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We present a comprehensive theoretical study of the electronic structure, elastic properties, surface energies,
and work functions of NiGe and PtGe within the framework of density functional theory �DFT�. Our calculated
lattice constants are within 1–2% of recently reported experimental values. Calculated work functions for the
�001� surfaces of NiGe and PtGe are 4.57 and 4.83 eV, respectively, suggesting that both metals and their
alloys can be used as self-aligned contacts to p-type germanium. We identify the growth conditions necessary
to stabilize this orientation. We report on an unusual surface reconstruction of the NiGe�101�–Ge-terminated
surface.
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I. INTRODUCTION

Unlike metal silicides,1 metal germanides have not, until
recently, attracted much attention, presumably due to the lack
of practical applications. However, this is about to change, as
scaling of traditional silicon-based technology reaches its
physical limit, a germanium channel field effect transistor
�FET� is generating a lot of interest.2–6 It is worth noting that
the first �bipolar� transistor of Bardeen and Brattain was
made of Ge.7 The germanium channel metal oxide semicon-
ductor FET �MOSFET� offers high mobility of both carriers
�electrons and holes�, resulting in higher overdrive current,
enhanced transconductance, and higher cutoff frequencies as
compared with a Si transistor. Historically, the use of germa-
nium has been limited due to the lack of a stable native oxide
and processing technology. Ironically, the emerging use of
alternative high-k dielectrics as the gate insulator in Si-based
technology8 may help finally realize the full potential of a
germanium MOSFET.5,6 Nevertheless, to fully exploit trans-
port properties of germanium, a low-resistance contact tech-
nology will have to be developed based on metal ger-
manides, much in the same way that self-aligned metal
silicides are used in a standard complimentary metal oxide
semiconductor �CMOS� process today. Thus, germanides
with low n- and p-type Schottky barriers to the germanium
channel �for use in NMOS and PMOS devices� need to be
identified. Germanides are closely related to analogous sili-
cides in respect to their compositions and structures. Again,
with the exception of a few early papers there is no theoret-
ical work in this area. In fact, there are not many experimen-
tal data available up to now, since in contrast to metal sili-
cides �IrSi, PtSi, etc.� the germanides have been scarcely
studied. In particular, nothing is known about the work func-
tion dependence on the crystal orientation, or the micro-
scopic details of the Schottky barrier height �SBH� forma-
tion. Germanides have complex phase diagrams with partial
solubility and a combination of multiple eutectic and peritec-
toid behavior, and ab initio calculations are extremely useful
in providing fundamental understanding of the relationship
between the chemical composition, bulk crystal structures,
and interface structure of the alloy/semiconductor system on
one hand and the SBH on the other hand. In the deep sub-

micrometer regime �22 nm and below�, NiGe, PtGe, and
their alloys appear to be promising as low barrier contacts to
p-type germanium.9–11

We have studied the electronic structure and calculated
elastic constants of orthorhombic monogermanides NiGe and
PtGe using density functional theory �DFT�. We have also
calculated work functions and surface energies for various
surface orientations of NiGe and PtGe. Because both the
local density approximation �LDA� and generalized gradient
approximation �GGA� density functionals result in Ge be-
coming a zero gap semiconductor, if the spin orbit interac-
tion is included, or a very narrow ��0.1 eV� direct gap semi-
conductor if it is not, it would require a much more esoteric12

density functional to calculate any Ge Schottky barrier
height. The rest of the paper is organized as follows. In the
next section, we review bulk properties of NiGe and PtGe. In
Sec. III, we report elastic constants of both the systems. In
Sec. IV and V, we report and discuss the surface energies and
work functions for different surface orientations.

II. CRYSTAL AND ELECTRONIC STRUCTURE OF BULK
NiGe AND PtGe

All the calculations are done using density functional
theory13,14 with the projected augmented wave �PAW�15

method as implemented in the VASP code.16 The Perdew–
Burke–Ernzerhoff �PBE�17 form of the generalized gradient
approximation for exchange and correlation is employed,
along with a standard plane wave basis set with a kinetic
energy cutoff of 380 eV. We use a 12�12�16
Monkhorst–Pack18 k-point mesh in the orthorhombic cell for
the Brillouin zone integration. The calculations are con-
verged to 10−6 eV/cell and the structures are relaxed until
the forces are less than 0.01 eV/Å.

Both NiGe and PtGe crystallize in the primitive
orthorhombic structure in a MnP-type lattice with space
group Pnma �no. 62 in the international x-ray table�19–22

�see Fig. 1�. For NiGe, the experimental lattice constants are
a=5.84 Å, b=5.36 Å, c=3.50 Å.19 The PtGe experimental
lattice constants are a=6.159 Å, b=5.832 Å, c=3.754 Å.20

There are four symmetry equivalent Ni �Pt� and four sym-
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metry equivalent Ge atoms per primitive orthorhombic cell
of NiGe �PtGe�, respectively. There are four internal plane
parameters, uGe, vGe, and uNi �uPt�, vNi �vPt�. First we perform
the optimization of the orthorhombic cell and internal param-
eters. Experimental and calculated NiGe and PtGe lattice
constants, cohesive energy, and heat of formation are given
in Table I. The internal in-plane parameters are in Table II,
where the caption gives the atomic position in terms of the
internal parameters. The calculated lattice constants are
within 1–2% of reported experimental values.

Next we consider the electronic structure of bulk ger-
manides. The energy bands of NiGe and PtGe along high-
symmetry directions in the Brillouin zone are shown in Figs.
2�a� and 2�b�, respectively. In Figs. 3�a� and 4�a�, we show
the total density of states of NiGe and PtGe, respectively. In
Figs. 3�b� and 3�c�, we show the partial density of states
projected onto Ni and Ge atoms. In Figs. 4�b� and 4�c�, we
show the partial density of states projected onto Pt and Ge
atoms, respectively. It is clear that the states at and just be-
low the Fermi level are derived predominantly from the 3d
�5d� orbitals of Ni �Pt� in the NiGe �PtGe� energy bands
displayed in Figs. 2�a� and 2�b�. It is interesting to note that
the metallicity of PtGe appears almost accidental. The lower

Ge p-derived band near the Fermi level is occupied only
along the �-Y direction, and the upper p-derived band
“touches” the Fermi level at Z and along R-� direction. Else-
where along the high-symmetry directions a clear band gap
is observed. Charge density contours for NiGe �001� and
Ni �001� planes are shown in Figs. 5�a� and 5�b�. As appar-
ent from Fig. 5�a�, there appear to be relatively strong three-
center �Ni-Ge-Ni� covalent bonds between Ni and Ge atoms
in the �001� plane. This is interesting since NiGe is metallic.
It is well known that the bonding of transition metals is
almost entirely due to the d-electrons. Thus, it is not unex-
pected that the Ni-d would hybridize with the Ge-p to form
covalent bonds. This is very similar to the chemical bonding

TABLE I. Theoretical and experimental lattice constants, heat of
formations, and cohesive energy for Ni, Pt, NiGe, PtGe, and Ge.

Material a�Å� b �A� c �A�
Ecoh

�eV/atom�
�Hf

�eV/atom�

Ni Cal. 3.52 5.40

Exp.a 3.52 4.44

Pt Cal. 3.93 5.77

Exp.a 3.92 5.84

NiGe Cal. 5.84 5.36 3.50 4.90 −0.32

Exp.b 5.79 5.37 3.43

PtGe Cal. 6.16 5.83 3.75 5.18 −0.48

Exp.c 6.09 5.72 3.70

Ge Cal. 5.75 3.76

Exp.a 5.65 3.85

aReference 31.
bReference 19.
cReference 20.

TABLE II. Experimental and calculated free internal in-plane
coordinates of NiGe and PtGe. The Ni �Pt� atoms are located at
�uNi�Pt�, vNi�Pt�, 1/4�, ��1/2−uNi�Pt��, �vNi�Pt�–1/2�, 1/4�, ��1−uNi�Pt��,
�1−vNi�Pt��, 3/4�, and ��1/2+uNi�Pt��, �3/2–vNi�Pt��, 3/4�, while the
Ge atoms are located at �uGe, vGe, 1/4�, ��3/2−uGe�, �1/2+vGe�,
1/4�, ��uGe−1/2�, �1/2−vGe�, 3/4�, and ��1−uGe�, �1−vGe�, 3/4�.

uNi�Pt� vNi�Pt� uGe vGe

NiGe Exp. - - - -

Cal. 0.1795 0.9933 0.5770 0.1769

PtGe Exp.a 0.1908 0.9995 0.5900 0.1850

Cal. 0.1922 0.9988 0.5884 0.1857

aReference 20.

FIG. 1. �Color online� The orthorhombic unit cell of bulk NiGe
and PtGe. The smaller yellow and larger blue balls are Ge and Ni
atoms, respectively. Lattice constants and free internal in-plane co-
ordinates are given in Tables I and II.

FIG. 2. Energy bands of �a� bulk NiGe and �b� bulk PtGe. The
symmetry points are labeled according to Slater �Ref. 38�.
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observed in PtSi.23,24 The bonding in PtGe was found to be
qualitatively similar to that in NiGe.

III. ELASTIC CONSTANTS

Thermal cycling during the Ge process is expected to be
gentler than that of Si �during the activation of dopants a Si
wafer is annealed at temperatures in excess of 1000 °C�.
Still a wafer will experience significant thermal stress, and
knowing the elastic constants of germanide crystals is of
practical importance. Nine elastic constants are needed to
describe an orthorhombic crystal �compare with only three
for a cubic crystal�.25 Our elastic constants were calculated
by fitting the total energy as a function of strain to a pa-
rabola. The fit is based on six points separated by �2 meV,
and the applied strain is �1% of the lattice constant. The

procedure of calculating different elastic constants can be
found in detail in Refs. 25 and 26. The experimental and
calculated elastic constants of Si, Ge, Ni, Ge �fcc crystals�
are given in Table III. The theoretical elastic constants and
bulk moduli are within 5% of experiment. The calculated
elastic constants of orthorhombic NiGe and PtGe are given
in Table IV. Interestingly, despite the difference in crystal
structure and nature of bonding, the values calculated for
monogermanides are remarkably close to simple averages of
the Ge and metal values. We have checked the convergence
of the elastic constant C44 with respect to the number of
k-points and plane wave energy cutoff �for NiGe�. The value
of C44 was raised by 0.7 and 2.1% as the k-point mesh is

FIG. 3. �a� The total density of states of NiGe. �b� The partial
density of states of NiGe projected onto Ni atoms. �c� The partial
density of states of NiGe projected onto Ge atoms. Fermi energy is
indicated by the dashed line, and amounts are given in electrons per
Å3 per eV for TDOS and electrons per Wigner-Seitz sphere per eV
for PDOS.

FIG. 4. �a� The total density of states of PtGe �b� The partial
density of states of PtGe projected onto Pt atoms. �c� The partial
density of states of PtGe projected onto Ge atoms. Fermi energy is
indicated by the dashed line, and amounts are given in electrons per
Å3 per eV for TDOS and electrons per Wigner-Seitz sphere per eV
for PDOS.
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increased from 6�6�8 to 8�8�12 and 10�10�16. The
C44 value was raised by 0.3 and 0.4% as the energy cutoff
was increased from 380 eV to 530 eV and 640 eV, respec-
tively. To further check the quality of our calculations we
consider the issue of mechanical stability. The stability con-
ditions for an fcc crystal restrict the elastic constants in the
following way:27

�C11 − C12� � 0,C11 � 0,C44 � 0,�C11 + 2C12� � 0 and C12

� B � C11,

where B is the bulk modulus. For fcc crystals, such as Ni, Pt,
Ge, and Si, the bulk modulus can be calculated as B0
=1/3�C11+2C12�. To ensure the internal consistency we also
calculate the bulk modulus and equilibrium volume by fitting
the total energy as a function of volume to a parabola and a

four-term Birch–Murnaghan equation of state:28

E�V� = �
n=1

4

cnV−2n/3.

The bulk moduli calculated from the elastic constants, from a
parabolic fit and Birch–Murnaghan fit, in addition to experi-
mental values, are given in Tables III and IV. The calculated
elastic constants of Ge, Si, Ni, and Pt lie well within the
allowed range for mechanically stable fcc crystals. Likewise,
the elastic constants of mechanically stable orthorhombic

TABLE III. Calculated and experimental elastic constants �in
units of GPa� of Ge, Si, Ni, and Pt. Experimental values for Ge, Si,
Ni, and Pt are extrapolated to 0 K. B0 is the bulk modulus calcu-
lated from elastic constants and from Birch–Murnaghan fit. B0 is
related to elastic constants as B0=1/3�C11+2C12�. Superscript in-
dicates the reference to the experimental values.

Nia Ptb Gec Sid

C11 Cal. 268.4 334.6 124.2 159.8

Exp. 261.2 358 131 165

C12 Cal. 159.3 247.1 45.9 60.5

Exp. 150.8 254 44 63

C44 Cal. 131.2 72.2 71.3 75.2

Exp. 131.7 77 68.8 79.1

B0 Cal.Birch 194.9 272.2 69.9 94.7

Cal.parabolic 195.3 275.8 70.8 94.2

Cal.elastic 195.7 276.3 72.0 93.6

Exp. 187.6 288.4 76.3 97

aReference 31.
bReference 33.
cReference 34.
dReference 35.

TABLE IV. Calculated elastic constants and bulk modulus �in
units of GPa� of NiGe and PtGe. Belastic

0 is the bulk modulus calcu-
lated from the elastic constants and is given as Belastic

0 =1/9�C11

+C22+C33+2C12+2C13+2C23�. B0
parabolic and B0

Birch are the bulk
modulus obtained from a parabolic and Birch–Murnaghan fit.

NiGe PtGe

C11 211.69 216.52

C22 183.76 200.57

C33 173.93 206.15

C12 135.70 125.18

C13 99.80 114.42

C23 106.37 113.12

C44 67.20 68.88

C55 106.94 76.02

C66 105.41 53.63

B0
elastic 139.24 147.63

B0
parabolic 140.58 153.41

B0
Birch 140.94 154.62

FIG. 5. �Color online� �a� Valance electron charge density
�electrons/Å3� contours in the �001� plane for �a� a NiGe unit cell
and �b� a Ni unit cell.
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crystals are constrained by the following conditions:27

C11 � 0,C22 � 0,C33 � 0,C44 � 0,C55 � 0,C66 � 0,

�C11 + C22 − 2C12� � 0,

�C11 + C33 − 2C13� � 0,

�C22 + C33 − 2C23� � 0,

�C11 + C22 + C33 + 2C12 + 2C13 + 2C23� � 0, and

1/3�C12 + C13 + C23� � B � 1/3�C11 + C22 + C33� .

For orthorhombic NiGe and PtGe bulk modulus is first
calculated as B0=1/9�C11+C22+C33+2C12+2C13+2C23�.27

As evident from Table IV, the calculated elastic constants of
NiGe and PtGe do obey conditions of mechanical stability.
The rather poor agreement �relative to the fcc crystals� be-
tween the PtGe bulk modulus calculated from the elastic
constants and the two bulk moduli calculated assuming hy-
drostatic pressure is undoubtedly due to the inner displace-
ments of the atoms, and the need to equilibrate the stresses.
That the agreement for NiGe is good may be fortuitous.

IV. SURFACE ENERGY AND RECONSTRUCTION OF
NiGe AND PtGe

We calculate surface energies for �100�, �010�, �001�,
�011�, �101�, �111�, �120�, �121�, �211�, and �021� orienta-
tions of bulk NiGe and PtGe for different surface stoichiom-
etries. To simulate the surfaces, we used supercells in slab
geometry of thickness 14–20 Å �10–17 layers in addition to

vacuum layers�. For example, to simulate the NiGe �001�
surface, we use eight layers of vacuum over eleven layers of
NiGe �001� �shown in Fig. 6�. The smallest �001�-oriented
slab contains 44 atoms; the largest �121�-oriented slab con-
tains 63 atoms. Symmetric slabs based on �1�1� surface
cells for each termination are used �the lateral lattice constant
is fixed to that derived from the calculated bulk value�. For
the Brillouin zone integration, we use a moderate 4�4�1
Monkhorst–Pack18 mesh, due to relatively large cell sizes. To
check the convergence we perform calculations with �6�6
�1� and �8�8�1� grids and find the energy changes are of
the order of 10−4 eV/atom. Each supercell is relaxed until
the forces on each atom reach 0.02 eV/Å or less.

Now we describe the nature of reconstruction of the NiGe
�001�-1�1 surface. The NiGe �001� surface has a rectangu-
lar surface unit cell of dimensions 5.84 Å by 5.36 Å. There
are two Ge and two Ni atoms in the surface. The unrecon-
structed surface can be described as zigzag NiGe chains run-
ning along the shorter cell edge �see Fig. 7�. We define the
rumpling parameter �ri as in Ref. 24,

�ri = �Zi
Ni − Zi

Ge�/do,

where ZNi and ZGe are the z coordinates of the Ni and Ge
atoms in the ith layer and d0 is the bulk interlayer distance
�Fig. 8�. We also define the interplanar relaxation parameter
�rij as

TABLE V. Surface rumpling and interplanar relaxation in per-
cent for the NiGe �001� surface. The rumpling parameter �ri is
defined as �ri= �Zi

Ni−Zi
Ge� /do, where ZNi and ZGe are the z coordi-

nates of the Ni and Ge atoms in the ith layer and d0 is the bulk
interlayer distance �Fig. 8�a��. The interplanar relaxation parameter
�rij is defined as �rij = �Zi−Zj� /da, where Zi and Zj are the z coor-
dinates of the ith and jth layer and d0 is the bulk interlayer distance.
Zi is calculated by averaging the z coordinates of the Ni and Ge
atoms.

�r1 �r2 �r3 �r4 �r12 �r23 �r34 �r45

Calc. −9.8 2.0 −2.9 0.7 −4.8 0.6 0.0 0.0

FIG. 6. �Color online� The simulation cell for the �001�-oriented
NiGe �PtGe� surface slab. Larger light balls are Ge atoms, and
smaller dark balls are Ni �Pt� atoms.

FIG. 7. �Color online� Top view of the unreconstructed
NiGe �001� surface. Blue and yellow balls are Ni and Ge atoms,
respectively.

FIG. 8. NiGe �001� surface �side view�.
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�rij = �Zi − Zj�/da,

where Zi and Zj are the z coordinates of the ith and jth layer
and da is the bulk interlayer distance. Zi is calculated by
averaging the z coordinate of the Ni �Pt� and Ge atoms. The
interplanar distance in the bulk NiGe is 1.75 Å. The results
for surface rumpling and interplanar relaxation are presented
in Table V. In addition, we observe relatively small in-plane

atomic displacements in the first two surface layers. The Ni
and Ge atoms on the first surface layer are displaced by
0.01 Å and 0.11 Å, respectively. We did not consider the
possibility of a more complex surface relaxation in a larger
surface cell.

We have also studied the reconstruction of the
germanium-terminated NiGe �101�-1�1 surface. As cut, the
NiGe �101�-Ge terminated surface has two germanium at-

FIG. 9. �Color online� �a� Side view of the unreconstructed Ge-terminated NiGe �101� surface. Yellow and blue balls are Ge and Ni
atoms, respectively. The top layer Ge atoms are twofold coordinated, and Ge-Ge distance is 3.47 Å. The structure is vaguely reminiscent of
the Ge �001� unreconstructed surface �Ge-Ge separation is the second-nearest-neighbor distance of 3.99 Å�. �b� Side view of the recon-
structed Ge-terminated NiGe �101� surface. Yellow and blue balls are Ge and Ni atoms, respectively. The bonds formed in the surface layer
are indicated with balls and sticks, while the rest of the slab is rendered with a wireframe. Top Ge atoms in the surface layer are fourfold
coordinated with one bridging dimer bond in the surface plane one bond to the lower Ge and two back bonds to Ni atoms in the subsurface
layer. The lower Ge atoms are fivefold coordinated; in addition to Ge-Ge bond with the top Ge, they form four back-bonds to subsurface Ni
atoms. �c� Top view of the unreconstructed Ge-terminated NiGe �101� surface. Larger balls represent Ge atoms in the topmost layer, and
smaller balls represent Ge atoms that lie in the plane 0.97 Å below. Two surface unit cells are shown, the lattice constants are b=5.36 Å,
d=6.81 Å. There are no bonds between Ge atoms before the relaxation. The arrows indicate the movement of the atoms during relaxation.
�d� Top view of the reconstructed Ge-terminated NiGe �101� surface. Larger balls represent Ge atoms in the topmost layer, and smaller balls
represent those in the plane 0.87 Å below. Two surface unit cells are shown for clarity. The surface Ge-Ge bonds are indicated with thick
black lines. Top Ge atoms form a 2.74 Å dimer bond with each other, and one similar and one shorter bond to lower plane surface Ge atoms,
as well as two back-bonds to Ni atoms below. �e� Valance electron charge density �electrons/Å3� contours at NiGe�101�−1�1 �Ge-
terminated� reconstructed surface. The surface cell is �b ,d�, with d being equal to �a2+c2. The dimer Ge-Ge bond is clearly seen between
two marked top Ge atoms, and a back-bond to the lower Ge atoms can also be seen.
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oms at the top layer and two Ge atoms at the layer 0.97 Å
below it �see Fig. 9�a��. Due to the strong covalent character
of Ni-Ge bonds it is not unreasonable to describe the top-
layer Ge atoms as having two “bonds” to Ni atoms in the
subsurface layer and the lower-layer ones as having four �the
bond length is �2.46 Å�. The geometry in the top layer is
vaguely reminiscent of an as-cut Ge �001� �1�1� surface,
which, as is well known, is unstable with respect to a
�2�1� reconstruction caused by dimerization. As apparent
from Figs. 9�b�–9�e�, topmost germanium atoms at the NiGe
�101� surface also tend to dimerize. This is rather interesting
since dimerization �or any significant surface relaxation� is
not very common for metallic surfaces with the notable ex-
ception of Au. Note that the cell remains �1�1�. The sepa-
ration between top Ge atoms is decreased from 3.28 Å to
2.71 Å, suggesting formation of a dimer upon reconstruction
�see Fig. 9�b��. Overall, however, the reconstruction is more
complicated and can be described as follows. In Fig. 9�c� we
show the rhombus formed by four unreconstructed surface
Ge atoms; note that there are no Ge-Ge bonds. Upon recon-
struction, two top Ge atoms bond with each other, and also
with two lower Ge atoms �see Fig. 9�d��. As can be seen
from Fig. 9�e� the surface Ge-Ge bonds are covalent. In ad-
dition, Ge atoms form back bonds to Ni in the subsurface
layer ranging from 2.45 to 2.79 Å in length. Furthermore, the
energy gained in this unusual reconstruction process is
1.70 eV or 0.85 eV per surface, which is significant, and

about 50% of the cohesive energy of bulk Ge per covalent
bond. The results for surface rumpling and interplanar relax-
ation are presented in Table VI. Importantly, this surface is
also the lowest energy surface of orthorhombic NiGe.

The surface energy of a NiGe or PtGe surface is estimated
using the Gibbs free energy approach.29,30 We have previ-
ously used this method to evaluate surface energy of PtSi and
refer the reader to that paper for more details.24 For example,
the surface free energy of NiGe is given by

E = 1
2 �ESlab − NGeEGe − NNiENi + NGeEform + �Ni�NGe − NNi� ,

where ESlab is the total energy of the supercell, and EGe and
ENi are the energies per atom of bulk Ge and Ni, respectively.
NGe �NNi� and �Ge ��Ni� are the number of Ge �Ni� atoms
and Ge �Ni� chemical potential, respectively. Chemical po-
tentials of Ni and Ge are taken with respect to the bulk
phases and the surface is assumed to be in equilibrium with
bulk NiGe �thus, �Ge and �Ni are related by the equilibrium
condition: �Ge+�Ni=−Eform�NiGe��. The energy is given per
unit surface cell, and a factor of 1 /2 is inserted to account for
two surfaces in the supercell.

The surface energies of different NiGe and PtGe surfaces
are tabulated in Table VII and VIII, respectively. In Figs.
10�a� and 10�b�, we show surface energies of different NiGe
and PtGe terminations as a function of the Ni or Pt chemical
potential. The zero value of the chemical potential corre-
sponds to metal �Ni or Pt� rich conditions; beyond that point
metallic Ni �Pt� will start forming on the surface. The range

TABLE VI. Surface rumpling and interplanar relaxation in percent for the NiGe �101� surface. Subscripts
1, 2, 5, and 6 correspond to Ge layers, while subscripts 3, 4, and 7 correspond to Ni layers.

�r1 �r2 �r3 �r4 �r5 �r6 �r7 �r12 �r23 �r34 �r45 �r56 �r67

Calc. 14 1.3 11.7 10.2 4.8 3.7 0.3 −4.1 7.7 −46.4 14.2 −2.6 4.4

TABLE VII. Surface energies and work functions for different
NiGe surface orientations. Superscripts g and n refer to the Ge- and
Ni-terminated surfaces.

Surface Surface Energy �erg/cm2�
Work Function

�eV�

NiGe�100�n 1879.03−426.22 �Ni 4.31

NiGe�100�g 1505.90+426.22 �Ni 4.53

NiGe�010�n 1828.33−000.00 �Ni 4.37

NiGe�110�n 1460.20+000.00 �Ni 4.51

NiGe�110�g 1310.63+000.00 �Ni 4.76

NiGe�001� 1401.08−000.00 �Ni 4.57

NiGe�120�n 1598.74−177.78 �Ni 4.64

NiGe�120�g 1630.74+177.78 �Ni 4.57

NiGe�211�n 1419.26−150.91 �Ni 4.55

NiGe�211�g 1300.27+150.91 �Ni 4.55

NiGe�021�n 1424.50−000.00 �Ni 4.65

NiGe�101�n 1975.93−875.77 �Ni 4.39

NiGe�101�g 1504.37+875.77 �Ni 4.58

Ni�111� 5.09, 5.35a

aExperimental value of Ref. 36.

TABLE VIII. Surface energies and work functions for different
PtGe surface orientations. Superscripts g and p refer to the Ge- and
Pt-terminated surfaces.

Surface Surface energy �erg/cm2�
Work Function

�eV�

PtGe�100�p 1338.87−365.31 �Pt 4.95

PtGe�110�p 1112.11+000.00 �Pt 4.88

PtGe�001� 1110.09−000.00 �Pt 4.83

PtGe�010�p 1121.33−345.95 �Pt 5.01

PtGe�111�p 1172.86−166.64 �Pt 4.88

PtGe�120�p 1143.16−156.33 �Pt 4.93

PtGe�021�p 1102.70−000.00 �Pt 4.97

PtGe�101�p 1268.19−380.30 �Pt 4.91

PtGe�101�g 1398.32+380.30 �Pt 4.58

PtGe�110�g 1015.69+000.00 �Pt 4.87

PtGe�100�g 1387.50+365.30 �Pt 4.59

Pt�111� 5.70, 5.70b

bExperimental value of Ref. 37.
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is bound by the NiGe formation energy; Ge would start
forming on the surface should this value be exceeded. Not
surprisingly, as can be seen from Fig. 10�a�, the germanium-
terminated �101� surface remains most stable under most
growth conditions while the germanium-terminated �211�
surface becoming the most stable under extremely Ni-rich
conditions. We also notice that under Ge-rich conditions,
while �101� is still the lowest energy surface, several termi-
nations such as germanium-terminated �110�, �211�, and
�100�, nickel-terminated �211�, and stoichiometric �001� and
�021� are very close in energy, and are only 200 erg/cm2

higher than Ge-terminated �101�. Overall, the Ni-rich termi-
nation is less stable than the stoichiometric termination,
which in turn is less stable than the Ge-rich one throughout
the thermodynamically accessible range.

In the case of PtGe, the germanium-terminated �101� ori-
entation appears to be most stable under most of the growth
conditions, while Ge- and Pt-terminated �110� surfaces be-

come more stable when growth conditions are Pt-rich
�Fig. 10�b��. Under Ge-rich conditions �when germanide for-
mation presumably takes place�, the next stable surface is
Ge- and Pt-terminated �110�. Again, the general trend is that
the Ge-terminated surface is most stable, followed by the
stoichiometrically terminated and finally, metal-terminated
surface.

V. WORK FUNCTION AT DIFFERENT NiGe AND PtGe
SURFACES

The work function �m at a metal surface is defined as
energy needed to remove an electron from the bulk to the
vacuum just outside the metal.31 It is generally known that
the work function changes with the orientation of the metal
surface by amounts ranging from 1/10 to 1 eV. This aniso-
tropy is generally attributed to the redistribution of the
charge density at the surface, resulting in a different dipole
barrier. As was first suggested by Smoluchowski,32 there are
two competing effects on the dipole layer which tend to raise
and lower the magnitude of the work function. The first ef-
fect is the charge spilling out at the surface, resulting in the
formation of a negative dipole layer �dipole pointing inward
to the surface�, which increases the work function. The sec-
ond effect is the tendency to smooth out the surface, result-
ing in the formation of a positive dipole layer, which tends to
lower the work function. Since these two effects are compa-
rable in magnitude, the net surface dipole magnitude can
only be determined numerically. Within the DFT-GGA for-
malism, the work function can be readily calculated in slab
geometry as �m=EVac−EFermi. Here EVac and EFermi are the
vacuum energy and the Fermi level. The vacuum energy EVac
is estimated by the value of the total electrostatic potential in
the vacuum region separating periodic images of the slab.
The use of the electrostatic component only is justified since
the exchange potential can be ignored in the middle of the
vacuum region where its true value is zero.

We calculate work functions for different surface orienta-
tions and terminations of NiGe and PtGe surfaces �listed in
Tables V and VI� using the value of the planar average of the

FIG. 10. �a� Surface energies of NiGe surfaces as a function of
Ni chemical potential. Surfaces with superscript n refer to Ni-
terminated surfaces while surfaces with superscript g refer to Ge-
terminated surfaces. Surfaces without any superscripts are stoichio-
metric. �b� Surface energies of PtGe surfaces as a function of Pt
chemical potential. Surfaces with superscript “p” refer to Pt-
terminated surfaces, while surfaces with superscript g refer to Ge-
terminated surfaces. Surfaces without any superscripts are
stoichiometric.

FIG. 11. The planar averaged Coulombic potential and work
function of the NiGe �001� surface. Z is the direction normal to the
�001� surface.
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total electrostatic potential at the middle of the vacuum re-
gion as EVac, as shown in Fig. 11. For example, the calcu-
lated vacuum energy and Fermi energy for the NiGe �001�
surface are 6.22 eV and 1.64 eV, giving the work function of
4.57 eV. The highest �m value of 4.76 eV for NiGe is found
for the Ge-terminated �110� surface and the lowest of
4.31 eV for the �100� Ni-terminated surface �it has the high-
est surface energy of all terminations considered�; they differ
by almost 0.45 eV. Surprisingly, the stoichiometry of the ter-
mination �Ge- vs Ni-rich� does not show a systematic effect
on the work function. The lowest energy NiGe surface Ge-
terminated �101� has a work function of 4.58 eV. We find
that under the process relevant Ge-rich conditions, three low-
est energy terminations, Ge-rich �101�, �211�, and �100�,
have practically identical work function of about 4.55 eV.

For PtGe the highest �m value of 5.01 eV is found for the
�010� metal-rich surface and the lowest of 4.58 eV for the
Ge-terminated �101� surface, which differ by 0.43 eV. The
Ge-terminated surfaces all have lower work functions than
the Pt-terminated ones. Also, the values for the metal-
terminated PtGe surfaces are distributed over a narrow
0.07 eV range around the average value of 4.94 eV. How-
ever, since the germanide growth takes place under Ge-rich
conditions, we expect a lower value of 4.6 eV will be re-
ported. Unfortunately, we know of no experimental data for
NiGe and PtGe work functions. To gauge the reliability of
our calculated results we calculate the work function of the
Ni �111� and Pt �111� surfaces and obtained �m=5.09 eV
and �m=5.70 eV. The experimental values reported in the

literature for these surfaces are 5.35 eV36 and 5.70 eV,37 re-
spectively.

VI. CONCLUSION

With the aid of density functional theory, we have studied
the electronic structure of NiGe and PtGe, calculating work
functions and surface energies for various surface termina-
tions. Ge-terminated surfaces are found to have lowest sur-
face energies, closely followed by the stoichiometrically ter-
minated surfaces, while metal-rich terminations have much
higher energy. We find that the work functions of NiGe and
PtGe vary by as much as 0.45 eV and 0.43 eV, respectively,
depending on the orientation. However, under Ge-rich con-
ditions the lowest energy surface terminations would result
in the same work function of about 4.6 eV for both ger-
manides, regardless of orientation. For the Ge-rich �101� ter-
mination we identify a surface reconstruction unusual for
metals, which results in the formation of Ge dimers akin to
those observed on the �100� surface of Ge. The dimer bond-
ing appears to be partially covalent. This reconstruction pro-
duces the lowest energy surface.
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