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I. INTRODUCTIOA

Preliminary investigations of titanium-silicon thick films are
incapable of presenting quantitative models deséribing their behavior
at intermediate temperatures. The silicides associated with diffused
-thin film structures have received limited attention thus necessitating
conclusive determinations of structure and lattice parameters. The
confusion in the literature on the reaction between titanium films
and silicon possibly stems from the acceptance of previous incomplete
and inaccurate studies of the bulk silicides. The characterization
of this trénsition metal system is the purpose of this study.

The nature of X-ray diffraction makes it a particularly attractive
tool for analyzing diffusion on the order of several microns in
specimens. Refinements in the analysis of diffracfion data have made
it possible to investigate uniform and non-uniform strains, grain
size, stacking faults and other defeéts as well as texture and crystal
structure. Grain boundary diffusion and volume diffusioﬂ in films
can be studied quantitatively in detail with an X-ray technique.

The titanium-silicon thin film system has béen mainly examined with
MeV He backscattering along with some supporting X-ray diffraction.

A detailed study on thick film specimens which are free of oxides
at the interface was carried out. Titanium films of approximately
two microns thick, a factor of ten thicker than in previous studies,
were deposited on 111 oriented silicon single crystals. An additional

complication evolved from the highly deformed nature of the deposited



metal films. The diffraction line broadening found with these films
is probably considerably greater than that of cold worked titanium
filings at room temperature. A computer simulation data analysis
technique was developed to evaluate the diffused structure of the
films..

The build-up of strain about the various interfaces and its affect
on the long term mechanical stability of the reacted film is a major
concern. Examination of both uniform and ncn-uniform strains resulting
from various heat treatments and substrate orientations supplied some
insight as to the origin and subsequeﬁt reduction of the mechanical
instability.

Lattice parameters and structure factor determinétions of both
titanium monosilicide and disilicide elimirated a major problem for
identification of these phases with X-ray diffraction. A range of
compositions along with the identification of TiSSJ‘4 as a high
temperature phase will modify the most recent phasc diagram(lS) (see
Figure 1). Results of the bulk titanium si icides represent
significant differences from those integrat:d intensities and lattice
parameters previously reported.

Finally, it should be ﬁoted that the d:terminations presented
in the following sections have not completely charzcterized the
titanium-silicon system. A continuing effort in tle examination

of diffused films and bulk standardé will eventually complete the

study.



IT. REVIEW OF LITERATURE

‘In the past ten years, a renewed inter st in the silicides cf
titanium evolved from their importance in iitegrated circuits and
energy conversion devices. These applications impose an acceptatble
period of operation at a given temperature and consequently encourage
the development of new techniques to measur: composition and structural
changes on a fine scale. The thin film reation between silicon and
titanium may differ from the ordinary diffu.:ion process in bulk
samples at elevated temperatures. Baluffi :ind Blakely(l) have
attempted to identify and describe a number of special characteristics-
for diffusion in thin films. Although prel minary work has been done
on this system, it is not as clearly unders ood as many conventional
engineering materials.

A technique using the energy spectrum of MeV backscattered He
ions provides sensitive measurements of relative atomic composition
as a function of depth. This method along with glancing X-ray
diffraction furnish specific pictures of the transformations in thin
films after thermal treatment. Although there is some disagreement
as to whether ion backscattering is nondestructive(z’s) (since it may
create some defects which could influence the diffusion data) it is
at‘worst categorized as '"nearly nondestructive"(a). The subsequent
information, which has been collected for the thick film reaction

between silicon and titanium (less than one anicron) has made use of

this technique.



Silicide formation is most commonly obtained through direct
reaction of a vapor deposited film on an oriented silicon substrate.

Typically one, and in a few cases two, silicide phase(s) are formed

(3)

in thin film structures after thermal treatment . The minimum
reaction temperature and the silicide phase(s) present in reacted thin

film structures are dependent upon the extent to which the native

(2,3)

.silicon oxide film is present\ "The thickness of native oxide

n(3)

layer is markedly different for different substrate orientations.
Film cracking and peeling aftcr thermal treatment, which is often

enhanced for thicknesses greaier than a few thousand Angstroms, has

(3)

also been correlated with these silicon oxide layers .

(2)

Mayer and Bower have reported that titaaium disilicide forms

at approximately one-half its absolute melting poinf (6000C) in thin

film structures where the subctrates are oxide free. Prior to the

Tu(s)

formation of TiSiz,

has suggested that the lower free energy
monosilicide of titanium will form. In both the zirconium and

hafnium-silicon systems, these transition monosilicides have formed

(3)

during thermal treatment , but no direct evidence was found for
L
the analogous titanium-silicon system. A relationship of (time)™
3 . .
was found for the growth of titanium disilicide( ), which is character-

istic of a diffusion dominated process. Silicon was identified as

(6)

the diffusing species in the titanium-silicon system by the use

of implanted nobel gas markers.

(6)

It has been postulated that since silicon is the diffusing

species, it will leave vacancies near the silicon-silicide interface.



If these vacancies coalesce to form voids, the silicide could fracture

€9

easily under an applied stress. Balluffi and Blakely have reviewed

several explanations as to the origin of reiatively large biaxial

(7,8)

stresses often present in thin films . Commonly found stresses

. 9 10 -2(7,8,9) :
of the magnitude 107-10 dynes cm are likely to affect the

thin film diffusion process and the stabilicy of the cohesive inter-

(10)

~face forces. Dearnaley and Hartley emrhasized that several

intermediate phases formed in the diffusion zone are brittle and

easily susceptible to fracture. These effcects are recognized in oxide

films but little attention has been given to thin metal film processes.
Direct information on crystal structure, grain size, internal

strains, and the texture in thin film structures has ﬁot been obtained

with ion backscattering. It should be pointed out ‘that there is

disagreement among authors(ll’lz) as to the structure of TiSiz.

(2)

Titanium disilicide, identified by Mayer and Bower , was reported

to be of the orthorhombic C49 type. Preliminary work by Kato and

(13)

Nakamura using X-ray diffraction has reported both the C49 and C54

orthorhombic structures in the same thin film of titanium and silicon.

an,

Cotter, Kohn and Potter have claimed that TiSi

(14)

5 is dimorphous

Another author has inferred that the C49 orthorhombic

disilicide is a ternary phase containing aluminum.

(15)

An examination of the phase diagram for the titanium-silicon
system (Figure 1) indicates that a number of intermediate compounds

are observed under equilibrium. At the renorted veaction temperature

for thin films, approximately one-half the absoliie melting point,
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Figure 1. Equilibrium phase diagram of the titanium-silicon

system*+-7/,
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the solubility of silicon in titanium is less than one percent. The
solubility of titanium in silicon is negligible. The crystal

structures for the Ti-Si system are: orthorhombic TiSi2 with a C54

structure(lz), a=8.236, b = 4.773 and c 8.523A; a C49
structure(ll) also orthorhombic, a = 3.62 + 0.01, b = 13.76 + 0.01
and ¢ = 3.60 + 0.01; TiSi is also orthorhombic(16) a = 6.544,

b

]

3.638, and ¢ = 4.997; TiSSi3 is hexagonal of the D88 type with

5.1392A.(l7)

a 7.429 and c

Reacted transition metal films yield silicides which range from

(18)

nearly random to textured or epitaxial , and consequently some
preferred orientation or texture may be anticipated in any sample.

The subsequent study is an effort to exemplify the use of X-ray
diffraction as a technique which can better characterize both texture
and strain effects in thick films. Emphasis is placed upon the strains

which are present in the plane of the film and their effect upon the

stability of the reacted structure.

Summary

1. Existing studies have been of a preliminary nature using
nearly nondestructive techniques, mainly MeV backscattering
with some supporting X-ray diffraction.

2. There have been no studies which have measured the effects
of either stress or texture on the diffusion process in thin
films.

3. Grain boundary diffusion and grain size have not been

properly addressed in silicide formation.



4, The effects of epitaxial growth on the stability of the
diffused film have not been addressed but have been shown
to be important in the Pd-Si system by Hutchins and Shepla(lg).

5. A detailed kinetics study on thin film specimens which are
free of oxides at the interface is still to be carried out.

6. Conclusive determinations of structure and lattice parametef

of both TiSi and TiSi, in bulk samples are absent.

2



ITI. THEORY

An X-Ray Diffraction Approach to a Kinetic Model

Introduction

X-ray diffraction provides non-destructive measurements of both

(20,21,22) in films.

volume diffusionland grain boundary diffusion
High diffusivity paths, such as grain boundaries and dislocations,
are known to be important at lower and intermediatg temperatures
and are of significance in determining the behavior of material
systems.

(18)

Random to textured or epitaxial silicides form in reacted
transition metal films. The problem of texture must be considered
if accurate measurements of the thickness of growing phases are to
be made. The diffraction equations should be sufficiently general
to treat phases with various degrees»of preferred orientation.

Thick metal films are capable of withstanding a surprising amount
of mechanical deformation during cooling from elevated temperatures.
The deformation results from large differences in thermal expansions
of the individual materials (see Figurc 2). Strain data can be
measured in three ways: (a) X-ray linc shifts (uniform strain),

(b) line broadening (non-uniform strair), and (c) the elastic bending
of the substrate.

An X-ray diffraction approach is <escribed along with experi-

mental results to illustrate methods wiich enatle the determination

of a kinetic model. Only after understanding the texture and strain
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developed in thick films, along with the identity of reactant products
either deposited at the grain boundaries or at the interface, will

this system be characterized.

X~-Ray Diffraction Theory

The diffraction equations below are for a polycrystalline film
deposited on a silicon single crystai substrate. Polycrystalline
materials require texture information to obtain quantitative results.
The use of parafocusing geometry results in simultaneous measurements
of an orientation function and the reactant phase thickness. At later
stages of this development the diffraction equations will reflect the
experimental limitations observed in this study.

Two mutually perpendicular angles, x and ¢ (Figure 3), allow
various sample orientations. Phi is perpendicular to the specimen
surface. The plane containing the incident and diffracted beam also
parallel to the specimen surface contains the yx axis. Specimen size
limitations restrict examination to 60° in x and a full rotation in
®. Chi should be taken as 0° when the specimen surface is perpen-
dicular to the plane defined by the incident and diffracted beams.

The area of the specimen sampled by the X-riy beam is given by

A, = A0/31n 0 cos ¥ 1

where AO = cross sectional area of the incident beam, and 6 = angle
of incidence. Sampling depths<range from the specimen surface to a
depth at which the absorption from the material ebove will reduce

the diffracted beam intensity to that of statistical background.
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The maximum path length of the X-ray beam (Figure 4) 1-2-5 depends
on the linear absorption coefficient as well as on 6. As the
sampling plane with cross section Ae is lowered parallel to the

surface and the interface, regions of composition '"m" are examined.

The fraction of irradiated area with composition "m'" intersected by
the sampling plane, at a depth "Y" is defined by the function Hm(Y).
For oﬁe dimensional volume diffusion, the sampling plane will pass
through regions of uniform composition, Hm = 1 in the depth Ym to Ym +
AYm, and Hm = (0 elsewhere. Irregular composition surfaces associated
with high diffusivity peths may also intersect the sampling plane.

In either case the function Hm(Y) will be useful in subsequent
calculations, since X-ray intensity is proportional to the volume

of diffracting material of composition "m'".

T

The total volume of material of composition '"'m'" is given by

w

v =A Tu (may (2)
m e o m

where w is the sample thickness. The form of equation (2) neglects

absorption. of the incident and diffracted beams, i.e. the term
exp [-K u(Y)Y] (3)
where K = 2/sin 6_ cos ¥
m m

must be included. The angle em is the Bra ;g angle for an element of
compoéition "m" and p(Y) is the average linear absorption coefficient

for all material from the surface to a depth Y. Equations (2) and

(3) combine into a single expression defined as the effective volume
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V> = <Om(X)Ae é Hm(Y)exp[—KmE?§7Y]dY> (4)

The integral has been extended to w since the integrand vanishes for
thick substrates. The orientation factor, Om(x), represents the ratio
of the actual pole density for a specific composition "m" to that of
the ideally random case. Rotational>symmetry may be assumed for the
present application of diffused planar films deposited onto oriented
single crystals.

The diffracted intensity is proportional to the effective volume,

<Vme>, and is given by the following equatior

Pm = Ion<Vme> ' ()

where Qm, the reflectivity per unit length,(23’24)'

r 213 1 + c03228m00322a

Q, =~ 5~ DF, exp[-24] (6)
Vm sin 26m(l + cos“2a) '

The constant terms are:

Io = intensity of incident beam,

‘ . . ' 2, 2

r, = classic radius of the electron (= e”/mc™)
A = X~-ray waveleng:h.

Terms dependent upon the composition, 1, of the diffracting element:

Vm = volume of unit cell,
N
F = = dithu + kv + w
o structure factor i fn exp| ﬂ(hun kvn an] (6§)



16

fn = atomic scattering factor,
!

U Vs W = coordinates of the atoms in the unit cell

N = number of atoms per unit cell

exp[—ZMm] = Debye-Waller factor,

Gm.= Bragg angle for diffracting composition

a angle for the monochromator.

Equation (4) may be written in terms of an average over a hemisphere

for a specific em

A /2 .
=__9 I -
<Vme> <in em 5 Om(x) tan é Hm(Y)exp[ Kmu(Y)Y]dex D)
w/2
with the J Om(x) sin x dy = 1 , A "
)

The integral can be carried out if the transformation products are
planar and of uniform cnmpdsition to a depth Y. The general case has
several planar phases b:tween the suirface and the diffracting phase.

The intensity for an intermediate phase of composition '"m" is

AO /2
= —_— 1 - - X
Pm Ion T I Om(x) sin y [1 - exp( KmumYm)]
m o
exp(—Kmu(Y)Y)]dx (8)
where Y = distance to the surface,
Ym = thickness of planar composition'm', and the average linear

absorption coefficient is given by:
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n(@@ =3 é u(Y)dy 9

The integrated intensity of a single uniform phase with a texture

represents the limiting case of equation (8):

AO w/2
= —_— _f 1
Pm Ion 2“m ! Om(x) sin x)dyx (10)

letting Y >~ 0 and Ym + o, The last integral is unity by (7') and the

effective volume expression reduces to

<V > =2 (11)

which is the effective volume for a uniform phase.

Existing literature on silicide formation in thin films indicates
that the planar model is adequate. Equations (4), (7'), and (8) (or
simplifications) can be used to determine phase thickness, Ym, and
the distribution function, Om(x). In the case of epitaxial phases,

(20,21,22) 1. this

methods are available to give similar information
case, X-ray rocking curves and integrated intensities supply the

distribution of subgrains and phase thickness respectively.

Experimental Limitations

The long term mechanical stability of the reacted thick film is
limited by the build-up of strain about the various interfaces.
X-ray data obtained by systematic isothermal anneals provide

diffraction lines which overlap and are considerably broader than









































































































