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We present a detailed study of interface formation in the titanium-silicon (Ti-Si) system under

different temperature conditions. We make use of electronic-structure calculations in order to inter-

pret the silicon Si L2 3 VV Auger line shape and the electron-energy-loss spectra. These techniques,
together with low-energy electron diffraction and electron-microscopy observations and film-

resistance data, allow us to discuss accurately the interface reactivity of the Ti-Si system with

respect to temperature.

I. INTRODUCTION

The titanium-silicon and titanium silicide-silicon inter-
faces have attracted considerable interest in recent years
due to the suitability of the disilicide TiSi2 for microelect-
ronics applications. TiSi2 has the lowest resistivity
among the refractory-metal silicides and so it is a promis-
ing material for interconnections and contacts. In the
past, most studies have focused on the formation of thick
() 1000 A) TiSi2 films. ' However, due to the strong
reactivity of titanium with impurities such as oxygen or
carbon, results are sometimes contradictory and an
overall agreement between them is d i%cult to find.
Moreover, there are less studies concerned with thin films
and interface formation so that the different interfaces
formed in the system still remain incompletely character-
ized. Finally, in thin-film studies, disagreement can be
noted between results derived from Auger-electron spec-
troscopy (AES) (Refs. 3 and 4) and those derived using
other techniques. ' In this work, we show that a careful
quantitative and line-shape analysis of Auger spectra
combined with theoretical calculations and other surface
sensitive techniques can improve this situation and lead
to a better understanding of the interfaces under study.

In a general way and in spite of Lander's suggestion
that core-valence-valence Auger spectra can reAect the
self-folding of the valence density of electronic states
(DOS), line-shape analysis of Auger transitions involving
valence electrons is rarely performed. However, this is
not the case for the silicon Si L23 VV which has been ex-

tensively studied in the past in the case of clean Si(111)
and Si(100) surfaces. " From this work, it is clear that
hole-hole interactions in the final state of the Si Lp 3 VV
transition are weak relative to the bandwidth ' and so
one can expect that interpretations of the Auger line
shape in terms of noninteracting DOS to be adequate. '

The second important conclusion arising from previous
work is that the Auger matrix element varies strongly
across the valence band' in such a way that interpreta-
tion of experimental spectra implies a predominant con-

tribution of p-p processes (two p-like holes in the final

state) over s-p and s sproces-ses '" and leads to the use of
s and p partial densities of states in order to interpret Si
L2 3 VV Auger spectra. An explanation of this matrix ele-
ment variation has been given by Jennison' based on
"atomic" and "bonding" charge concepts.

Concerning metal-silicon and silicide-silicon interfaces,
the Si L2 3 VV Auger line has been used in a number of
systems: Pd-Sj, ' Nj-Sj, V-Sj, Cu-Sj, 8 Au-Sj, Ca-
Si. ' ' In these cases, the experimental Auger spectra
have rarely been properly treated in order to recover the
basic Auger line and so the interpretation in terms of the
DOS of the different silicides has been performed in a
more or less qualitative way. Nevertheless, all these stud-
ies have shown the validity and the usefulness of the Si
L2 3 VV line-shape analysis to get reliable information on
the local chemical environment at the interface. Howev-
er, concerning the silicon line shape, there is little infor-
mation available in the literature related to the Ti-Si sys-
tem.

In this study, we investigate interface formation in the
Ti-Si system under three different temperature condi-
tions: (1) deposition of titanium on crystalline silicon at
room temperature, (2) annealing of 70-A-thick titanium
films in the range 200—700'C, and (3) deposition of titani-
um on heated crystalline silicon substrates. In each case,
we discuss the silicon Si Lz 3 VV Auger line shape (ALS)
obtained after a proper treatment of the experimental
spectra in correlation with theoretica1 line shapes built
with the theoretical DOS calculated for various com-
pounds. These DOS are also used in order to interpret
electron-energy-loss spectra (ELS). The overall agree-
ment we obtain completed with microscopy and electron
diffraction observations allows us to get a clear insight in
the interface formation.

In the following, we first present the experimental pro-
cedure and results. We then give a detailed description of
the method involved in the calculation of the various
DOS before making use of them in the discussion and in-
terpretation of our results.
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II. EXPERIMENTAL

In this study, we have worked under ultrahigh vacuum
with a base pressure around 2X 10 ' Torr. Clean silicon
substrates have been obtained by a chemical treatment
according to the Shiraki method, followed by a Joule
annealing at 850—900'C in ultrahigh vacuum. Titanium
has been deposited by sublimation from a directly Joule
heated filament onto clean Si(100) or Si(111)substrates.

AES and ELS spectra have been recorded with a hemi-
spherical analyzer. For Auger spectra we worked in the
direct mode, whereas for ELS spectra we used the second
derivative mode as usual for this spectroscopy. The
overall experimental resolution in these conditions is
about 0.6 eV.

The experimental Si Lz 3VV Auger line shapes have
been corrected for secondary background using the
empirical formula of Sickafus with classical least-
squares fitting procedure. Energy-loss processes have
been taken into account by deconvolution of the Auger
spectra with an energy-loss function recorded in the same
conditions and at the Auger energy using the Van Cittert
iterative method. ' The line shapes obtained after this
treatment should then essentially reflect the Auger emis-
sion process and allow a better comparison with theoreti-
cal calculations.

Finally, quantitative Auger analysis has been per-
formed using the peak-to-background ratios in the direct
mode. For the calculation of Auger intensities related
to some particular growth mode or compound, we have
estimated the attenuation lengths with the empirical for-
mula of Seah and Dench, which gives essentially the
same values as that of Powell. The appropriate correc-
tions for density changes from a material to an other
have been performed as discussed elsewhere.

III. RESULTS

A. Interface formation at room temperature

During titanium deposition at 25'C, we note a strong
change of the Si Lz 3 VVALS (Fig. 1) consisting essential-

ly of the appearance of a shoulder and then a peak at =6
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FIG. 1. Si L, , VV Auger line shapes after deposition of
2X10", 4X10", and 7X10" Ti atoms/cm at room tempera-
ture on Si(111). Dashed lines, the line shape in pure silicon.
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FIG. 2. Evolution of the Si LVV and Ti LMM Auger intensi-
ties during room-temperature deposition of titanium. Solid line,
simulation of a layer by layer growth of pure titanium; dashed
line, simulation of a 3D growth of pure titanium.

eV from the main peak. This is not consistent with the
growth of a pure titanium film which could not induce
such a strong extra feature. In Fig. 2, we show the evolu-
tion of the experimental Ti LMM and Si LVV Auger in-
tensities with increasing titanium coverage together with
the calculated intensities for a layer-by-layer two-
dimensional (2D) and a three-dimensional (3D) (accord-
ing to a Poisson distribution) growth of pure titanium.
From the comparison between the experimental and cal-
culated intensities, it is clear that the growth of pure ti-
tanium cannot explain the experimentally observed inten-
sities. Finally, Fig. 3 emphasizes the changes in the ELS
spectra with Ti deposition. These spectra have been
recorded with a primary energy of 200 eV for which the
electron attenuation length is small (between 5 and 10 A)
and allows us to be very sensitive to modifications in the
surface layer. The spectrum for pure silicon is similar to
those reported before with two surface transitions at 8

(St ) and 15 eV (S3), two bulk transitions at 3.5 (Ei ) and
5 eV (E~ ), and the volume and surface plasmons around
17 and 11 eV, respectively. The pure titanium spectrum
obtained after deposition of 85 X 10' atoms/cm ( =150
A with 1 A=0. 56X10' atoms/cm for Ti) is character-
ized by two transitions at 5 and 8.5 eV, a surface plasmon
energy around 12 eV, and a volume plasmon energy near
18 eV in good agreement with previous work. ' During
Ti deposition, the main changes are related to the shift of
the volume and surface plasmons towards 18.5 —19 eV
and 12.5 —13 eV, respectively, up to a deposited amount
of 5X10' atoms/cm and then a shift backwards to the
values of pure titanium. On all spectra, we always note
transitions near 3.5 and 5 eV. Concerning the 8- and 15-
eV transitions, they first disappear for low coverage
( (0.51X10' atoms/cm ) and then a feature reappears
near 7.5 eV and finally shifts to 8.5 eV in pure titanium.
Table I displays the calculated values of the plasmon en-
ergies for different compounds in the Ti-Si system within
the free-electron-gas approximation. According to this
and taking in account the uncertainties introduced by the
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FIG. 4. Evolution of the Si I.VV and Ti I.jt/IM Auger intensi-
0

ties during the annealing of a 70-A-thick Ti film deposited at
25 'C.
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FIG. 3 ~ Evolution of the ELS spectra during room-
temperature deposition of titanium (E~ =200 eV) with respect
to the deposited amount of titanium (in 10"atoms/cm ).

approximation used and experimental resolution, the
values we measure at low coverages ( & 5 X 1015

atoms/cm ) seem to be related to the formation of TiSi
and/or Ti&Si3.

From all these results —Si L2 3 VV line-shape changes,
Ti and Si Auger intensities, ELS spectra —it is clear that
there is an interfacial reaction and formation of interfa-
cial compounds. From ELS spectra, it can be deduced
that this reaction extends to a Ti-deposited amount
around 5 X 10'5 atoms/cm2 and probably leads to the for-
mation of TiSi and/or Ti~Si3.

time of 10 min at each step. On these curves, one can dis-
tinguish three different regions. For temperatures be-
tween 200 and 300'C, the Auger intensities vary rapidly
and this can be related to interdiffusion phenomena.
When the temperature lies between 400 and 500'C, the
intensities remain unchanged, which indicates that the
film has been converted into a stable compound. Then
when T) 500'C, one can note again an increase (de-
crease) of the silicon (titanium) Auger intensity. We have
also measured in situ the variation of the film resistance
during the annealing (Fig. 5). A similar distinction be-
tween three temperature ranges can be done on this curve
mainly characterized by a strong minimum around
400—500'C. We are now going to present detailed results
on these three regions.

1. Annealing for T =300'C

For this temperature, the Ti LMM and Si LVV Auger
intensities are near those expected for TiSi (Fig. 4). The
final Si 1.2 3 VV ALS (Fig. 6) presents only a weak shoul-

B. Annealing of 70-A-thick Ti films

Figure 4 describes the evolution of Ti LMM and Si
LVV Auger intensities during isochronal annealing of a
70-A-thick Ti film in the temperature range 200—700'C.
We choose a 50 C temperature step and an annealing

TABLE I. Calculated values of plasrnons energies in the
free-electron-gas approximation for varioUs compounds in the
Ti-Si system.

Compound

Si
TiSiz
TiSi
T15S13

Tl

fia)p (eV)

16.6
19.7
19.4
18.8
17.7

%co, (eV)

11.7
13.9
13.7
13.3
12.5
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FIG. 5. Variations of the film resistance during the annealing

of a 70-A-thick Ti film deposited at 25 C.
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FIG. 6. Si L2 3 VV Auger line shape after annealing of a 70-
A-thick Ti film at different temperatures. Dotted line, Si

L2 3 VV line shape in pure silicon.
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der at =6 eV from the main peak. ELS spectra at
different primary energies exhibit three electronic transi-
tions around 3.5, 5, and 7.5 eV. The plasmon energy
values are 19 and 13 eV for bulk and surface plasmons,
respectively (Fig. 7). At last, the silicon Si KLL Auger
line presents a clearly visible shift of 1 —1.5 eV. This
Auger line involves only core levels and so an energy shift
of this transition is associated with changes in the atom
electronic configuration indicative of the formation of
compounds. All these results suggest that in this temper-
ature range the whole film has reacted with the mean
composition of the resulting compound being near that of
TiSi.

2. Annealing for 400 (T & 500'C

The film composition deduced from the Auger intensi-
ties (Fig. 4) is near that of TiSi2. The Si L2 3 VV ALS ob-
tained in this case (Fig. 6) does not exhibit any particular
structure but is broader than that in pure silicon. ELS
spectra at different primary energies (Fig. 7) show two
transitions at 3.5 and 5 eV but no more transition at 7.5
eV, in opposition with the previous case. Plasmon ener-
gies are now 19.5 and 13.5 eV, i.e., a bit higher than in
the 300'C case and in good agreement with the calculat-
ed values for TiSi2 (Table I). The silicon Si KLL Auger
line exhibits again a shift of 1 —1.5 eV. Concerning resis-
tance measurements, this temperature range is character-
ized by a strong minimum.

FIG. 7. ELS spectra after annealing of a 70-A-thick Ti film at
different temperatures (E~ =400 eV).

from the 3.5- and 5-eV transitions, we note the appear-
ance of a transition around 8 eV. Finally, low-energy
electron diffraction (LEED) observations show the
characteristic diagrams of the substrates, Si(111) or
Si(100), with the corresponding reconstruction, (7X7) or
(2 X 1), respectively.

k
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C. Deposition of Ti on heated Si substrates

Another way of obtaining silicide formation is the
deposition of Ti on a directly heated Si substrate in such
a way as to promote silicide formation during Ti deposi-
tion without any further annealing. We present here re-
sults relative to a substrate temperature of 400'C.

3. Annealing for T) 500 C

In this last case, the Auger intensities are between
those expected for TiSiz and those in pure silicon. The Si
L2 3 VV ALS is intermediate between that in pure silicon
and that reported in the 400—500 C annealing case (Fig.
6). On the ELS spectra (Fig. 7), we can observe double
plasmon losses at 19.5 and 17 eV and 13.5 and 11 eV for
bulk and surface plasmons, respectively. Moreover, apart

~ ~
~ ~

0 3 6 9 12 15
Ti deposition (10 atoms/cm')

FIG. 8. Evolution of the Si L VV and Ti LMM Auger intensi-
ties during deposition of Ti on a 400 C heated silicon substrate.
Solid line, simulation of a layer by layer growth of TiSi2.
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in eV

TABLE II. Atomic energies from Ref. 35.

E,
—14.24 —7.03

—4.86

The Ti LMM and Si LVV Auger intensities evolution
during Ti deposition cannot be explained by a 2D growth
of TiSi2, as illustrated in Fig. 8, but rather suggests a 3D
growth of TiSi2. The Si L2 3 VV ALS is similar to that of
the annealing case for T) 500'C (Fig. 6), intermediate
between that in pure silicon and that in the 400—500'C
annealing case. ELS spectra are essentially similar to
those obtained for an annealing above 500'C (Fig. 7) with
double plasmon losses at 17 and 19.5 eV and 11 and 13.5
eV for volume and surface plasmons, respectively. Final-

ly, a dark field transmission microscopy observation us-

ing the Moire technique has been performed after depo-
sition of 23 X 10' atoms/cm ( =40 A). Analysis of these
Moire patterns reveals the growth of so-called C49 TiSi2
grains in local epitaxy on the substrate.

IV. THEORETICAL CONSIDERATIONS

In order to get insight in the local chemical environ-
ment, we have calculated the densities of electronic states
in the valence band (DOS) for the three well-known sili-

cides: Ti5Si3, TiSi, and TiSi2 in its C54 and C49 struc-
ture. Because of the complex atomic structure of TiSi2
and Ti&Si3 (Ref. 35) and the large number of atoms per
unit cell (24 for TiSiz in its C54 structure), we have
chosen the empirical tight-binding theory. In this
method, the wave function is expressed as a linear corn-
bination of atomic orbitals (LCAO theory). We make use
of a "minimal basis set" including only external valence
states of the corresponding atoms, i.e., s and p for Si and
d states for Ti. In the tight-binding approximation, the
atomic states are considered to be orthogonal and, in its
empirical version, the elements of the Hamiltonian ma-
trix are parameters transferred from well-known cases.

These parameters are atomic energies for the diagonal
elements of the Hamiltonian and hopping integrals for
the others. We assume that atomic energies are those of
the free atoms in the configuration s p for Si and d s'
for Ti whose values are calculated with the Herman and
Skillman method (Table II). The hopping integrals are
taken to obey a two-center approximation. In this type
of calculation, interactions are usually limited to first-
nearest neighbors, but in these compounds, it is necessary
to take the following points into account.

(i) There is a distribution of close-neighbors distances
for TiSiz in its C54 phase (2.54 —2. 75 A) and for Ti&Si3
(2.63 —3.08 A). We introduce, as discussed in Ref. 38, a

cut-off distance R, beyond which interactions are
neglected. The value of R, for a given pair of atoms i,j is
fixed by the relation R, (i,j )=1 4X. (i,j ), where the pa-
rameter X(i,j ) is the sum of the corresponding atomic ra-
dii (1.76 A for Ti and 1.11 A for Si). Then all the
above-mentioned distances are included in the calcula-
tion.

(ii) In the particular case of TiSi, Si-Si are second
neighbors for which R, (Si,Si) =3.11 A is larger than the
actual distance R(Si,Si)=3.08 A. This fact leads us to
take in account these second-neighbors interactions in
our calculation.

The interactions V
&

between orbitals a and P on
nearest neighbors situated at a distance R

&
are calculated

using Harrison's formula together with his set of empir-
ical parameters (Table III) ' ' where, for a and P
different from d orbitals,

1
ap 9ap ~2 (4.1)

and for a or P equal to d orbitals,
' 1/2

Pd
Vap Qap

1

(4.2)

where rd is a scaling parameter for each transition-
0

metal atom, equal to 1.08 A for Ti. For next-nearest
neighbors for which the distance R is less than R„we use

the scaling law

R
V &= V &(R, )exp —y

—1
1

(4.3)

a=s,p n, k
(4.4)

where 4)'„k is the Bloch state of wave vector k belonging
to band n, f„ I, is the occupancy factor equal to unity for
filled bands and zero for empty ones, and N is a state on
Si atoms. The Ed(Ti) values obtained in this way are

with y=2. 5 for a and P different from d orbitals and

y =4.0 for the others. These values give nearly the same
logarithmic derivative at R, as those given by Harrison
but the interactions decrease faster with distance than in

Eqs. (4.1) and (4.2).
As the charge transfer on atoms is reduced by self-

consistency, we adjust the atomic energy level Ed(Ti) to
get strict neutrality on the Ti atom, i.e., to have four
valence electrons on each atom in the valence band. The
number of electrons on a Si atom can then be written

TABLE III. Harrison's set of parameters.

9$$ cT

—1.32

1$p cr

1.42

Ippa

2.22

Ipp tr

—0.63

9$d 0

—3.16

Ipd cT

—2.95

Ipd 7T

1.36
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and

—4.86 eV for Ti5Si3,

—7.86 eV for TiSi,

—7.86 eV for TiSi2 .

From this we determine the density of states by using
the method of tetrahedra for TiSi and, because of the
number of atoms and the complex atomic structure of
TiSi2 and Ti5Si3, we use for them the method of "special
points" in the Brillouin zone. 3 For both methods, the
results are found to converge rapidly. Total and partial
densities of states calculated in this way are shown in Fig.
9 for the di6'erent compounds.

Using these calculated DOS, we can then synthesize Si
L2 3 VV theoretical ALS FT(E) for the three silicides us-

ing the formula

FT(E) c~~s s +c~ps p +cap p (4.5)

where s and p denotes the silicon partial DOS and c; are
weighting coeScients.

The difficulty with the use of formula (4.5) arises from
the choice of the various coefticients c; for which no reli-
able first-principles calculation exists. However, we can
try to infer them from previous work on the Si L2 3 Vv

Auger line from which we can distinguish two extreme
cases. The first is illustrated by pure silicon for which a
correct fit to experimental line shapes implies the
quasineglect of s-s contributions (c„=0)and a strongly
attenuated contribution of s-p relative to p-p processes
(c, /c~~ =0.22). An example of the second case is that
of Pd silicides for which s-s and s-p processes play an im-
portant role in such a way that the Si line shape can be
interpreted directly by the self-folding of the total DOS
without any further weighing. ' ' In this case, the Si
L 2 3 VV Auger line shape gives rise to three or more clear-
ly distinguishable peaks related to the various contribu-
tions.

Concerning Ti silicides, as can be seen from experimen-
tal spectra (Fig. 1), the situation looks rather like that of
Ni or Ca silicides' ' ' ' for which the line shape is only
slightly modified with respect to bulk silicon. Now in the
case of Ni and Ca silicides, fit of theoretical calculations
to experimental data leads, as in bulk silicon, to the
predominance of p-p processes over the s-p and s-s ones.
So, considering the similarities in line-shape changes be-
tween Ti and Ni or Ca silicides, and the fact that a Si
Lp 3 VV line shape with three or more distinguishable
peaks has never been reported in the literature for Ti sili-
cides, we decide to choose the various coei5cients in for-
mula (4.5) for Ti silicides as those in bulk silicon. Figure
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FIG. 10. Theoretical Si L23VV Auger line shapes for the
three Ti silides calculated as discussed in the text.

10 displays the theoretical Si L23VV ALS obtained in
this way for the three Ti silicides. No ALS differences
have been noted between the two TiSi2 structures.

The calculated DOS can also be used in the interpreta-
tion of the ELS spectra. Indeed, Bauer has derived an
approximate expression for the number of electrons
suffering an energy loss AE due to electronic transitions
of valence electrons to empty conduction states. If the
initial valence-band state is narrow and the transition is
isolated in energy from other ones, Ludeke and Esaki
have further simplified this expression and obtained

phase. Turning now to the ELS spectra, the experimen-
tally observed transitions at 3.5 and 5 eV can weil be ex-
plained by transitions of electrons from initial states re-
lated to the features at 3.5 and 5 eV below the Fermi level
(EF) in the theoretical DOS to an empty state near EF
[Fig. 9(c)]. The supposition of a single final state near EF
is highly suggested by the sharp and intense peak near EF
in the theoretical DOS. Other features in this DOS are
either too weak or appear at energies too close to
plasmons energies so that they cannot be readily observed
on the experimental ELS spectra. So all our results clear-
ly establish the formation of TiSi2 in its C49 phase for an-
nealing temperatures in the range 400—500'C.

For annealing temperatures above 500 'C, the Si
L2 3 VV ALS lies between that in pure silicon and that in

TiSi2. Combined with the observed double plasmon
losses, the appearance of the diffraction diagram of the
substrate, and the evolution of the Auger intensities, this
is consistent with the disruption of the previously formed
TiSi& film and TiSi2 grains formation on the substrate.
On ELS spectra, the transitions at 3.5 and 5 eV are asso-
ciated, as in the previous case, with the presence of TiSi2,
whereas the feature at 8 eV is explained by the silicon S2
surface transition.

As regards the deposition of Ti on a 400'C heated Si
substrate, the results are very similar to the annealing
case for temperatures above 500'C, and once again we
can conclude to the formation of TiSi2 grains on the Si
substrate. This is clearly evidence by the electron
transmission microscopy result and the overall agreement
between this observation and the results deduced from
spectroscopic measurements demonstrates the accuracy
of our analysis.

I(bE)= gL, +,(bE), (4.6)
B. Low-temperature results

where c and v refer to conduction and valence states, re-
spectively, L,„is the transition probability averaged over
all possible momentum changes, and D, (b,E) is the densi-

ty of empty states in the conduction band. So using the
calculated DOS, electronic transition energies can be pre-
dicted by energy differences between peaks appearing in
the filled valence states density and in the empty conduc-
tion states one.

V. DISCUSSION

With the help of the previous theoretical elements, we
now turn to the interpretation of our results. We first
discuss the high-temperature treatments ( T & 400 'C)
which seem to be the simplest ones before going on with
the low-temperature results.

A. Results for T~400 C

For annealing temperatures higher than 400'C but less
than 500 C, comparison between experimental and
theoretical line shapes leads us to identify the line shape
of Fig. 6 as that of TiSiz. Under this assumption, the
resistivity value then obtained is about 125 pQ cm corre-
sponding to the value usually obtained on C49 TiSi2 (Ref.
46), and so we can infer that TiSi2 is formed in its C49

1. Room-temperature deposition

The comparison between experimental and theoretical
line shapes shows that the extra feature appearing in the
experimental curve at =6 eV from the main peak is relat-
ed to the formation of TiSi. However, this secondary
peak seems less pronounced on the experimental spectra
than on the theoretical ones and so we cannot exclude
from this first examination the formation of Ti~Si3 too.
As regards ELS spectra, the feature at =7.5 eV can be
interpreted by the peak at =8 eV below the Fermi level
in the TiSi DOS [Fig. 9(b)] as well as by the feature at =9
eV in the Ti5Si3 DOS [Fig. 9(a)]. The feature at =3.5 eV

agrees rather well with the predicted peaks at 3.5 eV in
the Ti5Si3 theoretical DOS and with the 3.2-eV peak in

the TiSi one. On the contrary, the peak at =5 eV has
only a corresponding structure in the Ti&Si3 DOS but not
in the TiSi one. This observation clearly suggests the
presence of Ti5Si3 together with TiSi. In order to corn-

plete the above discussion, we can also look at the Si
Lt 2 3 VV intensity and line-shape differences in the three
main possible cases of interest here, assuming the forma-
tion of TiSi and/or Ti5Si3 up to a deposited amount of
=5X10' atoms/cm as indicated by the ELS spectra:
(l) formation of TiSi only; (2) formation of TiSi followed
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by the formation of Ti5Si3, (3) simultaneous formation of
TiSi and Ti~Si3 in a mixture. Concerning the first case,
Fig. 11 shows that the simulation of the 2D growth of
TiSi alone until deposition of =5 X 10' atoms/cm is not
in good agreement with the experimental Auger intensi-
ties. It can be noted that the agreement would be still
worse with a 3D growth. So, formation of TiSi alone
cannot explain our results. However, due to the experi-
mental uncertainties in Auger intensities, it is more
difficult to choose between the last two cases. Neverthe-
less, an interesting way of proceeding is to take into ac-
count the Auger intensities to make linear combinations

FLc of theoretical Auger line shapes Fz in the different
silicides for comparison with the experimental ones in or-
der to find the best agreement. The general expression
for this type of linear combination is

FLc us Fr(S')+ur, s Fr(Ti,Si, )

Is;(2 X 10' Ti atoms/cm ) =Is;(substrate)k"

+Is;(TiSi)(1—k"),
(5.2)

where k is the intensity attenuation factor for a TiSi
monolayer and n is the number of monolayers in the TiSi
layer. Taking into account the TiSi mass density (4.32
g/cm ) and atomic density (1.68X10' atoms/cm ), the
value of n for 2X10' deposited Ti is about 3. With the
attenuation length values estimated from Seah and
Dench, k is about 0.6. Finally, the silicon Auger signal
in TiSi with respect to pure silicon is about 0.58, different
from 0.5 because of densities and attenuation lengths
differences. With these numerical values, the different
coefficients in Eq. (5.1) for normalized ALS, i.e., ALS
with the same arbitrary fixed amplitude, are

Si ' Ti S

+~re;Fr(TiSi)+ arise Fr(TiSi2), (5.1)
~Tisi 0 67, aT s,

(5.3)

where the a; are coefficients whose values are given by
quantitative considerations.

Considering the growth of TiSi followed by that of
Ti5Si3 [case (2)], we can assume the 2D growth of TiSi un-
til deposition of (2—2.5)10' atoms/cm according to Fig.
11. At this point, the silicon Auger intensity would be
the sum of the substrate signal attenuated by the TiSi lay-
er and of the silicon in the TiSi layer:

Comparison between the calculated line shape using (5.3)
and the experimental one at 4-A-deposited Ti (Fig. 12)
shows a relatively poor agreement and, particularly, the
TiSi contribution seems overestimated. This demon-
strates that at the early stages of the interface formation,
Ti5Si3 is present together with TiSi as supposed in the
third hypothesis. In this case, the total Auger intensity
can be expressed as

Is;(2 X 10' Ti atoms/cm ) =Is;(substrate)k" + [aIs;(TiSi)+pIs;(Ti5Si3) ](1—k"), (5 4

( 0.84 X 10' a+ 1 X 10' P )n =2.2 X 10' (5.5)

where a and p are the mixture proportions of TiSi and
Ti5Si3, respectively, a+p= 1, Is;(TiSi) =0.58, and
Is;(Ti5Si3)=0.42. Moreover, as there are 0.84X10's Ti
atoms per cm in TiSi and 1 X 10' in Ti5Si3, the conserva-
tion law for Ti atoms gives

as =0 44 ~T;,s, =0.18,

~Tisi 0' 38 ~Tisi

(5.6)

0

As the silicon Auger intensity at =4 A is 0.67, the best
value of a that fulfills these physical constraints is 0.6,
which gives for the coefficients of Eq. (5.1) and for nor-
malized ALS

0.5-
c

Lal

X
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1 2 3 4

Ti deposition (10 atons+m')
10 15

Energy (eV)
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FIG. 11. Comparison between the experimental evolution of
the Si L2 3 VV Auger intensity during room-temperature deposi-
tion of titanium and the simulation of a layer by layer growth of
TiSi.

FIG. 12. Comparison between the experimental Si L2 3 VV

Auger line shape after deposition of 2X 10"atoms/cm and the
calculated one assuming the growth of TiSi at the early stages of
the deposition at 25 'C.
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FIG. 13. Comparison between the experimental Si L23VV
Auger line shape after deposition of 2X 10"atoms/cm' and the

calculated one assuming the growth of a mixture of TiSi and

Ti&Si3 at the early stages of the deposition at 25'C.

Figure 13 shows the calculated line shape using the set of
coeScients (5.6) together with the experimental one. We
can note a better agreement in this case than in that de-
picted in Fig. 12. The same kind of agreement is ob-
tained between the three experimental ALS of Fig. 1 and
the corresponding calculated ALS within the model.
Nevertheless, the agreement between the theoretical and
experimental ALS is semiquantitative and then the mix-
ture composition deduced (60mol%%uo TiSi, 40mol% Ti~Si3)
must be considered as indicative. However, if variations
of the coefficient values used in the building of theoretical

ALS can alter the resulting mixture composition, the
main result remains, i.e., the formation of Ti5Si3 together
with TiSi.

2. Low-temperature annealings: T =300'C

Quantitative Auger analysis and ELS results could be
consistent with the formation of TiSi after a 250—300'C
annealing. However, the experimental Si Lz 3 VV ALS in
this case [Fig. 6(a)] does not agree with the calculated one
for TiSi (Fig. 10) and, moreover, the 5-eV peak on the
ELS spectra (Fig. 7) cannot be explained by the theoreti-
cal TiSi DOS. To overcome this disagreement, it is possi-
ble to suppose the formation of a mixture of Ti5Si3, TiSi,
and TiSi2. Nevertheless, 300'C seems a rather low tem-
perature to allow the presence of TiSi2, for which temper-
ature formation is generally reported above
400—500 C.' Moreover, in this case, one could suppose
the mean composition of the mixture to vary with the an-
nealing time towards Si-rich compounds. However, we
have not noted any evolution of the Auger intensities
during long-time annealings of several hours.

A better understanding can be achieved if one consid-
ers grain boundaries diffusion. Indeed, this mechanism
has been supposed to play an important role in the low-
temperature reactivity of the Ti-Si system. In this case,
the saturated intensities of the Auger signals would be as-
sociated with the fact that diffusion at the grain boun-
daries is inhibited due to the presence of silicon at the
surface of the sample. Lattice diffusion, for which the ac-

tivation energy is generally larger than for grain boun-
daries diffusion, would occur inside the grains but at a
slower rate in such a way that the corresponding changes
of the Auger intensities would not be detectable within
the time scale under consideration. Taking then into ac-
count a small amount of silicon segregation at the surface
together with the formation of a mixture of TiSi and
Ti5Si3 can explain our results.

The decomposition of the Auger intensity correspond-
ing to this model and using the same notation as above is

Is; =Is;(Si)(1—k )8+[aIs;(TisSi3)

+PIs;(TiSi)][8k+(1—8)] (5.7)

N
~mc

%0 15 20
Energy (eV)

25

FiG. 14. Comparison between the experimental Si L2 3 VV

Auger line shape after a 300'C annealing and the calculated one
assuming the formation of a mixture of TiSi and Ti,Si3 with a
small amount of silicon segregation I,'see text).

where e is the silicon surface coverage. The best agree-
ment then obtained with formula (5.7) is with 8=0.55
and a=0.6. Figure 14 shows the agreement obtained
with these values between the calculated ALS and the ex-
perimental one, which supports the overall validity and
coherency of our model.

Finally, let us make a comment on the use of the Si
L7 3 VV Auger line shape. Of course, we cannot ensure
that the coefficient values we choose for the building of
the theoretical ALS are the exact ones. However, slight
variations of these values does not significantly change
our results and main conclusions. On the other hand,
taking into account the experimental ALS we get which
are only slightly different from that in pure silicon, it is
clear that they cannot be explained by the self-folding of
the total DOS, as in the Pd-Si case. ' ' Indeed, in this
case, the ALS should exhibit three or more distinguish-
able peaks corresponding to the various contributions,
which is not the case of the ALS obtained here. So, for
Ti silicides, the coefficient values used for pure silicon
seem quite adequate to describe the experimental results.
Nevertheless, doing so, the agreements obtained between
the experimental and calculated ALS remain rather semi-
quantitative, but it is more or less unavoidable consider-
ing the complexity of the Auger process. So we have lim-
ited our study of the ALS to the comparison of the gen-
eral trends and main features appearing in the experimen-
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tal ALS on one hand and in the calculated ones on the
other hand. Consequently, the quantitative information
deduced with the help of the ALS study must be seen as
indicative. Finally, it is clear that the ALS alone are not
suScient to test the validity of a model. That is why in
each case we have other experimental evidence from
ELS, LEED, or resistance data of the model we propose.
It is only the coherency between this whole set of experi-
mental results which allows us to give a precise descrip-
tion of the phenomena involved.

VI. CONCLUSION

In this work, we have shown that the Ti-Si interface is
reactive even at room temperature with formation of a
mixture of TiSi and Ti5Si3 at the interface. Upon anneal-
ing, different temperature regions have been separated.
For T= 300 C, grain-boundaries diffusion of silicon plays
an important role and there is again formation of a mix-

ture of TiSi and Ti5Si3. TiSi2 formation is only observed
for temperatures above 400'C. The film is continuous for
temperatures below 500'C and the phase formed is the
metastable or C49 one. Annealing further to convert the
film into the stable C54 phase results in the disruption of
the previous film and the formation of grains on the sub-
strate, which evidences the importance of nucleation phe-
nomena during the growth of TiSi2 C54. TiSi2 grains for-
mation is also observed when depositing Ti on a 400 C
heated Si substrate. Finally, the combination of the tech-
niques used, including the Auger line-shape analysis, has
proven to be very powerful in order to get a precise
description of the local chemical environment.
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