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ABSTRACT

Scandium-based silicides have attracted attention as new contact materials for ultimately scaled CMOS devices. Excellent contact proper-
ties in combination with P-doped Si have been demonstrated. However, unlike conventional Ti, Co, and Ni silicides, little is known about
the formation mechanisms and properties of Sc silicides. This manuscript, therefore, reports on the formation and structural properties of
orthorhombic ScSi silicide formed by solid state reaction between a sputter deposited 15 nm Sc film and a Si(001) substrate. Synchrotron x-ray
diffraction (XRD) pole figures, in combination with cross-sectional transmission electron microscopy, are leveraged to determine the texture
of ScSi. An epitaxial texture with two different components is evidenced. Large (220 nm) grains, having a minimal defectivity originating from
the lattice mismatch between the silicide and the substrate, are distinguished from small (<5 nm) nanotwinned grains. The formation of these
two sets of grains is investigated by in situ XRD. Due to a solid state amorphization reaction between Sc and Si, the formation of orthorhombic
ScSi is preceded by the formation of an amorphous ScSi phase. Orthorhombic ScSi formation is initiated at ~320 °C by the crystallization of
small nuclei at the interface with Si, as evidenced for the first time by cross-sectional transmission electron microscopy. These nuclei share a
singular epitaxial orientation, corresponding to the one of the large grains in the final ScSi film. Further crystallization occurs anisotropically
in the lateral direction. Along the ¢ axis, the initial epitaxial orientation is maintained. However, along the a axis, twin defects are generated,
resulting in the small grain size.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0326525

I. INTRODUCTION

As aresult of extreme scaling, the contact resistance R between
the source/drain (S/D) and metal silicide regions has become the
largest component of the switch impedance in modern CMOS
devices.! The impact of this parasitic resistance can be alleviated
by increasing the active contact area A or by lowering the contact
specific resistivity (p, = R; - A).” The latter requires innovations
in materials processing of the S/D, focused on maximizing the
active doping concentration, and of the metal silicide, focused on
minimizing the Schottky barrier height (SBH).

Given their low SBH compared to conventionally used silicides,
such as NiSi, TiSi,, and CoSis, rare-earth silicides, such as Yb,’ Er,’
La,” Y,° Gd,” ternary,” and Sc” silicides, are good candidates to lower
the contact resistivity.'”'' Thomas et al.'> pioneered the investiga-
tion of silicide formation in Sc thin films deposited on Si substrates.
Their results show that two different silicides are formed result-
ing from the solid state reaction between 180 nm thick Sc layers,
deposited by vacuum evaporation, and Si(001) substrates. At a tem-
perature of 500 °C, orthorhombic ScSi was reported to be formed
by a presumably diffusion controlled silicidation reaction. At higher
temperatures (about 900 °C), the nucleation-controlled formation
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of hexagonal ScSi; 7 was observed. In addition to identifying these
phases, electrical measurements on these silicides were conducted.
The room temperature resistivity was measured as 21 and 38 yQ) cm
for the orthorhombic and hexagonal phases, respectively. Compar-
ing this to C54-TiSi,, CoSi, or NiSi, for which resistivities as low as
10 42 cm were reported,1 15 it is clear that these silicides are not the
most promising in this regard. On the other hand, the SBH on n-Si
was reported to be about 0.4 eV, making this an attractive option to
lower the contact resistivity in NMOS devices.” It should be noted
that these studies were done using uncapped samples. Given the
strong O gettering properties of the rare-earth metals,'”"” signifi-
cant oxidation of the (top part of the) Sc layer is expected to occur
post-deposition and/or during annealing in such a case.

In addition to the SBH, the charge carrier effective mass
of the metal (silicide) has been identified as a key parameter in
maximizing the transmission probability of charge carriers at the
metal/semiconductor interface.'® Dabral et al. identified Sc and Y
as top candidates due to their high average charge carrier effec-
tive mass. Inspired by this, Porret et al.'’ demonstrated record low
contact resistivities using Sc contacted to highly P-doped Si (Si:P),
achieving a ~35% improvement compared to Ti after an isother-
mal anneal at 420°C for 20 min. The crystalline and chemical
properties of annealed TiN/Sc/Si:P contact stacks were subsequently
investigated.'””’ Crystalline silicide formation was evidenced in the
form of orthorhombic ScSi lying atop a thin Sc1-x—ySixPy interfa-
cial layer, which has a commensurate interface with the underlaid
Si:P. The excellent contact properties encourage further research on
Sc silicide formation. This work, therefore, focuses on the forma-
tion and nanostructural properties of orthorhombic ScSi formed via
solid state reaction between Sc thin films and Si(001) substrates in
annealed TiN/Sc/Si(001).

The texture, i.e., the statistical distribution of grain orientations,
can have a profound impact on the formation and stability of sili-
cides, as it controls the type and orientation of grain boundaries and
the interface energy. For contact applications, it has been the sub-
ject of extensive research as the orientation and size of individual
grains will induce local variations in the strain and the SBH, thereby
affecting the contact resistivity.”!

Unlike conventional Ti, Co, and Ni silicides, hardly any infor-
mation is available on the structural properties of ScSi. In this
work, it is shown that ScSi formed on Si(001) is strongly textured,
exhibiting two epitaxial texture components. The crystallographic
relationship between these two orientations is identified and in
situ characterization, that is, in real time during annealing, is used
to investigate the silicide formation mechanisms. The results con-
firm a solid state amorphization reaction between the as-deposited
Sc and Si, forming amorphous a-ScSi silicide.'”**”* Upon further
annealing, orthorhombic ScSi nucleates at the interface with Siin a
domain matched epitaxial manner.”* Further crystallization occurs
anisotropically, resulting in significant twin defect formation.

Il. EXPERIMENTAL METHODS
A. Sample preparation

The contact stack consists of 10 nm TiN/15 nm Sc¢/Si(001). The
Sc and TiN layers are deposited without vacuum break by physi-
cal vapor deposition (DC sputtering) using a Canon Anelva system.
Both depositions occur at room temperature. This system operates at
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a base pressure of 1077 Torr. Both sputter processes use Ar as sput-
ter gas, resulting in a pressure of 107 Torr during processing. For
the reactive sputtering of TiN, N, gas is used in combination with
a Ti target. The deposition rates are 5.2 and 1.5 nm/min for the Sc
and TiN layers, respectively. Prior to these depositions, a wet etch in
diluted hydrogen fluoride (HF) is performed to minimize the native
oxide present on the substrate. Finally, some of the samples are
annealed. Two annealing processes are considered: (1) 12 °C/min
ramp to 320 °C in N(95%)/H>(5%), followed by an uncontrolled
quench to room temperature, and (2) 420 °C anneal for 20 min in
N2(90%)/H2(10%). The former anneal is conducted using an Anton
Paar Domed Hot Stage (DHS) 1100 heating stage, whereas the latter
anneal is performed using an A412 ASM furnace and results in the
formation of orthorhombic ScSi."”

B. Physical characterization

The structural properties of the ScSi thin films are investigated
by x-ray diffraction (XRD) pole figures and cross-sectional transmis-
sion electron microscopy (TEM). The XRD pole figures are acquired
at the Materials Characterisation by X-ray diffraction (MCX) beam-
line of the Elettra synchrotron in Trieste.”> The x-ray source is
operated with CuK, photon energy (wavelength A = 1.5406 A). The
sample is mounted on a four-circle diffractometer and operated in
the Bragg-Brentano 6/26 geometry. The setup enables the variation
of the sample azimuth (¢) and elevation (), allowing the collec-
tion of pole figures using the Schulz method” for ¢ and y from 0°
to 90° in steps of 1°. The fourfold symmetry of the (001)-oriented
Si substrate is used to reconstruct the pole figure over the full ¢
range (0°-360°).”” Finally, the two-dimensional representations are
obtained after an equal area projection.”® The pole figures are plot-
ted with the (110), (110), (110), and (110) poles of the Si substrate
at y = 90° and ¢ = 0°, 90°, 180°, and 270°, respectively. Following
the methodology of De Keyser et al.,”’ texture analysis is performed
by plotting the parametric equation for alignment between the lat-
tice planes of the silicide ScSi(hkl) and the Si substrate Si(h'k’l’). In
this way, the constraint ScSi(hkl)//Si(h’k'l’) is visualized as a pat-
tern of lines on the pole figure. Cross-sectional TEM inspections
are performed to investigate the nano-structural properties. These
are conducted using a Titan3 G2 60-300 (FEI) system operated at
200 kV. All TEM images are taken along the Si{(110) zone axis. Com-
plementary energy-dispersive x-ray spectroscopy (EDS) analysis is
performed, which confirms the formation of scandium monosilicide
after a 420 °C to 20 min anneal (see supplementary material).

In addition to these ex situ characterization techniques, in situ
techniques are used to investigate phase transformations during the
solid state reactions. This includes temperature dependent XRD (in
situ XRD), which records the XRD pattern of a sample as a func-
tion of the annealing temperature during a slow temperature ramp
(12 °C/min) from room temperature to 900 °C in He(95%)/H,(5%).
These measurements are done using a Bruker D8 diffractometer
with a linear (1D) detector with an angular range of 20° in 26. Dur-
ing the measurement, the incidence angle of the x-ray source (A =
1.5406 A) is fixed at w = 6 = 17.5°, and the x-ray intensity is recorded
in the 260 range 25°-45°. This offers limited information for strongly
textured films. Hence, in Sec. I1I D, in situ XRD pole figures acquired
during annealing are leveraged to obtain a complete view of the sam-
ple crystallinity during phase transformations. These measurements
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are conducted at the DiffAbs beamline of the Synchrotron Soleil”®
using a XPAD S140 area (2D) detector. The x-ray source is operated
atan energy of 18 keV (1 = 0.688 804 A). The optimized approach at
DiffAbs allows significantly faster acquisition of pole figures com-
pared to the traditional Schulz approach. Consequently, using an
Anton Paar DHS 1100 heating stage, it allows the acquisition of pole
figures in situ during a slow anneal in N»(95%)/H(5%) consisting of
3 steps: (1) from room temperature to 280 °C at 12 °C/min, (2) from
280 to 380 °C at 1 °C/min, and (3) from 380 to 650 °C at 6 °C/min.
The slower ramp rate of step (2) is chosen to increase the tem-
perature resolution during the crystallization of orthorhombic ScSi
(orth-ScSi). In addition to the fast acquisition speed, this approach
enables the measurement of full pole volumes, covering a range of
20 values at once.”® For this work, 26 from 12° to 22° is used, cov-
ering the pertinent orth-ScSi Bragg reflections. This approach also
allows for additional flexibility in the data analysis compared to the
traditional Schulz method.”” However, pole figures acquired by this
method suffer from additional background scattering due to the use
of a graphite dome, which acts as annealing chamber. In addition,
due to the presence of the graphite dome, no “laser alignment,”*
which is used to position the azimuthal rotation axis ¢ perpendicu-
lar to the sample surface, can be conducted. This results in a slight
non-uniform background in the pole figures.

Ill. RESULTS

A. Phase sequence of a 15 nm Sc thin film deposited
on Si(001) upon annealing

Figure 1 shows the in situ XRD pattern of a pristine sam-
ple. Four temperature intervals can be identified: (1) <300 °C, (2)
300-400°C, (3) 400-750°C, and (4) >750°C. The as-deposited
contact stack contains hexagonal Sc (hex-Sc) with Sc(001)//Si(001)
out-of-plane orientation. The formation of a-ScSi as a result of a
solid state amorphization (SSA) reaction between Sc and Si has been
observed in sputtered Sc/Si multilayers annealed in the 210-250°C
temperature range.”” In Fig. 1, this SSA reaction is evidenced by
a reduction of the Sc(002) peak intensity starting at ~250 °C and
results in the full silicidation of Sc at ~300°C. Upon subsequent
annealing, orth-ScSi forms at ~400 °C, yielding the ScSi(040)/(130)
peaks. The absence of other Bragg reflections suggests that this
phase is strongly textured.'” Finally, above 750 °C, cubic Sc,0;3
(cub-Sc,03) forms at the expense of orth-ScSi.

T ————TT [1 40
cub-ScZO%(ZZZ) 30(%
i ; 1 o
hex-Sc(002) c::;:::_::::i 200%’
| orfh-ScSi(040)/(13 100 é
0

400 600 800
temperature (°C)

FIG. 1. In situ XRD pattern of a 10 nm TiN/15 nm Sc/Si(001) stack measured
during a slow temperature ramp of 12 °C/min from room temperature to 900 °C in
a He(95%)/H2(5%) ambient.

pubs.aip.org/aip/apm

B. Texture of orthorhombic ScSi

The in situ XRD (Fig. 1) suggests that orth-ScSi has a
ScSi(040)/(130)//Si(001) out-of-plane texture. Additional symmet-
ric 20/6 XRD scans reveal that no other peaks are present in the
20°-80° 26 range (see supplementary material). The texture of
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FIG. 2. (a) ScSi(111), (b) ScSi(130), and (c) ScSi(131) XRD pole figures
acquired from a 10 nm TiN/15 nm Sc/Si(001) contact stack after 420°C to
20 min anneal. The calculated line patterns, used to determine the epitaxial orien-
tations, are shown. These patterns were calculated assuming: ScSi(010)/Si(001)
(green lines), ScSi(130)//Si(001) (purple lines), ScSi(001)//Si(110) (blue lines), and
ScSi(100)//Si(110) (red lines). The resulting epitaxial texture components, detailed
in Table |, are indicated by square (O0) and triangle (v) symbols. Note that,
due to peak overlap in 26, the pole figures contain contributions from neigh-
boring Bragg reflections, which are indexed by cross (x) and plus (+) symbols,
corresponding to epitaxy 1 and epitaxy 2 texture components, respectively.
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TABLE . Orthorhombic ScSi texture components.

Out-of-plane alignment In-plane alignment

. . _ ScSi(001)//Si(110)
Epitaxy 1 (O0) ScSi(010)//5i(001) $cSi(100)//Si(110)
Epitaxy 2 (v) ScSi(130)//5i(001) $cSi(001)//Si(110)

orth-ScSi is further investigated using XRD pole figures acquired
after a 420 °C to 20 min anneal (Fig. 2).*! The pole figures con-
tain well-defined spots of high intensity, indicative of an epitax-
ial texture. The calculated line patterns are included, which are
used to determine the epitaxial grain orientations.”’” The result-
ing texture components are summarized in Table I. Two epitaxial
texture components are distinguished. The first component (“Epi
I”) is characterized by a ScSi(010)//Si(001) out-of-plane and a
ScSi(001)//8i(110) in-plane alignment. This orientation also satis-
fies the ScSi(100)//Si(110) condition. Hence, grains corresponding
to this texture component are aligned in-plane with their a axis and
c axis parallel to Si{110) at y = 90°. The second component (“Epi 2”)
also satisfies the ScSi(001)//Si(110) in-plane alignment. The out-of-
plane alignment, however, corresponds to an off-normal ScSi(010)
fiber texture with the fiber axes at (y ~ 44° and ¢ = 0°, 90°, 180°, or
270°). This is nearly equivalent to a ScSi(130)//Si(001) out-of-plane
alignment, as it can be achieved by tilting the (130) planes by ~4.5°

(@)  region 2 oo

Epi 1 + Epi 2

'i(C).“:

5nm?’ ScSi<001> ScSi<001>

pubs.aip.org/aip/apm

in the direction of the Si(110)-type planes starting from a perfect
ScSi(130)//Si(001) out-of-plane orientation, for which the ScSi(010)
planes are tilted 39.5° out-of-plane.”” This small out-of-plane tilt
is evidenced by the star-shaped peak in the center of Fig. 2(b). As
opposed to the first epitaxial component, no additional low index
plane alignments are identified in this case. Note that the ScSi(040)
and ScSi(002) pole figures were also collected and are consistent with
this analysis. Comparing XRD peak intensities, it is suggested that
the Epi I component is predominantly present in the material, i.e.,
most grains are oriented according to the Epi I conditions.

The pole figure analysis reveals that the orth-ScSi grains have
two different orientations. This is confirmed by cross-sectional TEM
inspections (Fig. 3). Figure 3(a) shows a large-scale bright-field (BF)
TEM image of the contact stack after the 420 °C to 20 min anneal.
The orth-ScSi layer is polycrystalline. Two distinct regions can be
observed: region 2, containing small (<5 nm) nano-twinned grains,
and region 1, containing large (220 nm) grains that are horizon-
tally and vertically aligned with the substrate. The orientation of the
ScSi grains in these two regions is further investigated by applying
fast Fourier transformations (FFT) on high-resolution (HR) TEM
images in Figs. 3(b)-3(d). Figure 3(b) shows multiple nano-twinned
grains. As a result of the small size of the individual grains, a strong
streaking effect can be observed in the FFT. In between the nano-
twinned regions, some larger grains can be observed [Fig. 3(c)].
These grains are oriented according to the Epi I texture component.
Comparing Figs. 3(b) and 3(c) evidences that the nano-twinned

FIG. 3. (a) Large-scale BF-TEM image of
a 10 nm TiN/15 nm Sc/Si(001) contact
stack after 420 °C to 20 min anneal. HR-
TEM images and corresponding FFTs
taken in region 2 [(b) and (c)] and
in region 1 (d). The FFT patterns are
indexed using orthorhombic ScSi ori-
ented along the indicated zone axis. The
FFT spots indexed in italic correspond to
kinematically forbidden diffraction spots.

'ScSi<100>
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grains correspond to Epi 1 ScSi and Epi 2 ScSi with their twin bound-
ary along the (110) plane of the Epi I grain. Indeed, the mirror image
of Epi 1 ScSi across the (110) plane (equivalent to a rotation of 44°
about its ¢ axis) results in the Epi 2 orientation as determined by
the pole figure analysis. The ScSi grain shown in Fig. 3(d) also cor-
responds to Epi 1. However, its in-plane component is rotated 90°
about the b axis compared to Fig. 3(c).

C. Crystalline defects at the ScSi/Si interface

Figure 4(a) shows a HRTEM of the ScSi/Si interface for a ScSi
grain oriented according to Epi I [Fig. 3(d)]. The corresponding
FFT image, including both ScSi and Si, shown in Fig. 4(b) reveals
the lattice mismatch between ScSi(002) and Si(220). The alignment
between these planes is visualized in the ScSi(002)/Si(220)-filtered

ScSi(002)
o

APL Materials ARTICLE

1 misfit dislocation

pubs.aip.org/aip/apm

inverse FFT shown in Fig. 4(c). The planes are epitaxially aligned
across the contact interface. However, there is a misfit dislocation
at the ScSi/Si interface every 23rd plane due to the large mis-
match between the ScSi(002) and Si(220) interplanar spacings (Ad
= 0.086 A, corresponding to a lattice mismatch of —4.5%"). This
domain-matching epitaxy’* results in a nearly defect free silicide but
a defective interface. In addition to the ScSi(002)//Si(220) alignment,
the Epi I oriented ScSi grains are also aligned along the a axis with
the substrate: ScSi(200)//Si(220). However, despite a similar lattice
mismatch (+4.2%), the grain size along the a axis is significantly
smaller due to the presence of twin defects, i.e., the Epi 2 grains.
The resulting small grain size ($5 nm) and high defect density (up
to ~1 defect/nm) are expected to be detrimental for contact applica-
tions. Note that this contrast in grain size is in agreement with the
XRD peak intensities (Fig. 2) being significantly lower for the Epi

FIG. 4. (a) HRTEM image of
ScSi/Si(001), oriented according to
Epi 1[Fig. 3(d)]. (b) FFT image extracted
from the ScSi/Si(001) interface. The
high intensity spots corresponding to
the ScSi(002) and Si(220) planes are
indicated by arrows. (c) Correspond-
ing ScSi(002)/Si(220) FFT filtered
image showing the presence of misfit
dislocations near the interface.

296 305

Temperature (°C)

FIG. 5. (a) Series of in situ ScSi(111)
XRD pole figures (for ¢ from 0° to 90°)
from 10 nm TiN/15 nm Sc/Si(001) mea-
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2 component compared to the Epi 1 component. This anisotropic
crystallization during the phase transition of a-ScSi to orth-ScSi is
investigated further in Sec. I1I D.

D. Anisotropic crystallization of ScSi

In situ XRD pole figures are acquired on pristine samples to
understand the formation of the two different epitaxial texture com-
ponents. The phase transition from a-ScSi to orth-ScSi is evidenced
in Fig. 5(a), which shows the temperature evolution of the ScSi(111)
pole figure between 296 and 339 °C. To compare the formation tem-
perature between the Epi I and the Epi 2 ScSi grains, the intensity
on the pole figure is plotted as a function of the d-spacing [Figs. 5(b)
and 5(c)]. To do so, the intensity is averaged over the ¢ and y inter-
vals corresponding to the position of the targeted peak in the pole
volume. In Fig. 5(b), this is done for ¢ € [40,42]° and y € [74,76]°,
which corresponds to the Epi I ScSi(111) peak indicated in Fig. 5(a).
Similarly, Fig. 5(c) corresponds to ¢ € [67,69]° and y € [50,52]°,
which yields the Epi 2 ScSi(111) peak. Comparing Figs. 5(b) and 5(c),
one observes that in the temperature interval [313, 322]°C, Epi I ScSi
starts to form, while this is not the case for Epi 2 ScSi. This suggests
that at the initial stages of orth-ScSi crystallization, the crystalline
grains are exclusively oriented according to Epi 1.

To validate this result, cross-sectional TEM inspections are
performed on a sample exposed to the 320°C quenched anneal
(Fig. 6). A large-scale BF-TEM image of this sample is shown in

(a) (b)
OEpi 1

b // Si[001]

pubs.aip.org/aip/apm

Fig. 6(a). Whereas the majority of the silicide is amorphous, nucle-
ation of orth-ScSi at the interface with the Si substrate is evidenced
in some areas. This nucleation appears to be strongly non-uniform,
varying between ~20 and 40 nuclei per ym of interface (based on
the inspection of four different regions across the TEM lamella™).
The crystallinity and orientation of these nuclei are investigated by
HR-TEM [Fig. 6(b)]. FFT analysis confirms that the nuclei consist
of orth-ScSi [Fig. 6(c)]. Furthermore, it confirms that the orth-
ScSi nucleus is oriented according to Fig. 3(d), i.e., Epi I with a
ScSi(010)//Si(001) out-of-plane and ScSi(001)//Si(100) in-plane ori-
entation. Within the nuclei, no twin defects are observed in the
various BF-TEM images [Fig. 6(a)], suggesting that all nuclei present
during the initial stages of the orth-ScSi crystallization share this
orientation, in agreement with the in situ pole figure analysis (Fig. 5).

The proposed reaction mechanisms are schematically depicted
in Fig. 7. The silicide is fully amorphous prior to orth-ScSi for-
mation. At the stage of initial crystallization, orth-ScSi nuclei are
formed at the interface with Si. These nuclei are oriented exclusively
according to the Epi I texture component, i.e., aligned with the b axis
out-of-plane and a and ¢ axes in-plane, parallel to Si{110) at y = 90°
[Fig. 7(a)]. Further crystallization of ScSi occurs in an anisotropic
manner. When viewed from the ScSi(100) zone axis [Fig. 7(b)], the
Epi 1 grains oriented with ¢ axis in-plane grow in a nearly defect free
manner, resulting in large domain-matched epitaxial grains.”* As a
result of the lattice mismatch between ScSi and Si, there is a misfit
dislocation at the ScSi/Si interface every 23rd plane [Fig. 7(b)]. For

FIG. 6. (a) Large-scale BF-TEM image
of a 10 nm TiN/15 nm Sc/Si(001) con-
tact stack after a 320°C quenched
anneal. The arrows indicate the nucle-
ation of orthorhombic ScSi at the inter-
face with Si. (b) Corresponding HR-
TEM image, highlighting an orthorhom-
bic ScSi nucleus. FFTs extracted from
the (c) orthorhombic ScSi nucleus and
(d) amorphous ScSi.

(©)

O Epi 1

ScS[<001> ScS|<100> (m] Epl 1
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O
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FIG. 7. (a) Orthorhombic ScSi unit
cell oriented according to Epi 1. The
ScSi(100) and ScSi(001) zone axes
(ZA) are indicated. Schematic depic-
tion of orthorhombic ScSi formation from
amorphous ScSi viewed from the (b)
ScSi(100) and (c) ScSi{001) zone axes,
respectively.
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in-plane growth along the a axis, the grain size is limited and twin
defects are generated [Fig. 7(c)]. Epi 1 grains are terminated by (110)
facets, which act as twin planes. Mirroring the Epi 1 grains across
these planes results in the Epi 2 orientation. Consequently, these Epi
2 grains maintain the ScSi(001)//Si(110) in-plane alignment but are
rotated out-of-plane compared to the Epi I orientation.

IV. DISCUSSION

Silicide formation in metal/Si diffusion couples is known to
occur through solid-state reactions that are governed by (long range)
solid-state diffusion and nucleation. The connection between nucle-
ation and silicide texture is well understood and can be explained on
the basis of the classical nucleation theory.”” The influence of diffu-
sion processes during solid state reactions, on the other hand, is far
from understood.”"”

Maas et al.”” have reported on texturing caused by anisotropic
diffusivity in silicides and germanides with the orthorhombic FeB
structure. FeB has chains of B atoms along the [010] direction. The
diffusion of B atoms takes place preferentially along these chains,
resulting in highly anisotropic diffusion and a (010) out-of-plane
texture. Given the similarity in crystal structure between orthorhom-
bic ScSi (Cmcm space group) and FeB (Pnma space group), one
might expect such anisotropic diffusion to also play a role. To clar-
ify the role of (long range) diffusion in the a-ScSi to orth-ScSi phase
transition, additional investigations are needed into the formation
and properties of the former phase. In particular, the difference in
composition between a-ScSi and orth-ScSi is key to understand the
kinetics during this crystallization. Contrary to NiSi, for which the
metal is the dominant diffusing species,” the formation of a-ScSi
is driven by Si diffusion.”” The kinetics of this diffusion-controlled
process will be studied in a future work.

Orthorhombic NiSi has four axiotaxial and three epitaxial tex-
ture components when formed on Si(001).°* ScSi, on the other hand,
has a relatively simple texture constituting only two epitaxial compo-
nents. Despite the lack of axiotaxy, the results suggest a preference
for the system to align the ScSi(001) planes with the Si(110) sub-
strate planes, as both texture components satisfy this condition.
The following discussion focuses on explaining the observed texture
components using the classical nucleation theory. In addition, it is
shown that the formation of the twin defects is not linked to thermal
stress that might arise due to a mismatch in the coefficient of ther-
mal expansion (CTE) between the silicide and the substrate. Instead,
it is hypothesized that this is linked to the low interface energy at the
{110} twin boundary of Epi I and Epi 2 ScSi grains.

A. Texture selection during the nucleation of ScSi

The formation of a new phase during a solid-state reaction
starts with the nucleation of very small nuclei of the new phase at the
interface between the preceding phase and the substrate.”’ For the
Sc/Si diffusion couple, the formation of orth-ScSi is preceded by the
formation of a-ScSi. Upon further annealing, orth-ScSi crystallizes at
the interface with Si. Consequently, the orientation of the new grains
and, thus, the texture of the film will be determined at the interface
between the nuclei of the new phase and the substrate.”! From classi-
cal nucleation theory, it is known that the nucleation of a new phase
is limited by the surface energy cost needed to form that phase. This

ARTICLE pubs.aip.org/aip/apm

energy cost can be minimized by forming a two-dimensional peri-
odic interface structure, i.e., an epitaxial texture.”’ In agreement with
the results of Voronov et al., EDS suggests that the composition of
a-ScSi is close to the one of orth-ScSi (see supplementary material).
In such a case, the transformation of a-ScSi to orth-ScSi involves
only a local reorganization of the atoms (i.e., a limited amount
of new chemical bonds are created). The corresponding enthalpy
change is expected to be low. Hence, the contribution of the inter-
face energy becomes dominant and the preferential grain orientation
has a high impact on the nucleation barrier. As a result, the formed
phases are expected to be strongly textured, which explains the
appearance of a single texture component at this stage of orth-ScSi
formation.

B. Formation of twin defects during further
orthorhombic ScSi crystallization

Upon further crystallization of the orth-ScSi phase, twin defects
are formed [Fig. 3(b)]. A mismatch in CTE between a thin film and
a single crystalline substrate can cause the formation of twin defects
as a stress relief mechanism.”” Detavernier et al."” showed that NiSi
has an extremely anisotropic CTE that is much larger than the one
of Si (up to 40 x 107%/°C for NiSi compared to 2.6 x 107%/°C for
Si). This begs the question if a CTE mismatch between ScSi and Si
could cause the formation of the observed defects. This has been
investigated by annealing 10 nm TiN/15 nm Sc/Si(001) stacks at a
constant temperature of 320 °C, i.e., the temperature at which the
nucleation of the Epi 1 orth-ScSi starts. The results of this are shown
in the supplementary material. In this case, the full phase transition
from a-ScSi to orth-ScSi occurs at a constant temperature, yet the
final texture of the orth-ScSi film remains the same. This proves that
the formation of the Epi 2 grains is not the result of thermal stress
arising from a mismatch in the CTE between the substrate and the
silicide. From Sec. IV A, it is clear that the Epi I orientation gives
rise to the lowest interface energy at the ScSi/Si(001) interface. The
interface energy between Epi 2 ScSi and Si(001) should, therefore,
be comparatively large. This is consistent with the narrow and elon-
gated shape of the Epi 2 grains, i.e., the area spanning their interface
with Si is relatively limited. This indicates that the formation of the
Epi 2 ScSi grains is not driven by the interface energy between ScSi
and Si (as is the case for the Epi 1 grains). Instead, ScSi{110} twin
boundaries form a low energy interface between different ScSi grains
and are, therefore, the driving force for the crystallization of this
second set of grains. Indeed, the formation of {110} twins is com-
monly reported to occur in orthorhombic crystals (referred to as
the “{110} twin law”)."" " In this case, the twin domains are trans-
formed into one-another by reflection across a {110} plane, which
preserves the orientation of the ¢ axis. Since Epi I ScSi is aligned
with its ¢ axis parallel to Si(110), the twinned domain will also sat-
isfy this alignment. As a result, both the Epi I and the Epi 2 ScSi
grains exhibit the ScSi(001)//Si(110) in-plane alignment. This shows
that this plane alignment is not linked to an axiotaxial texturing, i.e.,
it is not the result of a matching of the projected d-spacings at the
interface between the film and the substrate. Indeed, given the large
lattice mismatch between ScSi(002) and Si(220) of —4.5% (which is
the same for the mismatch in projected d-spacing), axiotaxy would
not be expected in such a case.** The driving force for the presence
(or absence) of this ScSi(001)//Si(110) preferential alignment will be
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further addressed in a follow-up study by comparing the texture of
ScSi on Si(001), (110), and (111) substrates.

V. CONCLUSIONS

The formation and crystalline properties of orthorhombic ScSi
thin films grown by sputter deposition of 15 nm of Sc on Si(001) have
been investigated. The formation of orthorhombic ScSi is preceded
by a solid state amorphization reaction between the as-deposited Sc
and Si. This reaction results in a complete silicidation of the Sc layer,
forming a fully amorphous a-ScSi layer. Upon further annealing,
orthorhombic ScSi nuclei form at the interface with Si at ~320°C.
At this stage of the solid state reaction, orthorhombic ScSi forma-
tion is strongly driven by interface energy minimization, resulting
in a singular epitaxial orientation of the ScSi nuclei with a and ¢
axes oriented in-plane, parallel to the Si(110) directions parallel to
the interface. As a result, it can be concluded that this orientation
exhibits the lowest interfacial energy with the Si(001) substrate.

At higher temperatures, further crystallization occurs
anisotropically. Along the c axis, the epitaxial orientation is main-
tained, resulting in large (220 nm) grains with a minimal defectivity
of one misfit every ~4.4 nm due to the lattice mismatch between the
silicide and the substrate. However, along the a axis, twin defects
are formed, resulting in a second set of epitaxially oriented grains
with a significantly smaller grain size (<5 nm). In light of electrical
contact applications, the formation of this second set of grains is
associated with a high twin defect density up to ~1 defect/nm and
should, therefore, be avoided. A slow isothermal crystallization of
the orthorhombic phase at 320 °C fails to prevent the twin defect
formation. Consequently, it is hypothesized that this second set of
grains is formed due to the favorable interface energy between ScSi
grains at their {110} twin boundary as opposed to due to thermal
stress.

SUPPLEMENTARY MATERIAL

The supplementary material discusses the EDS analysis results
complementary to the cross-sectional TEM measurements shown in
Figs. 3, 4, and 6 (S1) as well as the crystallization of orthorhom-
bic ScSi during an isothermal anneal at 320 °C (S2). In addition, it
includes a graphical representation of all possible orthorhombic ScSi
orientations when imaged in cross section along the Si(110) zone
axis (S3).
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