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Abstract—Interface morphology dependent Schottky Barrier
Height (SBH) and its modulation by substitutional dopants in
NiSi2/Si interface have been investigated using density functional
theory. An accurate band gap of Si was estimated by employing
meta-GGA exchange correlation functional. We show that the
SBH for electrons (in n-type semiconductor) is significantly
lower for (001) than (111) orientation of Si. These results are
in qualitative agreement with experimental results on interface
morphology dependent SBH. Also, we show that the SBH can be
significantly reduced by substitutional dopants near the NiSi./Si
interfaces. An optimization of the SBH through dopant location,
dopant type and orientation of Si is discussed.

I. INTRODUCTION

A reduction of the Schottky Barrier Height (SBH) (or
equivalently the reduction of contact resistivity) at the metal-
semiconductor (M-S) interfaces has become a key issue for
the next generation semiconductor technology development.
The source or drain contact resistance has become a dominant
component of parasitic resistance of MOSFET devices to
maintain high drive current [1]. It is known that the SBH is
determined by the metal Fermi-level (FL) pinning to the charge
neutrality level (CNL) of the interface states due to metal-
induced gap states (MIGS). These are a continuum of energy
states around FL that arise due to exponential decay of metal
wavefunction into the semiconductor [2], [3]. This simple
model of SBH, within the framework of CNL, has been widely
used due to its simplicity while leaving out specific details of
chemical bonding at the interface [3], [4]. However, in contrast
to this existing view, Tung et. al., suggested an intrinsic SB
formation mechanism based on the local interface-related elec-
tronic structure and the interface morphology dependent SBH
at the M-S interfaces. This mechanism has been corroborated
through various experimental studies [5]-[8]. Since then, a
variety of studies have been carried out to understand specific
details of atomistic structure of a M-S interfaces in order to find
a favorable interface morphology and composition to lower
the SBH. In addition to the interface morphology engineering,
dopant segregation or shallow implant technique at the M-
S interfaces has been proposed to reduce the SBH. These
techniques have shown improved electrical performances in
MOSFET devices [9]-[11]. While the SBH reduction effect by
dopant segregation and shallow implant techniques have been
phenomenological explained in many experimental studies,
the physical mechanisms responsible for the barrier height
modulation are yet to be clearly understood.

Density functional theory (DFT) is a powerful technique to
understand SB formation and the modulation of the SBH
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Fig. 1. Relaxed atomistic configurations of (a) NiSi2/Si(001) and (b)
NiSi2/Si(111) interfaces which are periodic along x-y plane and semi-infinite
along the z-direction with left and right electrodes represented by shaded
rectangular boxes. The vertical dotted lines indicate the interfaces.

through interface, composition, or doping engineering at the
M-S interfaces [8], [12]-[14]. The SBH for NiSis/Si has
has drawn particular interest because of its extensive use
in M-S contacts and also due to its well defined interface
structure [7], [12]-[14]. However, many of the previous DFT
studies on NiSi»/Si interfaces had a drawback of band gap
underestimation, with local density approximation (LDA) or
generalized gradient approximation (GGA) or limited to the
supercell slab model, with slab thicknesses smaller than the
depletion width and with moderate doping density.

In this paper, we have theoretically investigated the interface
orientation dependent SBH and its modulation at NiSi»/Si(001)
and NiSio/Si(111) interfaces by substitutional dopants us-
ing DFT with semi-infinite electrodes by applying open
boundary conditions as implemented in the Atomistix Toolkit
(ATK) [15], [16].

II. METHODOLOGY

The DFT calculations, in this paper, have been performed
using the Atomistix Toolkit(ATK) code with localized (nu-
meric atom centered) basis sets and norm conserving pseu-
dopotentials. We have used meta-GGA (MGGA) [17] for the
exchange correlation functional with calibrated ¢ = 1.0815
parameter to obtain an accurate band gap of silicon (Si)
(E4=1.12 eV). In order to get converged results, a cutoff
energy of 75 Hartree and Monkhorst-Pack k-point sampling
of 11x11x100 were used.

Figure 1 shows the simulated atomistic configurations of
intrinsic NiSi/(001)Si and NiSiy/(111)Si interfaces with semi-
infinite left and right electrodes with Neumann boundary con-
ditions. A atomic geometry optimization has been performed
using GGA for a computational efficiency and the Limited-
memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS) as im-
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Fig. 2. Contour plots of LDOS of intrinsic (a) NiSi2/(001)Si and (b)
NiSia/(111)Si where the interface between the NiSiz and Si is located at
2=0. SBH is extracted at z=21.6 A and z=18.4 A away from the interface for
(a) and (b), respectively, where the LDOS at the Fermi level becomes small
enough. Extracted SBHs for electrons and holes are denoted as ¢y, , and ¢y, p,
respectively.

plemented in ATK with the maximum force tolerance of 0.02
eV/A. The interlayer distance between NiSi, and Si layers was
also optimized to minimize total energy. Note that the length
of the Si region is larger than the depletion width (~404) in
the case of highly doped Si ( >5x10*°cm~3).

Once we have obtained the fully optimized geometry, we
calculate the local density of states (LDOS) to extract the
SBH at the interface. However, we would like to point out that
the SBH extraction from the LDOS may not be very accurate
because the barrier height is determined by arbitrary criteria
when reading the LDOS which would be discussed in more
details in the following section.

III. RESULTS AND DISCUSSIONS

Figure 2 shows the contour plots of LDOS for intrinsic
configurations as shown in Fig. 1 under zero bias condition. We
have determined the SBH for electrons (¢ ,,) and holes (¢y,;,)
at ~ 20 A away from the interface for both configurations
where the LDOS (or metal-induced-gap-states (MIGS) density)
at the FL (referenced to zero energy) becomes negligibly
small (i.e. LDOS(E=Er) <10~* in arbitrary unit). The MIGS
density can be seen more clearly in Fig. 3 (a) where the
LDOS is plotted as a function of energy at the interface
z=0. This MIGS density near the interface is attributed to the
valence electrons in d-orbital of Ni atom rather than Si as
shown in Fig. 3 (b) where the atom projected DOS (PDOS)
is plotted for Ni and Si atoms near the interface. However, as
mentioned above, the criteria (LDOS(E=Er) <10~%) for the
MIGS density is purely arbitrary because there is no certain
criteria or consensus on how much of the LDOS at FL would
be small ‘enough’ at which the SBH is extracted. Thus, we
have used the criteria 10~ so that the sum of the Ob.n and @y
becomes close to the bulk band gap of Si near the interface.
This is why we have extracted SBH at different z-coordinates
from the the interface between the ‘relaxed’ and ‘unrelaxed’
cases as shown in Fig. 3 (c) in which we have found that the
SBH is slightly modified after the geometry relaxation.

Even though there exists an inevitable ambiguity in the SBH
extraction using the LDOS, the extracted SBHs ¢; ,,=0.37 eV
(¢5,,=0.71 eV) and ¢ ,=0.64 eV (¢ ,=047 eV) for
NiSi,/Si(001) and NiSio/Si(111) interfaces respectively, agrees
surprisingly well with experiments by Tung et. al. as shown
in Refs [5], [6] in which they reported ¢ ,,=0.38~0.4 eV
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Fig. 3.  LDOS and PDOS for intrinsic NiSi2/(001)Si. (a) LDOS at the

interface (dotted line) and z=21.62A4 away from the interface (solid line).
(b) Atom projected DOS for Si (dotted line) and Ni (solid line) atoms near
the interface. (c) LDOS at 2=21.62A and 2=12.224 away from the interface
with (solid line) and without (dotted line) geometry relaxation, respectively.

Ni  Si Ni Si

Fig. 4. Various substitutional dopant sites as numbers near (a) NiSi2/(001)Si
and (b) NiSi2/(111)Si interfaces. The interface location is indicated by vertical
dashed line.

(£0.02 eV) and ¢ ,=0.68~0.73 eV (£0.02 eV) for uni-
form NiSi»/(001)Si and ¢y, ,,=0.65 eV (+0.01 eV) for type-
A NiSio/Si(111). This remarkably good agreement for both
n-type and p-type barrier heights with experiments can be
attributed to the MGGA exchange correlation functional with
well calibrated c-parameter to the bulk band gap of Si. Gao
et. al. also employed Heyd-Scuseria-Ernzerhof (HSE) screened
exchange hybrid functionals to overcome the band gap under-
estimation problem of LDA or GGA [14]. They demonstrated
the morphology and metallic property dependent SBH but the
reported SBH is ¢y,=0.52 eV for NiSip/(001)Si, which is
slightly larger than one from Tung’s experiment.

It should be noted that our calculated results strongly support
the interface morphology dependent SBH from experiments
which cannot be explained by CNL model as a bulk property
of semiconductors. Also note the SBH from an ideal Mott-
Schottky theorem (¢, = @pr — Xz = 5.03 eV —4.05 eV =
0.98 €V) is not valid and the significant deviation from the
ideal SBH to our results can be qualitativley explained by
the interface dipole moments. The formation of the interface
dipole can be seen in Fig. 5 (c) and (d) in which we show
the macroscopic average of the electron difference density,
n(z) = nscp(z) — Naom (2), where ngcp(z) is the total electron
density from our DFT calculations and nyom(z) is the sum
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Fig. 5. The effective local electrostatic potentials V'(z) in (a) and (b), and
the average electron difference density in (c) and (d), for NiSi2/(001)Si and
NiSia/(111)Si, respectively. In (a) and (b), the dashed line is the macroscopic
average of V(z).
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Fig. 6. ¢y n and ¢, modulation in (a) and (b) for NiSi2/(001)Si, and in

(c) and (d) for NiSi2/(111)Si, respectively, by substitutional As and B at site
numbers indicated in Fig. figd where the intrinsic ¢y ,, and ¢ ;, from Fig. 2
is referenced as dashed horizontal line.

of the atomic electron density. The macroscopic avarage of
n(z) is zero in the electrically unpolarized region while it
is non-zero when the electric dipole moment is present. It
clearly shows that the larger shift of the electrostatic potential
and consequently the larger modification of the SBH in the
NiSi2/(001)Si interface is due to the larger interface dipole
moment. As a results of the larger interface dipole in Fig. 5
(c) for NiSiy/(001)Si, the Fig. 5 (a) shows a steeper change
in the electrostatic ponteital, i.e. a stronger electric field when
compared to the NiSi2/(111)Si as shown in 5 (b).

Having discussed the interface morphology dependent SBH,
we study the SBH modulation by substitututional dopant seg-
regation. Figure 4 shows the substitutional dopant sites labeled
by numbers for (a) NiSi»/(001)Si and (b) NiSi/(111)Si. We
have replaced either Ni (at site (2)) or Si (at the rest of the sites
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Fig. 7. Relative shifts of electrostatic difference potential (square with
solid line) and ¢y, ,, (circle with dashed line) from the intrinsic case for the
NiSi2/(001)Si by the substitutitional As at sites number (1)~(10).

(1, 3-10)) by n-type (Arsenic) and p-type (Boron) dopants near
the NiSi; and Si interfaces which correspond to the doping
density of 5.95x10%° cm~3 for (001)Si and 7.14x10%° cm—3
for (111)Si. LDOS calculation for SBH extraction as well
as the interface geometry relaxation have been performed in
a same way as described above. Figure 6 show the n-type
and p-type SBH modulation by the substitutional As and B
atoms at the sites indicated in Fig. 4 for NiSi»/Si(001) and
NiSiy/Si(111), respectively. Note that the subsitutional sites
are extended up to 9.84 and 5.44 away from the interface of
NiSiy/Si(001) and NiSio/Si(111), respectively, which are far
enough distances compared to the depletion width of 1.37 nm
and 1.27 nm for the corresponding doping concentrations. As
clearly seen in Fig 6 (a) and (b) for NiSi»/(001)Si, the ¢y
by As substitution (or segregation) is reduced by ~35% at site
number 10 (9.84 away from the interface) and the ¢b7? by B
substitution is reduced by ~69% at site number 6 (2.7A away
from the interface). Interestingly, the ¢ ,, is increased when
the As dopant substitutes the Ni atom at site number 2 but the
reduced ¢y, ;, is seen when the Ni is replaced by the B dopant.
A similar trend is also observed for NiSio/(111)Si as shown
in Fig. 6 (c) and (d) in which we show ~56% and ~49%
reduction in ¢y, and ¢y, respectively, from the intrinsic
case. Note that the n-type SBH reduction by As substitution is
more significant with (111) Si while the p-type SBH reduction
by B substitution is more significant with (001) Si. In other
words, the SBH modulation by the substitutaional dopants also
depends on the interface orientation or morphology.

The reduction (or change) of the SBH by the dopant substi-
tution can be attributed to the modification of the electrostatic
potentials. We have compared the relative shifts of the SBH to
the shifts of the electrostatic potential from the intrinsic case
as shown in Fig. 7. We have calculated the plane averaged
electrostatic difference potential for the comparison which is
a solution of the Poisson’s equation for the electron difference
density n(z). As seen in Fig. 7, the shifts of the SBH matches
to the shifts of the electrostatic potentials which is due to
compensated intrinsic interface dipole moments by the As-
induced dipole as discussed in Ref. [13].

Also the induced image charge on the NiSis side due to the
excess valence electron by As substitution in Si side is partially
responsible to a reduction of ¢, [18]. The image force
barrier lowering for the n-type SBH from the semi-classical



electrostatics without atomistic details is given as [20],

1/4
¢*Np(Voi = V)

A¢b,n =q W ) (D
where the Np is the donor doping density in the semi-
conductor, €,=11.7¢y is the dielectric constant of the Si, V'
is the applied voltage to the contact which is assumed to
be very small (< 107°%), and ¢Vi; = ¢ — (E. — Erg) is
the surface potential where the position of the conduction
band FE. relative to the Fermi-level Frg is approximated as
shown in Ref. [19]. We have estimated the Ady, ., = 0.36 eV
and 0.42 eV for (001)Si and (111)Si, respecitvely, corre-
sponding to the doping densities above mentioned. Thus, the
SBH with the image force barrier lowering effect becomes
Gom(= Pbno — Agpn = 037 — 0.36) = 0.01 eV and
@pn = 0.22 eV for (001) Si and (111) Si, respecitvely, where
the ¢4 »o is the SBH from the intrinsic NiSi»/Si interfaces in
Fig 2. It is clear that the SBHs from the convetional image
force barrier lowering model deviate significantly (especially
for the (001) Si) from the dopant site dependent SBH as shown
in Fig. 6. Because it lacks the atomistic configuration details
and associated electronic structure near the interface as well
as the information on the dopant positions. So, our results
on the SBH reduction by substitutional dopants cannot be
fully explained only by the conventional image force barrier
lowering effect which is also pointed in Ref. [21]. Thus, the
SBH reduction with dopant subsitution should be viewed as
a results of the interplay between the compensated interface
dipole (due to charge transfer at the interface) and the induced
image-force barrier lowering.

IV. CONCLUSION

We have investigated the interface morphology dependent
SBH in the NiSiy/Si interfaces and its modulation by substi-
tutional dopants using DFT by employing MGGA exchange
correlation functional. The SBHs for both electrons and holes
were extracted by inspecting the LDOS for the given atomic
configuration at the interface. The results agree very well
with experiments even with inherent ambiguity in the LDOS
method. In addition, we have clearly shown the SBH with
(001) Si is significantly lower than (111) Si which strongly
supports the interface morphology dependent SBH from exper-
imental observations. Also, we have shown that the n-type and
p-type SBH can be significantly reduced for both NiSi»/(001)Si
and NiSia/(111)Si by As and B substitution, respectively,
becaused of the interplay between the compensated interface
dipole and the induced image forace barrier lowering.
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