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Microscopic evidence ofC40 and C54 in „Ti,Ta…Si2: Template mechanism

A. Mouroux,* T. Epicier,† S.-L. Zhang, and P. Pinard,‡

Department of Electronics, Royal Institute of Technology, Box E229, SE-164 40 Kista, Sweden
~Received 22 January 1999!

The formation ofC54 TiSi2 with a thin Ta layer deposited between Si and Ti is investigated at atomic scale
level using transmission electron microscopy. When the Si/Ta/Ti structure is annealed at 650 °C for 30 s, both
C40 andC54 ~Ti,Ta!Si2 are found at the Si/silicide interface. The Ta-to-Ti ratio in suchC40 or C54 grains
changes rapidly from 0.11–0.12 at the interface to 0 at a distance about 35 nm away from the interface. The
observation ofC40 TiSi2 andC54 ~Ti0.89Ta0.11!Si2, is a consequence of epitaxial growth at low temperatures.
After annealing at 750 °C, theC40 phase is not detectable by electron or x-ray diffraction. These results verify,
from a microscopic point of view, the template mechanism suggested earlier for the enhanced formation of
C54 TiSi2 in the presence of Mo, Nb, or Ta, based on the macroscopic analysis results. In addition, the high-Ta
contents in theC54 phase induce a high concentration of stacking faults in the^010& direction along which
epitaxy ofC54 ~Ti,Ta!Si2 on C40 ~Ti,Ta!Si2 takes place.@S0163-1829~99!08535-5#
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I. INTRODUCTION

Titanium disilicide (TiSi2) can exist1,2 in two different
crystallographic phases:C49 and C54. It has been
established3–8 that the addition of a small amount of Mo, W
Nb, or Ta to the Ti-Si system enhances the formation of
C54 phase of TiSi2 desirable for electronic device applica
tions. Experimental observations,9–12 supported by theoreti
cal calculations,13 show that the stable phase in ‘‘TiSi2’’
shifts successively fromC49 to C54 and then toC40 as the
electron-to-atom~e/a! ratio increases. Replacing Ti wit
those four refractory metals9 or substituting Sb for Si~Ref.
11! results in an increased e/a ratio, while Sc in place of
~Ref. 10! or Al replacing Si~Ref. 12! leads to a decreased e
ratio. In view of the great structural similarities between t
C40 andC54 phases,14 the enhanced formation ofC54 TiSi2
in the presence of the refractory metals has b
attributed4,6–8to a template mechanism with the formation
a ternary~Ti,RM!Si2 alloy of theC40 structure that leads t
the direct growth ofC54 TiSi2. Cross-sectional transmissio
electron microscopy~TEM! was used6 to confirm the crys-
tallographic orientations of theC54 TiSi2 formed in the pres-
ence of an interposed Mo layer. However, the analysis te
niques used so far have been mainly those that pro
macroscopic information, i.e., x-ray diffraction~XRD!, resis-
tance measurement, and Rutherford backscattering spect
etry ~RBS!. It is the purpose of the present study to inves
gate at the atomic scale level how the template mechan
occurs during the formation ofC54 TiSi2 in the presence o
a Ta interlayer between Ti and Si.

II. EXPERIMENT

Tantalum and Ti layers were deposited consecutively
^100& Si substrates in a dual source e-beam evaporation
tem. The thickness of the metal layers was 1.3 nm for Ta
87 nm for Ti, according to RBS analysis. The samples w
annealed at 650 or 750 °C for 30 s inN2 . The unreacted
metal was removed using a selective wet etch. The detai
the sample preparation procedure can be found elsewhe6
PRB 600163-1829/99/60~12!/9165~4!/$15.00
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Mechanical polishing followed by ion milling was used
prepare samples for high-resolution cross-sectional T
~HRTEM! studies on a 2010F Joel microscope at 200 k
The samples were thinned to about 20 nm in order to ob
high-quality images at the atomic scale. To improve the re
lution, the microscope was equipped with a filament for fie
emission. In addition to diffraction studies, energy dispers
x-ray spectroscopy was employed for chemical analysis.
the latter analysis, three different probes were used: 0.5,
and 1 nm. Fast Fourier transform~FFT! were performed, on
the HRTEM images, to determine the crystallographic str
tures. Diffraction patterns obtained by FFT and/or electr
diffraction were analyzed using a simulation program15 that
could generate diffraction patterns corresponding to
phases possibly present in the samples, i.e.,C49 TiSi2,
C54 ~Ti,Ta!Si2, C40 ~Ti,Ta!Si2, and metal-rich silicides.

III. RESULTS AND DISCUSSION

The results presented below mainly concern the sam
annealed at 650 °C. The cross-sectional picture shown in
1~a! was taken from the area close to the Si/silicide interfa
A portion of a silicide crystal of about 50 nm by 80 nm
cross-sectional area is depicted. The FFT result of this p
ticular crystal is presented in Fig. 1~b!. The distances be
tween the central spot and the two marked reflection spot
well as the angle between the two reflections are measure
0.219, 0.239 nm, and 90°, respectively. The measured re
compare well with the corresponding values for the refl
tions ~003! and (12̄0) of C40 TaSi2:

15 0.21902, 0.23923
nm, and 90 °. Thus, the FFT pattern is assigned to theC40
phase oriented along the@210# axis. The@001# axis of the
crystal forms an angle of about 70° with the normal of t
Si/silicide interface as well as the sample surface@see Fig.
1~a!#. The diffraction pattern shown in Fig. 1~c! was obtained
when examining anotherC40 grain also in the interface re
gion. The distances between the central spot and two ma
reflection spots are 0.414 and 0.350 nm, and the angle
tween the two reflections is 148°. These results again c
pare well with the corresponding values for the reflectio
(1̄10) and
9165 ©1999 The American Physical Society
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(11̄1) of C40 TaSi2: 0.4144, 0.3504 nm, and 147.8°. Th
pattern is assigned to theC40 phase oriented along the@110#
axis. The~001! and ~002! reflections should also appear
Fig. 1~c!, according to dynamical theory. Intensity calcul
tions indicate, however, that the two reflections are too w
to be detected because of the very thin sample used~about 20
nm!.

Chemical analysis of the crystal shown in Fig. 1~a! re-
vealed that the atomic ratio of Ta to Ti was about 0.11 at
Si/silicide interface and decreased rapidly when advanc
deeper into the crystal away from the interface. Tantal
was not detectable already at a distance of about 35 nm f
the interface, which is understandable as initially Ta was

FIG. 1. Analysis of aC40 grain located close to the Si/silicid
interface ~a! its HRTEM image, and~b! its FFT result ~bright
spots!, with the circles around being obtained by simulation, sho
ing the grain along the zone axis@210#. In ~c! a diffraction pattern
was obtained on anotherC40 grain along the zone axis@110#.
k

e
g

m
t

the interface, and should remain immobile at 650 °C. Th
the results in Fig. 1~a! clearly demonstrate the epitaxy o
C40 TiSi2 on C40 ~Ti,Ta!Si2. The phase diagram16 of the
TiSi2-TaSi2 binary system above 1200 °C shows that t
minimum Ta-to-Ti ratio inC40 ~Ti,Ta!Si2 is about 0.5, i.e.,
~Ti0.5Ta0.5!Si2. A higher value of the ratio might be expecte
at 650 °C. Hence, the formation ofC40 ~Ti,Ta!Si2 with
low-Ta contents indicates that the system was far from th
modynamic equilibrium. The dominance of kinetic factors
650 °C leads to the growth of theC40 TiSi2 ; TiSi2 normally
exists inC49 andC54 structure.1,2

Numerous crystals in theC54 structure were identified
whereas no grain in theC49 phase was detected in the si
cide layer. The presence of Ta would hinder the formation
C49 TiSi2, according to the theoretical calculations
Bonoli et al.13 Most of the C54 crystals observed had a
atomic structure homogeneous throughout the whole gr
TheC54 crystals were oriented in such a way that their@010#
axis formed an angle of about 70° with the sample surf
normal. Therefore, the@010# axis of theC54 crystals was
collinear with the@001# axis of theC40 crystal discussed
above@Fig. 1~a!#; this is in accordance to the discussion
Ref. 6 for the TiSi2 formation in the presence of a Mo inte
layer. Because of the very small lattice mismatch~below
0.3%! betweenC40 TaSi2 and C54 TiSi2,

17 the basal̂ 001&
planes of the former structure is identical to the^010& planes
of the latter. Figure 2 illustrates schematically how these t
sets of planes are related: the directions@103# and @100# in
the C54 structure are equivalent to the directions@11̄0# and

@01̄0# in the C40 structure, respectively.
In several crystals of theC54 structure in the close vicin

ity of the Si/silicide interface, two different structural var
ants were observed inside a same grain, see the lattice im
depicted in Fig. 3~a!. The diffraction patterns correspondin
to the two variants are shown in Figs. 3~b! and 3~c!. Analy-
ses of the patterns, with the assistance of FFT~results not
shown!, indicate that theC54 structure in variant 1 is ori-
ented along the zone axis@103# and that in variant 2 along
@100#. In variant 1, the two marked spots in Fig. 3~b! are
assigned to the~040! ~0.2138 nm! and (311) ~0.2302 nm!

-

FIG. 2. Relationship between the@103# and @100# directions in

the C54 structure and the@11̄0# and @01̄0# directions in theC40
structure.
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reflections that form an angle of 105.6° between them.
variant 2, the two marked spots in Fig. 3~c! are identified as
the ~040! ~0.2138 nm! and (02̄2) ~0.2092 nm! reflections
with an angle of 120° between them. What should be poin
out at this point is that those two variants of theC54 struc-
ture do share a common@010# crystallographic axis@Figs. 2
and 3~a!#. Once again, the absence of the allowed~020! re-
flection is attributed to the use of a too-thin sample.

The FFT analysis of variant 2 directly adjacent to t
Si/silicide interface, where the sample was somew
thicker, shows a different feature~Fig. 4! from the diffraction

FIG. 3. Analysis of aC54 grain also located close to the S
silicide interface~a! its HRTEM image showing two structural var
ants, as well as the diffraction patterns of~b! variant 1 along the
zone axis@103# and ~c! variant 2 along@100#.
n

d

t

result in Fig. 3~c!. Additional spots are found at14 of the
distance between the central spot and the spot correspon
to the ~040! reflection, indicating the appearance of~010!
reflection. The~010! reflection is, however, forbidden in th
C54 structure according to dynamical theory. The subst
tion of Ta for Ti in theC54 structure~see below! may gen-
erate stacking faults, which has in fact been shown18 to occur
in a similar ternary system involving the interaction betwe
Ta-W and Si. The presence of stacking faults can be resp
sible for the appearance of the~010! reflection. As a conse-
quence, the (012̄) reflection also becomes visible~Fig. 4!.
The occurrence of stacking faults in the^010& direction is not
surprising, since it is the direction along which planes
atoms arranged in hexagons are stacked in the ...ABCDA...
sequence to form the entire lattice of theC54 structure. It is
also the axis along which the epitaxy ofC54 onC40 takes
place, because similar stacking yet in the ...ABCA... sequence
of hexagonal planes occurs along the^001& direction in the
C40 structure.

The chemical analysis of the interfacial crystals with t
C54 structure also showed a similar concentration grad
of Ta inside each grain, i.e., being higher at the Si/silic
interface and decaying rapidly with increasing distance to
interface. A difference was found between the two structu
variants of theC54 structure; the Ta-to-Ti ratio at the inte
face was higher in variant 2~0.12! than in variant 1~0.05!,
though there was no Ta detectable in either variant far aw
from the interface. The high-temperature phase diagram16 of
TiSi2-TaSi2 shows that the solubility of Ta inC54 TiSi2 is
negligible. Therefore, the formation ofC54 ~Ti,Ta!Si2 with
measurable Ta contents also indicates that the system w
a nonequilibrium state.

BothC40 andC54 ~Ti,Ta!Si2 were found at the Si/silicide
interface after annealing the Ti/Ta/Si structure at 650
When the sample was annealed at 750 °C, theC40 ~Ti,Ta!Si2
disappeared and onlyC54 ~Ti,Ta!Si2 was detected by TEM
in this work and by XRD in Ref. 6. The instability of th
C40 structure has also been found in a similar system19 with
Ti-Nb alloyed films deposited on Si. When the Nb conten

FIG. 4. FFT of variant 2 obtained directly adjacent to the
silicide interface in a slightly thicker area. The circles around
FFT spots are obtained by simulation.
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in the alloy were below 10%, theC40 phase was always
found prior to theC54 phase upon annealing from 100 t
1000 °C according toin situ XRD analysis. Therefore, it is
suggested that the presence of Ta induced the formation
discreteC40 ~Ti,Ta!Si2 grains at the Si/Ti interface and pre
vented the formation ofC49 TiSi2. The existing nuclei of
C40 ~Ti,Ta!Si2 led to the formation ofC54 ~Ti,Ta!Si2 verti-
cally as well as laterally throughout the layer. The growth
metastableC54 ~Ti,Ta!Si2 laterally at the Si/silicide inter-
face, induced by theC40 ~Ti,Ta!Si2, could only be possible
at low temperatures.

IV. CONCLUSIONS

Nonequilibrium disilicides C40 TiSi2 and C54 ~Ti0.89
Ta0.11!Si2 have been identified in the silicide layer formed b
o

of
-

of

y

annealing the Si/Ta/Ti structure at 650 °C. The existence
such nonequilibrium phases is a consequence of epita
growth at low temperatures. Stacking faults were found
the C54 grain along thê010& orientation. These observa
tions verify, from a microscopic point of view, the templa
mechanism,4,6–8 for the enhanced formation ofC54 TiSi2 in
the presence of Mo, Ta, and Nb that was originally sugges
on the basis of macroscopic results.
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