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We investigate the local electronic structure and the surface adhesion strength of a silicone-BaTiO3
(001) interface through first principles density functional theory (DFT) computations. A
polydimethyl siloxane (PDMS) chain was used as a representative siloxane, and the adsorption of
PDMS on both undoped as well as n-type (La at Ba site) and p-type (Mn at Ti site) doped BaTiO3
(001) surfaces are considered. Our interface is modeled in a two dimensional periodical slab
model framework and both the possible BaTiO; (001) surface terminations (i.e., the BaO- and
TiO,-terminations) are explicitly taken into account. Our calculations indicate that while both n-type
and p-type dopants are expected to improve adhesion of silicone chains at the BaTiO5 surfaces, the
n-type doping is expected to result in an interface with a clean band gap and superior effective
dielectric properties. p-type doping could lead to a metallic behavior in the near-interface regions
through introduction of mostly unoccupied mid-gap states. Finally, the silicone bonding induced
electronic perturbation on both the doped (001) facets of BaTiO; is analyzed using charge density
redistribution analysis. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4791755]

. INTRODUCTION

Recently, inorganic-organic hybrid nanocomposite
materials have attracted much scientific and technological in-
terest owing to their potential for use in high energy density
storage applications. By integrating the complementary
properties of their constituents, these materials can simulta-
neously provide high dielectric permittivity (arising from the
well dispersed inorganic inclusions) as well as properties
such as high breakdown strength, mechanical flexibility and
processability (contributed by the organic polymer host ma-
trix)."* Furthermore, sufficient theoretical evidence is also
available in the literature suggesting that large inclusion-
matrix interfacial areas are capable of providing enhanced
polarization, dielectric response, and breakdown strength.?~

Several synthetic routes such as mechanical blending,®
solution mixing,”™"" in-situ nanoparticle synthesis,'*'? and
in-situ radical polymerization'*'® are available to create
inorganic-polymer hybrid nanocomposites. However, nano-
particle aggregation and phase separation in the polymer ma-
trix over large length scales frequently occur during the
course of synthesis,'""'® eventually leading to degraded elec-
trical properties of the hybrid composite.'*** Therefore, in
order to prevent the agglomeration and stabilize the disper-
sion of ceramic inclusions in an organic host, as-received ce-
ramic particles are surface modified prior to their suspension
in the organic monomer.

Poly(dimethyl siloxane) (PDMS)?!*? is a simple yet one
of the most widely used silicone which is frequently
employed for the surface pretreatment of ceramic inclusions.
Owing to its unique surface properties such as strong hydro-
phobic nature,”>** zero shear viscosity and stability over a
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wide range of temperatures, PDMS finds applications in
diverse fields of biomedical, semiconductor and automobile
industry.>>*® The flexible Si-O backbone together with the
low intermolecular interaction of the methyl groups impart
PDMS a soft but stable surface with relatively low surface
tension.

While many experimental and theoretical studies tar-
geted to understand electronic and dielectric properties of
BaTiO5**® and organic polymers37’3’8 exist in the literature,
investigations targeted to understand the electronic structure
of BaTiOs-silicone interface have been very scarce. In this
contribution, we focus on local electronic structure and the
surface adhesion strength of silicone-BaTiO3 (001) interface
through first principles based density functional theory
(DFT) computations.”’40

The remainder of this paper is organized as follows. In
Sec. II, we provide details concerning the model and the
computational methodology used. Our results for the
undoped and doped interfaces are discussed in Secs. III A
and III B, respectively. Finally, our conclusions are summar-
ized in Sec. IV.

Il. METHODOLOGY DETAILS

Our calculations were carried out using DFT***° as
implemented in the Vienna Ab initio Simulation Package
(VASP)‘”’42 with the electronic wave functions expanded in
a plane wave basis with a cutoff energy of 400eV. The gen-
eralized gradient approximation (GGA)**** with projector
augmented wave (PAW)45 46 method was used. The atomic
positions were relaxed until the maximum component of the
force on any atom was smaller than 0.02 eV/A. Monkhorst-
Pack k-point mesh*” of 8 x 8 x 8 was used to produce well
converged results with (1 x 1) bulk unit cells, respectively.

© 2013 American Institute of Physics
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Within the above approximations, the calculated BaTiO;
bulk lattice constant in the cubic phase is predicted to be
4.03A, in good agreement with prior experimental*®*° and
theoretical®® results. This calculated bulk lattice constant
was then further used to construct the clean surfaces and the
interface models. Before moving onto interface models, the
clean BaO- and TiO,-terminated surfaces were first modeled
in a symmetric slab geometry configuration (to avoid any ar-
tificial dipole moment along the surface normal) with a mir-
ror plane passing through the center of the slab. As shown in
Figures 1(a) and 1(b), Each of the slabs was 7 layers thick
with central three layers were fixed at the bulk lattice con-
stant to have bulk like behavior in the interior of the slab. A
Monkhorst-Pack k-point mesh of 8 x 8 x 1 was employed to
model the two surface facets with (1 x 1) surface supercell.
The calculated average surface energy, surface rumpling and
surface relaxations for the two surface terminations were
found to be in agreement with other previous studies avail-
able in the literature.>~°

To model the aspired interface structures, PDMS
was used as a model silicone (c.f. Fig. 1(c)). A (2x2)
surface supercell, with one out of the four surface metal ions

BaTiOj; surface
(undoped or doped)

To compute the reaction enthalpy, the required DFT
energies of the H-passivated silicone chain and the H, mole-
cule were calculated using large supercells that employed a
vacuum of at least 12 A between the periodic images of the
molecules, to minimize the unphysical interactions arising
due to the periodic boundary conditions. A negative value of
the reaction enthalpy (or the binding energy) indicates a ther-
modynamically stable interface. Our results, presented in
Table I, indicate that the both undoped silicone-BaTiO;
(001) (i.e., with the BaO- and TiO,-terminations) interfaces
are thermodynamically unstable with the above reaction
being endothermic in nature for both the interfaces.

+ Silicone chain — Silicone — BaTiO; + H;
(H passivated)

J. Appl. Phys. 113, 064316 (2013)

/) FIG. 1. Atomistic models of seven layer
thick (a) BaO- and (b) TiO,-terminated
(001) BaTiO; surface facets in a sym-
metric slab geometry and (c) polydi-
methyl siloxane (a model linear silicone)
o chain segment that were used further to

o ) simulate BaTiO;-silicone interface in
] the present study. The binding sites on
the silicone chain are identified using
black rectangles.

®si @0 @eCc oH

passivated by polydimethyl siloxane, was used to model the
undoped BaTiOs-silicone interface. In both the interface
models, the oxygen atom in the silicone chain binds to the
surface metal ion. For the doped interface, La-doped BaO-
terminated and Mn-doped TiO,-terminated (001) BaTiO;
surfaces were used to simulate n-type and p-type doping sit-
uations, respectively. Furthermore, two different surface
locations for the dopant atoms were considered for each of
the n-type and p-type doped interfaces: directly bound to the
silicone chain and at a neighboring site to the silicone chain.
Each of the undoped and doped interfaces was fully relaxed
using the procedure described above for the clean BaTiO;
surfaces.

lll. RESULTS
A. Undoped interfaces

To access the relative stability of the silicone-BaTiO;
(001) interface and to quantitatively measure the degree of
adhesion between the surface and the silicone chain, we con-
sidered the reaction enthalpy of the following reaction:

(interface) (gas) M

The relaxed interface models of the (001) BaTiO; facets
with PDMS were next subjected to the layer-decomposed
density of states (LaDOS) analysis to assess the local elec-
tronic structure across the interface. Within the LaDOS
approach, the total density of states (DOS) of the entire sys-
tem is decomposed in terms of its origins from the various
atoms of the system on a layer-by-layer basis. To do this, the
wavefunction character is first calculated by projecting the
orbitals onto spherical harmonics that are non-zero within
spheres of predefined radii around each of the atoms and
then the LaDOS is calculated by summing up all the contri-
butions from the atoms constituting a given layer.
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FIG. 2. Calculated layer-decomposed density of states (LaDOS) for the (001) (a) BaO- and (b) TiO,-terminated undoped BaTiOs;-silicone interface. In each of
the cases, the occupied and empty states are shown in yellow and red colors, respectively. The relaxed model defining various contributing layers across the

interface are also shown on the left in each of the panels.

The calculated LaDOS for the (001) BaO- and TiO,-termi-
nated undoped BaTiOs-silicone interface is presented in Figures
2(a) and 2(b), respectively. We note that, similar to the BaTiO;
bulk®! and the two (001) clean surface facets,” oxygen p orbi-
tals are the primary contributors to the top part of the valence
band and the bottom of conduction bands is formed by Ti 3d
orbitals in the two undoped BaTiOjs-silicone interfaces. While
the silicone chain mainly contributes to the valence band of the
interface, our results indicate that the undoped silicone-BaTiO5
interfaces have a band gap similar to that of the clean surfaces
with no mid-gap surface states in the band gap.

B. Doped interfaces

To understand the possible effect of doping on the rela-
tive stability of the interface structure in terms of its influ-
ence on the local electronic structure, next we consider the
doped interfaces. Doping of La at Ba site (i.e., n-type dop-
ing) and Mn ions at Ti site (i.e., p-type doping) in the top
interfaces layer was considered. For each of the two doping
situations, two different doping configurations namely
underneath (dopant atom lying directly underneath the sili-
cone chain) and neighboring (dopant atom lying at the site
adjacent to the surface metal ion bonding to the silicone
chain) were studied in our analysis.

As reported in Table I, our results for the reaction en-
thalpy for Eq. (1) indicate that both n-type and p-type dopants

TABLE 1. The calculated binding energies for various interface models
investigated in the present study.

Doping type Termination Dopant location Binding energy (eV)
Undoped BaO - 2.38

TiO, - 1.54
p-type BaO Underneath —2.59

BaO Neighboring —1.51
n-type TiO, Underneath —0.21

TiO, Neighboring —1.19

are expected to improve adhesion of silicone chains at the
BaTiO;3 surfaces, as compared to the undoped interfaces.
While for the La-doped interface silicone chain prefers to
bind to the surface La ion, we find that in case of the Mn-
doped interface it is energetically more favorable for the sili-
cone to bind to the surface Ti ion in vicinity of the doped Mn
atom. The thermodynamic stability of the La-doped interface
can further be understood on the basis of simple electron
counting notions. The extra electrons donated by La ions
(with +3 nominal oxidation state and substituting Ba*? ions)
are used towards completing the octet of the surface bonded
oxygen atom of the silicone chain.

Our calculated LaDOS for the n-type and p-type doped
BaTiOs-silicone interfaces, for the configuration in which
the dopant atom lies directly underneath the silicone chain,
are presented in Figures 3(a) and 3(b), respectively. We
would also like to mention that the LaDOS profiles for the n-
type and p-type doped BaTiOs-silicone interfaces for the
second configuration, in which the dopant atom lies at the
neighboring site with respect to the surface metal atom
directly bonded to the silicone chain, were found to be quali-
tatively quite similar to the ones presented in Figure 3 and
therefore are not reported here. While La-doping preserves
the electronic structure of the BaTiO; surface, Mn-doping
creates plenty of occupied and mostly unoccupied interface
states. The surface states appear at the interface (in the Mn-
doped TiO,-layer as well as in the first layer of the silicone
chain) in the case of the p-doped silicone-BaTiOj interface,
indicating the sensitivity of the electronic structure to the
type of doping and the nature of the surface preparation.

To visualize the charge rearrangements upon the sili-
cone adsorption on the two doped interfaces, we further car-
ried out the difference electron density analysis presented in
Figure 4. The difference electron density is obtained by sub-
tracting the electron charge density of both an isolated sili-
cone chain and a surface (either La-doped BaO-terminated
or Mn-doped TiO,-terminated BaTiO5 surface) from that of
the respective relaxed BaTiOs-silicone interfaces. To high-
light only the local rearrangements in the electronic charge

Downloaded 20 Feb 2013 to 137.99.20.149. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 3. Calculated layer-decomposed density of states (LaDOS) for the (001) (a) La-doped BaO- and (b) Mn-doped TiO,-terminated BaTiOj3-silicone inter-
face. In each of the cases, the occupied and empty states are shown in yellow and red colors, respectively. The relaxed model defining various contributing
layers across the interface are also shown on the left in each of the panels. In each of the two panels, dopant atoms lie directly underneath the silicone chain.

density occurring due to the silicone-surface bonding, the
atomic positions of the two doped surfaces and the silicone
are taken to be same as those of the relaxed silicone-surface
system.

The analysis of the electron density redistribution due to
the silicone adsorption for the doped BaO- and TiO,-termi-
nated (001) surfaces is shown in Figures 4(a) and 4(b),
respectively. A clear donation of charge from the surface
metal atom to the bonding oxygen of the silicone chain is
clearly visible in each of the two cases. We further note that
the silicone bonding induced electronic charge redistribution
on both of the (001) facets of BaTiOs5 is quite locally con-
fined in the vicinity of the interface and the charges on all
other atoms, in the interior of the surface as well as on the
silicone chain, remain virtually unaffected due to the
bonding.

IV. SUMMARY

We have carried out DFT computations to investigate the
local electronic structure and the relative interface stability of

(b) .

Rh"

° .%&%‘ °

FIG. 4. Difference electron density maps highlighting the electron charge
density redistribution due to the silicone adsorption for the (a) La-doped
BaO-, (b) Mn-doped TiO,-terminated (001) BaTiO; surface. An isosurface
corresponding to an electron charge density of 0.02 e/A? is shown in each of
the panels. Red and blue colors have been used to represent depletion and
accumulation of charge, respectively. The representation of atoms is same as
that used in Figure 3.

the undoped as well as the n-type and p-type doped silicone-
BaTiO; (001) interfaces. In essence, our results indicate that
both n-type and p-type dopants are expected to improve adhe-
sion of silicone chains at the BaTiO5 surfaces. While, the n-
type doping results in a clean band gap which is qualitatively
similar to that of the clean surface and the undoped interface,
the p-type doping could lead to metallic behavior in the near-
interface regions through introduction of mid-gap states and
thereby degrading the effective dielectric properties of the
overall inorganic-organic hybrid nanocomposite. Based on the
charge density redistribution analysis, we also find that the sil-
icone bonding induced electronic charge redistribution on
both of the (001) facets of BaTiO; is quite locally confined in
the vicinity of interface, with the charges on all other layers,
except the top-most and penultimate layers, remain virtually
unaffected due to the bonding.
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