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We report a first-principles study of the hexagonal NiSi phase with the B8 strukturbericht designation. This
structure, reported by Foll [Philos. Mag. A 45, 31 (1982)], d’Heurle [J. Appl. Phys. 55, 4208 (1984)], and Dai
[Appl. Phys. Lett. 75, 2214 (1999)], is actually only observed during annealing of Ni films on (111) silicon
crystals. We discuss, in this paper, about its structural, energetic, vibrational, electronic, and elastic properties,
computed by means of the density-functional and density-functional perturbative theory within the spin-
polarized Perdew-Burke-Ernzerhof functional. Two configurations with this crystallographic structure have
been studied, noted A-NiSi and A-SiNi in the following. We show that theoretical and experimental lattice
parameters are not compatible for both systems. A large discrepancy (8—10 %) is evidenced, much larger than
both experimental and simulation accuracies obtained for others Ni-Si systems. Moreover the vibrational
spectra of h-NiSi and A-SiNi present both soft modes, indicating that in their ground states these systems are
dynamically unstable. Using a band folding approach, we have analyzed modes for 4#-NiSi on a supercell,
permitting us to identify eigenvectors associated to these instabilities. We have then relaxed the cell in accor-
dance to these eigenvectors, and a final structure is thus proposed. To understand the mechanism at the origin
of these negative frequencies in /-NiSi, electronic states around the Fermi level have been plotted, and we
identify in the Fermi-surface potential nesting vectors, suggesting that an electron-phonon coupling mechanism
could be at the origin of the instability. Whereas the ground state of “4-NiSi” seems not to be associated to the
B8, system, we show that a stress in the basal plane could induce an increasein the (c¢) axis, restoring the

agreement with experimental data.
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I. INTRODUCTION

NiSi [or Ni(Pt)Si] is a low-resistivity intermetallic, which
has attracted considerable attention as a contact material for
advanced MOS devices. NiSi crystallizes in the orthorhom-
bic MnP structure but, under specific experimental condi-
tions, Foll,' d’Heurle,> and recently Dai® have identified a
hexagonal NiSi structure. This structure, not present in the
common phase diagram of NiSi,* has been reported during
the growth of nickel silicide films on (111) silicon. From
their experimental results, they have deduced that this “new”
hexagonal phase seems to have the same crystallographic
structure as NiAs prototype (B8, strukturbericht designation,
No 194), a hexagonal structure with two nickel and two sili-
con atoms per unit cell (see Fig. 1). The lattice parameters
have been deduced from transmission electron microscopy
by d’Heurle? and Dai:* a,=3.28 A and ¢,=5.23 A, respec-
tively. Atomic positions are, however, not known.

This structure has only been observed in thin films on
(111) Si. Otherwise the main observed NiSi structure is the
orthorhombic MnP structure (noted 0-NiSi). To explain the
presence of hexagonal phase, authors'? argue that o-NiSi
phase can be described as a distorted hexagonal structure.
Hexagonal lattices can be viewed as sublattices of ortho-
rhombic unit cells and reciprogally a true hexagonal system
can be obtained if the ratio ¢,\3/b, is equal to 1. For 0-NiSi,
this ratio is experimentally very close to 1 (exactly 1.003).
Since the experimental assignment of hexagonal NiSi struc-
ture is rather difficult its very existence is still debated and
the question of the stability of this phase remains an un-

1098-0121/2010/81(7)/075213(7)

075213-1

PACS number(s): 71.20.—b, 63.20.—¢, 64.60.My

solved question. This hexagonal phase is not described in the
literature and its stabilization by stresses remains open.

The aim of this paper is to investigate the stability and the
properties of this phase from first-principles calculations. In
the NiAs prototype, the environment of the Ni atoms is fcc-
like and the environment of the As atoms is hcp-like. One
deduces two possibilities to arrange nickel and silicon atoms
in the cell, the two Wyckoff sites (2a and 2¢) are conse-
quently not equivalent. We have studied in this paper the two
NiAs configurations noted h-NiSi and A-SiNi. We provide
thus a description of structural, energetic, electronic, and vi-

FIG. 1. Schematic representation of the hexagonal NiAs unit
cell: nickel and arsenic atoms are, respectively, represented in green
and in black.
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TABLE L. Optimized and experimental lattice parameters (in A), formation energies E, (in meV/atom), and total magnetic moments (in
Bohr’s magneton up) of the Ni-Si alloys. For the intermediate and final structures of NiSi, the structure is monoclinic, we report «, 3, and

y.
a, b, Co E,
Phase Pearson symbol Strukturbericht Designation (A) (A) (A) (meV/atom) Uy
NiSi-NiAs Expt.? hP4 (194) B8, 3.28 5.23
h-NiSi PAW 3.50 4.82 -404 0.00
UsS 3.51 4.83 -395 0.00
FLAPW 3.50 4.83
h-SiNi PAW 3.54 4.87 —148 0.00
UusS 3.53 4.87 -146 0.00
NiSi disordered PAW 3.68 4.63 -138 0.00
NiSi intermediate UsS a=F=90° y=58° 6.92 5.55 5.14 -460 0.00
NiSi final UsS a==90° y=61° 6.55 6.55 5.16 -495 0.00
NiSi stressed UsS hP4 (194) B8, 3.28 5.29 =325 0.00
0-NiSi Expt.b oP8 (62) B31 5.18 3.33 5.62 —447°¢
PAWY 5.17 3.38 5.62 =503 0.00

4Reference 3.

bReference 12.
‘Reference 13.
dReference 14.

brational properties from first-principles calculations of these
two systems.

II. COMPUTATIONAL DETAILS

The ground states have been performed using the compu-
tational implementation of the density-functional theory
(DFT) Vienna ab initio simulation package [VASP (Ref. 5)].
Projected augmented waves (PAW) pseudopotential
approach® and the Perdew-Burke-Ernzerhof’ (PBE) general-
ized gradient approximation of the exchange and correlation
functional within its spin-polarized version have been used.
Lattice parameters have been optimized thanks to the conju-
gate gradient method. We have employed a 400 eV energy
cutoff and a dense mesh grid (10X 10X 10) to optimize
ground state. Electronic density of states and formation en-
ergy have been calculated on a finest grid (15X 15X 15) and
a higher energy cutoff (500 eV).

We have employed an other DFT package [QUANTUM-
ESPRESSO (Ref. 8)] with an other type of pseudopotential
approach (ultrasoft pseudopotentials’ according to a modi-
fied Rappe-Rabe-Kaxiras-Joannopoulos scheme following
the method of Ref. 10) to corroborate and to complete VASP
simulations. NiSi phases have been optimized thanks to the
first-principles implementation of a variable cell-shape
damped molecular dynamics (VCSDMD).!!

III. RESULTS AND DISCUSSION
A. Stability of NiSi structures

In Table I, we have reported optimized lattice parameters
as well as magnetic moment u, per unit cell of h-NiSi,

h-SiNi, and o0-NiSi for comparison. Experimental data are
reported too.

Whereas calculated and experimental o-NiSi lattice pa-
rameters are compatible, optimized /-NiSi and 4-SiNi lattice
parameters are significantly different from experimental val-
ues. These decrepancies are much larger than simulation ac-
curacy: around 8-10 % to be compared to 1-2 % for

0-NiSi. One notes that ¢ is greater than a$* while ¢ is

smaller than ¢ ". Distances between nickel atoms in 4-NiSi
are theoretically slightly smaller in the reference state than
experimental ones [d(Ni-Ni,NiSi-theo)=2.41 A, d(Ni-Ni,
Ni-fcc)=2.48 A, and d(Ni,Ni,NiAs-exp)=2.66 A]. A con-
trario, distances between silicon atoms and silicon and
nickel atoms are larger in theory as compared with experi-
ment [d(Ni-Si)=2.36 and 2.30 A, theoretically and experi-
mentally, respectively].

Formation energies (computed with ferromagnetic fcc-Ni
and diamond silicon phases as reference states) are found
negative: around —400 and —145 meV/atom for A-NiSi and
h-SiNi, respectively. These phases are less stable than 0-NiSi
[=-500 meV/atom (Ref. 14)], which suggests that hexago-
nal NiSi structures could be metastable phases. Nevertheless,
the strong differences between experimental and theoretical
lattice parameters cannot be explained. We have performed
lattice parameters and formation energies calculations with
the ESPRESSO package. The values (a,=3.51 A and ¢,
=4.83 A, —395 meV/atom for h-NiSi, and a;,=3.53 A and
c,=4.87 A, —146 meV/atom for h-SiNi) are found in
agreement with PAW simulations. '3

It is important to point out that we have checked that
these optimized structures do not correspond to a local mini-
mum and do not depend on the choice of the functional and
the pseudopotentials. Indeed we have tried others functionals
commonly used: local-density approximation (LDA) (Ref.
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FIG. 2. Vibrational band structure and density of states of 4-NiSi at the optimized lattice parameters (left) and at the experimental lattice
parameters (right). The imaginary values of frequencies are plotted along negative frequency axes. The dashed lines represent a (3,3,3) grid
simulation, and lines (6,6,6) q mesh grid (see text). Dots are the frequencies calculated directly with high convergence parameters: in M and

K and a point between K-H direction.

16) and generalized gradient approximation (GGA).!” Lattice
parameters are found very close to previous PBE theoretical
results: a=3.45 A and ¢=4.83 A, and a=3.52 A and ¢
=4.89 A, for LDA and GGA simulations, respectively.
Moreover, full-potential linearized augmented plane-wave
(FLAPW) simulations have been used to confirm our results
(see Table I).

One finds that NiSi structures are metallic with low den-
sities of state at the Fermi level (see Fig. 4), and without
ferromagnetic behavior. From a strict energetic point of view,
h-NiSi seems to be a better candidate for a comparison with
experiments than s-SiNi.

For sake of completeness we have also investigated the
intermediate structure where one nickel atom is interchanged
with one silicon atom. The lattice parameters are sensibly the
same than A-NiSi or A-SiNi. This theoretical simulation,
noted NiSi disordered in the Table 1, is not able to solve the
disagreement.

B. Phonon dispersion relations

In order to determine the full phonon dispersions of hex-
agonal NiSi phases, the interatomic force constants [C(R)]

have been computed by Fourier transformation of the dy-
namical matrices calculated on a given q points grid. The
phonon dispersion, along high symmetry directions, of the
Brillouin zone has been then obtained by interpolating the
dynamical matrices calculated on a finest grid from C(R)
calculated previously. The vibrational density of states have
been evaluated on a 30 X 30X 30 tetrahedron q mesh.

1. h-NiSi

We have studied the influence of the cut-off energy and k
mesh grid on the accuracy of the vibrational properties for
h-NiSi. The dynamical matrix has been computed on a 6
X6 X6 q mesh grid with 20 Ry energy, and 200 Ry for the
charge-density cutoff and wave-function cutoff, respectively,
and a 10X 10X 10 k mesh grid. The result is plotted in Fig.
2 (dashed lines). An increase in the cut-off energies (40 Ry
and 400 Ry) and k mesh grid (15X 15X 15), but smaller q
grid (3 X 3 X 3) does not modify significantly phonon spectra
(thick lines Fig. 2). The main differences are along the K-H
direction, where new soft modes appear. It is then essential,
for the following, to identify numerical artifacts.

The great interest of the DFPT is to compute dynamical
frequencies at any q point in the Bz (monochromatic pertur-

TABLE II. Influence of the smearing broadening on frequencies at the zone boundary point M in the /#-NiSi system.

T Frequencies
(Ry) (em™)
0.03 -113 67 157 168 182 246 257 278 299 320 333 372
0.01 -102 88 166 169 190 242 259 279 300 323 333 371
0.005 -102 85 164 168 190 242 257 279 299 322 333 371
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FIG. 3. Vibrational band structure and density of states of
h-SiNi.

bation) with the same unit cell. The frequencies thus calcu-
lated must correspond with interpolated frequencies obtained
from C(R) at the same q point. We have then directly calcu-
lated the frequencies, for different well chosen q points, to
verify the accuracy of interpolated frequencies: at K and M,
and at the negative frequency between K-H. We have
adopted high convergence criteria (50 Ry, 500 Ry, and 15
X 15X 15 k grid) for these calculations. Results have been
added in Fig. 2 (dots). In M, we have also evaluated the
effect of the smearing parameter on frequencies (0.03, 0.01,
and 0.005 Ry) see Table II. One deduces from these simula-

PHYSICAL REVIEW B 81, 075213 (2010)

tions that, on one hand, the effect of the smearing is negli-
gible, which could suggest that temperature effect should be
weak, and on the other hand, that direct calculations are well
correlated with the interpolated points on a (3,3,3) q grid
(used in the following).'® These results indicate that the best
description of the vibrational properties is obtained with the
finest description of the Fermi surface, but not necessarily
with a fine q mesh grid. One conclude that there is more than
one soft mode in the phonon dispersion curves of A-NiSi.

The most striking features of the calculated vibrational
properties of 4-NiSi are the instabilities which appear over a
large area in reciprocal space. There are negative/imaginary
vibrational modes along different directions: in M and along
M-K and K-H directions. These results suggest that the stoi-
chiometric compound is dynamically unstable in the har-
monic approximation.

We have verified that the dynamical properties of 4-NiSi
using the experimental lattice parameters (see Fig. 2) do not
change our conclusion. A new soft mode at the L point is
appearing by imposing experimental lattice parameters.
Moreover, vibrational properties of the 0-NiSi (see Ref. 14)
does not present similar negative modes. These results sug-
gest also that, in its theoretical ground-state configuration,
h-NiSi should induce a phase transition.

To complete the understanding of the dynamical proper-
ties of 4-NiSi, we have investigated the eigenvectors associ-
ated to these imaginary modes, to check the stable phase.
Since the instabilities are associated with soft modes at the
Brillouin zone boundaries, we have employed a band folding
approach to calculate them. Frequencies on a 2X2X1
h-NiSi supercell by means of the density-functional pertur-
bative theory in I' have been computed. Three negative fre-
quencies, which are corresponding to the imaginary frequen-
cies in M and K (band folding), have been found. In Fig. 6,
we give a schematic representation of these three eigenvec-
tors. One notices that they are mainly localized on silicon
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FIG. 4. Electronic band structure and density of states of 4-NiSi (left) and 4-SiNi (right).
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FIG. 5. Three different views of the Fermi surface of A-NiSi
have been drawn. The fourth image represents the Brillouin zone.

atoms. From these eigenvectors, we have been looking for
the “h-NiSi” relaxed structure—on a 2 X 2 X | supercell—by
means of the VCSDMD. Each three deformations applied
have yielded the same structure: a monoclinic structure (see
Table T at the label “NiSi intermediate”). However, a study of
vibrational modes in zone center reveals that this structure
has one soft mode too and is then not stable. We have relaxed
again this intermediate structure in accordance with these last
eigenvectors of the NiSi-intermediate phase. The final struc-
ture, which does not have negative frequencies, is a distorted
hexagonal phase (monoclinic). A schematic representation of
the intermediate and final phases is given in Fig. 7 (labeled
NiSi final).

2. h-SiNi

Using the same criteria of convergence as the previous
one, vibrational properties of A-SiNi have been calculated.
Results on this system are similar to those obtained for
h-NiSi (see Fig. 3). One notes lots of negative modes along
different crystallographic directions (M,K,H,L). In addi-
tion, negative frequencies are appearing around ¢=1I", indi-
cating that this system is furthermore mechanically unstable.
In the following, we focus on /4-NiSi.

PHYSICAL REVIEW B 81, 075213 (2010)

TABLE III. Elastic constants (in GPa) of h-NiSi [Cge=(Cy;
-Cpp)/2].

Ci Cpn Ci3 Gy Gy Cg B,

h-NiSi 231 151 106 317 121 40 167

C. Elastic properties

We have computed elastic constants C;; (namely, Cy;, C)»,
C33, Cy3, and Cyy) of A-NiSi taking into account atomic re-
laxations. We have reported them in the Table III. Criteria of
stability (see Ref. 19) are all verified for this system, i.e., (i)
all Cl] are pOSitiVe, (11) Cl 1~ C12 > 0, (111) C] 1+ C33 + C12 > 0,
and (iv) [(Cy;~C},)C33~2C1;3]>0. From a strict mechanical
point of view h-NiSi is stable in agreement with calculated
phonon dispersion curves.

D. Electronic properties

For the sake of completeness, we have plotted the elec-
tronic band structure along high-symmetry points of the first
Brillouin zone and density of states as shown Fig. 4, with the
energy zero corresponding to the valence-band top. As we
have noted previously, #-NiSi and %-SiNi are metallic sys-
tems without ferromagnetic behavior. The Fermi state con-
sists of silicon p states and nickel d states, in accordance
with other Ni-Si alloys.!* The density of states at the Fermi
level are found low.

For further informations, we have drawn different repre-
sentations of the Fermi surface of ~-NiSi in Fig. 5. Along {(c)
axis (I'-L direction), one can identify a depletion of elec-
tronic states. In the basal plane (I'-M-K directions), the
Fermi surface exhibits nesting features, which may explain
the soft modes that appear in the phonon dispersion curves.
Indeed, bands cross the Fermi level in between I'-M and
I'-K directions. Concerning the soft mode along M-K direc-
tions, one can associate it to a nesting of the Fermi surface
along the L-H directions of the Brillouin zone.

E. Discussion

Although systems which exhibit lattice instabilities have
been already reported in the literature (see, for example,
Refs. 20 and 21), the experimental lattice parameters do
agree with the calculated ones. In our case the large discrep-

FIG. 6. Schematic representation of the eigenvectors of the soft modes for #-NiSi. Silicon atoms are in dark and nickel atoms in gray.
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FIG. 7. Schematic representation of the 2 X 2 X 1 supercell, from left to right: stressed system in the basal plane, initial (optimized 4-NiSi

system), intermediate, and final structures.

ancy for h-NiSi and A-SiNi between experimentally reported
lattice parameters and calculated ones raises questions.

One may argue that some of the experimentally reported
results® concern Pt-alloyed NiSi films. The presence of Pt
might be invoked to explain an eventual stabilization of the
hexagonal phase. However, earlier reports of hexagonal NiSi
referred to Pt-free films.

Stabilization of hexagonal NiSi by epitaxial stresses is
another possible explanation that can be put forward. To
verify this hypothesis, we have simulated a stressed structure
on a 2X2X 1 supercell ~-NiSi. We have held up relaxation
in the hexagonal plane by imposing the experimental value
of the lattice parameter a,, and we have relaxed structure
along the {c) axis to start with c,=4.82 A. This approach
should simulate an epitaxial NiSi phase on a sixfold symme-
try surface of the underlying (111) plane of the Si substrate.
In this configuration, the in-plane lattice parameter a, is im-
posed by the substrate. This simulation (noted NiSi stressed
in the Table I) yields a correct NiSi-NiAs structure with a
lattice parameter c, close to the experimental value. In this
configuration, the structure does not present imaginary fre-
quencies. In the basal plane, a residual stress remains
(around 11 GPa). If the system is fully relaxed, the A-NiSi
lattice parameters are recovered. This numerical experiment
suggests that the elastic distortion induced by epitaxy may
explain the discrepancy between calculated and experimental
lattice parameters.

IV. CONCLUSION

This work has been motivated by the experimental finding
of hexagonal NiSi with NiAs structure in thin films grown on
Si. This NiSi hexagonal structure is not reported as a stable
phase in the equilibrium diagram and we therefore decided to
perform a first-principles study of hexagonal NiSi with NiAs
structure. We have shown that the two potential phases are
thermodynamically stable with a negative formation energy.
Furthermore both phases are metallic and are not ferromag-
netic. The investigated hexagonal NiSi structures are, how-
ever, dynamically unstable as indicated by negative vibra-
tional energies. Compressing this structure in the hexagonal
plane yields a c-lattice parameter in good agreement with
experiments. The predicted dynamical unstability indicates,
however, that the experimentally observed NiSi structure is
not hexagonal NiSi with NiAs type.
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