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Using first-principles total energy calculations, we have studied the structural properties of bulk ScSi,, the
two-dimensional arrangement of ScSi, on the Si(111) surface, and the formation of a few layers of ScSi; ; on
the same surface. ScSi, crystallizes in the hexagonal Th;Pds structure that can be obtained from the AlB,
structure after relaxation around the Si vacancies within the (0001) plane. Our calculated geometry is in
excellent agreement with experimental values. One monolayer of ScSi, on Si(111) results in a two-dimensional
phase with (1X 1) periodicity that consists of a layer of Sc atoms on T4 sites and a Si bilayer on top. This
double layer of Si atoms is very close to the ideal Si(111)-(1 X 1) surface, but rotated 180° with respect to the
rest of the crystal. More layers of scandium silicide epitaxially grown on Si(111) result in a hexagonal structure
similar to bulk ScSi,: graphitelike Si planes (with vacancies) intercalated with scandium planes and forming a
(y3 X 3) arrangement with a ScSi, ;7 stoichiometry. The top Si layer does not contain vacancies and it does not

present a graphitelike structure, but forms a bilayer arrangement as in bulk Si.
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I. INTRODUCTION

There is a current interest in studying the properties of
rare-earth (RE) silicides epitaxially grown on Si(111)
surfaces,'~>* since they can be used in the electronic industry.
Their small lattice mismatch,! sharp interface, and low
Schottky barrier height> make them ideal for applications in
electronic devices, such as infrared detectors, and rectifying
contacts. Although they are not rare-earth elements, Y and Sc
share some of their properties, and Y Si, and ScSi, have simi-
lar structural properties of the rare-earth silicides.> On the
other hand, the chemical properties of Sc, a 3d transition
metal, have strong similarities with group 13 metals such as
Al and Ga. For example, combined with nitrogen scandium
forms ScN, which is a semiconductor with a small indirect
band gap. Although the ground state structure of ScN is
rocksalt,?>2° it has been shown that it also has a metastable
hexagonal phase,?”-?8 and therefore, it is possible to combine
it with GaN to obtain a material with tailor-made optical and
electronic properties.”® Also, ScN is a promising buffer layer
for the growth of GaN on Si(111), and since a few monolay-
ers of ScSi, can be formed when growing ScN on Si(111), it
is important to know the details of the atomic structure of the
ScSi,/Si(111) interface. The control of such interface could
be crucial for the quality of the GaN films.

Recent scanning tunneling microscope (STM), atomic
force microscope, and electron diffraction studies have found
that it is possible to grow hexagonal ScSi, on Si(111) at a
temperature of 900—920 °C.* Although no structural analy-
sis of the ScSi,/Si(111) surface has been known, there are
many reports about the interfaces of some rare-earth disili-
cides with Si(111). For RE coverage of around 1 ML, the
silicides present a two-dimensional structure with (1X1)
periodicity.’ At higher coverage, a three-dimensional (3D)
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silicide is formed with ({3 X 3) periodicity.®~'? Two differ-
ent models, based on STM images with atomic resolution,
have been proposed for YSi, ;.13

Although the structural properties'>~'® of bulk YSi, and
its surface have been studied in the past, it is not obvious a
priori that scandium and yttrium silicides have the same
structural properties. For example, it is found experimentally
that LaSi, (La in the same row as Sc and Y) has a different
a-ThSi, atomic structure. Therefore, as a check, we have
first studied scandium silicide in bulk and compared our re-
sults with those of yttrium silicide. In this way, we can also
test our computational variables such as pseudopotentials,
plane wave energy cutoff, and exchange correlation approxi-
mations. We have then studied the energetics and atomic
configuration of a few ScSi, layers on the (111) surface of
silicon. To our knowledge, there is only one previous theo-
retical work in a similar system YSi, on Si(111). However, in
that work, the authors have assumed the so-called BT4
atomic geometry and optimized it. In this paper, we consid-
ered several possible sites for the Sc atom on top of the
Si(111) surface and under a Si bilayer (rotated and nonro-
tated). We have then studied the atomic structure of a few
ScSi, 7 layers on the same surface. We are not aware of any
calculation on Sc silicides or any similar system. Only cal-
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FIG. 1. (Color online) (a) AlB, structure with a vacancy in the
Si plane. (b) Projection on a (0001) plane.
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FIG. 2. (Color online) Relaxation of Sc and Si atoms in the
(0001) plane; arrows indicate displacements from the AIB, to the
Th3Pds structure.

culations of the YSi, surface have been reported,” and as is
shown in this paper, some differences exist between the two
systems. The paper is organized as follows: Sec. II describes
the method, Sec. III is dedicated to the description of the
results, and Sec. IV is for the conclusions.

II. METHOD

Periodic density functional theory calculations have been
performed using the PWSCF code,*® with the gradient cor-
rected Perdew-Burke-Enzerholf*! functional. Electron-ion
interactions are described using ultrasoft pseudopotentials.’?
The electronic states are expanded in plane waves with ki-
netic energy cutoffs of 25 and 200 Ry for the wave function
and charge density, respectively. Different supercells and
corresponding number of k points were used, as detailed in
the following. For bulk ScSi,, we use a (3 X {3) R30 cell
with a Si vacancy as shown in Fig. 1. The structural param-
eters c/a and a have been fully optimized, relaxing the
atomic positions at each calculation.

For the surface calculations, we have used a periodic su-
percell approach. For the two-dimensional phase with 1 ML
of ScSi, on Si(111) and (1 X 1) periodicity, the surface was
modeled as a substrate of four bilayers (eight layers) of sili-
con and one layer of ScSi,. On the bottom surface of the
slab, the Si dangling bonds (DB’s) were saturated by H at-
oms. The six topmost Si layers of the slab as well as the
ScSi, layer were fully relaxed, whereas the two lowest Si
layers and the saturating H atoms were fixed at the ideal
positions in order to simulate a bulklike environment (the
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Si-H distance was previously optimized). No vacancies were
present in these calculations. The system consisting of a few
layers of scandium silicide epitaxially grown on Si(111) was
also modeled by a supercell geometry with (3 X |/3) peri-
odicity and consisting of four bilayers of Si, two graphitelike
Si planes (with vacancies), and three layers of Sc. On the
bottom surface of the slab, the Si DB’s were also saturated
by H atoms. The two lowest Si layers and the saturating H
atoms were fixed at the ideal positions in order to simulate a
bulklike environment. All other atoms were fully relaxed.

III. RESULTS
A. Bulk ScSi,

We have optimized the structural parameters a, c/a, and
the atomic positions of the structure shown in Fig. 1.

It is an AlB, structure with one Si vacancy out of six
atoms, resulting in a ({3 X |3) R30 supercell. As shown in
the figure, the vacancy divides silicon atoms into two types,
first (Sil) and second (Si2) neighbors. The vacancy induces
relaxations of the other atoms, resulting in the hexagonal
ThsPds structure. Sil and Sc atoms move toward and away
from the vacancies, respectively. Si2 atom do not move due
to the symmetry (Fig. 2). The atomic positions can be ex-
pressed with two parameters x and x’. The Sc atom is located
at (x,0,0), the Sil at (x’,0,1/2), and the Si2 atom at
(1/3,2/3,1/2). We show in Table I the calculated structural
parameters compared with the experimental values, and with
results of a previous calculation of YSi,. We can observed
that our calculated a and c/a are in excellent agreement with
experirnents,1 and our x and x’ are similar to those of YSi2.23

B. Si(111) +p(1 X 1)-ScSi, system

Many RE silicides present a two-dimensional (2D) phase
with (1X 1) periodicity close to the monolayer coverage.
Different from the bulk, this phase does not contain Si va-
cancies and has a RESi, stoichiometry. The atomic structure
of this phase consists of a monolayer of RE atoms on 74
sites and a Si bilayer on top. This double layer of Si atoms is
very close to the ideal Si(111)-(1X 1) surface, but rotated
180° with respect to the rest of the crystal. This model has
been proposed for Er, Y, Dy, and Ho silicides.!’-2?

We have first considered geometries in which the Si atoms
of ScSi, bond directly with the Si(111) surface, resulting in

TABLE I. Lattice parameters, volume, and atomic displacements with respect to the AlB, structure.

a \%4
System A) cla (A% X x'
ScSi, 3.66 1.057 44.90 0.357 0.749
ScSi, (Experiment)? 3.66 1.057 44.90
YSi,® 3.759 1.082 49.73 0.354 0.733
YSi, (Experiment)® 3.842 1.0786 52.974

#Reference 4.
PReference 23.
‘Reference 1.
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TABLE II. Energetics of different configurations of a monolayer of ScSi, on Si(111).

Si bilayer
Sc layer on top Si bilayer rotated 180° on top on top
T4 H3 Top T4 H3 Top T4
0 0.1 eV 1.1eV -1.1eV -05eV 0.2 eV -0.9 eV

an additional Si bilayer and the Sc atoms on top. This is
equivalent to studying the adsorption of Sc atoms into the
unreconstructed Si(111)-(1 X 1) surface. We have optimized
atomic configurations with Sc atoms on top of high symme-
try sites as shown in Fig. 3. It is found that as in other
adatom systems, the most stable geometry corresponds to the
T4 site on top of a second layer Si atom. The relative ener-
gies of the different configurations are summarized in Table
II. The energy reference corresponds to the 74 site.

We have then studied configurations similar to those of
other RE silicides, with a double layer of Si atoms (rotated
180° with respect to the rest of the crystal) on top of the Sc
layer. As shown in Table II, this configuration is more favor-
able for all structures, with the 74 being the most stable. In
the last column of Table II, we show the energy of a con-
figuration in which the top of the Si bilayer is not rotated,
resulting in a slightly less stable configuration. Rogero et al.
have found a similar difference in the case of YSi,.?? A sche-
matic representation of the most stable structure is shown in
Fig. 4, and the distances between atomic planes along the
(111) direction are summarized in Table III together with
theoretical and experimental results for Y Si,.?

The relaxed atomic positions follow similar trends to
those of YSi,. The largest difference corresponds to the Sc-
Si2 and Sc-Si3 interlayer spacings and it is due to the smaller
size of the Sc atom. Si atoms in the first bilayer are in posi-
tions similar to those of the bulk: their nearest neighbor dis-
tances are 2.39 A, slightly larger than the calculated bulk
Si-Si distance of 2.37 A, while their bond angles are 108°,
close to the ideal bulk angle of 109°. All other Si-Si nearest
neighbor distances are also close to the bulk, with the excep-
tion of the second bilayer. An expansion from the ideal
0.79 A to the 0.94 A, results in a slightly elongated Si-Si
bond length of 2.43 A. The Sc atoms form bonds with atoms
of the second and third layers, and their respective bond
lengths are 280 and 2.89 A.

H3

FIG. 3. (Color online) Schematic atomic structure of ideally
terminated Si(111) showing some high symmetry sites.

C. Few layers of scandium silicide grown on Si(111)

At coverage larger than 1 ML, rare-earth silicides form a
3D phase with (3 X |3) periodicity. The atomic structure of
the inner silicide planes is similar to the bulk (Fig. 1) and it
consists of a hexagonal structure with graphitelike Si planes
intercalated with RE planes. The Si planes contain vacancies
resulting in a RESi ; stoichiometry. As in the 2D phase, the
presence of a Si bilayer termination was found by x-ray pho-
toelectron diffraction.® However, two different models were
proposed for the ErSi, ; epitaxially grown on Si(111). In the
first one, proposed by Roge et al.,'>'* a Si atom of the first
layer (Si,,) is on top of the vacancy, and it relaxes inward as
shown schematically in Fig. 5(a). As a consequence, this
atom is at a lower vertical position with respect to the other
first layer atoms. In the second model, proposed by Martin-
Gago et al.,'>!'% one of the second Si layer atom (Sigoy,) is
on top of the vacancy [see Fig. 5(b)]. In this configuration,
instead of moving vertically, the three first layer atoms are
displaced (by the same amount) toward the Sigyy, atom situ-
ated on top of the vacancy. This second model was favored
by first-principles total energy calculations of the YSi,
surface,?? and by low-energy electron diffraction (LEED) ex-
periments on YSi, ;/Si(111)-(y3 X |3).%*

We have, therefore, fully optimized the atomic positions
of the two different models, finding that the structure pro-

(b)

FIG. 4. (Color online) Schematic representation of the
Si(111)-(1 X 1) ScSi, system: (a) top view and (b) side view.
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TABLE III. Interlayer distances between atomic planes along
the (111) direction for the Si(111)-(1X 1) ScSi, system compared
with results for YSi, (Ref. 22).

Layers ScSi, YSi, (Theory) YSi, (Expt.)
Sil-Si2 (A) 0.85 0.84 0.79
Si2-Sc (A) 1.69 1.83 1.83
Sc-Si3 (A) 1.83 1.99 2.08
Si3-Si4 (A) 0.94 0.92 0.90
Si4-Si5 (A) 2.35 2.35 2.35
Si5-Si6 (A) 0.77 0.77 0.78

posed by Martin-Gago et al. is more stable by 0.22 eV. This
difference is much larger than the 23 meV reported in Ref.
23. However, we have to point out that this later result was
obtained for the YSi, surface. In our case, there is a lattice
mismatch between the ScSi, layers and the Si substrate of
more than 4%. We have also investigated the influence of the
variation of the stacking of the vacancies in the graphitelike
planes. Three different configurations are possible: a vacancy
on top of the other (0° rotation) and a 60° or 120° rotation of
the vacancy from one plane to the other. Within the accuracy
of our calculations, all three configurations have the same
total energy. As shown in Table IV, structural parameters
change little with the different vacancy configurations. In the
following, we will describe in detail the structure with the
vacancies piled up.

As suggested by Martin-Gago et al., atoms in the topmost
Si atomic layer (Si,,) are slightly laterally shifted by
0.03 (0.06) A. Contrary to the calculations of Ref. 23, we
found no atomic buckling in this layer. Again, we have to
mention that Ref. 3 is related to the surface of YSi, ;, while
our calculations correspond to a few layers of ScSi, on the
Si(111) surface, with a difference of 0.17 A between the two
lattice constants. However, this result is in good agreement

PHYSICAL REVIEW B 76, 035333 (2007)

‘ 0 0 Siup

[ (- © Sc1
®@ 00 00 si2
(a) @ @) ® Sc2

Si
i1{ @ ) @ _"w
SI1[‘ ‘ SIdown

e (-] ® Sc1
®© 0606 09 si2
b) e © ©® Sc2

FIG. 5. (Color online) (a) Surface model proposed by Roge et
al., in which the vacancies are located below the Si, atoms, (b)
Surface model proposed by Martin-Gago et al., in which the vacan-
cies are below the Siy,,,, atoms.

with the LEED results of Rogero et al?* for the
YSi, ;/Si(111) system. We do find a difference in the vertical
positions of 0.21 A between the Si down atom on top of a
vacancy with respect to the other down atoms (a similar re-
sult was found in Ref. ?* for the YSi, ; system). These atoms
do not move laterally, and the buckling distances between the
up and down atoms are 0.91 and 0.70 A, respectively. Si up
atoms are 2.56 A over the first Sc layer that do not present
vertical distortions. Vertical distances between down Si and
Sc atoms are 1.86 and 1.65 A. There is a very small vertical
distortion in the Si2 layer of 0.02 A. However, this value is
slightly larger for the 60° and 120° configurations (0.13 A).
As in the case of bulk ScSi,, Sc atoms move away from the

TABLE IV. Structural parameters of ScSi;; on Si(111). All distances are in A.

Configuration 0° 60° 120°
Vertical distances
Siyp-Sidown 0.70 0.70 0.70
Siyp-Sigown (vacancy) 0.91 0.90 0.90
ASigown 0.21 0.21 0.19
Scl-Siy, 2.56 2.55 2.55
Sc1-Sigown 1.86 1.85 1.85
Sc1-Siggwn (vacancy) 1.65 1.65 1.64
Sc1-Si2 (highest) 1.79 1.77 1.77
ASi2 0.02 0.13 0.13
Lateral displacements
Siyp 0.06, 0.03, 0.0 0.03, 0.03, 0.04 0.03, 0.05, 0.03
Sigown 0.00 0.00 0.00
Scl 0.07, 0.07, 0.11 0.07, 0.15, 0.09 0.15, 0.09, 0.09
Si2 (close to vacancy) 0.57, 0.33, 0.33 0.31, 0.31, 0.54 0.31, 0.54, 0.37
Si3 (away from vacancy) 0.00 0.00 0.00
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vacancies; as seen in Table IV, the displacement is smallest
for the 0° configuration. Scl atoms form bonds with three
Sigown atoms of lengths 2.89 A (2) and 2.83 A (1), while it
forms four bonds with Si2 atoms: two bonds of length
2.86 A and two of 2.79 A. Respective bulk values are 2.81
and 2.79 A, and differences can be attributed to the different
lattice constant of Si with respect to ScSi,. The vertical dis-
tance between the topmost Sc layer (Scl) and the Sigwn
plane is 1.86 A, slightly shorter than the Sc-Si bulk distance
of 1.93 A. with respect to the last graphite Si plane, Si2, the
Si atoms surrounding the vacancies are laterally displaced by
0.33 (0.57) A toward the vacancy. In this way, the hexagonal
structure is distorted, forming a “more pentagonal” configu-
ration with four bond lengths of 2.42 A and one of 3.30 A.
These values are to be compared with 2.42 and 2.76 A in
bulk ScSi,.

IV. CONCLUSIONS

We have performed first-principles total energy calcula-
tions to investigate the structural properties of ScSi, in bulk
and grown on Si(111). The ground state configuration of bulk
ScSi, is a hexagonal ThsPds structure that can be obtained
from the AlB, structure after relaxation around the Si vacan-
cies within the (0001) plane. Our calculated geometry is in
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excellent agreement with experimental values. One mono-
layer of ScSi, on Si(111) results in a two-dimensional phase
with (1 X 1) periodicity that consists of a layer of Sc atoms
on T4 sites and a Si bilayer on top. The strain in the topmost
Si layer is released by a buckling of the Si atoms, forming a
bilayer structure similar to the ideal Si(111)-(1 X 1) surface
but rotated 180° with respect to the rest of the crystal. Dif-
ferent from bulk ScSi,, there are no Si vacancies in the struc-
ture. A few layers of scandium silicide epitaxially grown on
Si(I11) consist of a hexagonal structure similar to bulk
ScSi,: graphitelike Si planes (with vacancies) intercalated
with scandium planes and forming a (/3 X |3) arrangement
with a ScSi; ; stoichiometry. The top Si layer does not con-
tain vacancies and it is similar to the 2D phase. In the most
stable configuration, one of the Sig,,, atoms is on top of the
vacancy. Within the accuracy of our calculations, Si vacan-
cies in the different graphitelike planes are not arranged in a
special order.

ACKNOWLEDGMENTS

This work was partially supported by Conacyt under
Grant No. 48549, DGAPA Project No. IN109007, and by
VIEP-BUAP Project No. 31/EXC/06-G.

'J. A. Knapp and S. T. Picraux, Appl. Phys. Lett. 48, 466 (1986).

2]. Duboz, P. A. Bodoz, A. Perio, J. C. Oberlin, F. Arnaud
D’ Avitaya, Y. Campidelli, and J. A. Chrobeczek, Appl. Surf. Sci.
38, 171 (1989).

3L, Magaud, A. Pasturel, G. Kresse, and J. Hafner, Phys. Rev. B
55, 13479 (1997).

4C. Norenberg, M. A. Moram, and P. J. Dobson, Surf. Sci. 600,
4126 (2006).

5C. Rogero, C. Polop, L. Magaud, J. L. Sacedén, P. L. de Andrés,
and J. A. Martin-Gago, Phys. Rev. B 66, 235421 (2002).

6A. Mharchi, L. Stauffer, S. Saintenoy, C. Pirri, P. Wetzel, D.
Bolmont, and G. Gewinner, Solid State Commun. 97, 249
(1996).

7F. Arnaud d’ Abitaya, A. Perio, J. C. Oberlin, Y. Campidelli, and J.
A. Chroboczek, Appl. Phys. Lett. 54, 2198 (1989).

8R. Baptist, S. Ferrer, G. Grenet, and H. C. Poon, Phys. Rev. Lett.
64, 311 (1990).

ON. Frangis, G. Van Tendeloo, J. Van Landuyt, P. Muret, and T. A.
Nguyen Tan, Appl. Surf. Sci. 102, 163 (1996).

103, Y. Veuillen, S. Kennou, and T. A. Nguyen Tan, Solid State
Commun. 79, 795 (1991).

11 C. Wigren, J. N. Anderson, R. Nyholm, and K. O. Karlson, J. Vac.
Sci. Technol. A 9, 1942 (1991).

2W. A. Henle, H. G. Rmasey, F. P. Netzer, R. Cimino, and W.
Braun, Solid State Commun. 71, 657 (1989).

I3T. P. Roge, F. Palmino, C. Savall, J. C. Labrune, P. Wetzel, C.
Pirri, and G. Gewinner, Phys. Rev. B 51, 10998 (1995).

“T p Roge, F. Palmino, C. Savall, J. C. Labrune, P. Wetzel, and C.
Pirri, Surf. Sci. 383, 350 (1996).

15]. A. Martin-Gago, J. M. Gémez-Rodriguez, and J. Y. Veuillen,
Surf. Sci. 366, 491 (1996).

16]. A. Martin-Gago, J. M. Gémez-Rodriguez, and J. Y. Veuillen,
Phys. Rev. B 55, 5136 (1997).

17D. J. Spence, T. C. Q. Noakes, P. Bailey, and S. P. Tear, Phys.
Rev. B 62, 5016 (2000).

18C. Bonet, D. J. Spence, and S. P. Tear, Surf. Sci. 504, 183 (2002).

19H. Kitayama, S. P. Tear, D. J. Spence, and T. Urano, Surf. Sci.
482, 1481 (2001).

20p, Paki, U. Kafader, P. Wetzel, C. Pirri, J. C. Peruchetti, D. Bol-
mont, and G. Gewinner, Phys. Rev. B 45, 8490 (1992).

21D, J. Spence, T. C. Q. Noakes, P. Bailey, and S. P. Tear, Surf. Sci.
512, 61 (2002).

2¢, Rogero, C. Koitzsch, M. E. Gonzilez, P. Aebi, J. Cerdd, and J.
A. Martin-Gago, Phys. Rev. B 69, 045312 (2004).

L. Magaud, A. Pasturel, G. Kresse, and J. Hafner, Phys. Rev. B
58, 10857 (1998).

24C. Rogero, P. L. de Andrés, and J. A. Martin-Gago, Phys. Rev. B
71, 165306 (2005).

2N. Takeuchi, Phys. Rev. B 65, 045204 (2002).

26H. A. Al-Brithen and A. R. Smith, Appl. Phys. Lett. 77, 2485
(2000).

2IN. Farrer and L. Bellaiche, Phys. Rev. B 66, 201203(R) (2002).

28C. Constantin, H. Al-Brithen, M. B. Haider, D. Ingram, and A. R.
Smith, Phys. Rev. B 70, 193309 (2004).

2G. Moreno, L. Mancera, and N. Takeuchi, Phys. Status Solidi B
238, 127 (2003).

30S. Baroni et al., http://www.democritos.it

313, P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

32K. Laasonen, A. Pasquarello, R. Car, C. Lee, and D. Vanderbilt,
Phys. Rev. B 47, 10142 (1993).

035333-5



