grown on <100> Si. The chem-
ically polished single crystal Si substrates and poly Si
were cleaned ultrasonically with TCE, acetone, methanol,
rinsed in doubly-distilled H20 and then etched in con-
centrated (diluted for poly Si) HF and rinsed again in
doublyadistillea HzO just prior to evacuation. The SiO2
substrates on which amorphous $i was evaporated were
cleaned only with TCE, acetone and methanol and then

rinsed in doubly-distilled HZO before being place in

a vacuum. Depositions were made with an electron
gun in an oil free deposition system. A vacuum of about
6

2 x 1077 to 7 x 10_7 Torr or better was maintained during

deposition. The vacuum during annealing was maintained,

for all heat treatments, at a pressure between 5 and

7

7 x 10 ' Torr with an oil diffusion pump baffled with a

LN2 trap.
(a) Si=Ni

For the Wi evaporation, all of the substrates
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were simultaneously loaded into an e-gun evaporator. The
thicknesses of the Wi films vary from 1000 to about SOOOR.
The samples were placed side by side in the same annealing
poats under the saﬁé vacuum and annealed for the same
lengths of time at the same temperatures. Annealing
temperatures ranged from 200 to 325°C and lasted from
about 1/2 to 24 hours.

(b) ‘Ssi~Cx

Chromium films of about 800 to 2000R were eva-
porated on single crystal Si, and Pd films ranging from
300 to 30008 were deposited on single crystal Si before
Cr was evaporated on top. Whenever both Pd and Cr films
were deposited on a Si wafer both evaporations were made
sequentially without breaking wvacuum. Heat treatments
were performed in a vacuum annealing furnace. Most of
tne Si-Cr and Si-Pd-Cr samples were heat treated together
so that the resultant silicide thicknesses could be com-
pared for identical process teméeratures and times.
Annealing temperatures ranged from 406 to 525°C and lasted
from about 10 to 150 minutes.

Bxperimental procedures of radioactive Si tracer
studies of the formation of Cr512 on Pd2Si is given in
detail in the Appendix.

(c) Pd-AlL

The Pd-aAl metallization scheme was investigated
in two main stages. Sample preparations of the Si-Pd-Al

-

ternary system was followed by the more complex Si-Pd-Cr-Al
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system. All experiments were performed with single
crystal <100> Si wafers as substrates. Cleaning pro-
cedures are similar to those earlier described for the
investigation of nickel and chromium silicides. In the
Si-Pd-Al system, evaporation of 300 to 20002 of rd fol-
lowed by about 30008 of Al were made in that order on
<100> oriented Si without breaking vacuum. On some
samples only thin films of Pd were deposited, annealed
in vacuum at temperatures ranging from 275 to 300°C to
form szsi with all of the Pd consumed before Al was
vacuum deposited on top.

(d) Pd-Cr-Al

The more complex Si-Pd-Cr-Al samples were pre-
pared by sequential evaporation of thjn fFilms of Bd, Cr
and Al on <100> Si in a single pump down. Annealing
temperatures were chosen between 275 and 550°C with times
up to 2 hours. The heat treatments were essentially

isothermal (* 1°C).

2. Polycrystalline Si-Metal Samples

Polished single-crystal Si wafers of about 4 {cm
n-type conductivity and oriented in <100> direction were
thermally oxidized at 950°C in steam to a thickness of
1000 + 50%. The substrates thus obtained were covered
with a layer of undoped polycrystalline Si (poly Si) formed
at 640°C by chemical vapor deposition. The grain size of

the poly Si was found to be so small that no contrast could
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be seen Ly conventional TEM
imaging. llarxis et al. found out by use of electron
diffraction methods that the grain size is less than
3003.(59) The thickness of this poly Si film ranged
from approximately 0.4 to 0.5 ym. Metal layers of Al,
Ag, Au, Pd, Ni and Cr were evaporated onto the unheated
poly Si. Evaporation was performed by an electron gun
for Al, Au, Pd, Ni and Cr and by a Mo resistance heater
for Ag. Vacuum pressure during evaporation was main-
tained below 5 x lO—7 Torr. Heat txreatments were per-

7

formed in vacuum at pressures below 10 ' Torr. All

annealings were performed below the lowest eutectic tem-

peratures for each combination of metal and Si. Metal
layers were chemically removed with aqua regia (1 HNO3
+ 3 HCl) for Al and Au, and with HNO, for Ag. Scanning

3

electron microscopy (SEM) was used to monitor the change
in morphology of the Si recrystallized in the metal

matrices.

B. Backscattering Analysis

The primary tool used in tnis investigation was
2.0 MeV 4He ion backscattering. The backscattering anal-
ysis was carried out on the 3 MeV Kellogg machine utiliz-
ing a solid state nuclear particle detector positioned at
a scattering angle 0 = 170°. The detailed experimental
technigue of backscattering is given in a number of re-

(35,50=55)

ferences. A brief description of the basic
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concepts has been given in Chapter I.

Basically, the method consists of placing a
target in a monoenergetic beam of ions of light elements,
4He ions in this investigation. Particles coming from
the target are detected and analyzed. The schematic dia-
gram of tne backscattering chamber and electronics is
shown in Fig. 5. The samples to be analyzed were mounted
on a mualtiple target holder where they were sequentially
rotated into normal incidence with the incoming beam. A
beam spot of approximately 1 mmz was used to study the
samples in this investigation. The basic concepts of this

technigque has been given in detail in chapter I.

C. Read Camera Glancing Angle X-ray Diffraction
Phase identification of the silicides NiESi,

gisi, Pd,Si and CrSi

5 5, were made by using Read camera

glancing angle x-ray diffraction technique. The Read
camera configuration is basically a glancing angle dif-
fraction setup with a fixed angle of incidence.(55'60—62}
By use of glancing angles of incidence, a relatively large
volume is examined even in thin film samples. TFor ex-
ample, an incident angle of 6.4° will increase the length
of the x-ray beam path in a thin specimen to about nine
times tne film thjckness.(SS)
The experimental gzometries of the Read camera

is shown in Fig. 6. X-ray diffraction patterns are ob-

tained from monocnromatic x-ray beam (CuKa at 45 keV and
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Figure 5.

e 1

This figure illustrated that experimental
arrangement used to measure the backscattering
spectra of the thin film structures in this
investigation. The incoming beam strikes the
sample at normal incidence and the 4He parti-
cles scattered into an angle 0 are analyzed
with a solid state nuclear particle detector.
The output of the detector is amplified and
stored in a pulse height analyzer. A simple

multi-target holder was used.
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Figure 6. Schematic diagram of the geometry of the
Read camera. Yy is the glancing angle of

incidence and 0 is the Bragg angle.
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20 nA in the present studies), collimated through two
pinholes and the patterns are recorded on polaroid film
placed on a 5 cm radius from the sample center.

The Read camera diffraction technique gives
spot patterns for diffractions from single-crystal Si
and ring patterns from polycrystalline films. The
components of the film are identified by measuring the
angular positions of the rings and then comparing these
positions with data in ASTM powder pattern compilation.
The d-spacings, relative intensities, corresponding
angles and crystallographic axes (hkl) are given for
nickel, palladium and chromium silicides in the next few
chapters. The details of the comparison of this experi-
mental technique with backscattering has been given by

5:5. Layu et al.(SJ)

D. Transmission, Scanning EBlectron and
Optical Microscopy

The difference in the growth rate of nickel
sildicide, Nizsi, on <100> and <111> Si has been attri-
buted to the structural differences of the compound
layers. To verify this transmission electron microscopy
was used to investigate the strycture of the Nizsi on
<100> and <111> Si substrates.

Scanning electron (SEM) and optical microscopy

. were used to analyze the surface topology and lateral

uniformity of all the samples used in this work. Re-
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crystallization of polycrystalline Si in Al, Ag and Au
was monitored, after the metal layers were chemically
removed with aqua regia, by using the SEM. The SEM was
fitted with a two-axis goniometer. This allowed the

sample surfaces to be viewed at their optimum angle.
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CIiIAPTER 1IT. Growth Rate, Compositon and Structure
of Thin Film Nickel Silicide Layers

In this chapter, the growth kinetics, structure
and composition of nickel silicides on different sub-
strate orientations (<100>, <l1ll>, amorphous [evaporated]
and polycrystalline Si) substrates are described. So
far, the substrate was believed to have only minor in-
fluence on the silicide formation. This chapter presents
results obtained on thin films of nickel silicides which
show that the state of tihe substrates can significantly
affect the formation processes and the resultant phases
of silicides observed.

Backscattering spectrometry is tnhe primary tech-
nigque used to investigate the growth rate and composition
of the silicides.

The structure of Nizsi grown on <111> and <100>
oriented Si is investigated by means of transmission elec-
tron microscopy (TEM). Read camera x-ray diffraction anal-
ysis ldentifies the compound phases on the different
substrates.

A. Nizsi on Single-Crystal and on Poly Si

Substrates

Annealing temperature varies from 200 to 325°C

and from 1/2 to about 24 hours for all Ni films wvacuum

deposited on Si substrates. Over the whole temperature
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range investigated, only tne Nizsi phase was identified
in the reaction product of thin Ni films of thicknesses
ranging from 100 to 50008 on single crystal Si and poly
Si substrates. Fiéure 7 shows the backscattering spectra
of 1600] film of Ni on <100> and <111> Si annealed at
275°C for 4 hours. The film on the <100> substrate is
almost fully reacted while that on the <111> substrate
is mainly unreacted. Additional measurements were made
for different temperatures and times. Only the phase
Nizsi was observed and the rate of formation was always
significantly faster on <100> then on <111> Si substrates.

The sane silicide phase Nizsj is observed on
Poly Si, as on single crystal substrates. Figure 8 shows
the 4He ion backscattering spectra of a Ni film on poly
Si before and after annealing at 275°C for 2 hours.

The composition ratio of Ni to 8i in the nickel

silicide layer may be measured by using Eq. 16 rewritten

here as
Ni,Si
Bt _ Mg - L8 (201
N.. Wi, 81 (o
51 A o N1
Si
or
Ni.Si Ni,.Si
2 Lo,
Nei  Hwa a8 . Osi Ca1a)
Ng; T WNiLSI o Wi, 81 Oy
i AR, . “

- 5i S



Figure 7.
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film of Ni on <100> and <111> Si substrates

after vacuum annealing at 275°C for 4 hours.



gl 9] vl

42~

] %&uj |

T
0
v
-}
]
v
v
o
v
o
=40
v 9
-]
v Yo
¥o
v Yo
c D
TSR
<]
o wo v
o v
b} o 2
v v
Ry w
_b e 11-_
_ 1!114

4y 2:622 IN/(00I) 1S
Up 24622 IN/(I11)1S -

R e e e e S C RS Ry PRI,

(SLNNOD ,01) A13IA ONIYILIVOSHOVE




S b anade B ae

WIS TSNS T AN I ATER R

RN

Sl o

AL N W e e

O R L W N7 MR SN SN N S SR TN S ey N S e

Figluke 8.

-4 3-

4He ion backscattering spectra of 4500%
Ni film on poly Si before (o) and after (o)

vacuum annealing at 275°C for 2 hours.
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Since AR = [8]lt (Eg. 9),;
Ni 81 Ni.S8i
N IlL."Z [5] .201 a
Wi _ "Ni & = Wi - S 21
X Ni. 51 Ni.S1 X 7., (21b)
Sa K 2 [s] 2 Ni
Si B! -
Niési Ni_.Si
where A . and N... are the integratednumber of
SL N1 .
counts from each species within the compound. Npi and
w2
_ _ ) NipSi
NNi are as defined in the previous chaplers. HNt and
NizSi q : ’ 3
dsi are the heights of the plateau in the backscat-

tering spectrum corresponding to Ni and Si respectively
in tne compound layer. Values of the energy loss factors
Wi 81 Ni,Si

2 and [S] <

2% si are 107 and 101 (eV/ﬁ) as given in

[S]
Table 2. Also Uka%irdjj using these values and the
calculated heights of Ni and Si in the compound layers,
NNi/NSi = 200 B L.

Spectra similar to those in Figs. 7 and 8 were
used to estimate the rate of formation of the silicide
layerx. From the energy loss AE, measured as the full
width at half maximum of the contribution from the sili-
cide, the thickness of the silicide layers can be ob-
tained from the energy loss expression;

i

AE = [S8]t (22)

NiESi Ni,Si

- 2
Using either the value of [8] . or [5]

qi 5i , the thick-

ness t of the silicide can be obtained.

A plot of the Wi,Si layer thickness versus
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(tjine)l is shown in Fig. 9 for <111> Si (four tempera-
tures), <100> Si and poly S8i (275°C only). The data for
the <100> Si subst;ate agree well with the results of
Tu et al. obtained also for Wi on <100> Si (dashed line
in Fig. 9). The square~root-of-time dependence of the
growth of the silicide layers holds in all cases. This
indicates that the reaction process is limited by the trans-
port of Wi across the silicide layer. The rate of the re-
action, however, depends on the structure of thne substrate.
As can b2 seen, the reaction proceeds 2 to 3 times more
slowly on a <1l1> than on a <100> or a poly Si substrate.
At 275°C for one hour annealing, the rate on <100> Si
corresponds to about 10008 for Nizsi.

The Arrhenius plot for the formation of NiZSi
on <111>, <100> and poly $i substrates is shown in Fig.
10. The corresponding activation energies are E, = 1.6

+ 0.2, 1.5 &+ 0.2 and 1.3 + 0.2 eV respectively.

B. Structures of NiZSi on <100> and <111>
Si Substrates by Transmission Electron
Microscopy (TEM)

The dependence of the rate on the state of the
substrates means that even though the process is transport-
limited the substrate can still affect the process. This
is a remarkable fact. A possible explahation is to assume
that the silicide layers formed on different substrates

are dissimilar in such a way as to alter the transport



Figure 9.
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Plot of Nizsi layer thickness versus (t.ime)l/2

for Ni evaporated on <100>, <111> and poly Si.

FFor comparison, the work of Tu et al. on

<100> Si (dashed line) is included.
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Figure 10.
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Plot of activation energy for the Nizsi
layer growth on <11l1>, <100> and poly Si
substrates, and for the (NiZSi + NiSi) layer

growth on amorphous (evaporated) Si. The

dashed line is from Tu et al.
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parameter for the atoms moving through the layer. To
test this hypothesis, we have measured the grain size of
silicide layers grown on <lll> and <100> single crystal
substrates. Figure 4 gives reproductions of TEM micro-
graphs of one such layer each, as well as electron trans-—
mission diffraction patterns obtained on the same lavyers.
The micrographs show tnat the average grain size of the
,81 layer grown on a <1l00> Si substrate is about 6008,

2

while the layer grown on a <111> Si substrate is about

Ni

13008. ‘The diffraction patterns have been analyzed and

confirm the presence of Nizsi in the layers. This anal-
ysis was done by measuring the positions of the concentric
diffraction rings from the center of the rings and from the

knowledge of the camera constant AT, using the follow-—

ing(GO):

Ap, = dr (23)
or
A
d = _L (23a)
¥

where d is the crystallographic diffraction spacing and
r (cm) is the distance of the rings from the center of
the concentric ring patterns. Table 3 gives the measured

values of r, calculated values of 4 and the crystallo-

b

R b e AN B,

graphic axis (using ASTM data), for the Ni,Si on <100> and

<11ll> Si substrates. The patterns from the layer grown on

- the <100> Si substrate indicates randomly oriented grains.

In contrast, we found evidence that layers grown on the



Figure 11.

Transmission electron micrographs and
electron diffraction patterns of Nizsi
formed by 16008 of Ni, (a) on <100> Si and
annealed at 300°C for 5 hours, and (b) on
<111l> 8i and annealed at 325°C for 580
minutes. All Ni was consumed in the re-
action in both cases: the average grains size
of Ni,Si is about 6008 in (a) and 1300 to

14008 in (b). The diffraction patterns in

the latter case indicate that Nizsi is textured.
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(a)

(b)
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Table 3.
Values of d, calculated from measured values of r. These
are compared with the d's on the ASTM data card number
5-0416 (PbCl2 structure) . Last column gives the axes cor-—
responding to the d values. Some intensities are too weak

to detect in both (a) and (b).

(a) TEM analysis of Nizsi on <100> Si

r (cm) _51(3) (hk1l)
0.61 3.60 (002)
0.80 2.75 (111)
0.85 2.58 (020)
1.00 2.20 {112}
1.10 2.00 (120)
1.20 1.83 (200)
1.2% Y. 78 (004)
1.30 1.69 (014)
1.35 1.63 (202)
1.49 o N (-220)
1.60 187 {223
530 L 22 (034)
2.00 Y. 10 (320)

(b) TEM analysis of Nizsi on 251113 S35

r (cm) a (%) (hk1)
0.61 3.60 (002)
0.65 3.38 (101)
1.10 2.00 (120)
1.20 1,83 (200)
1.95 1,13 (224)
2.10 1.05 (026)
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<111> 51 substralte concain preferentially oriented grains.
The <111- and <222> transmission electron diffraction
lines are missing in the patterns of Nizsi on <l111> Si
substrates. This suggests that the <111> planes of the
NiZSi crystallites lie preferentially parallel on the
<111l> Si substrate surface. The structural characteris-
tics of tne Nizsi layer thus depends indeed on the state

of tne substrate.

s NiZSi plus WiSi Formation on Amorphous
(Evaporated) §i

Thin Ni filwms were deposited on 3000 to 50008
of evaporated Si on 8102 substrates. Silicon films
were also deposited on Ni films evaporated on SiO2 sub-
strates. For both layer sequences, the two phases Nizsi
and NiSi were observed simultaneously after heat treat-
ments between 200 and 325°C. The backscattering spec-
trum of a thin (35008) Ni film deposited on amorphous
(evaporated) Si on 5102 after annealing at 275°C for 4
hours is shown in Fig. 12. Two sublayers of differing

atomic composition are clearly visible within the compound

layerx.
The rate of growth of the compound layers are
investigated. The overall compound thicknesses as well

as the individual sublayers were found to increase as the

square root of the annealing time. The rate is rougnly

equal to that opserved for the growth of Ni,Si on <100> Si.
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4He ion backscattering spectra of a thin
(35008) Ni film vacuum-evaporated on an amor-—

phous (evaporated) Si film on a Si0O, substrate

2

before (o) and after (o) annealing at 275°C

for 4 hours.
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An Arrhenius plot for the growth of the overall
compound layer of NiZSi plus NiSi is shown in Fig. 10.
The activation energy was found to be g = 14 & 0w &V,

which is quite similar to those found for the other sub-

strates. A detailed analysis of x-ray diffraction patterns

confirm that, indeed, these two phases coexist simultan-
eously.

The simultaneous existence of two silicides over
an extended range of annealing times is unusual. Gen-
erally, only one phase is observed at a time in reactions
of metal films with Si. Two phases were reported for

(23 But the growth of the first phase

platinum silicide,
(Ptzsi) ceases when the second phase (PtSi) appears. Two
phases, COZSi and CoS51i have also been reported recently

for Co.(60)

D. Glancing Angle (Read Camera) X-ray
Diffraction Analysis of NiZSi and WiSi

Identification of Nizsi and NiSi was made by
using the Read camera glancing angle x-ray diffraction
technique. A brief description of this anlaytical tech-
nique has been given in Chapter II. Details are given
in other references.(ss’ﬁo'sz)

Figure 13 gives the diffraction patterns of
thin Ni films evaporated on evaporated Si on S5i0,; sub-

strates, annealed and unannealed. Analysis of these

samples were made by comparing the measured angles of the



Figure 13.

=50

X-ray diffraction patterns of thin Ni film
on amorphous (evaporated) Si before and after

heat treatment at 275°C for 4 hours.
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s
diffraction rings with the data in the ASTM compilation
data. NiZSi and NiSi are known to have PbC12 and MnpP

[ =
(15,18)  ppe agmm

orthorhombic structures respectively.
data and the calcul;ted d values (using the corresponding
lattice parameters) corresponding to these compounds are
used for the identification of Nizsi and NiSi. The list-
ings for the x-ray diffraction data are given in Table 4.
Some reaction between thin Ni films and eva-
porated Si was found to have tlLaken place even during the
deposition of the Wi film on the evaporated 8i, as in-
dicated by the presence of Wi,Si diffraction rings in

the x-ray films of the as~deposited samples.




i

Table 4.
X-ray diffrac?ion angles, the d-spacings calcul-
ated by ;sing the lattice parameters for Nizsi and NiSi,
the crystallographic axis (hkl) and relative intensities
of diffraction patterns from ASTM cards for Ni, Nizsi and NiSi.
* indicates diffraction lines observed in the
patterns. Most of the diffraction lines in the Nizsi
and NiSi samples are not observed because of (i) they
overlap with each other, and (ii) they are too weak

to be detected. The resolution of the camera, operated

at an incidence angle (see Chapter II) of B° is about 2°.
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Table 4

(a) Ni; ASTM number 4-850

- o - : . Relative
= o (RJ otk Intensity
44.49 2.034 (L11) Vs *
51.84 1, 62 (200) s *
6 537 1.246 (220) 5 *
92.93 1.062 (311) s ¥
98.43 1.017 (222) w *
12193 0.881 (400) \%
144.64 0.808 (3131) VW
15566 0. 788 (420) vw

Crystalline Ni is FCC in structure, with lattice constant

a=Db=c¢c = 3.5238 and a = f§ = v = 90°.

(b) NiZSi; ASTM number 5-0416 (PbCl2 structure)
25.28 3.520 (002) VW
27.03 3.296 (101) Mo*
31.04 2.878 (012) M
32.51 2.752 (111) S *
35 .89 2.500 (020) W
39.51 25279 (112) W *
43.54 2.077 (120) VW
44.41 2.038 (022) W
45,50 1,912 (121) M
45,63 1.986 (1L03) M
48.79 1.865 (200) M *
5k.91 1. 760 (004) M
53 .51 A F 1T (023) v
55 .29 1.660 (014) VW
58473 1.648 (202) VW
58.96 1.565 (212) VW
59.38 1.552 (123) W
61.04 1.517 (114) VW
61.51 1.506 (032) W
62.03 1.495 (220) VW
62.38 L.487 (L3 vw
64 .72 1.439 (024) VW
68.08 1.376 (222) VW
70.01 1.343 (124) VW
73.99 1.280 (204) VW
74.41 1.274 (115) VW
76 .80 1.240 (214) VW

.79.06 06 o 21200 (034) VW
80.73 1, 1’89 (311) VW
82.06 1.Y73 (006) VW
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Table 4 - continued

82.19 1. 17% {933) VW 5

84.00 P A8 {1.14) VW i

84.80 1.142 (016) VW bl

85.07 1.139 (224) W o* il

87.56 1.113 (320) Hil

89.26 1.096 (215) W o* h
|

92.96 1.062 (026) -I
The crystal structure of Nizsi is orthorhombic with a =
|

3.73, b=5, ¢ =7.04 and uw = g = y = 90°.

|

|
(c) NiSi; ASTM number 7-384 (MnP structure) !
il

|

|

{

|

I

|

23.33 3.809 (11.0) VW *

31,12 2.871 (101) VS *

31.81 2.810 (200) g *

34.60 2.590 (020) Vs

35.72 2.511 (111) Vs

36.34 2.470 (210) M

44,21 2.047 (021) M ‘
45.64 1.986 (211) Vs * i
47.22 1.923 (1213 Vs

47.71 1.904 (220) s

51.85 1.762 (310) 8

54.93 1.670 (002) M %
55.49 1.654 (221) Vs |
55.64 1.651 (130) M

56.25 1.634 (311) s |
59.25 1.558 (301) VS i
60.99 1.518 (320) W ﬂ
62.74 1.480 (131) Vs i
64.89 1.436 (202) VW i
66.57 1.403 (022) W o* “
67.66 1.383 (212) W |
69.23 1.356 (410) W ;
72.99 1.295 (040) W L
74.70 1.230 (330) W

75.23 1.262 (140) VW i
75.62 1.256 (411) S |
75.68 1.256 {222) Vs W
77 .17 1.235 (420) VW i
78.92 1,217 (312) S '
79.28 1.207 (041) W C
81.46 1.180 {143) Vs i
81.83 1.176 (240) | M i
95.15 1.043 (511) VW il
99.82 1.007 (142) v

Tné crystal structure of WiSi is orthorhombic with a = i
5.62, b = 5.18 and ¢ = 3.34 and ¢ = B = y = 90°.
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CHAPTER IV. Formation Kinetics of Thin Films of
CrSi2 on Single Crystal Si and on

szsi Grown on Si

In this chapter, the kinetic rate of formation
and composition of CrS-i,2 is reported. Thnis part of the
work starts by investigating the dependence of the growth
rate of CrSi2 on the orientation of the Si substrates,
as was made for nickel silicides reported in the previous
chapter. CrSi2 was formed on <100> and <11l1l> oriented Si
and poly-crystalline Si. The growth and kinetics of the
silicide was also investigated in a more complex Si-Pd-Cr
system

The Pd-51i system has been well studied, but the
interaction of Cr with silicon is less well known_(ll) It
is the objective of this investigation to study, in detail,
the formation of Cr812 on single-crystal substrates with
or without an interposed layer of PdZSi.

Read camera x-ray diffraction analysis were per-
formed on both Si-Cr and Si-Pd-Cr samples, to confirm that,
indeed, CrSi2 was formed in both systems.

The interaction of Cr with Si reguired thorough
investigation, particularly in the complex Si-Pd-Cr ternary
system. This is found to be the key to the understanding

.0f the S5i-Pd-Cr-Al metallization scheme reported in Chapter V.
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A. Behavior of Cr Films on Single-Crystal Si

Figure 14 shows 2 MeV Yot backscattering
spectra of samples with 2000R Cr evaporated on <100>
oriented Si substrates, annealed at 450°C for 50 minutes,
and unannealed. The plateau at the higher enérgy part of
S1 signal and a corresponding one at the lower energy part
of the Cr signal indicate that there has been an inter-

action between Si and Cr; indeed, a compound phase has

been formed. Measuring the heights of the platcaus,
Cr5i., CrSi2
USi and HCr for both si and Cr signals respectively,

and using the expression given in Eg. 16,

Crsi Crsa
n I e [s] 2 o
Cxr  _Cr « or 51 _ 1.
NS1 IISl CrSL2 UCr 2
( ]Si

Values of [S] (ev/g) and o ratios are given in Table 2
(Chapter II). Read camera x-ray analysis confirms that
the compound layer is indeed CrSiz. That the silicide
Crsiz, forms under these conditions was also reported by
Bower et al. The compound phase develops at 450°C and is
known to be stable beyond 1000°C. Measurements similar
to those in Pig. 14 were made for different times and
temperatures and the thickness of Crsf2, calculated from

4#he relationship AE = [8]t (Eg. 22), versus annealing time

was plotted as shown in Fig. 15. The linearity of growth



Figure 1l4.

-67-

4He+ backscattering spectrum of 20008 cr
film evaporated on Si <100>, before (solid
dots) and after (open circles) annealing at

450°C for 50 minutes.
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Figure 15. Thickness, W, of Cr812 formed in the reaction
between Cr and Si <100> single crystal as a
function of time. The nonlinear regime is due

to contamination and oxygen is a prime suspect.
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of CrSi2 with time indicates that the process is limited
by the silicide reaction. This observation is also con-

(11)

sistent with that reported by Bower et al. It is

worth noting also that MoSi, and V812 exhibit the same
linear type of growth.(ll’l4)
Samples of thin Cr films evaporated on <100> and
<111l> oriented single crystal Si were annealed side by
side together in a vacuum furnace at 500°C for times up
to 60 minutes. At this temperature and time', no depend-
ence on the substrate orientation on the growth of CrSi2
was observed. This nondependence of the growth of CrSi2

on the orientation of the substrate has been reported for

Pd.,.Si and VSi

2 o while the growth of Nizsi has been shown

to be strongly dependent on the state of the substrate
(Chapter III).

From the linear regime of Fig. 15, the Arrhenius
plot shown in Fig. 16 was derived (open circles). The plot

reveals a thermally activated process with an activation

energy of Ea = 1.7 * 0.1 ev. This value coincides with !

(14)
5

that of 1.7 * 0.2 eV quoted for the growth of VSi
1. Impurity Effects on Lhe Growth Rate

It is observed (Fig. 15) that for long anneals
(for example, 80 minutes at 450°C) at all temperatures
investigated, a nonlinear growth regime exists. This non-
li-near behavior is attributed to contaminations, probably

oxygen, introduced during annealing. That choice is
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Figure 16. Arrhenius plot for CrSi2 formation in the
reaction of Cr with Si <100> single crystal
(open dots) and on szsi grown on Si <100>
single crystal (solid dots). The agreement

is very remarkable; it indicates that the only

limiting process is the reaction of Cr with Si.
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suggested by the very similar observations made by
Krautle et al. for VSi2 where oxygen was shown to cause

nonlinear growth.gl4)

In the presence of substrates such
as Si, backscattering spectromelry is insensitive to
oxygen. An amount of oxygen sufficient enough to retard
the reaction could easily escape detection.

To investigate the presence of such impurities
in the Cr film, an experiment was performed in which
aboat 10008 of Cr was re—-evaporated on a film in which
the top layer of about 5008 Cr was still unreacted. The
Cr signal obtained by backscattering spectrometry from
this sample was then compared with the Cr signal of an
unannealed Si-Cr (Fig. 17). The unreacted part of the Cr
film generates a signal of smaller height than that of
the unannealed sample, while the signal height of the
freshly evaporated Cr layer agrees quite well with that
of the unannealed samples (solid line in Fig. 17). The
decrease in yield of the unreacted part of Cr confirms
that the Cr film is indeed contaminated. About 12-15%
oxygen distributed uniformly in the unreacted portion of
the Cr film is reguired to account for the reduction in
the yield. The dip between the unreacted and the un-
annealed spectra is probably due to a layer of Cr oxide

formed on the surface of the unreacted Cr.

& . S8i-Cr Interface

For Si-Cr samples annealed between 400 and 425°C,



Figure 17.

—"75=

4He+ backscattering spectrum (open circles)
of 20008 Ccr on Si <100> single crystal annealed
at 450°C for 60 minutes and then covered with
about 1000% of deposited Cr. The solid line is
the unannealed samples. About 12-15% oxygen
contamination has resulted in the decrease in
the yield of the unreacted Cr. The dip between
the unreacted and the evaporated layers is
likely due to a thin oxide layer on the vacuum-
annealed sample. Samples were tilted 45° with

respect to beam.
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no measurable interaction of Cr with Si was observed.
In fact, there was no measurable thickness of CrSiz fot
a sample annealed at 400°C for 120 minutes. A point
plotted for the reaction is shown in Fig. 22 (point at
origin) in the plot of Cr812 thickness versus szsi
thickness. A similar sample quickly heat-treated at 500°C
for 3 minutes and then annealed at 400°C for 120 minutes
showed a measurable amount of Crsiz, almost equal to that
measured inthe Si-Pd-Cr samples (arrowed point in Fig.
22). There was no measurable amount of CrSi2 after the
quick heat treatment at 500°C for 3 minutes. CrSi2 starts
to form on single crystal Si with an interposed szsi
layer at 400°C. The absence of a reaction of Cr on bare
Si at 400°C can thus be overcome by a quick exposure to
higher temperatures. We suspect that the effect is due to
contamination, such as a thin oxide layer, at the Cr-S§i
interface. The oxide layer may not withstand the brief
thermal shock at 500°C. There is no corresponding effect
of tne oxide layer in the presence of szsi. We think
that this is due to the elimination of the original inter-
face by the formation of szsi at a relatively low temp-
erature. This method of cleaning the surface by silicide
formation at low temperature has been exploited also in

the solid-phase epitaxial growth of Si through PdZSi.(63)
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B. Behavior of Cr Films on Pd Films
on S@ngle"Crystal 51

Pd films of thicknesses between 300 and 3000%
were vacuum—-deposited on <100> oriented Si and Cr films
for thicknesses between 800 and 20008 were in turn eva-
porated on the Pd film without breaking vacuum. Typical
backscattering spectra of such a sample with about
14008 Pd and 12008 cr before and after annealing at 280°C
for 60 minutes are shown in Fig. 18. Palladium silicide,
szsi, is known to form at about 200°C. Annealing the
851i-Pd-Cr sample at 280°C for 60 minutes has, therefore,
resulted in the formation of PdZSi (shaded region in Fig.
18) without any noticeable interaction of Pd with Cr.
Samples annealed subsequently at 400°C develop a compound
layer, at the PdZSi—Cr interface, identified by glancing
angle x-ray (Read camera) diffraction to be Crsiz. The
same results are obtained for samples heat-treated dir-
ectly at 400°C. This silicide layer increases in thick-
ness with increase in temperature at constant time, or
with increasing time for a given temperature. Figure 19
shows a backscattering spectrum of a sample identical to
that of Fig. 18, but annealed at 450°C for 20 minutes. A
compound layer has developed at the szsi~Cr interface, as
indicated by a step on the high energy édge of the Si
signal and a corresponding plateau at the low energy side

of the Cr signal. Comparing Figs. 18 and 19, it is



Figure 18.

=0

4He+ backscattering spectrum of Pd (14002)

and Cr (12008) evaporated in that order on Si
<100> single c¢rystal before (top) and after
(bottom) annealing at 280°C for 60 minutes.
The reaction between Pd and Si results in the
formation of szsi while there is .no apparent

interaction between Pd and Cr.
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Figure 19.

g

4He+ backscattering spectrum of Pd (14003)

and Cr (12003) evaporated in that ordexr on Si
<100> single crystal and annealed at 450°C for
20 minutes. All Pd has reacted with Si to

form szsi before Cr812 was formed on top.
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observed that the thickness of Pd,S5i layer remains un-
changed as Cr812 grows on top.
l. Kinetics and the Effects of Impurities
Figure 20 shows parts of three spectra for the
same samples as in Fig. 19, annealed isothermally at

475°C for 7, 10 and 15 minutes. Using the expression AE
Cr812

= [S]t and the value of [S]. = 95.57 (ev/R) (Table 2)

a plot of the CrSi., layer thickness versus time is obtained

2
to give the growth kinetics of this process (Fig. 21). As
for tne Si-Cr system, the growth of CrSi2 is linear with
time, indicacing that the process is reaction-limited.
Again, a nonlinearity is observed at long annealing times
whicn is attributed to contamination, with oxygen as a prime
suspect. A plot of the reaction rate versus reciprocal
temperature gives an activation energy of 1.7 & 0.1 ev

(Fig. 16) which is the same value obtained for Crsi, on 51
This indicates that the intermediate layer of PGESi does

not affect the mechanism responsible for the growlh process
of Crsiz. For both Si-Cr and Si-Pd-Cr samples, the Crsi,
thicknesses are almost equal at temperatures where they

can be compared. TFor example, the CrSi2 thickness is about
15008 at 450°C for 40 minutes in both cases, which corres-

ponds to a formation rate of about 0.7 R/sec.

I Growth of CrSip versus Thickness of PdZSi

To investigate the effect of the thickness of



B =

Figure 20. 4He+ backscattering spectrum of isothermal
growth of Cr812 on top of szsi. Anneals were
done at 475°C for 7, 10 and 15 minutes. Only

the Si part of the spectra is shown.
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Figure 21. Thickness, W, of Cr8i2 formed on szsi
grown on Si <100> single crystal as a function
of time. The nonlinear regime is attributed

to oxygen contamination.
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Pd.Si on the growth rate of CrSi Pd films of different

2

thicknesses were evaporated on single crystal $i and Cr

2l

was sequentially eyaporated on top. The thickness of Cr
was such that it would not be completely reacted in the
process of CrSi2 formation at the temperacures and times
chosen for the experiment (400°C for 120 minutes, 450°C
for 30 minutes and 475°C for 15 minutes). A plot of CrSi2
thicknesses versus szsi thicknesses is shown in IPig. 22.
Within the experimental errors, the thickness of CrSi2
remains constant regardless of the thickness of Pd,Si.
Points along the CrSi2 axis in Fig. 22 are those corres-
ponding to the interaction of Cr with Si without an inter-
posed szsi layer. The point at origin and the arrowed
point have been explained in detail in Part B, Section 2,

and in the figure caption.

C. Radioactive Si1 Tracer Studies of
CrSi2 on Pd2si

In Fig. 23 Rutherford backscattering spectra of
CrSi2 formation on szsi is shown. When the as-deposited
virgin sample (23a) was heated at 400°C for 5 minutes
the Pd film reacts with the amorphous radiocactive Si and
with the <100> Si substrate to form szsi. It can be seen
(23b) that all the radiocactive Si is consumed during PdZSi
formation and that the Cr signal remains unchanged in-
dicating that no CrSi2 forms at this temperature and time.

Upon annealing at higher temperatures (480 to 650°C) CrSi,



Figute 22
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A plot of the thickness of CrSi2 as a
function of the thickness of szSi for various
annealing conditions. The ordinate (zero szsi
thickness) gives the Cr512 thickness obtained
for Cr films deposited directly on the Si sub-
strate. A short time annealing at high tempera-
tures (500°C, 3 minutes) "cleans" the Si-Cr

interface for the reaction between Cr and Si at

400°C (arrowed point on CrSi2 axis).
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Figure 23.
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Rutherford backscattering spectra of
8i<100>/Pd/Si (radiocactive) /Cr sample (a) with-
out heat treatment. (b) Annealed at 400°C
for 5 minutes to form szsi, (c) annealed
further at 600°C for 20 minutes to form CrSi2
and (c) with CrSi2 etched in 1 HF to 4 H2U,

leaving only szsi on Si<100>.
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forms on top of szsi (23¢), using all Cr ia this re-
action process. The CrSi2 surface layer is then removed
by etching the sample in 1 HF to 4 H20. From the Ruther-
ford backscattering spectra (23d), it is clear that the
CrSi2 is removed completely and that the etchant does not
attack the underlying Pd,Si layer. Because HF forms

gaseous SiF4 with the silicon in CrSi. the activity in thne

2
etchant solution could not be measured. Silicon radio-
activity left in the Pd,Si layer was thus determined by
measuring the activity in the sample before and after the
CrS;'L2 layer was removed.

The percentage activity left in the szst aftex
etching off CrSiz, is snown in Fig. 24 for different
thicknesses of Cr812 as a function of formation temperature
of Crsi2.
was kept constant at about 30008 while the Cr512 thick-

For all the measurements the szsi thickness

nesses are expressed in terms of D, the ratio of the total
number of Si atoms in the CrSi2 layer, to the number of

5i atoms in the szsi layer. The D values are determined
from Rutherford backscattering thickness measurements

and from the densities of szsi and CrSiz. From these
results it can be seen thalt the activity in the PdZSi
layer decreases with increasing temperature of CrSi, foxyr=
mation and also becomes less when thicker layers of (.‘rSi2
are grown. For measurements where the radiocactive Si is
deposited directly on the Si substrate the same trends in

the results are obtained as a function of Crsiz thickness
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Figure 24. A plot of percentage activity in szsi for
different CrSi2 thickness as a function of for-
mation temperature. Activity was counted

after Crsi2 layer had been removed.
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and temperature of formation. For instance, the per-
centage activity left in PdESi after Crsi, formation at
600°C for 20 minutes was found to be 37% and 30% for
D-values of 1.9 and 3.0 respectively.
In Fig. 25 the percentage activity left in the

Pd.,S1i layer after CrSi., formation is plotted as a func-

2 2
tion of D-values (ratio of 8i atoms in CrSi2 to Si atoms
in Pd.Si). The activity profile in 30003 of Pd.Si formed

2 2
on a Si <100> substrate with approximately 4008 of radio-

active amorphous Si on top of single-crystal Si has been

(64)

measurced at 400°C. From such an activity profile the

percentage activity left in the szsi layer during CrSi2
growth has been calculated for the case where silicon is
supplied by substitutional (vacancy) diffusion through the
PdZSi layer (curve A in Fig. 4). In this case, as could

be expected, all the radiocactive silicon atoms will be
displaced from the szsi layer for D = 1. At temperatures
higher than about 560°C, the self-diffusion rate of silicon
in PdZSi layer is so high that complete intermixing of
radioactive and nonradioactive Si atoms in the Pd.Si layer

2
(64)

takes place within 10 to 20 minutes. It is clear

that for Cr812 formation on Pd2Si at such temperatures,
all the radioactivity in the szsi layer can never be
removed completely during substitutional diffusion of Si
regardless of the thickness of the Créiz layer (curve B

“in Fig. 25). Curve B, Fig. 25 was calculated for CrSi,

growth by substitutional diffusion of Si under temperature



Figure 25.

e i

A plot of percentage activity left in the
PdZSi after Cr812 formation as a function of
CrSi2 (D-value) thickness. Curve A is cal-
culated assuming the activity distribution in
PGZSi layer as presented by Pretorius et al,(64)
and assuming that the supply of Si in Cr812
formation is by substitutional (vacancy) dif-
fusion only. Curve B is calculated assuming
self-diffusion of Si atoms in szsi and assuming
that tﬁe supply of Si is by substitution of
(vacancy) diffusion. Line C is calculated
assuming that the supply of Si from the sub-

strate is by grain-boundary or interstitial

diffusion only.
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conditions where the self-diffusion of Si is so high that
complete equilibrium is immediately obtained between
radiocactive 8i atoms and non-radioactive Si atoms enter-
ing the Pd2Si layer from the Si substrate during Crsiz
growth. Another possible mechanism of S5i supply to the
growing Cr:f;-ii‘2 layer would be by grain-boundary or "“pure"
interstitial (no interaction with $Si atoms in the szsi
lactice) diffusion of non-radiocactive Si atoms directly
from the single-crystal substrate. In this case, no
radioactive Si atoms will be incorporated into the Cr812
layer (line C, Fig. 25). 1In Fig. 25 it can be seen that
our measurements are located between B and C, which in-
dicates that silicon atoms for Cr812 growth were being

supplied from both the single-crystal Si substrate and

from the szsi layer.
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CHAPTER V. Chromium Thin Film as a Barrier to the
Interaction of PdZSi and Al

The work reported in this chapter deals with
a Pd-Al metallization scheme on Si and shows how a thin
Cr layer can be used to prevent szsi from interacting
witn Al and thereby preserving the integrity of the
Sindzsi interface. Heat treatments of Al films on Si
substrates at temperatures used in integrated circuits
(IC's) metallization results in the migration of S$i into
the overlying Al layer. Bower has used a Ti film laver
between Si and Al to prevent 8i erosion during heat treat-

ments.(40) Nakamura et al.(dl)

have deferred the reerys~
tallization of polycrystalline Si (poly Si) in contact
with an Al film by placing a buffer layer of V or Ti
between poly Si and the Al film. In a similar way we have
interposed Cr film layers betweén Pd and Al in a more
complex Si-Pd-Cr-Al system, as reported in this chapter.

In the preceding chapter, a detailed investi-
gation on the formation kinetics of CrSi, on Pd,Si grown
on <100> oriented Si substrates was presented. The growth
of the CrSi2 proceeds at a linear rate with time, with an
aetivation enetgy of Ll.7 eV,

(65) report the kinetics of compound

Howard et al.
formation for the interaction of thin films of Cr with Al.

They state that the compounds CrAl7 (for Al thickness great-
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er than Cr thickness) and Crzhlll (for Cr thickness great-
er than or equal to the Al thickness)  form between 300 and
4509%C. FFrom these- resulits one should expect that at about

400°C Cr film placed between layers of PdZSi and Al will
react at both interfaces.

Backscattering spectrometry with 2.0 and 2.3
MeV 4He+ has been used in this investigation, to study
the Pd,Si~Al interaction, the interaction of Cr with Si
and with Al, and to establish the barrier effect of the

Crsi2 and CrAlX formed in the metallization scheme.

A. Interaction of Pd,Si with Al without
an Interposed Cr Layer

Backscattering spectrum with 2.0 MeV 4He+ of a
sample with about 6008 of szsi plus 35008 Al is shown in
Fig. 26 (full dots). "The sample was annealed at 450°C
for 15 minutes and a second backscattering spectrum was
taken (open circles). The annealed samples shows a sub-
stantial interdiffusion of PdZSi and Al, which destroys
the Si—szsi interface. The same situation occurs for
Si-Pd-Al samples which are obtained by sequentially eva-
porating Pd and Al on Si and then annealing at 450°C for
15 minutes. Since these changes during annealing are un-

desirable phenomena in Al metallization,s we have intro-

duced a layer of Cr (300 to JSODR) between the Al and szsi.

B. Barrier BEffects of Cr

In Chapter IV, it is reported that in the absence



Figure 26.
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, Gl .
2 MeV 4He backscattering spectra of a sample

consisting of a layer of about 600R PdZSi
formed on a single crystal <1l00>-oriented Si
substrate and covered with a film of 35002 Al

deposited on top before (o) and after (o)

annealing at 450°C for 15 minutes in vacuum.
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of Al, Cr reacts with Si and forms Crsiz on top of Pd,54a.

2
Both szsi and Crsiz are formed in distinct sublayers as
confirmed by x-ray diffraction and backscattering. Thus,
so far, one can assume that the binary 8i-Pd and the
ternary Si-Pd-Cr systems are relatively well understood.
we need to determine what is obtained when a layer of Al
is deposited on the latter, giving a more complex Si-pPd-
Cr-Al system in a metallization scheme.

The backscattering spectrum with 2.3 MeV 4He+
for a sample in which Pd, Cr and Al were seqguentially
evaporated on single crystal Si is shown in Fig. 27
before and after annealing at 450°C for 10 minutes. 1In
this particular example, the layer thicknesses were about
800k for pd, 5008 for Cr and 30008 for Al. These thick-
nesses were calculated and chosen for convenience of a
clear interpretation of the two spectra is shown in Fig.
28. During the annealing, all of the Pd reacts with the
Si substrate to form PGZSi. Chromium silicide, CrSiZ, is
formed at the interface between Cr and szsi (as expected
from reports in Chapter IV). A CrAlx compound is formed
at the interface between Cr and Al (as expected from the

(65)

report of Howard et al. }. At this temperature and time,

not all the Cr is consumed in the reaction process and
6]
about 1200A Al is still unreacted.
For samples annealed up to 500°C and times not

greater than 90 minutes, the integrity of szsi and of

the interface between Si1 and szsi are maintained. Above
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this temperature or for longer annealing times, sub-
stantial mixing of S8i, P’d, Cr and Al sets in and the

backscattering spectra become difficult to interpret.
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Figare 27. 2,3 MeV 4Hc+ backscattering spectrum of Pd,
Cr and Al layers deposited, in that order, on
single crystal <l00>-oriented Si substrate
before (o) and after (e) annealing at 450°C

for 10 minules.
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Figure 28. Schematic representation of backscattering

spectra of Fligure 24,
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CHAPTER V1. Interaction of Metal Layers with

Polycrystalline Si

It has been demonstrated as mentioned in
Chapter I, that the interaction of Al layers with poly-
crystalline Si at temperatures between 400 and 560°C
results in the dissolution and recrystallization of poly

(45)

Si in the metal film. This chapter is a generaliza-
tion of this phenomenon to other metals.

The last three chapters have laid emphasis on
the interaction of single-crystal Si with silicide-
forming transition metals. The present chapter presents
results obtained when transition metals interact with
polycrystalline Si (poly Si). The metals studied in-
clude Al, Ag and Au, which form simple eutectics with
$i, and Pd, Ni and Cr which form intermetallic compound
phases (silicides) with Si. Nakamura et al. reported on
the interaction of Al layers with poly 8i and found that
poly Si dissolves and recrystallizes in the Al matrix at

| =4
(45) well below the Si-Al

a temperature (400 - 560°C)
eutectics (577°C). Tne schematics of the dissolution and
recrystallization mechanisms for Al thickness greater or
less than poly Si thickness is shown in Fig. 29.

One of the purposes of the present study is to

determine if the same dissolution and recrystallization

phenomena occur in other metals, which either form simple



Figure

29

=< =

Schematic diagrams showing the changes which
occur during annealing for samples with
original Al layer thinner than the poly Si
layer (a), (b) and (c), for samples with original
Al layer thicker than the poly Si layer [(d),

(&) @mnd (£)].
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cutectics or silicides with Si. Au and Ag provide metals
with eutectics below (Si-Au eutectic at 370°C) and above
(8i-Ag eutectic at 830°C) that for the Si-Al system. For
the other purpose, metals were cliosen which form silicides
at the relatively low temperatures of 200 to 250°C (Pd and
Ni) and at the higher temperatures of 450 to 550°C (Cr)
on single-crystal Si crystals.

Following heat treatments, the morphological
changes and crystallites formation in the poly Si metal
structures were observed by scanning electron microscopy
(SEM) and glancing angle x-ray diffraction. The com-
position and kinetics of the silicide-forming metals were
studied by MeV b T backscattering. Another point of
interest was to determine if the polycrystalline nature of
the Si layer in contact with the metal film results in a
change in the growth kinetics or the identity of the
initial phases of the silicides as compared to those ob-

served with single-crystal Si.

A. Simple Futectic Systems
1. Scanning Electron Microscopy (SEM)

When an Al layer covers poly Si, the Si migrates
into Al and forms crystalline precipitates within the AL
during annealing below the Si-Al eutectic temperature
(577°C). The process of this recrystallization can be
observed with SEM by etching away the Al layer after

annealing. The scanning electron micrographs were taken



~114-
on an Akaski-Seisakusho model MSM-2 Mini-SEM.

The sequence of scanning electron micrographs
in Fig. 30 shows the recrystallization process of Si in
Al as a function of time at 535°C. In this sawmple the Al
layer (1.2 pm) was much thicker tnan the poly Si (0.5 pm).
The reaction begins with the formation of tiny crystal-
lites at the interface between the Al layer and the poly
S5i substrates (Fig. 30a). With time, the crystallites
grow bigger (Fig. 30b) and, eventually, all of the ori-
ginal poly Si substrate is converted to distinct Si
crystallites (Fig. 30c). Beyond this point, some crystal-
lites continue to grow at the expense of others (Fig. 304).
However, the growth is confined to the lateral direction;
the height of each crystallite is limited by the thickness
of the Al layer. Similar dissolution of poly Si and for-
mation of crystallites was oopserved at temperatures as low
as 400°C. However, at the lower temperatures the crystal-
lites growth rate was substantiélly reduced. For example,
the morphology of a sample heated at 400°C for 30 minutes
was similar to that shown in Fig. 30b.

A similar recrystallization phenomenon is also
observed when a Ag or Au layer is in contact with poly Si
(see Fig. 31l). The reaction can occur at temperatures as
low as 550°C for the poly Si-Ag system and 200°C for poly
Si-Au system. The corresponding eutectic temperatures are
830°C for Si-Ag and 370°C for Si-Au respectively. The

difference in the shape of the crystallites in Figs. 3la



Figure 30.

L] G

Scanning clectron micorgraphs of samples
with 1.2 ym Al on 0.5 um poly Si after anneal-
ing at 535°C for (a) 1 minute, (b) 5 minutes,
(c¢) 1 hour, and (d) 55 h. The Al was chemically
removed before examination. The incident angle
of the electron beam with respect to the normal

of the sample is 60°,
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Figure 3.

=11 7=

Scanning Electron micrographs of samples
with (a) 0.7 pm Ag on 0.5 um poly Si annealed
at 600°C for 15 hours, and (b) 1.5 ym Au on
0.5 ym poly Si annealed at 250°é'for 48 hours.

The Ag and Au were chemically etched by HNO

3
and aqua regia (1 part of HNO, to 3 parts of
HC1l), respectively, before examination. The

incident angle of the electron beam with re-

spect to the normal of the sample is 60°.
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poly Si/Au
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and 31b is due to the fact that the Ag layer was thin
enough to geometrically confine the growth, while the

thicker Au layer did not.

2. X-ray Diffraction

The crystal growth process of Si in Al, Au and
Ag was monitored by glancing angle (Read camera) x-ray
diffraction at each stage of the reaction. Before anneal-
ing, Debye-Scherrer rings are absent in the.x~ray dif-
fraction pictures of the original poly S$i substrate which
indicates that the grain size of the original poly Si sub-
strates is small and below the detection limit (Fig. 32a).
After annealing a poly S5i-Al sample Debye-Scherrer rings
of Si appear (Al etched), confirming the presence of Si
crystallites (Fig. 32b). All diffraction lines shown are
Si lines.

Observation of the patterns reveals that each
diffraction line consists of a multitude of individually
resolved spots. This multi-spot feature of each dif-
fraction line becomes more perceptible after long anneal-
ing (Fig. 32b) proving that the Si crystallites grow

bigger with time.

B. S8Silicide-Forming Systems
Chapters III through V discuss in detail the
formation of Ni, Cr and Pd silicides on single crystal Si.

This part of the work is to dotermine if crystallite growth



Figure 32.
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X-ray diffraction patterns obtained from
(a) 0.5 m poly Si as-deposited on Si0,, and
(b) 1.2 m Al on 0.5 m poly Si annealed at
53592¢ for 120 hours. In (a) the spot pattern
is due to the single crystal S5i substrate.
(b) The ring pattern is due to small Si
crystallites. The Al was removed before ex-

posing the sample to x-rays.
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occurred for Pd, Ni and Cr, metals which form silicides,
when brought in contact with poly Si. Alternatively, if
silicides are fqrmed (as it is with these metals on single
crystal Si, Chapters III, 1V and V), it is of interest to
find out if the polycrystalline nature of the Si layer in
contact with the metals altersthe formation processes of
the silicides compared to those observed with single-
crystal Si.

To investigate the behavior of poly Si in contact
with silicide forming metals (such as Pd, Ni and Cr), the
samples were first annealed at temperatures where a sili-
cide was known to form between these metals and single
crystal substrate, i.e., 200 to 325°C for Pd and Ni, and

450 £o H00°C for Cr;

1. Poly=Si-Pd

Figure 33 shows the backscattering spectra of
a sample with 37008 of Pd on 50008 of poly Si before and after
annealing at 250°C. After the heat treatment, the formation
of an intermediate layer is revealed by the presence of
the steps on the low-energy side of Pd signal and the high-
energy side of Si signal (see Chapters 1I1 and IV). The
amplitude ratio of these steps, normalized by the appro-
priate enerqgy loss factors and differential scattering
cross sections (values of these are given in Table 2 for
Ni, Pd, Si and Cr), gives the atomic concentration ratio

in this layer, which is found to be Pd:8i = 2.0:1.0.



Figure 33.
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Backscattering spectra of a 37008 film of
Pd evaporated on 50008 poly Si before (e) and
after annealing at 250°C for 35 minutes (o)
and 128 minutes (x). The arrows indicate the
enerqgy corresponding to scattering from atoms

at the surface.
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X-ray diffraction analysis establishes that the phase of
this layer is szsi as is also found for the reaction of
Pd on single crystal S5i at 250°C.

By measuring the width of the steps one can
determine the thickness of the silicide layer (see Chapters
IIT and IN). Figure 34 shows the thickness of szsi as a
function of time at four different temperatures. The
abscissa is scaled in sguare root of time. Measured points
are well fitted by straight lines through the origin. This
shows that the rate-limiting process is the diffusion of
the species through the silicide layer, as is the case for
silicide formation on a single-crystal Si substrates.

Figure 35 shows the Arrhenius plot of the rate
of szsi formation on the poly Si substrate together with

(1) for a single crystal

the results quoted by Bower et al.
substrate. An activation energy of about 1.2 eV is ob-

tained in the case of the poly Si substrate. This value
is 0.3 eV lower than the value obtained by Bower et al,

but is similar to the value of 1.27 eV reported by

Hutchins and Shepala. (6

2. Poly-s8i-Ni

The poly-Si-Ni samnples were annealed at tempera-
tures between 225 and 325°C and analyzed by backscattering.
Figure 36 shows spectra of a sample with 54008 of Ni on
F5OOOR of poly Si before and after annealing at 275°C. As

in thecase of Pd, a silicide is formed. The amplitude ratio
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Figure 34. Thickness of Pd2Si formed in the reaction
between Pd and poly Si as a function of time.

The abscissa is scaled in square root of time.
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Figure 35.
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Arrhenius plot for PdZSi and Nizsi for-

mation in the reaction of poly Si with Pd and
Ni. The formation rates for the case of a

single-crystal substrate are also shown for

reference purposes.
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Figure 306. Backscattering spectra of a 54008 film of
Ni evaporated on 50008 of poly Si before (o)
and after annealing at 275°C for 2Ihours (@) ,
and 6 h (x). The arrows indicate the energy
corresponding to scattering from atoms at the

sur face.
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of the elements in the compound layer is found to be
Ni:Si = 2.0:1.0. X-ray diffraction analysis identifies
the phase as Nizsi as is found for the reaction of Ni on
single-crsystal Si in tnis temperature range. Growth
curves as shown in Fig. 37. The silicide, NiZSL, forms
on the poly 5i substrate according to a parabolic time
dependence, as is the case for a single-crsystal Si sub-
strate (see Chapter II1I). An Arrhenius plot of the for-
mation rate of Ni,Si is given in Fig. 35 and yields an
activation energy of about 1.3 eVv. This value is 0.2 eV

(15)

lower tnan that found by Tu et al. for <100> Si and

0.3 eV lower than that found for <111> 8i (Chapter III).

3. Poly-Si-Cr

Figure 38 shows the backscattering spectra of
the sample with 17008 of Cr on 5000R of poly Si before
and after annealing at 500°C for 40 minutes. Analysis of
this spectrum and x-ray diffraction measurements made on
the sample after annealing indicate that CrSi, is formed,
as in the case of single crystal substrate (see Chapter
IV). The growth kinetics of this system was not studied
in detail, but silicide formation is observed in the same
temperature range (450 to 500°C) as that for single
crystal Si.

In all the three silicide forming systems there

was no evidence of Si crystallite formation in the tempera-

ture range where growth of the silicide layers occurred.
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IPigure 37. Thickness of Nizsi formed in the reaction
between Ni and poly Si as a function of time.

The abscissa is scaled in square root of time.
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Figure 38. Backscattering spectra of 17008 film of Cr
evaporated on 50008 of poly Si before (o) and
after annealing at 500°C for 40 minutes (o).
The arrows indicate the energy corrvesponding

Lo scabttering from atoms at the surface.
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Thie is based on the absence of Debye-Scherrer rings
corresponding to Si in the diffraction patterns and the

presence of near-stoichiometric composition of metal

i
i
1
]
|
i

to 8i within the silicide layer.
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CHAPTER VII. Conclusion and Speculations

By using Mev 4He ion backscattering, glancing
angle x-ray (Read camera) diffraction techniques, trans-
mission, scanning electron and optical microscopy I have
investigated the interactions of metals (Ni, Cr, Pd, Al,
Au and Ag) with single-crystal and polycrystalline Si.
The unique capacity of backscattering of 4He ions as a
gquantitative tool in analyzing the composition, kinetics
and growth rates of compounds and multilayer metallization
structures has been demonstrated.

The formation, composiltion, structure and kine-
tic rate of formation of Ni silicides are strongly in-
fluenced by the orientation and nature of the S5i sub-
strates. While no orientation effects were found in the
reaction of Cr with 8i, the rate of formation of CrSi2 is
strongly influenced by small traces of impurities and the
nature of the Si~Cr interface.

In the reaction of Ni with single-crystal Si,
the growth rate of Wi,Si on <lll>-oriented S5i substrates
annealed between 200 and 325°C is about 2 to 3 times lower
than the growth rate observed on <100>-oriented Si sub-
strates. In bolth cases, the Nizsi layer grows propor-
tional to the square root of time, therefore implying that
the rate is transport-limited. This work presents

a positive example to illustrate that a transport-
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limited silicide formation

can indeed be influenced by the orientation of the sub-
strates. The tranéminsion electron micrographs of the
polycrystalline Ni,Si on <100> and <111> Si substrates
indicate that the grain size of Ni,Si on the latter is
twice that on the former. This merely indicates that
there are more grains and, hence, more grain boundaries
per unit volume in NiZSi on <100> Si. Since it has been
observed by a marker experiment that Ni is the moving

(31,32) one could

species in the formation of Ni2Si,
speculate that grain boundary diffusion plays a role in
the diffusion of the Ni atoms through the silicide layer.
If it is assumed that grain boundary diffusion is the
major transport mechanism, which, indeed, I think it is,
one clearly observes that more diffusion paths are avail-
able for Ni motion in Nizsi on <100> Si which has more
grains per unit volume. The faster Ni atoms are delivered
to the Si-Ni interface the faster the growth of Nizsi.
It is, therefore, hypothetically and logically consistent
that the growth of Nizsi on <100> si is much faster than
on <111% Si.

On poly Si substrates, the silicide formed is
Nizsi as observed on <100> oriented Si substrates; the
value of its reaction rate and its activation energy are

(58

quite similar in both cases. Harris later discovered

that the grain size of the poly Si used in these studies i

S
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very small, less than 3008. 1t might be speculated,
therefore, that 1if these small grains are oriented in a
particular low indeg direction with each other, the poly
Si substrates would beliave like a single crystal. Since
the interaction of the poly Si substrates with Ni, Pd
and Cr is similar Lo what is found for single crystal S8i,
one might conclude that the grains of this poly Si are
arranged in a somewhat crystalline fashion. It might be
expected that it forms silicides with Ni, Pd and Cr, with
growth rate similar to that found for single crystal Si.

On evaporated Si substrates, the two compound
phases Nizsi and NiSi are formed simultaneously in dis-
tinct sublayer. Read camera x-ray diffraction analysis
identifies the two phases to be Nizsi and Nigi, backing
up the composition and depth profiling analysis of back-
scattering. The growth rate and activation energy for
the composite layer are similar to those measured on
<100> oriented and poly Si substrates. In general, only
one equilibrium phase is observed in the reaction of
transition metals with Si, but that does not necessarily
preclude the coexistence of another phase. It has been

POStulated(ls,Zl)

that the frequency of nucleation and
growth rate of a silicide phase are the necessary con-
ditions for a particular phase to exist. The high energy
state of amorphous Si could be viewed as providing a driv-

ing force for an enhanced frequency of nucleation and a

fast growth rate for NiSi; a situation similar to the
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driving force in tne epitaxial growth of Si in Si(amor-
pnous)-metal-5i system.(GS)
Unlike the Ni-S5i systems, and very much like

pa-gi ang v-gt, (el

no orientation effects of the
substrates were found in tae interaction of Cr with Si.
Two different approaches were taken to study the pyop-
erties of formation of CrSiz. One is the formation of
CrSi2 in the Si-Pd-Cr tnin film structure and the other
is the 8i~Cr system. For both samples the rate of CrSi2
formation is the same, and is linear in time with an
activation energy of 1.7 & 0.1 eV. For each temperature,
the rate slows down and becomes nonlinear at long anneal-
ing times. The nonlinearity effect has been proved to be
due to contaminant distributed uniforwly in the Cr film,
most probably oxygen.

The Crsi, formation was investigated for temper-
atures petween 400 and 525°C and times up to 2% hours.
There is formation of Pd2Si in the S1-Pd-Cr system at

aboutkt 280°C and Crsi2 starts to form at about 400°C on
top. Ha CrSi2 formation was obsaerved for $i-Cr below
450°C. The absence of Crsi2 in the 8i-Cr reaction below
450°C is attributed to the presence of an interfacial
layer between the Cr film and Si substrate, guite probably
a tnin oxide layer. The thin oxide layer must have been
"cleaned" in the process of Pd2Si formation.

Samples prepared with different thicknesses of

Pd. %1 all show tile same thickness of CrSi., after the same

2 2
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annealing. 'Yhis independence of the CrSi, formation on
the existence of a szsi layer proves that the formation
of CrSi2 is only limited by the Si-Cr reaction.

Palladium silicide forms on single crystal Si
at a temperature much less than 200°C while no reacition of
Si witin Cr has been obscrved below 450°C. Once Pd,5i is
formed it is stable up to 800°C. It is speculated that
the low temperature formation and the stability of szsi
might be important factors in the formation of CrSi2 on

szsi in the Si-Pd-Cr system.
31

A Lracer technique using radioactive Si
(Tl/2 2.62 h) was used to study the growth of CrSi2
on PdZSj. Our resulls show thnat silicon atoms for CrSi2

growth were partly coming from the single crystal Si sub-
strate and partly fron the szsi layer. As the thickness
or formation temperature of CrSi2 increased the amount of
radioactive Si left in the Pd,5i layer decreased. This
propably indicates tnat tnere is more exchange between the
radioactive 51 atoms and the Si atoms from the substrate
during passage through the silicide layer at higher tem-
peratures. One cannot consider the silicide layer as a

static lattice but that the Pd,Si bonds are broken or

2
reformed at tine temperatures of CrSi2 formation. Both
curves A and B of Fig. 25 apply to such a bond-breaking
diffusion mechanism. However, in the case of curve B

the self-diffusion rate of Si is much higher than the growth

rate of CrSLz. We speculate that Si is primarily trans-
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ported by grain boundary and/or interstitial diffusion.
As UmzCrSiz formation temperature increases there is more
exchange between this silicon and the radioactive silicon
atoms present in tse Pd2si layer. In effect, therefore,
Si is supplied from the substrate directly and from the
Pd,S5i layer, indirectly.

CrS:i.2 has proved useful as a diffusion barrier
in S8i-Pd-Cr~-Al metallization system. We observed that
CrSi2 forms on PdZSi before any grain—bounéary diffusion
of Al into szsi. It night be gpeculated; therefore, that
the silicide-formation-before-grain-boundary-diffusion is
a factor in the use of CrSi2 as a diffusion barrier be-
tween szsi and Al in the $i-Pd-Cr-Al scheme.

Interaction of polycrystalline Si (poly Si) with
Ni, Pd, Cr, Al, Ag and Au was also studied. TFor the casc
of Al, Ag and Au, metals which form simple eutectics with
$i, our results demonstrate that poly Si crystallizes
below tuhe eutectic temperature when in contact with films
of these metals during anncaling. 7The process seems to be
a general one for metals forming simple eutectics with Si.

The observation of the crystallites is plausible
if one assumes that the force which drives this process
originates from the growth of large-grain Si crystallites
at tne expense of the small grained poly Si material. It
is known, furthermore, from experiments by Hirakl et al.(BB)

and from my work on the transport of Si in the Si-Au-Si

system, tnat Au films constitute an efficient transport
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medium for Si at very low temperatures. Similar ob-
servations nave been made on Ag films by Ottaviani et
al.(dq) It is worth noting also that the solubility of
§i din Al is of Lhe.ordcr of 1% at an anneal temperature
of 500°C, while in Au it is less than 0.02% below tie
eutectic point. The processes responsible for the
crystallization are lthus only weakly dependent on the
solubility of Si in the metal. Transport along grain
boundaries is a mechanism compabible with ﬁhis faect,
but our observations do not allow a conclusion regarding
the microscopic nature of the transport mechanisms
involved.

In contrast to what is found for Al, Ag and Au
films, tane crystallization of poly Si is not the dominant
process in films of Ni, Pd and Cr. Upon annealing, these
metals form a silicide at the metal-poly-—-Si interface.
There is no visible crystallization of Si. The silicides
formed are the same as those observed on single crystal
Si substrates. For tne case of Pd and Ni, the growth
kinetics also obeys the same time dependence (= tl/z) found
with single crystal substrates, and the rate constants and
the activation energics are gquite similar. The kinetics

of CrSi., formation on poly $i is yet to be determined, butl

2
tne temperature at which the compound begins to form on
poly Si is close to that observed for single crystal Si
supstraces also.

Once all tne metal is consumed in the silicide,
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the structure is stable. No changes were observed after
annealing for 20 hours al tne formation temperature. More
studies are requirgd to investigate whether or not

crystallization could be included at higher temperatures.
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APPENDIX
1. Experimental Procedures and Analysis in
Radioactive Tracer Studies of CrSi2 on szsi

Bulk silicon chips of irregular shapes and sizes
were first cleaned and then activated in a Triga nuclear
reactor at the University of California, Irvine. During
neutron activation radioactive 3181 is formed from 3OSi
(3.1 at %) by Lthe reaction 3OSi(n,y)3lSi which has a cross
section of 0.10 barns. Silicon-31l decays with a half-1life
of 2.62 hours by emitting beta particies (max B enerqgy =
1.48 Mev) for 99.93% of its disintegration.

The activated chips were first etched in Hp,
rinsed in double-distilled H20, blown dry and immediately
placed into an electron-gun deposition system. Loaded
simultaneously are palladium and chromium charges.
Palladium, activated Si and Cr were sequentially deposited
in that order onto <100> oriented single crystal Si
wafers, giving Si<l100>/Pd/Si(activated) /Cr samples. The
Si substrates were first cleaned in organic solvents,
etched in HF, rinsed in H20 and blown dry before vacuum
deposition. Activated Si with thicknesses varying between
300 and 10008 was deposited on Pd before Cr was in turn
evaporated on top. The thickness of Pd was kept constant
at about 20008 while the thickness of Cr varies between

300 and 35008/ Bvaporations were done in a vacuum of 5-7
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Samples were first annealed at 400°C for 5
minutes to form qusi, by the reaction of Pd with both
the S8i substrates and with the radioactive Si. The
thicknesses of the activated Si were such that it will
be conpletely consumed in the process of silicide for-
mation. After the szsi formation, the sanples were
annealed at higher temperatures up to 650°C to form
CrSj2 using all the Cr in the reaction process. All
annealings were performed in a vacuum quartz-tube fur-
ance at pressures beltween 1 x 10“6 and 8B x 10_7 Poxrr.

The CrSi2 layer was completely removed by
etching the samples in 1 IF to 4 H20 etchant solution.
The silicon radiocactivity in PdZSj was determined by
counting the activity before and after CrSi2 layer was
removed. The presence of 3151 was determined by mea-
surement with an end-window Geiger-Muller counter having
a mica window (1.8 mg/cmz) with a cross sectional area
of 6 cmz.

To investigate whether or not the activity in
the samples is coming from Si atoms only, activity decay
curves were plotted for all the samples, as shown in
Figure Al. If the number of radioactive atoms at time
t = 0 (where the time t = 0 is defined in this case as
Lhe time the Si chips were removed from the reactor) is

Ao the number at any later time t is given ag



Figure Al.
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A plot of activity (counts per minute) in
rd,Si as a function of decay time in Si/Pd/
Si(radioactive) /Cr samples. Time, t = 0,
is taken as time when S8i chips were immedi-
ately removed from the reactor. A5, A2 and

B5 are samples with CrSi? layers unetched.
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A=A e "F (1)

where A is the decay constant, which is the probability

(56)

that an atom will decay within a unilt time. AoAs

related to the half-life, T of the radioactive atoms

172 ¢

as

Egquation 1 therefore becomes

-0.693 t

(3)
Ty 72

= Aoe
A plot of 1n(A/AO) vs t therefore gives a straight line
with a negative slope defined by the half-life of the
radiating atoms. The decay curve in TFig.Al is drawn for
three sets of samplesg, each set occupying a decade. The
curves obey relationship 3, as expected if there is no
contamination, with T1/2 2 .67 Nl The Tl/2 = 2.62 h 8i
reference line is drawn, assuming an abitrary activity of
800 counts per minute (cpm) at time t = 9h(i.e origin in
this figure). At 2.62 h later the activity would have
dropped to 400 cpm; 2.62 h later this in turn would have
dropped to 200 cpm etc. A5, A2 and B5 are samples with
Crsiz layers unetched (i.e. "virgin"). we calculated the
percentage activity in each of the samples with respect
to thne virgin (unetched) sample. The value of the per-

centage activity was then plotted as a function of tem-
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peratures gnqof the ratio of 8i atoms in Cr8i, to Si

atoms in szsi as shown in Chapter 1IV.



2. Proposal for Pogsible I'uture Experiments

The folliwng are proposed as possible future

experiments.

doe

Silicide formation in Si/single-crystal metals to
investigate if crystallinity of metals plays any

role in silicide formation.

Investigation of the effects of substrate orientation
on the interaction of retfractory metals fTi, W, Mo,
ete. ) with Si.

Silicide formation on silicides in the following
systemss: Si/P4/v, Si/pd/Ti, Si/Pd/2r, Si/Pd/Mo. It
might be interesting to replace Pd with either Pt or
Ni which are also low-temperature silicide-forming
metals.

Neutron activation experiments to find out the source
(or origin) of Si used in the formation of the Si-
riegh silicides in 3.

Use of refractory-metal silicides (Tisiz, VSi2, Mosiz,
etc.) as diffusion barriers in metallization.

Influence of the grain size of poly Si on dissolution

and recrystallization of Si in wetals, and on silicide

formation.

The possibility of recrystallization of poly Si in
silicides if the silicides are heat treated at temp-
eratures above which the silicides are known to be

stable.

e e S —
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