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Density-functional calculations are performed to explore the relationship between the work
function and Young’s modulus of RhSi, and to estimate the p-Schottky-barrier height (SBH) at the
Si/RhSi(010) interface. It is shown that the Young’s modulus and the workfunction of RhSi
satisfy the generic sextic relation, proposed recently for elemental metals. The calculated p-SBH at
the Si/RhSi interface is found to differ only by 0.04eV in opposite limits, viz., no-pinning and
strong pinning. We find that the p-SBH is reduced as much as by 0.28 eV due to vacancies at the
interface. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4761994]

. INTRODUCTION

Metal silicides are used in silicon based semiconductor
devices to form Ohmic contacts and gate electrode due to
their low resistance to silicon and excellent compatibility
with silicon process technology. In fact they have played an
important part in the rapid development of microelec-
tronics.' ™ In recent years, silicides of platinum and rhodium
have been found promising for application as contact materi-
als in nanoscale complementary metal-oxide semiconductor
(CMOS) devices due to their low Schottky barrier to p-type
silicon.>” The silicides of platinum have also been success-
fully used to develop Schottky-barrier photodiodes (SBD)
and detectors. For instance, PtSi/n-Si junction based photo-
diode are used in infrared (IR) imaging system and multi-
wavelength pyrometry.® However, these photodiodes carry
drawbacks primarily due to suppressed quantum yield by
non-radiative photon absorption and increased dark current
at increased wavelength.” The problems encountered with
PtSi/n-Si junction based photodiode can be addressed if
RhS:i is considered in place of PtSi.” Besides applications in
SBD, the junctions of RhSi with n- and p-Si have been
employed in low power bipolar transistor circuits containing
high and low barrier heights.'® The RhSi is further promising
in various nanotechnology applications because of its
extremely high corrosion resistance and low cost pro-
cess.”''7'° Although RhSi has been investigated experimen-
tally, very few preliminary theoretical studies of it have been
reported. We have recently reported ab-initio electronic
structure and elastic anisotropy properties of RhSi.'” In this
article, we present an ab-initio study of RhSi work functions,
Schottky barrier to silicon and their dependence on surface
terminations and interface structure respectively, within the
framework of density functional theory (DFT).'® In addition,
we also correlate elastic (Young’s) modulus with the work
function of RhSi and compare the result with a recently
reported generic relation for elemental metals.
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Il. CALCULATION METHODOLOGY

DFT calculations are performed within the Perdew-
Burke-Ernzerhoff (PBE)!” form of generalized gradient
approximation as implemented in the VASP package.”® The
electron-ion interactions are approximated by the projected
augmented wave (PAW).>*! We used a standard plane wave
basis set with a kinetic energy cutoff of 350 eV. The surfaces
are simulated using supercells in slab geometry of thickness
31.0A (10 layers on top of 10 vacuum layers). We use sym-
metric slabs based on (1 x 1) surface cells for each termina-
tion and keep lateral lattice constant fixed to that derived
from the calculated bulk value. The SBH calculations are
done by using supercells composed of twenty one layers
of (010)-oriented Si on top of thirteen layers of RhSi(010).
For the Brillouin zone integration, a 10 x 1 x 10 Monkhorst-
Pack mesh is used and each supercell is relaxed until the
forces on each atom is reduced to 0.02 eV/A or less.

lll. CRYSTAL AND ELECTRONIC STRUCTURE

Orthorhombic RhSi belongs to Pnma space group crys-
tallizing in the MnP-type structure.”” The primitive unit cell
consists four Rh and four Si atoms. The theoretical lattice
constants and internal in-plane parameters are within 1-2%
of the reported experimental values typical of DFT calcula-
tions.!” As discussed in Ref. 17, the states at the Fermi
energy in RhSi are derived primarily from the 44 orbitals of
Rh atoms. The density of states (DOS) of RhSi at the Fermi
level is three times lower than that of bulk Rh, resulting in
poor metallic behavior of RhSi. The bonding in RhSi is
mixed covalent-metallic type due to hybridization between
Rh-4d and Si-3p orbitals resulting in the formation of three-
center (Rh-Si-Rh) directional bonds."”

IV. SURFACE ENERGIES AND WORK FUNCTIONS

We calculate work functions and surface energies of
stoichiometric and nonstoichiometric (010) surfaces of RhSi.
The stoichiometric (010) surface is chosen because of its low
surface energy as explained below. The nonstoichiometric
surfaces are simulated by creating Rh and Si surface

© 2012 American Institute of Physics
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FIG. 1. (a) Top view of the(1 x 1) surface
. . unit cell of RhSi(010) surface as indicated

by bold lines. (b) Top view of the(l x 1)
surface unit cell of Si (010) surface as indi-
cated by bold lines. (c) Side view of the
atomic structure of RhSi/Si(010) supercell.
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vacancies. As can be seen in Fig. 1(a), there are two Rh and
two Si atoms per surface unit cell. The surface energy of a
RhSi surface is estimated using the Gibbs free energy
approach? and is given by

1

E= 24 (Esiap — NsiEsi — NgnEgn — Nsits; — Nratigy). (1)

Here, the energy is given per unit surface cell. Eg,, is the
total energy of the supercell, while Eg;, and Ey;, are the ener-
gies per atom of bulk Si and Rh, respectively. Ng; and Ny,
are the number of Si and Rh atoms respectively, whereas pg;
and up, are the Si and Rh chemical potential. The introduc-
tion of appropriate chemical potentials in the free energy
allows us to study the relative stability of surface with differ-
ent terminations and with surface defects. In equilibrium, the
chemical potentials ug; and pp, are related by the condition:

tsi + Mgy = —2(AHf), ()

where 2(AH)) is the formation energy per formula unit of
bulk RhSi. The chemical potentials are measured with
respect to their bulk phases (u®""*=0). Thus, the surface
energy can be written as follows:

1
E = 3 (Esmh — NsiEsi — NraEgp + Nsi(2AHy)

+ Ly (Ns; _NRh))- 3)

The rhodium chemical potential g, in Eq. (2) is re-
stricted to the energy range bounded by its bulk value
(uB4k = 0) and RhSi formation energy (—=2AHj). In Fig. 2,
we show surface energies of stoichiometric (010) surface
and that with Rh and Si vacancies as a function of the Rh

chemical potential. The zero value of the chemical potential
corresponds to Rh rich conditions, beyond that point metallic
Rh will start forming on the surface. The range is bounded
by the RhSi formation energy, beyond which Si would start
forming on the surface. As can be seen from Fig. 2, under
Rh-rich condition surface energy of stoichiometric (010)
surface is lowest (~1720erg/cm”). The surface energy
of this termination remains lowest for ug, ranging from 0
to —1.2eV. However, under Si-rich conditions, the (010)
surface with two Rh atoms vacancies, exhibits lowest surface
energy. This surface has only two Si atoms per surface unit
cell and hence completely Si terminated.
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FIG. 2. Surface energies of RhSi(010) surface (a) vacancy-free stoichiomet-
ric (0V), (b) one Rh atom vacancy (1 V_Rh), (c) two Rh atoms vacancy
(2 V_Rh), (d) one Si atom vacancy (1 V_Si), (e) two Si atoms (2 V_Si), (f)
one Rh-Si pair vacancy (2 V_Rh-Si).
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TABLE I. Areal density (p,4) of vacancies at RhSi(010) surface, work func-
tion (W.F) of RhSi(010) surface with vacancies, and p-SBH at Si/RhSi(010)
interface with vacancies. Number of vacancies per surface unit cell is indi-
cated by the number preceding the letter “V.”

Vacancy ov 1V_.Rh 2V_Rh 1V_Si 2V_Si 2V_Rh-Si
pa (10%cm? 0.0 3.33 6.66 3.33 6.66 6.66
W.F (eV) 478 458 4.59 463 432 458
p-SBH (V) 041 024 0.13 040  0.16 0.28

Next, we calculate the work function in slab geometry
as @,, = Evae — Epermi- Here Ey,. and Eg,,,,; are the vacuum
energy and the Fermi level. The vacuum energy Ey,,.. is esti-
mated by the value of the total electrostatic potential in the
vacuum region separating periodic images of the slab. The
work function is known to change with the orientation of the
metal surface by amounts ranging from 0.1 to 1eV. The ani-
sotropy is generally attributed to the redistribution of the
charge density at the surface, resulting in a different dipole
barrier. To assess the accuracy of our calculations, we first
calculate the work function of the Rh(001) surface. The cal-
culated value of 5.02¢eV is in good agreement with the ex-
perimental value of 4.98eV.** Thus we believe the overall
accuracy is less a tenth of eV. Table I shows the work func-
tions of various (010) terminations due to vacancies men-
tioned in the previous section. The work function of clean
stoichiometric (010) surface is found to be 4.78 eV and it is
lowered by as much as 0.4eV due to the surface vacancy.
The lowest work function value is found for (010) surface
with two Si atoms vacancies, although this surface has rela-
tively high surface energy (see Fig. 2). For all other surfaces
listed in Table I, the work function is lowered by less than
0.2 eV due to vacancies. The work function for (010) surface
with single Rh atom vacancy (has lowest surface energy
under Si-rich conditions) is found to be 4.58 ¢V. The rela-
tively small fluctuation in workfunction indeed shows that
RhSi remains promising for device applications.

V. RELATION BETWEEN THE YOUNG’S MODULUS
AND WORK FUNCTION

Recently, a generic relation between work function and
the Young’s modulus of the polycrystalline metal was pro-
posed by Hua et al.*® Here, we test the validity of this rela-
tion with our results in case of RhSi. As shown in Ref. 25,
the relation between the Young’s modulus (£) and the work
function (¢) is given as

6. 1056, 9

_ B 10T We” 16?6:13 e @° o ag®, )
where o is the Madelung constant, / is Planck’s constant, ¢ is
vacuum permittivity, m is the mass of electron, and e is the ele-
mentary charge. The Young’s modulus is directly proportional
to the product of Madelung constant and the sixth power of the
metal work function. The Young’s modulus (£) and the work
function (¢) of most of the metals satisfy the relation,”

6
Emetal = dmetal X (rbmetaI? (5)
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where @01 18 0.02233 and E,,..; and ¢,,..; are given in
GPa and eV, respectively. As reported by us recently,'” the
calculated Young’s modulus (E) of RhSi is 254.7 GPa. Tak-
ing workfunction for stoichiometric (010) termination as
478 eV, the calculated value of ag,s; comes out to be
0.0214, in very good agreement with a,,.. It should be
noted that generic relation between E and ¢ of elemental
metals as given in Eq. (5) may not be generic in case of
metal silicides because of relatively more complex nature of
electronic structure and atomic bonding in silicides.

VI. SCHOTTKY BARRIER HEIGHT

Next, we calculate p-type Schottky-barrier height (SBH)
at the Si/RhSi(010) interface. The p-SBH at the metal-
semiconductor (M-S) interface is given as the difference
between the valence band edge and the Fermi level in the
semiconductor band gap. For most metals and semiconduc-
tors, the SBH at the M-S interface is known to lie between
the no-pinning (Schottky) limit*® and the strong-pinning
(Bardeen) limit.”” In the no-pinning limit, the SBH varies
linearly with the metal work function. On the other hand, in
the strong-pinning limit, the SBH does not depend on the
metal work function. However, experimentally the SBH
shows a weak dependence on the metal work function.?®
This insensitivity of the SBH to the metal work function has
often been described as Fermi level pinning in the litera-
ture.?’ In the no-pinning limit, the p-SBH is calculated as the
difference between the sum of semiconductor band gap (E,)
and electron affinity (y), and metal workfunction (¢,,). The
calculated values of the work function of RhSi(010) surface
and Si electron affinity plus band gap (y + E,) are 4.78eV
and 5.10eV. We estimate y + E, for Si as the difference
between vacuum level and top of the valence band of
Si(010)-2 x 2 reconstructed surface. With these values, the
p-type barrier at the RhSi/Si(010) interface is 0.32eV in the
no-pinning limit. In the strong-pinning limit, the Fermi level
is assumed to be pinned at the charge neutrality level (¢coy;)-
The charge neutrality level of surface states is defined as the
position of the Fermi level which renders the semiconductor
surface neutral. At M-S interface, the Fermi level pinning is
suggested to be primarily due to metal-induced-gap-states
(MIGS).*® The ¢y, in the semiconductor can be identified
as the level above which MIGS are empty for a neutral sur-
face®' and can be calculated as the branch point of the com-
plex band structure of the semiconductor. For the Si, it is
calculated to be 0.36eV above the valence band edge.’'
Thus, in the strong-pinning limit, the p-SBH at the Si/RhSi
interface would be 0.36 eV. It is remarkable that unlike other
metal silicides, the values of p-SBH of RhSi in two extreme
limits (strong and no-pinning) do not show any significant
difference. Nevertheless, a more reasonable estimate of p-
SBH at the M-S interface can be obtained from the following
MIGS model,?® which basically interpolates between strong-
pinning and no-pinning limits in a linear fashion

¢y = @cne — S(Pm — 1 — Eg + @cnr)- (6)

Here, ¢¢cyps ¢ 1> and E, are the charge neutrality level
(above valence band edge), metal work function, electron
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affinity and valence band gap of the semiconductor. S is an
empirical pinning parameter that describes the screening by
the interfacial states and is characteristic of the semiconduc-
tor. Empirically S is given by>>

1

s 14+ 0.1(e — 1)* @

where ¢, is the high frequency limit of the dielectric
constant of the semiconductor. The strong-pinning and no-
pinning limits correspond to S=0 and S =1, respectively.
With ¢, for Si equal to 11.7, the S factor comes out to be
0.08. The electron affinity of Si is 3.97 eV (obtained by add-
ing the measured energy gap to our calculated valence band
maximum). From these values, the estimated p-SBH at the
Si/RhSi interface comes out to be 0.35eV, close to the
strong-pinning limit. This is expected as the Fermi level at
the Si surface is strongly pinned. Experimentally, the p-SBH
at Si/RhSi interface is 0.33eV.” The estimates of p-SBH
at RhSi/Si in strong and no-pinning limits as well as from
MIGS interpolation are in very good agreement with the
experimental value. Though useful to obtain quick estimates,
there are number of limitations with the semiempirical
models, as described in detail in Refs. 29 and 33. Generally,
semiempirical models are unable to describe the dependence
of the SBH on the interface structure. On the other hand, ab-
initio calculations properly take into account the interface
bonding and, thus, properly describe the dependence of the
SBH on the interface atomic structure. We perform first-
principles calculations of the p-SBH at Si/RhSi interface by
using a supercell composed of twenty one layers of (010)-
oriented Si on top of thirteen layers of RhSi(010) in a
pseudo-epitaxial arrangement (see Fig. 1(c)). We set the in-
plane lattice constants of the Si/RhSi supercell to bulk Si lat-
tice constant value since the assumed substrate is Si and the
film grown on it is RhSi. The resulting compressive strain in
the RhSi film is accommodated by elongation along the
growth direction. The lattice constant b in the direction nor-
mal to the interface and all the internal degrees of freedom
are optimized by minimizing the energy of the supercell. We
consider this calculation as only an estimate due to high
strain in RhSi film. For a given structure of the interface, we
estimate the overall accuracy of the calculation to be on the
order of 0.1eV. However, we find that the work function of
strained RhSi(010) film is increased only by 0.05eV. Fur-
thermore using Eq. (3), the Si/RhSi(010) interface energy is
2024.7 erg/cm?. Since the interface energy is not too differ-
ent from the RhSi surface energy, the bonding at the inter-
face appears quite reasonable, and we expect the estimate of
SBH to be relevant. We calculated the SBH at the Si/RhSi
interface from the formula:

¢, = Er — (Vsi + Evau), (®)

where the Er, Eypy, and V; are the Fermi energy, valence
band edge position of Si and the macroscopic average poten-
tial of Si in Si/RhSi supercell. To obtain these quantities, we
first calculate the planar average of the electrostatic potential
across the supercell as shown in Fig. 3.>* The macroscopic
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FIG. 3. The average Coulomb potential (in eV) in RhSi/Si(010) supercell
along Z (slab axis).

average V; is calculated in the region away from the inter-
face where the character of Si electronic states is bulk-like.
From a separate calculation for bulk Si, we find that valence
band maximum in bulk Si with respect to macroscopic aver-
age potential (Eygy — Vi) is 5.52eV. In the supercell, the
Fermi energy and the average electrostatic potential in Si
region away from the interface are at 7.00eV and 1.07 eV,
respectively. Using the bulk reference to locate the valence
band top, we calculate the p-SBH of 0.41eV from Eq. (8).
Our ab-initio estimate of p-SBH is in reasonable agreement
with MIGS model estimate and the experimental value. The
p-SBH can also be inferred from the projected density
of states (PDOS) of the Si located in the bulk like region in
Si/RhSi(010) supercell. The top of the Si valence band is a
triple degenerate p-state at the Gamma (I") point. The density
of states projected on the p-orbital of Si atom located on
layers numbering one to eleven from the interface shows
that, into Si region of the supercell farthest from the inter-
face, the valence band maximum is located 0.43eV below
the Fermi energy (see Fig. 4). This gives p-SBH of 0.43eV
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FIG. 4. The partial density of states (PDOS) projected onto p-orbitals of Si
atom located on layers in Si region of the RhSi/Si supercell. The number
indicates the layer from the interface. The Fermi energy is indicated by the
dashed line. ¢, is the p-type Schottky-barrier height.
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FIG. 5. The PDOS projected onto p-orbitals of Si atom located on layers in
Si region of the RhSi/Si supercell with two Rh atom vacancies at the inter-
face. The shaded area is the PDOS in the RhSi/Si supercell without interface
vacancies (see Fig. 4). The number indicates the layer from the interface.
The Fermi energy is indicated by the dashed line.

in close agreement with estimates from the macroscopic
potential technique and the MIGS model.

To assess the influence of interface vacancies on the
Schottky-barrier, we calculate p-SBH at Si/RhSi interfaces
with different RhSi(010) surfaces listed in Table I. It can be
seen that the Rh or Si vacancies at the interface always tend to
lower the p-SBH. The p-SBH is reduced by approximately
0.17eV and 0.28 eV due to vacancies created by the removal
of one and two Rh atoms, respectively. As seen in Fig. 5, the
interface vacancies shifts the Fermi energy towards the va-
lence band edge of Si, thus reducing the p-SBH. The p-SBH
is lowered approximately by 0.01 eV and 0.25eV due to one
and two Si atom interface vacancies respectively. The reduc-
tion in p-SBH due to single Rh-Si pair vacancy at the interface
is ~0.13eV. These results show that SBH modulation in Si/
RhSi can be achieved by creating vacancies at the interface.

VIl. CONCLUSIONS

In summary, the calculated Young’s modulus and the
work function of RhSi are found to satisfy the generic sextic
relation between Young’s modulus and work functions of
elemental metals. The RhSi(010) work function varies by
less than 5% due to surface vacancies. The calculated p-SBH

J. Appl. Phys. 112, 093702 (2012)

at the Si/RhSi(010) interface in no-pinning and strong-
pinning limits are close to each other and differ by ~8%.
The ab-initio estimate of p-SBH is in reasonable agreement
with available experiments. The vacancies at the interface
are shown to lower the p-SBH value by as much as 0.28 eV.
These results are very exciting from scientific as well as
application point of view and we hope that our results will
stimulate further experiments in this field.
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