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Abstract

Nanostructured TiN(001)/MgO(001)-4x4 and 5x5 su-
perlattices based on a repeated slab model have been in-
vestigated. Their electronic states of TiN dot/MgO(001)-
4x4 and 5x5 superlattices are obtained by using the total
energy pseudopotential method. All of them correspond
to semiconductor. Their electronic properties depend on
a shape of the TiN dot and a size of the MgO substrate.

1. Introduction

We have investigated TiN(001)/MgO(001)-1x1, 2x1, 2x2,
and 3x3 superlattices previously [1-3] in order to support an
experiment [4] of the TiN thin film on an MgO substrate us-
ing molecular beam epitaxy. We present TiN(001)
dot/MgO(001) as TiN dot/MgO hereafter. TiN dot struc-
tures (rectangular and rectangular parallelepiped) will be
mentioned in the next section. The electronic structures of the
rectangular TiN dot/MgO-2x2 and 3x3 superlattices are sem-
iconducting [3]. Other TiN/MgO superlattices correspond to
metallicity [1-3]. Nanostructured materials are focused on en-
hancing the thermoelectric properties [5-8]. Therefore, we
have calculated thermoelectric properties (Seebeck coeffi-
cients, thermal conductance, and figure of merit [ZT]) of
TiN/MgO-1x1 and 2x2 superlattices using Non-equilibrium
Green Function (NEGF) method [9-11].

In this study, the TiN dot structures on MgO-4x4 and 5x5
substrates are considered as shown in Fig. 1. The main pur-
pose of this study is to obtain structurally relaxed TiN
dot/MgO superlattices. Another important purpose is to ob-
tain their electronic properties as nanostructured TiN
dot/MgO superlattices. A nonmetallic state is more suitable
to enhance thermoelectric properties than a metallic state. It
is expected that small TiN dot structures on the large MgO
substrates as 4x4 and 5x5 will be nonmetallic and larger band
gap values.

2. Method of Calculations

The present calculation is based on local density approx-
imation (LDA) in density functional theory (DFT) [12,13]
with the Wigner [14] formula for the exchange-correlation.
The optimized pseudopotentials [15,16] are used for Ti, Mg,
N, and O, and their nonlocal parts are transformed to the
Kleinman-Bylander separable forms [17] without ghost
bands. A partial core correction [18] is considered for the Ti
and Mg pseudopotentials. The wave function is expanded in

plane waves and the cutoff energy is 36 Ry. The mesh sizes
of the sampling k-points in the whole Brillouin zone (BZ) are
2x2x1 (= 4). The band gap values of TiN dot/MgO-4x4 and
5x5 superlattices which were relaxed in the 2x2x1 k-point
mesh are obtained in the 4x4x1 (=16) k-point mesh. All atoms
in the supercell were fully relaxed. In this study, two TiN dot
structures are considered. One is one Ti and one N atoms per
layer as a rectangular shape and the other is two Ti and two
N atoms per layer as a rectangular parallelepiped shape as
shown in Fig. 1, schematically. A layer number of each dot
structure is two.
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Fig. 1 Top view of TiN/MgO-1x1, 2x1, 2x2, 3x3, 4x4, and 5x5 su-
perlattices. The 4x4 and 5x5 superlattice are investigated in the pre-
sent study. Shaded stick and rectangular indicate “rectangular TiN
dot” and “rectangular parallelepiped TiN dot”, respectively. The
number of atoms in the supercells for the rectangular (rectangular
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parallelepiped) TiN dot/MgO-4x4 and 5x5 superlattices are 132
(136) and 204 (208), respectively. The layer numbers of the MgO
substrate (4x4 and 5x5) and vacuum region are four and six, respec-
tively. Solid and dotted leftrightarrows indicate the nearest neighbor
distances of rectangular and rectangular parallelepiped TiN dots, re-
spectively.

Table | Band gap values of TiN/MgO superlattices. “R” and “RP”
indicate the rectangular and rectangular parallelepiped TiN dots, re-
spectively.

Superlattice Shape Number of  Band gap
k-points (eV)
TiN/MgO-2x2 R 16 0.18
TiN/MgO-2x2 RP 16 -
TiN/MgO-3x3 R 36 0.54
TiN/MgO-3x3 RP 16 -
TiN/MgO-4x4 R 16 0.57
TiN/MgO-4x4 RP 16 0.29
TiN/MgO-5x5 R 16 0.58
TiN/MgO-5x5 RP 16 0.17

3. Results and Discussion

As a result of calculations, the rectangular TiN
dot/MgO-4x4 and 5x5 superlattices correspond to semicon-
ductor. The rectangular parallelepiped TiN dot/MgO-4x4
and 5x5 superlattices also correspond to semiconductor alt-
hough those of 2x2 and 3x3 superlattices correspond to me-
tallicity. It will be expected that the band gap value of the
TiN dot/MgO-5x5 superlattice is larger than that of the TiN
dot/MgO-4x4 superlattice because the band gap of MgO
(bulk) is quite large with 4.60 eV (7.67 eV) in LDA (experi-
ment [19]).

The band gap values in the TiN dot/MgO-4x4 and 5x5
superlattices are tabulated in Table I. Previous results of the
TiN dot/MgO-2x2 and 3x3 superlattices are also tabulated in
Table I in order to compare with the present results. The
band gap values of the rectangular TiN dot/MgO superlat-
tices are larger than those of the rectangular parallelepiped
TiN dot/MgO superlattices, although it could be underesti-
mated them due to inaccuracy of the DFT-LDA calculation.
As for the rectangular dot, the band gap value increases with
increasing the size of the MgO substrate. In contrast, the
band gap value of the rectangular parallelepiped TiN/MgO-
5x5 is smaller than that of the rectangular parallelepiped
TiN/MgO-4x4. It is obvious that the electronic state of the
TiN dot/MgO superlattice depends on its dot shape and the
size of MgO substrate. The band gap value of the TiN
dot/MgO superlattice could be controllable to vary its TiN
dot shape and MgO substrate size.

4. Conclusions
We have calculated the internal lattice and electronic

properties of rectangular and rectangular parallelepiped TiN
dot/MgO-4x4 and 5x5 superlattices using the total energy
pseudopotential method. The electronic properties of the var-
ious TiN dot/MgO superlattices (2x2 — 5x5) have been defin-
itively established in the present and previous studies. The
electronic structures of all rectangular TiN dot/MgO superlat-
tices (2x2 — 5x5) are semiconducting. The rectangular paral-
lelepiped TiN dot/MgO-4x4 and 5x5 superlattices also corre-
spond to semiconductor. The maximum band gap value is
0.58 eV (rectangular, 5x5). It is found that the TiN dot shape
and MgO substrate size are important to control the band gap
value.
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