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We report a theoretical and experimental study of thin Pt silicide films. Employing density-functional theory,
we investigate the electronic structure, bonding, and optical properties of PtSi and Pt2Si. Additionally, we
calculate surface energies for various orientations and terminations of PtSi surfaces. Our results suggest that
thermodynamics may play a role in the silicide formation. The complex dielectric function determined by
spectroscopic ellipsometry exhibits non-Drude behavior and shows peaks, which are identified with interband
transitions in the 5d manifold of platinum and compared with theory.
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I. INTRODUCTION

Transition-metal silicides have played an important role in
the rapid development of microelectronic device
technology.1 They are used in complementary metal-oxide-
semiconductor �CMOS� devices to form contacts between
metal interconnects and source, drain, and gate silicon of the
transistors. They offer important properties such as low re-
sistivity and low contact resistance to Si as well as excellent
process compatibility with the standard Si process technol-
ogy. Recently, metal silicides have attracted renewed atten-
tion and they are a current research topic in the semiconduc-
tor industry.2,3 Present issues are, for example, NiSi contacts
in CMOS devices of the 32 and 22 nm nodes and low-
Ohmic-resistance PtSi contacts in p-channel metal-oxide-
semiconductor �PMOS� field-effect transistors �FETs�. Most
transition-metal silicides, i.e., NiSi or CoSi2, have Schottky
barrier heights of about 0.5 eV for both n-type and p-type
silicon as their Fermi level aligns with the center of the Si
band gap. The Schottky barrier height determines the specific
contact resistivity between the silicide �metal� and silicon.
This contact resistance currently amounts to a quarter of the
total parasitic resistance in the metal-oxide-semiconductor
field-effect transistors �MOSFETs� and will clearly only rise
as scaling continues.4 Thus, identifying materials that are
able to lower the contact resistance is important.5 PtSi is one
of the candidates due to its relatively low Schottky barrier of
only 0.3 eV to p-type Si,6 and excellent thermal stability.7

We recently reported the integration of PtSi contacts into a
65 nm CMOS process flow and showed improved PMOS
device characteristics.8,9

In addition to its importance in technology, PtSi is of in-
terest from the fundamental scientific point of view as a ma-
terial that is neither well described with the picture of a typi-
cal metal nor that of a typical semiconductor. The bulk
electronic structure of PtSi and the bond character between
Pt and Si were until recently poorly understood. In a series of
three publications Klepeis and co-workers10–12 presented a
comprehensive theoretical and experimental study on the
electronic structure of bulk PtSi and also Pt2Si, revealing
interesting insights. In addition, the characterization of the
thin-film growth of PtSi, which will be explained below, has

been the subject of several studies.13,14 Stark et al.14 reported
measurements of the optical constants of the constituent
phases Pt, Pt2Si, and PtSi in the range between 1.5 and 4.5
eV. In a previous publication we calculated surface energies
and work functions for PtSi surfaces as well as the Schottky
barrier height at the Si�001�/PtSi�001� interface.6

The main goal of the present paper is to establish a rela-
tion between calculated properties, such as band structure
and surface energy �governed by atomic geometry and com-
position�, and experimental observables, such as dielectric
function and preferred crystal-growth direction of PtSi films
on Si. For this purpose the x-ray-diffraction and ellipsometry
data of a 33 nm PtSi film are collected, analyzed, and com-
pared with the results of first-principles calculations. It
should be noted that though we do not model the Si/PtSi
explicitly in this paper, the results should provide a reason-
able approximation to consider experimental data. Our pre-
vious theoretical model of this interface resulted in the
Schottky barrier height in good agreement with experiment.6

The rest of the paper is organized as follows. First we present
the experimental methods we employed and discuss the
growth of PtSi on a Si substrate. We also summarize the
experimental results we obtained. Then we provide a short
summary of the computational details of our theoretical
work. Thereafter, we present the analysis of bulk PtSi and
Pt2Si in terms of crystal structure as well as electronic and
optical properties, and compare the latter with the ellipsom-
etry data. We report on surface energies and work functions,
focusing on the Si-terminated PtSi surfaces. We conclude
with the finding of an unusual reconstruction of the �101�
Si-terminated surface of PtSi.

II. EXPERIMENTAL RESULTS

Pt-Si films were formed by annealing of 17 nm of Pt
deposited on Si �wafer A annealed at 300 °C for 10 s; wafer
B annealed at 600 °C for 30 s; both are �001� oriented�.
Figure 1 schematically shows five steps involved in the
preparation of a PtSi film on a Si substrate: annealing causes
Pt atoms to diffuse into the Si substrate, forming Pt2Si. The
depletion of the Pt layer ends this process and a layer of pure
Pt2Si is formed. Further annealing causes Si atoms to migrate
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into the Pt2Si layer, forming PtSi. A reaction front �the inter-
face between PtSi and Pt2Si� moves upward until the com-
plete PtSi layer is formed. It is important to note that two
diffusion processes, Pt into Si and Si into Pt2Si, happen se-
quentially. Not until the full Pt2Si film is established does the
PtSi formation set in. The thickness of the as-deposited pure
Pt film in our case is about 17 nm ��5%�, as determined by
a combination of Rutherford backscattering, x-ray fluores-
cence, and x-ray reflectance. More precisely, the pure Pt film
would be about 17 nm thick if it was deposited on oxide.
Since this film was deposited on Si, some Pt reacts with the
Si surface during deposition, which leads to a multilayer
structure �thicker than 17 nm, but less dense� consisting of
pure Pt on a metal-rich Pt-Si interfacial layer. After anneal-
ing to form monosilicide PtSi, the film thickness is about 33
nm. X-ray-diffraction spectra shown in Fig. 2 are acquired in
a powder diffractometer in �-2� mode �where the detector
moves at twice the angular velocity of the sample� using a
Cu K� rotating anode source �wavelength: 1.54 Å�. Peak
assignments are performed based on the ICDD database,
card no. 07-0251.

The complex pseudodielectric functions from 0.8 to 6.6
eV for two Pt-Si films �produced by annealing at different
temperatures as above� are shown in Fig. 3. The data were
acquired on a variable-angle-of-incidence rotating-analyzer

spectroscopic ellipsometer �at three angles of incidence, 65°,
70°, and 75°� equipped with a computer-controlled Berek
waveplate compensator. The real part is shown by the solid
�black� lines and the imaginary part by the dashed �red� lines.
For an infinitely thick film without native oxide, the
pseudodielectric function ��� would be the same as the di-
electric function � of the material. In our case, the spectra are
influenced to a small extent by a thin film of native oxide and
by the Si substrate since the film thickness is only about
twice the optical penetration depth �20 nm� in the infrared
spectral region. Nevertheless, the experimental spectra are
expected to show similar features as the dielectric function of
platinum silicide. The data are dominated by the Drude di-
vergence in the infrared �imaginary part goes to infinity, real
part to negative infinity�, superimposed by peaks caused by
optical interband transitions, which will be discussed below.

III. COMPUTATIONAL DETAILS

Our theoretical calculations on PtSi, Pt2Si, Pt, and Si are
performed within the generalized gradient approximation
�GGA� to density-functional theory �DFT� with a plane-wave
basis using the VASP code.15 We employ projector augmented
wave �PAW� pseudopotentials for both species.16,17 Ex-
change and correlation are treated within the Perdew-Burke-
Enzerhof �PBE� form of the GGA functional.18 The plane-
wave expansion is restricted by a kinetic-energy cutoff of
245 eV. Forces are calculated via the method of Hellmann

FIG. 1. �Color online� Schematic figure illustrating the sequen-
tial formation process of PtSi on a Si substrate. After deposition of
the Pt layer on the Si substrate, annealing causes Pt atoms to mi-
grate into the substrate, forming Pt2Si. At higher temperatures Si
atoms start migrating into the Pt2Si film, forming PtSi.

FIG. 2. X-ray-diffraction spectrum �� /2�� for a 33-nm-thick
film of PtSi. Several orthorhombic PtSi diffraction peaks are
indexed.

(a)

(b)

FIG. 3. �Color online� Complex pseudodielectric functions mea-
sured by spectroscopic ellipsometry for �a� wafer A �Pt2Si� and �b�
wafer B �PtSi�. The Drude behavior is superposed by contributions
due to interband transitions. The Greek letters label the interband
transitions for comparison with theory �Fig. 11�.
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and Feynman and minimized by employing the conjugate-
gradient technique. The structures are relaxed until the forces
on all atoms are below 20 meV /Å. In bulk calculations we
employ dense k-point grids of 13�13�17 �PtSi�, 17�17
�13 �Pt2Si�, 13�13�13 �Pt�, and 8�8�8 �Si�. The total
energy is converged to 10−6 eV/cell.

The absorption coefficient �2 of PtSi and Pt2Si is calcu-
lated with the CASTEP code.19 �2 is the imaginary part of the
complex dielectric function �=�1+ i�2. We use 144 k points
in the irreducible wedge of the Brillouin zone �BZ� for PtSi
and 192 for Pt2Si. Within the DFT-GGA the contributions to
�2 due to interband transitions can be calculated according to
the usual expression20

�2�q → 0,��� =
2�

	�0
�

nk,v,c
��
nk

c �u · r�
nk
v ��2��Enk

c − Enk
v − ��� ,

�1�

where u is the unit vector defining the polarization of the
incident electromagnetic wave and � is the frequency of the
incoming photons. 
nk

c,v are the unoccupied and occupied
Kohn-Sham wave functions, respectively, and Enk

c,v are the
corresponding one-electron energies. The calculations are
performed for unpolarized light. We accounted for intraband
transitions by employing an empirical Drude term.

IV. BULK PROPERTIES OF PtSi AND Pt2Si

A. Crystal structure

PtSi crystallizes in the primitive orthorhombic structure in
a MnP-type lattice with space group Pnma �No. 62 in the

International X-Ray Tables�.21 Three lattice constants a, b,
and c define the primitive unit cell. In addition, four internal
in-plane parameters uSi, vSi, uPt, and vPt determine the posi-
tions of the four Pt atoms and the four Si atoms within the
unit cell. The caption of Table II gives the atomic positions
in terms of these parameters. In its � phase at T�968 K,
Pt2Si adopts the body-centered-tetragonal crystal structure
with the space group I4 /mmm �No. 139 in the International
X-Ray Tables�.22 Two lattice constants a and c define the
primitive unit cell. In Fig. 4 the crystal structures of both
silicide phases are displayed. The lattice constants we calcu-
lated are summarized and compared to experimental values
in Table I. The four internal parameters for PtSi are given in
Table II. Overall we find agreement within 1.5%.

Additionally, Table I shows cohesive energies Ecoh of all
elements and heats of formation Hf for the two silicides.
The agreement with the experimental values is reasonably
good. In particular, unlike in Ref. 10, our calculation cor-
rectly identifies the heat of formation of Pt2Si to be larger
than that of PtSi.

B. Electronic structure

In Fig. 5 we compare the band structures of PtSi and Pt2Si
along high-symmetry lines in the BZ. The corresponding
densities of states �DOSs� are presented in Fig. 6. For com-
parison we show the DOS of Pt as well. Figure 7 shows
orbital-resolved partial densities of states �PDOSs� of the
two silicides. As can be seen in Fig. 6 the DOSs of PtSi and
Pt2Si at the Fermi level are about seven times lower than that
of Pt, indicating the two silicides to be poor metals. The

FIG. 4. �Color online� �a� The orthorhombic unit cell of bulk
PtSi and �b� the body-centered-tetragonal unit cell of bulk Pt2Si �b�.
Dark �light� balls represent Pt �Si� atoms. Lattice constants and
internal parameters are given in Tables I and II, respectively.

TABLE I. Theoretical and experimental lattice constants, heats of formation, and cohesive energies for Si,
Pt, PtSi, and Pt2Si. The experimental standard heats of formation are given for T=298.15 K.

Material
a

�Å�
b

�Å�
c

�Å�
Ecoh

�eV/atom�
Hf

�eV/atom� Reference

Si Theor. 5.465 4.60

Expt. 5.428 4.63 23

Pt Theor. 3.975 5.53

Expt. 3.927 5.84 23

PtSi Theor. 5.983 5.653 3.633 5.73 −0.67

Expt. 5.922 5.575 3.586 5.85 −0.62 21

Pt2Si Theor. 3.975 5.996 5.94 −0.72

Expt. 3.935 5.910 6.08 −0.64 22

TABLE II. Experimental and calculated internal in-plane coor-
dinates of PtSi. The values are given in direct coordinates. The Pt
atoms are located at �uPt ,vPt ,

1
4 �, �� 1

2 −uPt� , �vPt−
1
2 � , 1

4 �,
��1−uPt� , �1−vPt� , 3

4 �, and �� 1
2 +uPt� , � 3

2 −vPt� , 3
4 �, while the Si atoms

are located at �uSi ,vSi ,
1
4 �, �� 3

2 −uSi� , � 1
2 +vSi� , 1

4 �, ��uSi−
1
2 � , � 1

2
−vSi� , 3

4 �, and ��1−uSi� , �1−vSi� , 3
4 �.

PtSi uPt vPt uSi vSi Reference

Theor. 0.193 0.995 0.583 0.178

Expt. 0.1936 0.9945 0.5835 0.1784 21
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states at the Fermi energy mainly arise from Pt 5d states as
evident from Fig. 7. While in the case of Pt the Fermi level
lies near a DOS maximum due to the Pt 5d states, it lies near
a DOS minimum in the case of PtSi and Pt2Si �Fig. 6�. For
PtSi the 5d manifold starts at about 3 eV below the Fermi
energy EF and for Pt2Si at about 1.7 eV below EF. This is
due to the fact that the ratio between the number of d states
and the number of electrons per unit cell is reduced to 77%

�83%� for PtSi �Pt2Si� when compared to Pt. This also ex-
plains why the 5d manifold lies deeper below the Fermi en-
ergy for PtSi than for Pt2Si.

In Fig. 6 we further observe a prominent peak at the bot-
tom of the valence band near −9.5 eV for both silicides. This
peak has been reported for nearly every silicide and used to
be associated with unhybridized Si 3s states, which were be-
lieved until recently to be insensitive to the transition metal–
silicon bonding. However, in Fig. 7 we clearly see that for
both silicides the Pt 5d states contribute almost an equal
amount to the DOS peak as the Si 3s states. This is in agree-
ment with the recent experimental and theoretical results,8,11

suggesting that Si 3s states and Pt 5d states do mix at the
bottom of the valence band and that the latter extend
throughout the entire valence band instead of being local-
ized.

C. Nature of bonding in PtSi and Pt2Si

The electronic structure of PtSi and Pt2Si explains why
both are poor metals in terms of conductivity. It also allows
for an investigation of the bond character by directly analyz-
ing the valence charge density. In what follows we subtract
the atomic valence charge densities from the calculated self-
consistent densities with the intention to emphasize the
charge transfer due to the crystal or bond formation:

FIG. 5. �Color online� Bulk band structures along high-
symmetry lines of PtSi and Pt2Si. The dense manifolds of flatbands
below the Fermi energy �red line� mainly arise from Pt 5d states. Pt
atoms are shown with darker balls.

FIG. 6. Total DOSs of PtSi, Pt2Si, and Pt. For Pt the Fermi energy �dashed line� lies right at the top of the high-density region of the 5d
manifold. Consequently the DOS at the Fermi level is high, a typical property of a good metal. In the cases of the two silicides, the Fermi
level “misses” the 5d manifold, which results in a low DOS at the Fermi energy. This suggests the two silicides to be rather poor metals.
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n = nSCF
val − natom

val . �2�

We start the discussion with the familiar cases of a covalent
�Si� and a metallic �Pt� crystal in order to compare with the
results obtained for silicides. Figure 8�a� presents n for Pt
in a plane perpendicular to the �100� direction �in units of
10−3 e− /unit volume�. Figure 8�b� shows n for Si in a
plane perpendicular to the �110� direction. All indicated at-
oms are located on the plane of the plot.

Pt shows a rather uniformly increased charge density be-
tween 1.5 and 6 me− /Å3 over the entire interstitial region
between the atoms. This area is easily identified as the three
highest sections of n in the plot. Only a small charge accu-
mulation directly between two adjacent atoms is apparent in
addition to the uniform isotropic enhancement. At the atomic
sites we find the charge density to be decreased. These re-
gions of negative density difference clearly have the form of
an atomic d orbital. For Si we notice a large localized charge
accumulation which corresponds to covalent bonds between
neighboring atoms. The charge increase piles up very rapidly

from 2 to 20 me− /Å. In the rest of the interstitial region n
is very small but slightly negative. Our results here are in
good agreement with the literature.12

Figure 9 displays the valence-charge-density difference
n of PtSi in a �001� plane. The indicated atoms are on the
plane of the figure. We find a charge accumulation in the
range from 5 to 15 me− /Å3 along the line between Pt and Si
atoms. This localized increase in charge indicates the forma-
tion of the covalent bond between these three atoms, which
in Ref. 12 is interpreted as the formation of three-center
bonds. Unlike the case of purely covalent Si, where n is
positive only directly in between bond partners, we find posi-
tive values of n between 0 and 5 me− /Å3 in other parts of
the interstitial region in PtSi, indicating its partially metallic
character.

The charge-density differences for Pt2Si are shown in Fig.
10 in a �010� plane �a� and in a �001� plane �b�. In �a� we
notice charge accumulations between, respectively, one Si
atom and two Pt atoms, very similar to the case of PtSi. The
charge density n is increased by values between 3 and

(a) (b)

FIG. 7. PDOSs of �a� PtSi and �b� Pt2Si. The Fermi energy is indicated with a dashed line. The platinum 5d states extend over the entire
valence band in the case of both silicides. The peaks at the bottom of the valence band do not solely arise from silicon 3s states. The
contributions from platinum 5d states almost have the same magnitude. The Greek letters are a tentative assignment of interband transitions;
compare Fig. 11.

FIG. 8. Superpositions of free atomic valence charge densities subtracted from the fully self-consistent valence charge densities for �a�
Pt in the fcc phase and �b� Si in the cubic diamond phase. The plot layer is perpendicular to the �001� direction in �a� and to the �110�
direction in �b�. The units are me− /Å3. The scales of the plots are given by the scale bars at the right side of each figure.
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10 me− /Å3. We again interpret this as the formation of
three-center bonds. Figure 10�b� shows n in a layer in
which only Pt atoms but no Si atoms are located. Not sur-
prisingly the plot clearly resembles Fig. 8�a�, where n of
pure Pt is shown. Over the entire interstitial region n is in-
creased by values between 3 and 8 me− /Å3. Thus, on this
plane the bonding is clearly metallic. We conclude that, in
addition to the poor metallic properties of PtSi and Pt2Si as
captured by their DOSs, their bonding properties indicate a
partially covalent character, which as we shall show plays an
important role in surface reconstruction.

D. Optical properties

In Fig. 11 we present the calculated imaginary part �2 of
the complex dielectric function of Pt2Si and PtSi. In both
cases �2 goes to positive infinity for small energies due to the
empirical Drude contribution. At higher energies additional
structure due to interband transitions is found in the plots. �2
of PtSi shows peaks at 1.7 eV ��� and 2.95 eV ��� and a
plateau between 4 and 5 eV ���. For Pt2Si a peak at 4.6 eV
��� is apparent. Similar features, although less distinctive, are
found in the experimental data presented in Figs. 3�a� and
3�b�. It would be desirable to perform ellipsometry measure-
ments at low temperatures �where phonon scattering is re-
duced� for better comparison with the electronic band struc-
ture. Especially the peaks � and � are in good agreement
with the experiment. The transitions between occupied and
unoccupied states mainly occur between Pt 5d states which
can be seen in the state-resolved DOS �PDOS� displayed in
Fig. 7. It is quite apparent that the dielectric function of Pt2Si
of much more Drude type �more metallic� than that of PtSi,
in agreement with the bonding character discussed above.

V. SURFACE ENERGIES AND WORK FUNCTIONS
OF PtSi

A. Surface energy of PtSi

We calculated the surface energies for the �011�, �110�,
�020�, �101�, �100�, �010�, �112�, �001�, �310�, �130�, �211�,
�121�, and �111� orientations of bulk PtSi. Surfaces are simu-

lated within slab geometries, employing supercells that in-
corporate bulk and vacuum slabs of sufficient thickness. For
all orientations the slabs are based on �1�1� geometries and
more complicated reconstructions were not considered.
4�4�1 k-point grids are used.

The surface energy of a PtSi is estimated using the Gibbs
free-energy approach.24,25 This method allows for compari-
son of atomic structures containing different numbers of at-
oms and is suitable if more than one atomic species is con-
sidered. The surface free energy is given by

E =
1

2A
�ESlab − NSiESi − NPtEPt − NSi�Si − NPt�Pt� . �3�

Here the surface energy is given per unit area. ESlab is the
total energy obtained in the supercell calculation. NSi and NPt
are the numbers of Si and Pt atoms in the supercell. ESi and
EPt are the bulk energies per atom in Si and Pt. �Si and �Pt
are the chemical potentials of Si and Pt.

FIG. 9. Superposition of free atomic valence charge densities
subtracted from the fully self-consistent valence charge densities for
PtSi. The units are me− /Å3. The scale of the contours is given by
the scale bar at the right-hand side of contour plot. Indicated atoms
are located in the plot layer that is perpendicular to the �001� direc-
tion. For convenience some zero contour lines are labeled in the
plot.

FIG. 10. Superpositions of free atomic valence charge densities
subtracted from the fully self-consistent valence charge densities for
Pt2Si. In �a� the plot layer is perpendicular to the �010� direction. In
�b� the metallic layer perpendicular to the �001� direction is shown,
which solely contains Pt atoms. The units are me− /Å3. The scales
of the contours are given by the scale bars at the right-hand side of
each contour plot. Indicated atoms are located in the plot layer.

FIG. 11. Calculated imaginary parts of the complex dielectric
functions of Pt2Si and PtSi. We find good qualitative agreement
with the experimental data on the pseudodielectric functions pre-
sented in Figs. 3�a� and 3�b�. Common features in experiment and
theory are indicated by Greek letters.
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We previously employed the definition in Eq. �3� and
showed that under equilibrium conditions the surface energy
can be written as

E =
1

2A
�ESlab − NSiESi − NPtEPt − 2NSiHf + �Pt�NSi − NPt�� .

�4�

Here the chemical potentials are measured with respect to
their bulk values ��X

bulk=0�. The platinum chemical potential
�Pt in Eq. �4� is restricted to the energy range

2Hf � �Pt � 0. �5�

2Hf is the formation energy of a molecular unit in bulk PtSi
and we know this number from our bulk investigation �see
Table I�.

The surface energies of different orientations and termi-
nations are given in Fig. 12 as a function of �Pt. The super-
scripts s �p� indicate Si-terminated �Pt-terminated� surfaces.
No superscripts are used for stoichiometric surfaces. The
zero value of �Pt corresponds to Pt-rich conditions, while its
lower boundary of �Pt=−1.34 eV corresponds to Si-rich
conditions. Please note that the energy of stoichiometric sur-
faces is independent of �Pt. Under Pt-rich conditions the sur-
face energies are spread over a large energy interval from
800 to 2600 erg /cm2, while under Si-rich conditions all sur-
face energies lay between 1100 and 1850 erg /cm2. We find
that under a broad range of �Pt between −0.6 and −1.1 eV,
the stoichiometric �121� surface exhibits the lowest surface
energy. Above −0.5 eV the Pt-terminated �010� and �101�
surfaces are stabilized. Note that unlike the case of its sister
compound PtGe,26 the semiconductor-terminated surface of
PtSi can be stabilized only under extreme Pt-poor conditions.

In the x-ray-diffraction pattern given in Fig. 2, the �121�
peak clearly is distinctively higher than all other peaks with
about 450 counts. In the range between 100 and 200 counts,
we find the �110�, �101�, �111�, �220�, and �020� peaks. We
note that the �121� orientation is the lowest-energy surface
and at the same time is the predominant orientation in the
PtSi film. The �110� orientation, which has the second lowest
surface energy, is also present in the x-ray spectrum by
means of the �110� and the �220� peaks. Thus, there appears
to be a relation between the preferred crystal-growth direc-
tions and the surface energies of PtSi. Consequently, besides
kinetics, thermodynamics also seems to play some role in the
silicide formation, suggesting the possibility of a controlled
silicide growth. The silicide growth of transition metal with
atomic numbers close to those of silver and gold is typically
dominated by diffusion-controlled kinetics.27 However, in
thin layers the situation is more complicated and the local
atomic relaxation may constitute the main part of the rate-
control mechanism. We are currently investigating stress ac-
commodation at the Si/silicide interface. The results of this
investigation will be presented elsewhere.

B. Work functions for different PtSi surface orientations
and terminations

Employing the DFT-GGA formalism, the work function
can be easily determined in slab geometry as �m=EF−EVac.
Here EVac and EF are the vacuum energy and the Fermi level.
The vacuum energy EVac is assessed by using the value of the
total electrostatic potential in the vacuum slab of the super-
cell. The exchange potential can be ignored in the middle of
the vacuum region since its true value is zero.

We calculate work functions for different surface orienta-
tions and terminations of PtSi listed in Table III. The highest
�m value of 5.15 eV is found for the Pt-terminated �010�
surface and the lowest value of 4.47 eV is for the Si-
terminated �110� surface. They differ by 0.68 eV. Overall the
Si-terminated surfaces tend to have lower work functions
than the metal-rich or the stoichiometric surfaces. However,
a clear systematic trend cannot be observed. The important
stoichiometric low-energy surfaces �121� and �110� have

FIG. 12. �Color online� Surface energies of PtSi surfaces for
various orientations and terminations as a function of the Pt chemi-
cal potential. The chemical potential varies between silicon-rich
conditions �left-hand side, �Pt=−1.35 eV� and platinum-rich con-
ditions �right-hand side, �Pt=0 eV�. For the �101� Si termination
�marked with a star�, we use the energy of the reconstructed surface
�see text�.

TABLE III. Work functions of PtSi for various orientations and
terminations.

Surface
Work function

�eV� Surface
Work function

�eV�

�020�, Si 4.96 �310�, Pt 4.68

�011�, Si 4.72 �101�, Pt 4.97

�110�, Si 4.47 �112�, Pt 4.86

�010�, Si 4.97 �121� 5.01

�100�, Si 4.77 �110� 4.96

�101�, Si 4.64 �001� 4.93

�111�, Si 4.82 �130� 4.96

�010�, Pt 5.15

�011�, Pt 4.86

�211�, Pt 4.97
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work functions of 5.01 and 4.96 eV, respectively. Several
surfaces have work functions very close to these two values.
Hence, we expect experimental studies will report values of
4.9–5.0 eV. To gauge the reliability of our calculation, we
determine the work functions of Ni�111� and Pt�111� to 5.09
and 5.70 eV. The experimental values for these surfaces are
5.35 eV �Ref. 28� and 5.70 eV,29 respectively.

C. Reconstruction of the (101) surface

As we have pointed out in the discussion above, the bond-
ing of bulk PtSi shows a strongly covalent character. From
this perspective it would seem likely that PtSi surfaces tend
to reconstruct in a manner similar to how semiconductor
surfaces reconstruct. However, metal surfaces usually do not
reconstruct with the notable exception of Au. Thus, the very
nature of reconstructions on PtSi surfaces �or in general on
transition-metal silicide surfaces� is of fundamental interest.
Previously, we reported on a possible reconstruction of a
NiGe surface.26 We found that the formation of bonds be-
tween Ge atoms causes a significant decrease in the surface
energy and is about 50% of the bulk cohesive energy per
bond in Ge.

To study this issue, we now discuss in more details the
�101� Si-terminated surface. The unrelaxed surface is dis-
played in Fig. 13�a�. Four Si atoms are located in the first
layer. They are labeled A1, B1, A2, and B2. Atoms A1 and
B1 are located 1.03 Å above atoms A2 and B2. They are
followed by four Pt atoms in the second layer. Considering
the findings in Secs. IV B and IV C, one can imagine the two
uppermost Si atoms A1 and B1 as twofold coordinated via
back bonds to Pt atoms in the second layer. Atoms A1 and
B1 are separated by 3.46 Å, which is comparable to the
second-nearest-neighbor distance in bulk Si of 3.84 Å.
Hence, the unrelaxed surface vaguely resembles the Si�100�
surface. The reconstruction we find, however, is more com-
plicated and is shown in Fig. 13�b�. Overall we see three
additional Si-Si dimers forming on the surface with bond
lengths ranging between 2.33 and 2.44 Å, resulting in one
tetramer in each surface unit cell. These should be compared

to the nearest-neighbor distance in bulk Si of 2.34 Å �a the-
oretical value�. The tetramers can be clearly identified in Fig.
14 where we display the valence charge density in the sur-
face layer. In addition, during the reconstruction two back
bonds to lower Pt atoms break. The total energy gain from
the reconstruction when compared to a simple relaxation is
0.84 eV per surface unit cell or 0.33 J /m2. This is a large
value and amounts to 37% of the Si bulk cohesive energy per
bond. It is comparable to typical energy gains due to recon-
structions on semiconductor surfaces.30 However, as can be
seen in Fig. 12 this is not enough to stabilize this termina-
tion. Even under Si-rich conditions it is about 0.1 J /m2

higher in energy than the Si-terminated �111� surface.

VI. CONCLUSIONS

We have investigated the electronic structure of the two
silicide phases PtSi and Pt2Si from first principles. The bond-
ing is found to have a strongly covalent character, in good

FIG. 13. �Color online� �a� View of the unrelaxed �101� Si-terminated surface of PtSi. A 2�1 cell is displayed. The lattice constants of
the unit cell are 7.00 and 5.65 Å. The four Si atoms per unit cell in the top layer are represented by the large light balls and are labeled. Pt
atoms have dark color. The two Si atoms A1 and B1 are located 1.03 Å above the Si atoms A2 and B2 and they are twofold coordinated.
The distance between atoms A1 and B1 is 3.46 Å. �b� View of the reconstructed �101� Si-terminated surface of PtSi. A 2�1 unit cell is
displayed. Three dimerizations per unit cell can be observed resulting in one tetramer in each unit cell. The bond lengths of the dimers are
2.33 Å between atoms A1 and A2, 2.38 Å between A1 and B1, and 2.44 Å between B1 and B2. Two back bonds between atoms A1 and
A2 to lower Pt atoms are broken during the relaxation.

FIG. 14. Valence charge density averaged over approximately
1 Å within the first surface layer of the reconstructed PtSi�101�
surface. The atoms are labeled as in Fig. 13. The scale bar at the
right-hand side of the plot gives the values of the contour lines. The
units are e− /Å3. The tetramer that occurs after the reconstruction
can be clearly identified by means of the increased charge density in
between the respective atoms.
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agreement with previous results. As a consequence PtSi sur-
faces are able to reconstruct with significant energy gains
comparable to those of semiconductor surfaces. We have pre-
sented a detailed study of the surface thermodynamics of
PtSi. In particular, we find the stoichiometric �121� surface to
have the lowest energy over a wide range of growth condi-
tions, especially under the estimated growth conditions. This
orientation corresponds to the highest peak in our x-ray-
diffraction data, suggesting that thermodynamics plays an
important role in silicide formation. We have calculated the
work function of PtSi as a function of the surface orientation
and stoichiometry, extending our previous results to Pt-rich
surfaces. We have also measured the complex dielectric
function of the two silicide phases PtSi and Pt2Si in the range
from 0.75 to 6.5 eV during the annealing process of a thin
silicide film. The absorption coefficient of PtSi exhibits non-

Drude peaks due to interband transitions. Using first-
principles calculations, we have identified these transitions
with the 5d manifold of platinum. In this paper we have not
attempted to model the Si/PtSi interface explicitly, and our
theoretical results should be interpreted with caution when
applied to the real interface. However, we believe the results
further our understanding of the experimental data, and hope
they will inspire more atomic-resolution electron-microscopy
studies of this important materials system.
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