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Abstract

Titanium silicide can be used in micro-electronic applications to reduce the
contact resistance for Silicon-based transistors. This paper gives an overview of
the preferred orientation between the Ti-silicide films and Si(001) and Si(111)-
oriented substrates. We report on several axiotaxial alignments, which are ob-
served in addition to the previously known epitaxial alignments. The axiotax-
ial textures can be related to the epitaxial one and its stability is interpreted
through plane-to-plane alignment across the interface. Reducing the Ti film
thickness from 30 to 8 nm favours the epitaxial alignment instead of the axio-
taxial alignments.
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1. Introduction

Metal silicides are extensively used in micro-electronics for contacting the
source and drain regions of Si-based transistors [I]. C54-TiSip was introduced
in Complementary Metal Oxide Semiconductor (CMOS) devices for ultra-large
scale integration during the early 90’s and has subsequently been replaced by
sequentially CoSiy and NiSi for high-performance applications [2]. C54-TiSiy
is still being used in traditional planar CMOS technology for applications with

high reliability demands, e.g. the automotive industry or high temperature
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Table 1: Overview of epitaxial orientations reported in the literature for orthorhombic C54-

TiSi2 films on Si(001) and Si(111) substrates.

Substrate 1st alignm. 2nd alignm. Ref.

Si(111)  (100)//(111)  [004]//[022]  [14][L5][16]
(001)//(111)  [400)//[022] [T [T5][16]
(101)//(111) [313}//[2?0] [15] [16]
(010)//(111)  [oo1}//[110]  [15)
(211)//(111)  [111]//[110] 5]

Si(100)  (101)//(111) (313)//(011) 7]
(130)//(111)  (004)//(110)  [I7. 18]
(101)//(111)  (121)//(110) 7]

applications. In recent years, Ti-based contacts have regained considerable at-
tention for implementation in FinFET-technology through the formation of a
thin Ti-Si compound, where Ti-based contacts offer a significant advantage over
Ni because of the lower mobility of Ti in Si [3 4} [l [, [7, [§].

Silicide films for CMOS applications are usually formed through a solid-
state reaction, where a thin metallic film is deposited on a Si substrate and
subsequently heated to form a silicide compound [2]. The solid-phase reaction
often induces a preferential crystallographic orientation between the formed
silicide film and the single-crystal Si substrate. Crystalline texture is known to
affect functional properties such as the morphological stability [9] 10, [5] 6] [11]
and interface contact resistance [I2] of the silicide film. The texture of several
metal silicides has therefore been studied in detail over the past decades [13].

Most texture studies on titanium silicides were performed during the 90’s
and focused on the epitaxial orientation of the TiSiy film with the substrate
[14, 15l 16, 19, 17, 20]. Several epitaxial orientations were reported (Table
and their origin was discussed within the frameworks of geometric-based
models such as the 0-lattice [I5] and edge-to-edge matching models [21I] or by

simply overlaying the atomic structure of both film and substrate [17]. However,
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the transformation of C54-TiSiy from a C49-TiSi; phase is nucleation-driven
and as a result the Ch4-nucleated film often heavily granulated. More recent
research on C54-TiSis focuses on the epitaxial alignment between the nucleated
alignment of the Ch4-nucleated film and the underlying Si substrate in order
to improve the morphology of such C54 films [6l [7, 8, [I8]. Since then the
improvement of the used experimental techniques have led to the discovery of
other types of texture, such as axiotaxy [22] and also a particular plane rotation
across crystalline grains of Ni-Si compounds termed trans-rotational domains
[23], rendering novel insights on how the texture of the silicide film affects its
stability. A recent review by Deschutter et al. [I3] provides an overview on the
complex textures possible in such thin-film systems. Currently, no publications
are available that investigates these novel texture-types for TiSis-thin films in
great detail, since the texture of TiSio was mostly researched prior to their
discovery.

This paper reports on the axiotaxial nature of C54-TiSiy films on both
Si(001) and Si(111) substrates. Synchrotron X-Ray-Diffraction (XRD) pole-
figure measurements reveal the presence of multiple axiotaxial features and their
importance in interpreting the different previously-reported epitaxial orienta-

tions.

2. Experimental methods

Ti films with a thickness of 8 and 30 nm were deposited using Physical Vapor
Deposition (PVD) on commercially-available Si substrates. Two orientations
of Si substrate were used: Si(001) and Si(111) (the latter substrate had an
intentional miscut of 0.3°, as observed through the offset between the sample
optical reflection normal and the crystalline diffraction normal). Both substrates
received a short HF dip prior to loading in the deposition chamber. Ti was
sputtered in an Ar atmosphere with a pressure of 1.33 x 10~3Torr, after a base
pressure of 1 x 10~ Torr had been reached in a Materials Research Corporation

PVD system. A 8 nm TiN capping layer was subsequently deposited on the Ti
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Figure 1: The total diffraction intensities as a function of diffraction angle 26. Data was
extracted from pole-figure XRD measurements at the X20A beamline of the NSLS synchrotron
with an x-ray energy of 8.0 keV. The intensity of the Si substrate (220) diffraction near 47°

was masked due to a to high intensity for the detector.

film without breaking the vacuum in order to protect the film from oxidation
after the deposition process.

Samples of at least 1cm? were subsequently heated in a purified He atmo-
sphere at a constant rate of 3°Cs™! at the in situ heating set-up of the X20C
beamline at the National Synchrotron Light Source (NSLS, Brookhaven Na-
tional Laboratory). Atomic Force Microscope images of the surface of these
samples taken with a Brucker Edge system (i.e. the TiN capping layer) show
a rough surface, with an R, ~ 3.5nm, independent of the substrate or film
thickness. Grazing incidence rocking curve measurements were obtained with a
Brucker D8 X-Ray Diffraction (XRD) with an 26 angle of 0.3° with a stepsize of
2 arcsec. The bare substrates had a full-width-half-maximum (FWHM) value
of 68 and 70 arcsec for respectively the Si(100) and Si(111) substrates, whereas
FWHM value of 80 and 84 arcsec were obtained for annealed 8 and 30 nm Ti
films on both substrates.

X-Ray Diffraction (XRD) pole-figure measurements were performed to de-
termine the silicide’s texture. The C54 crystalline structure (JCPDS No. 00-
035-0785)was confirmed through these measurements (Fig. . Pole figures are

obtained by measuring the diffraction intensity from a set of crystallographic
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Figure 2: Orientation of the pole-figure maps are fixed with respect to the substrate orienta-

tion, as shown in this figure.

planes at a fixed diffraction angle 26, while tilting and rotating the sample both
in-plane and out-of plane, respectively parametrised by the angles ¢ for the az-
imuth and x for the elevation angle [24]. The diffraction angle 26 is related to
a specific {hkl} lattice plane of a certain crystalline phase through Bragg’s law
of diffraction. The measured diffraction intensity I for a specific {hkl} plane
is dependent on the angles ¢ and y, as I scales with the crystalline volume for
which the {hkl} plane is oriented along those angles ¢ and x. Thus a polar plot
of I(¢, x) correlates with a statistical distribution of the preferred orientation
of the corresponding {hkl} plane, covering all grains illuminated by the incident
X-rays (which had an area of ca. 1.5mm?). Pole figures therefore offer a sig-
nificant statistical advantage in comparison with TEM-based texture research,
where the number of grains measured and investigated are significantly limited.

In this work, pole figures were measured at the X20A synchrotron beamline
of the NSLS, using an x-ray wavelength of A = 0.154 nm, as selected using a
Ge(111) monochromator. The diffracted x-rays were detected using a custom
linear detector (8 cm Si strip detector, 640 pixels) which allows the simultaneous
acquisition of pole figures covering 20 to 60° in 260, which includes diffraction

of the (311), (313), (202), (004) and (022) planes of orthorhombic C54-TiSi,
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(JCPDS No. 00-035-0785). The pole figures were acquired in steps of 1.0° in
¢ and x (0 < x < 85° and —10 < ¢ < 100° for Si(100) or —10 < ¢ < 130°
for Si(111) ). Complete pole figures were obtained by extending the measured
data to the full range 0 < ¢ < 360°, taking into account the symmetry of the
substrate. The samples were oriented so that the Si poles are located at the ¢
and x coordinates as displayed in Figl2] The diffracted intensity is represented
by a stereographical projection for x and ¢, and by using a logarithmic gray-scale
map, where white and black represent respectively a low or high intensity. A
more detailed description of pole-figure measurements and their analysis can be
found in earlier works describing the formation and texture of NiSi [22] 24 [25].

The pole figures were analysed using the GusTAv [20] software package.

3. Results and discussion

In the following paragraphs we categorise the observed features on the mea-
sured pole figures into texture components. The observed features are dis-
cussed for the (311) and (313) planes of the orthorhombic C54-phase (a=8.26 A,
b=4.79 A and ¢=8.55 A) These two planes allows a clear interpretation because
there is no diffraction from other planes having a similar inter-planar distance.
Texture components are proposed which explain the observed features and the
analysis was corroborated by pole figures for the C54-TiSiz (202), (004) and
(022) planes (not shown here).

3.1. Texture on Si(001)

The recorded pole figures for C54-TiSiy films on Si(001) clearly contain sev-
eral non-random patterns (Fig. |3), indicating preferential alignment with the
substrate. Circular features can be associated with aziotary and dotted fea-
tures with epitary. The fact that these epitaxial features are overlapping with
some of the axiotaxial circles suggests that the two types of texture components
are inter-related and will be discussed further. Figure [4] shows the diffraction

intensities for regions in ¢ and Y, selected specifically to represent the different
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Figure 3: Pole-figure data for C54-TiSi2 (311) and (313) diffraction planes for samples with
an as-deposited Ti thickness of 30nm (a, b) and 8 nm (c, d) on Si(100).
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Figure 4: The diffraction intensity plotted for selecting specific regions in both ¢ and ¥,
associated with axiotaxy, epitaxy and random distribution of the grains’ orientations. The

regions in ¢ and x are selected for the diffraction at 260 = 39.1° (i.e. C54-TiSip 311).
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textures as oriented for the C54-TiSis 311) plane. It is clear that the randomly-
oriented grains represent a lower fraction of the film when going from 30 to 8 nm
as-deposited Ti thickness, and that a relatively larger fraction of the C54-film

is oriented along the epitaxial texture. .

Axiotazxial alignment

In general, circular patterns on a pole figure are generated by either an
axiotaxial or a fiber alignment between the film and the substrate. Both textures
require one of the film’s planes to have a fixed orientation with respect to the
substrate. The direction perpendicular to these planes then acts as an axis of
rotation, and every individual grain is oriented as a random rotation around
this axis of symmetry. By consequence, diffracting planes which are inclined to
this axis of rotation will result in circular features on the associated pole figure.

Two different kinds of circular texture features are reported in literature:
fiber and aziotaxial. The axis of rotation for a fiber alignment is always per-
pendicular to the substrate surface, and by consequence the diffraction rings
are always concentric on the pole figures. An axiotaxial alignment does not
have this restriction, and by consequence the non-concentric circular features in
figure [3| indicate axiotaxial texture. The pole-figure measurement was paused
for some time in order to increase the synchrotron X-rays intensity, resulting
in a discontinuity in diffraction background, with a lower (whiter) background
around the center of the pole figure and a higher (darker) background at the
edge of the pole figure.

The axiotaxial texture can occur when planes from the film and the substrate
have a similar inter-planar distance and orientation. This allows a plane-to-plane
match across the interface, and the axiotaxial features are uniquely defined by
identifying these matching planes. A total of four different axiotaxial relation-
ships allow us to reconstruct the complex pattern of observed circular features
in figure B (404)css ~//(222)s; (Fig. Bh. b), (404)css ~//(113)s, (Fig. B.d),
(511)¢sa ~//(113)s;(Fig. Bk.f) and (115)cs4 ~//(113)g; (Fig. Blg.h) .

Axiotaxy originates from a plane-to-plane match across the interface between



(511)¢sa ~// (113)s; (404)¢cs4 ~// (113)s; (404) s ~// (111)g;

(115)¢s4 ~// (113)g;

Figure 5: (311)cs4 and (313)cs4 pole figures of a C54 TiSip layer with an as-deposited Ti
thickness of 30 nm, overlayed with axiotaxial features related to matching of specific TiSiz

planes with the (111) (a, b) and (113) (c,d,e,f,g,h) planes of Si across the interface.

10
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Figure 6: To achieve axiotaxial match between at a flat interface (a), the difference in planar
distance between dg; and dfi, can be compensated by a slight tilt A(x), resulting in an
identical projected spacing dj, at the interface to achieve plane-to-plane match. At a rougher
interface (b), small values of A(x) are more stable to roughening of the interface [22]. In
addition, the angle required to compensate a given difference in d-spacing (e.g. dg; = 1.02 -

dfim) is also dependant on the inclination angle x of the substrate plane with the interface,

(c).
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Table 2: Fitted axiotaxial texture components between C54-TiSiz2 and Si(001) substrate. A
difference in d-spacing between the film and substrate planes will result in a mismatch at the
interface. The small difference in d-spacing (D) between the axiotaxial component and the

substrate can be compensated at the interface through a small tilt in x.

Matching  Xezp A(X)ewp d  Ad  xin  ANtn
planes ) ) A %) 0 )
Si(222) - 54.7 157 - 547 -
asinoo)  CH4(404) 515 32 151 42 515 32

Si(113) 252 - 164 - 252 -
Oging0)  CH4(404) 234 18 151 82 230 22
Bsiooy  C54(511) 240 1.2 156 52 238 14
veiaoo)  CH4(115) 245 0.7 1.60 25 246 0.6

film and substrate. The quality of this match is often discussed in the literature
with respect to the small difference in the planar distance between these to two
matching planes, typically less than 5%|[22] [10] 27, [13]. It is then remarkable
that the (404) plane of TiSis would not only match with (222)g; (Ad = 4.2 %)
but also with (113)g; (Ad = 8.2%). Nevertheless, Detavernier et al. [22] argue
that a mismatch in d-spacing can be compensated by a small tilt in x of the
orientation of the film’s axis of rotation, resulting in a matching projected planar
distance d, on the interface (Fig. @ We in fact observe that all axiotaxial
features are slightly tilted around the Si(222) and Si(113) poles (A(X)eqp in Tab.
. However, Detavernier et al. also point out that a high tilt Ay can in principle
always force plane-to-plane matching across a perfectly planar interface, this
match quickly vanishes along a realistic interface which includes non-planarity
and interfacial roughness (Fig. . This can be expected to be particularly
important during the nucleation of a new phase during a solid-state reaction,
which is exactly when the grain orientation will be selected. We here add to
this discussion that Ay not only is dependant on the difference Ad, but is also

dependant on the inclination angle y of the rotation axis with respect to the

12



150

155

Figure 7: Pole figures overlayed with identified epitaxial features for data from a C54-TiSis

sample with an as-deposited Ti thickness of 30 nm.

Table 3: Overview of observed epitaxial components of C54-TiSi»/Si(001).

Epitaxy (Symb.) 1st alignm. 2nd alignm.
Asior) (®) (101)¢sa ~//(A11)s;  (313)csa ~//(101)s;
Bgioony () (101)ess ~//(111)g;  (111)csa ~//(110)s;

Csioo1) (4) (511) 54 ~//(113)s;  (400)cs4 ~//(001)5;

interface (Fig. through

X = o
Indeed, on Si(001), a (404)cs4 plane only needs a tilt of 2.2° to align with
(113) 55, whereas a tilt of 3.2° is required to compensate the difference in Ad with
(222)g;, despite the relatively smaller Ad of the latter alignment. Therefore, the
evaluation of an axiotaxial alignment should not only focus on the difference in
d-spacing, but also include the dependence of Ay on the inclination angle y to

obtain a lattice match at the interface.

Epitazial alignment

The high intensity spots on the pole figures indicate epitazial alignment of
the thin film. An epitaxial alignment completely fixes the relative orientation

of a crystalline grain with respect to the single crystal substrate, thus elim-

13
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Figure 8: Pole figures overlayed with identified epitaxial features for data from a C54-TiSis

sample with an as-deposited Ti thickness of 8 nm.

inating the rotational symmetry. Therefore, a diffracting {hkl} plane within
each epitaxial-oriented grain will also have a specific orientation which trans-
lates into local spots of high diffracted intensity on the pole figure. A total of
three epitaxial orientations were identified (Fig. @ and the relative orientation
of each was determined with respect to the Si substrate (Tab. . Intriguingly,
all observed spots of high intensity are in fact located along axiotaxial features,
a relationship which shall be discussed further on. For C54 films formed from a
thinner 8 nm Ti layer, the axiotaxial features are barely visible, while the epi-
taxial features are very intense (Fig. . These epitaxies are identical to the

epitaxies determined for films originating from the 30 nm Ti film (Tab. .

3.2. Texture on Si(111)

The preferential alignment between the C54-film and the Si(111) substrate
is characterized by circular and epitaxial features (Fig. [9). Some of these cir-
cles, those associated with planar alignment of the planar alignment of (404)c54
~//(222)g;, are observed for both thickness. However, other preferential orien-
tations are significantly different and therefore shall be discussed separately for

each thickness.

14
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30 nm Ti

8nm Ti

Figure 9: Pole-figure data of two C54-TiSiy diffraction planes as measured from a sample with

an as-deposited Ti thickness of 30nm (a,b) and 8 nm (c,d) on Si(111).

(311)¢s4

Figure 10: Pole figures from a C54-TiSis sample with an as-deposited Ti thickness of 30 nm on
Si (111). The measurement is overlayed with a (404)c54//(222)g; fiber-like texture, together

with an epitaxy partly coinciding with this axiotaxy.

15
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Figure 11: Additional epitaxial features are present for C54-TiSis sample with an as-deposited

Ti thickness of 30 nm on Si(111).

Tezture for 30nm T4

The concentric circles for the thickest films can be explained by supposing
a (404)css ~//(222)g; axis of rotation (Fig. [10). Remarkably, the diffraction
intensity varies as a function of ¢ along the ring, which is unusual for fiber-
textures. Moreover, the width of the concentric rings is very small (ie. <
2°FWHM), whereas the width of a fiber-texture usually is much broader (i.e.
> 5°FwHM, [13] 25], an observation related to the physical differences between a
fiber texture and an axiotaxial texture).The driving force for a traditional fiber
texture is usually a realization of surface energy. Here, it seems more plausible
to interpret the apparent fiber texture based on axiotaxy-type plane matching
across the interface, as the (404)css and (222)g; planes only differ by 0.06 A.
Evidently, such plane-to-plane matching would not be possible on a perfectly
flat interface, as the planes would be parallel to the flat interface, and therefore
never meet edge-to-edge. The small miscut of the Si(111) wafer would only
introduce one terrace-edge every 1 pm and cannot explain this effect. However,
it was previously reported that C54-TiSis can heavily agglomerate on Si(111)
[15], resulting in a very rough interface.

A total of four epitaxial orientations are identified for this film (Fig. [L1)),
and their orientation with respect to the Si substrate was determined (Tab. [4)).

16
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Table 4: Overview of observed epitaxial components of C54-TiSiz/Si(111) for C54-films grown
from 30nm (A-D) and 8nm (A, E) Ti.

Epitaxy (Symb.) 1st alignm. 2nd alignm. Fig.
Asiiiny (m) (404)csa ~//(222)s;  (050)cs4 ~//(220)s: E
Bsia11) (o) (300)¢sa ~//(111)s;  (202)c54 ~//(011)g; 1]
Csiiiny (*) (012)¢sa ~//(111)s;  (110)c5a ~//(100) g E
Dsiny (+) (210)csa ~//(11T)s;  (110)csa ~//(001)si |11}
Esiiny () (500)csa ~ //(222)ss  (001)css ~ //(101)s; El

(311)¢s4 (313)¢54

Figure 12: Additional epitaxial features are present between a C54-TiSis film originating from

a 8nm Ti film on Si(111).

Texture for 8nm Ti

Different axiotaxial and epitaxial textures are observed after annealing a
thinner Ti layer on Si(111). In addition to the (404)css4 ~//(222)g; fiber-like
features (Fig blue curve), we can also observe fiber-like rings originating
from (500)cs4 ~//(222)s; (Fig[12} cyan curve) and (511)csa ~//(222)s; (Fig.
yellow curve), although the intensity of the latter alignment is significantly
lower than the other fiber-like features. Again, the width of these concentric
circles, as well as the variable intensity along ¢ suggests that these textures are
in fact axiotaxial alignments with the substrate, where Table[5|gives an overview

of the coinciding lattice planes.
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Table 5: Fitted axiotaxial texture components between C54-TiSiz and Si(111) substrate.

Symmetry . d-spacing A d Figure
Axis ) (A) (%) (color)

Si(222) 0 1.57 . ;
Bsi111) C54(511) 0 1.56 0.0 (yellow)
7si(111) C54(500) 0 1.65 5.1 (cyan)

All three fiber-like orientations are defined by a parallelism with similar pla-
nar spacings in film and substrate. The fiber-like circles also exhibit significant
variation in diffraction intensity along ¢, again indicating a preferential align-
ment closer towards an epitaxial orientation. Bright spots on the circles related
to (500)css ~//(222)g; can be explained by introducing (004) ~ //(022) as
a secondary orientation condition. This epitaxial orientation was previously
reported (Tab. , and now the arc-shape revealed by the higher-resolution
synchrotron pole figures indicates a dependence on the axiotaxial orientation.
The bright spots along the (404)cs4 ~ //(222)g; fiber-axis cannot be explained
by a single additional constraint, but also correspond to the many epitaxial
orientations observed by Catana et al. [I5], listed also in Table

It is interesting to note that the (511)¢s4 plane now aligns with (222)g;,
instead of (113)g; as reported earlier for the Si(001) substrate. We can again
understand this when considering the alignment of the substrate planes with
respect to the interface (Fig. [6d), where x of (222)g; is lower on Si(111) than
on Si(001)-oriented substrates (0 and 54.7°, respectively), and thus the align-
ment requires a smaller tilt Ay on Si(111) to compensate for the small lattice
mismatch.

A question remains: which bonding is favoured as to explain the observed
preferential orientations, i.e. which atoms are potentially bonding across the
interface. It is especially intreguing that some of the aligning planes have un-

sueally high indices, such as (115)¢54 ~ //(113)g;. The most reoccurring tex-

18



'T <113>

Figure 13: Image of the C54 unit cell (Ti: light blue, Si: dark blue). (a) The C54-TiSiy
unit cell can aproximatly be described as a pseudo-tetragonal unit cell since a = ¢ (neglect-
ing the positioning of the Si atoms). Hence explaining the observed symmetry between the
a and c axis for several observed preferential orientations. (b) The interface determined
by (404)cs4//(222)s; enables matching between nearly-closed packed Ti-atoms from the
C54 silicide and the Si atoms of the substrate. (c) Other axiotaxial alignments, such as
(115)¢54//(222) 54, can also be described as a function of nearly-closed-packed Ti planes

within the silicide.
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ture, (404)css ~ //(222)g;, has been discussed previously by Catana et al.,
where the orientation was interpreted as favourable due to the presence of Ti-
planes from C54-TiSiy along {101}c54 with similar d-spacing and densities as
the {111} planes of Si [15]. By focusing on the Ti atoms, we can also ex-
plain the observed symmetry with respect to the a and c axis of the C54-unit
cell (e.g. axiotaxies ag;(100), O/Si(wo), Bsi(100) & Vsi(100), Qsi(111) OF epitaxies
Agi001), Asioo1)s Asi(111), Csioo1) & Dsi(oo1))- Indeed, the C54-unit cell can
be described as symmetrical in a and ¢, or even pseudo-tetragonal, when only
assessing the positions of the Ti-atoms, since a = 826A ~ ¢ = 855 A (Fig.
13h). The simplification to mainly look at the Ti-atoms of the silicide phase,
allows to understand the bonding across the interface indeed shows a continua-
tion of nearly-closed-packed Ti-planes from the silicide to nearly-closed packed
Si-planes from the substrate, as illustrated in Fig. [[3p and ¢ for orientations

containing both low-index and high-index silicide directions.

4. Conclusions

The preferential orientation between C54-TiSis films and Si(001) and Si(111)
substrates was investigated through high-angular-resolution synchrotron XRD
pole figures. This enabled us to identify the axiotaxial texture in the Cbh4-
TiSiy/Si system, in addition to known epitaxial alignments. The majority of
the observed epitaxies are in fact special cases of the same (404)c54 ~//(222)s;
axiotaxial alignment, indicating the importance of this plane-to-plane match-
ing along the interface. From the diffraction intensities, one can derive that a
lower Ti thickness corresponds with a higher fraction of the C54 grains with
an epitaxial orientation. The evaluation of the observed alignment indicates
evaluate the stability of heterophase interfaces in terms of plane alignment and

film thickness.
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