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Abstract

We present a first-principles study of promising hybrid organic—inorganic interface systems
consisting of a polypyrrole (PPy) chain sandwiched between metallic Pt(111) or
hydrogen-terminated diamond C(111):H electrodes. We combine ab initio
density-functional-theory total energy calculations, Green’s function approach and the complex
band-structure method in order to determine electronic and transport properties of those
organic—semiconductor/metal (semiconductor) interfaces. We analyze one- and multi-bond
nanocontact formation including structural modification (H desorption) as well as PPy length
dependence. For selected ground state configurations of the considered interface systems we
study their energetics and structural properties. Through the analysis of the local density of

states, in particular isosurfaces of the charge density, the mechanism of the charge transfer and
the charge neutrality levels are determined. The voltage dependence of the electrical
conductance and the /—V characteristics are compared to the transport properties based on the
complex band-structure method. The obtained results support recent experiments, where PPy
nanowires are formed via electrochemical synthesis and placed between platinum or diamond

microelectrodes.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

One of the main goals of nanotechnology is to build an
electronic device using individual molecules. To accomplish
this challenge, the control and understanding of electron
transport through molecules attached to electrodes is crucial.
Substantial progress in the measurement and modeling of
transport in atomic-scale junctions has been made over the past
decade [1-7]. Experimental techniques achieved the status
when controlled and well-defined contact between molecules
and electrodes can be established [8—11]. However, for wider
prospective technological applications, more theoretical and
experimental effort is required for a detailed microscopic
understanding of the charge transport through molecular
junctions.

0953-8984/10/045003+10$30.00

Over the last decade, the interest in organic materials
has significantly increased. It is due to the vast spectrum
of their use in electronic and microelectronic devices, mostly
as very cheap screens, thin-film transistors and photovoltaic
cells [12]. There are many different kinds of conjugated
polymers, but we focus on polypyrrole (PPy), which is one
of the most stable [13]. Individual PPy nanowires exhibit
actuation behavior [14, 15] and therefore can potentially
be used for constructing nanoscale components essential for
nanoelectromechanical systems and nanorobots. PPy is a
semiconducting polymer from the rigid-rod polymer host
family. It is made up by oxidation and polymerization of
the pyrrole-heterocyclic aromatic organic compound with the
formula C4H;5N, also known as pyrrole (Py). The experimental
HOMO-LUMO gap of PPy is 1.3-3.2 eV, depending on the
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method of preparation (for details, see, e.g., [16-19]). Due
to its chemical stability, high conductivity upon doping and
nonlinear optical properties, PPy is among the most widely
experimentally studied conjugated organic polymers.

Combining the advantages of PPy and inorganic materials
results in promising hybrid organic—inorganic functional
devices. Nowadays, one of the main challenges is to assemble
and connect molecules and inorganic materials into functional
systems on a microscopic scale in an easy and reproducible
way [1, 20]. Merging of PPy molecules with inorganic
materials, such as semiconducting hydrogen-terminated
diamond [21, 16] or platinum microelectrodes [22-24], has
already focused experimental attention. However, theoretical
studies of such interface systems, although very important for
further device development, are sill lacking. First-principles
calculations, based on density-functional theory (DFT), can
provide a significant physical insight into the real mechanisms
of the contact formation, and consequently into the electronic,
as well as transport, properties of the resulting organic—
semiconductor/metal (semiconductor) interfaces.

From this perspective, we have performed an extensive
set of first-principles molecular dynamics simulations of
the interaction between a PPy nanowire and C(111):H
(hydrogen-terminated diamond) surface (PPy—C:H organic—
semiconductor/semiconductor interface) or Pt(111) surface
(PPy-Pt organic—semiconductor/metal interface) to investigate
the formation of individual contacts responsible for the
transport properties.

A brief outline of this paper follows. In section 2,
we describe details of the theoretical techniques used to
investigate the atomic and electronic structure of molecular
heterojunctions. Here, we also propose atomistic models of
the studied electrode-molecule interface system. Section 3
provides a discussion of the electronic and atomic structures
of an infinite PPy and their change with respect to molecular
Py. The structural and electronic properties of the considered
junctions, obtained from DFT calculations, are discussed in
section 4. In section 5, we discuss the transport properties
of individual atomic configurations using the complex band-
structure technique and Green’s function method. Finally, in
section 6, we summarize our results.

2. Methods

2.1. First-principles simulations

Our calculations, performed using the FIREBALL code [25-28],
are based on DFT with a local-orbital basis. This code is
designed to deal with large-scale simulations and offers a
very favorable accuracy-to-efficiency balance, provided that
the basis set is carefully chosen [29]. The calculations
presented in this paper are performed within the local
density approximation (LDA) for the exchange—correlation
functional [30].

In FIREBALL, the wavefunctions of valence electrons are
expanded in the basis of so-called FIREBALL orbitals [25, 28],
i.e. a set of strictly localized pseudoatomic orbitals, which
are exactly zero for distances larger than the cutoff radius

Rc. A very important point of our method is a proper
choice of the basis and the cutoff radii that gives consistent
results, not only for the electronic structure but also for the
structural properties of the studied system. Thus, several tests
have been performed to optimize the local-orbital basis set,
yielding a good description of the structural and electronic
properties of PPy chain either Pt or C:H electrodes. We have
used the following optimized basis set of numerical atomic
orbitals [25, 29]: ss* for H, spd* for C, spd* for N and spdd*
for Pt. The cutoff radii (in a.u.) of those orbitals are: 3.8 (s),
3.8 (s*) for H, while (4.5, 4.5, 5.4), (3.6,4.1,5.2) and (4.6, 5.8,
4.2,4.2) for orbitals of C, N and Pt, respectively.

2.2. Modeling of interface systems

The PPy molecular nanowire is sandwiched between two
electrodes with (111)-oriented surface planes. This is realized
by using a supercell approach with the unit cell comprised of
the PPy nanowire and one electrode, as shown in figure 1.
We have also imposed periodic boundary conditions in the
direction perpendicular to the surface. The electrodes have
been modeled by slabs (four Pt layers for metallic electrode
and five C double layers for C:H) with a 3 x 3 surface unit cell
for C:H and a 4 x 4 cell for Pt.

In our calculations, we have investigated PPy nanowires
with 6-13 Py rings. Results obtained for PPy nanowires build
up by 12 and 13 Py rings show no significant differences, either
for metal (Pt) or semiconducting (C:H) electrodes, hence the
influence of the odd or even number of Py rings in the chain
is negligible. Moreover, the electronic structure in the middle
of a PPy chain of that length, sandwiched between electrodes,
reproduces fairly well the electronic properties of an infinite
PPy chain. Thus, we have concluded that the length of a PPy
nanowire built of 12/13 Py rings is sufficient to model this kind
of interface system.

The assumed size of the surface unit cells of the
considered slabs has been chosen so that the PPy nanowires
from the neighboring cells are virtually noninteracting, while
the total number of atoms in the unit cell (234 for PPy—Pt and
314 for PPy—C:H) remains reasonable from the computational
point of view. Nevertheless, the influence of the size of the
surface unit cell has been tested for the PPy—Pt interface and
almost identical results have been obtained for a 3 x 3 and a
4 x 4 cell.

To study the contact formation, in the first step we
composed the system of the relaxed C:H (Pt) symmetric slab
and the PPy chain. Having in mind the previously calculated
bond length of the C—Pt (C—C) dimer we guess the size of the
unit cell in the longitudinal direction which should be close
to the equilibrium one. The contact formation (depending
on its one- or multi-bond nature) is allowed by an additional
removal (if necessary) of some hydrogen atoms from the
system. Experimentally, the H-termination is substituted by the
PPy molecules during the electrochemistry [21]. Since we are
focused on the transport properties which are dependent mainly
on the nature of the bonding of the PPy chain to the electrodes,
we have studied the interfaces without any dehydrogenation
processes; the H atoms, if necessary, are removed before
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Figure 1. Schematic illustration of the unit cell used in calculations. The PPy molecular nanowire is placed between hydrogen-terminated
diamond (a) or platinum (b) electrodes. Only parts of the PPy chains closest to the electrodes are shown.

the simulation starts. This way we set individual PPy—C:H
(PPy—Pt) interfaces composed of a PPy nanowire sandwiched
between two (111)-oriented C:H (Pt) electrodes. Then, for
each of these initial configurations, we have performed the total
energy calculations by changing the size of the unit cell by
0.2 A in the longitudinal direction. For each new size of unit
cell, we have relaxed the system according to the maximum
force tolerance set up to 0.05 eV A" and the total energy
variation less than 0.0001 eV. The configuration with the lowest
energy is considered as the ground state configuration. The
surface Brillouin zone has been sampled by a 8 x 8 x 1
(4 x 4 x 1) Monkhorst—Pack [31] grid for the PPy—C:H (PPy—
Pt) interface system, which yields 8 (5) irreducible special k-
points. Convergence tests with denser k-point sampling show
negligible changes to the energies and the structural properties.

3. From Py to PPy

As the first step, we have performed the structural optimization
of a Py molecule obtaining a HOMO-LUMO gap of 4.95 eV.
Afterward, we have modeled an infinite PPy chain using
a supercell approach with the unit cell containing two Py
rings.  Structural relaxation is performed and the lattice
parameter in the longitudinal direction is optimized (7.025 A)
to obtain the minimum total energy of a PPy nanowire. The
obtained structure of the relaxed infinite PPy chain is shown in
figure 2(a).

Only small structural differences of the PPy geometry are
found with respect to the Py molecule, namely, a decrease of
the N-C bond length from 1.43 A to 1.40 A as well as the
double C=C bond from 1.35 A to 1.34 A, and an increase of the
single C—C bond length from 1.43 A to 1.45 A. Accordingly,

changes of internal angles within Py rings are less than £2°.
The obtained structural parameters for the PPy chain are in
good agreement with the other theoretical study [18]. The
calculated density of states of an infinite PPy chain (with 32 k-
points sampling the Brillouin zone) shows the semiconducting
character of the PPy nanowire with a kind of HOMO-LUMO
gap of 2.08 eV (see figure 2(b)) which is in good agreement
with experimental evidence [16—19]. Electronic states of the
PPy within the energy range of —2.0 to 2.0 eV (see figures 2(c)
and (d)) are out-of-plane 7w molecular orbitals maintaining
the spatial distribution of the HOMO and LUMO of the
Py molecule, with almost the same contributions of atomic
orbitals.

4. Structural and electronic properties of PPy—C:H
(PPy-Pt) interfaces

4.1. Contact formation

As follows from our simulations, the PPy nanowire does
not adsorb on the clean hydrogen-terminated diamond C:H
surface. Thus, we modeled a system in which some H atoms
are removed before simulations. The one-bond (two-bond)
contact is formed when one (two) H atoms are removed from
both the C:H surface and the last PPy ring. The one-bond
contact formation in the case of PPy—Pt is allowed when just
one H atom at the end of the PPy molecular nanowire is
removed, whereas two H atoms need to be removed from the
end of the PPy nanowire to allow the formation of multiple
C-Pt bonds.

For both studied systems, i.e. the PPy—C:H and PPy-—
Pt interfaces, the one- and multi-bond contact formation is
considered. Consequently, presented results concern four
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Figure 2. (a) Sketch of the chain structure of PPy with main structural parameters indicated. Color code for atoms: hydrogen (white),
nitrogen (blue/dark-gray) and carbon (light-gray). (b) Density of states of an infinite PPy chain (red/gray line) with a bandgap of 2.08 eV and
molecular orbitals of an isolated Py monomer (black vertical lines) with the HOMO and LUMO being separated by 4.95 eV. Isosurfaces of the

electronic charge density of PPy (corresponding to the value of 0.02¢ A73) integrated over the energy range —2.0-0.0 eV (¢) and 0.0-2.0 eV

(d) (all energies are relative to the Fermi level).

Table 1. The number n of H, molecules, the binding E}, and the
interaction E;, energy (per interface), the charge transfer Ag from
the PPy nanowire to the electrode, and the CNL for the PPy—C:H and
PPy—Pt interfaces.

n  E,(@eV) En(eV) Ag(e”) CNL(EV)
PPy-C:H l-bond 2 —1.26  6.15 —0.11 ~0.59
PPy-C:H2-bond 4 —4.43 1089  —020  —0.65
PPy-Ptl-bond 1 1.00 649 0.06 0.02
PPy-Pt3-bond 2 087  10.67 0.05 0.04

different structures: one- and two-bond contacts for the
PPy—C:H interface and one- and three-bond contacts for
the PPy—Pt system. For each of them, the structural and
electronic properties have been analyzed, and the binding and
the interaction energies, the charge transfers and the charge
neutrality levels (CNL) are collected in table 1.

4.2. Structural modification due to contact formation

For all studied cases the geometry of the electrodes is
practically unaffected by the interaction with PPy nanowires,
while significant modification of the Py rings in the contact
region is observed. The detailed structural data are given in
figures 3(a)—(d) for each considered contact. The Py units
closest to the electrode are slightly rotated with respect to the

rest of the nanowire as a consequence of the contact formation.
Accordingly, torsion angles between the rings in the contact
region are modified as well (see, e.g., figure 3(a)). Modification
of the bond length in the PPy ring closest to the contact, where
most pronounced deformation of the PPy chain occurs, is less
than 5% as compared to the infinite PPy chain. All outermost
C atoms of the PPy nanowire, involved in the formation of
interface bonds, are located on top sites, except for one C atom
(in the three-bond PPy—Pt case) which forms two bonds with
Pt surface atoms in a bridge position.

4.3. Binding and interaction energies

In this section, we aim to discuss the energy balance of the
PPy—C:H and PPy-Pt interfaces. Here, the binding energy Ey
is defined as a difference between the total energy of the whole
relaxed system before and after contact formation, divided by
two, since we have two interfaces in our model:

Ey = [(Eppy + Egiab) — (Econ +1-En,)1/2, ey

where Eppy and Egy, are the total energies of the PPy molecule
and electrode slab before the contact formation, respectively,
whereas E,, is the total energy of the formed contact and Ey,
is the energy of a single H, molecule. The number n of H,
molecules formed by dehydrogenated H atoms depends on a
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Figure 3. Side views of the contact regions of different considered interfaces with detailed structural parameters indicated. (a) and (b): the
PPy—C:H one- and two-bond contact, respectively. (c) and (d) the PPy—Pt one- and three-bond contact, respectively.

particular bonding situation. In our nomenclature, a positive
value of E}, indicates an exothermic process.

The binding energies for different systems are summarized
in table 1. According to our simulation, formation of PPy—
Pt interfaces is an energetically favorable process (by ~1 eV
per interface) for both one- and multi-bond cases. The contact
formation of PPy—C:H interfaces requires extra energy since a
negative value of E} indicates a nonspontaneous character of
this reaction. Moreover, the calculated values of Ey for PPy—
C:H systems indicate that the one-bond PPy—C:H contact is
much more favorable compared to the two-bond contact which
requires three times more energy to be created (see table 1).

In addition, to determine the character of bonds formed
between the molecule and the electrodes, we have introduced
the interaction energy per interface Ej, using the formula

Eiy = [(Eslabe + EPnyH) - Econ]/z’ (2)

where Eg,p is the energy of the electrode slab and Eppy_y is
the energy of the PPy nanowire, both without H atoms which
have been removed to allow the contact formation.

The interaction energies—computed according to the
above formula—seem not to depend on whether the electrode
is metallic (Pt) or semiconducting (C). The interaction energy
is about 6 eV for one-bond interfaces and nearly twice this
value (~11 eV) for multi-bond contacts. We want to point
out here that we do not include any dehydrogenation in the
process of contact formation, because H atoms are removed

during modeling of the interface system. Thus, the number
of atoms in the interface system is a sum of atoms in the slab
and the PPy nanowire. Magnitudes of the interaction energies
indicate the presence of strong covalent bonds at all considered
interfaces.

4.4. Charge transfer and CNL

The PPy nanowire does not stay neutral once placed between
metal or semiconductor electrodes. For the PPy—Pt system a
charge transfer occurs from the PPy nanowire to an electrode,
which agrees with recent experiments [22]. The amount
of charge transferred to the Pt slab shows no significant
dependence on the type of contact formed, being 0.06 electrons
for a one-bond and 0.05 electrons for a three-bond interface.
This differs from the case of semiconductor electrodes, where
the charge transfer occurs in the opposite direction (from an
electrode to the PPy nanowire) and is doubled for the two-bond
contact. The charge transfer between electrodes and the PPy
nanowire can be described by CNL [32] of the PPy molecule.
The CNL position indicates the energy at which the organic
molecule in the interface system is neutral. Calculated values
of CNL (with respect to the Fermi level) are collected in table 1
and shown as vertical solid lines in figures 4(a) and (b) and 6(a)
and (b). Our results are in good agreement with previous
experimental work [16, 33], where the charge transfer from
covalently bound PPy to diamond has been indicated by Kelvin
force microscopy.
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Figure 4. Density of states projected on different carbon atoms of the PPy nanowire for one-bond contact (a) and for two-bond contact (b) at
the PPy—C:H interface. Dotted and solid vertical lines indicate Er and CNL, respectively. Insets in (a) and (b) show the position of carbon
atoms for which the LDOS is plotted. (c) Electrical conductance of PPy—C:H contacts for one-bond contact (solid red line) and two-bond
contact (dotted red line). (d) Tunneling current for the cases considered in (c).

4.5. Electronic properties

The electronic structure of the studied interfaces is analyzed
through local density of states (LDOS) projected on selected
atoms of the PPy nanowire. We have chosen the carbon atom
at the end of the PPy nanowire (A), through which the contact
is formed (for the multi-bond contact, one more carbon atom,
denoted by A, is considered), and other carbon atoms (B, C,
D), each of them further by two PPy rings from the interface
(see the insets in figures 4 and 6).

Both one- and two-bond PPy-C:H interfaces (see
figures 4(a) and (b), respectively) are semiconducting with a
significant gap decrease from 2.08 eV for an infinite PPy to
about 1.3 eV (in the middle of the PPy nanowire) for the PPy—
C:H interface system. This is clearly visible in the LDOS
projected on carbon atoms (C, D) located in the region between
electrodes. As we get closer to the contact, the influence of
the semiconducting electrode results in the gap broadening
up to 2 eV at the outermost carbon atom (A). The LDOS
for the one- and two-bond PPy—C:H interfaces does not show
any pronounced differences. The CNL of the PPy nanowire
also differs insignificantly (see table 1 and vertical lines in
figures 4(a) and (b)), but the charge transfer from the PPy
nanowire to the diamond substrate is two times bigger for the
two-bond contact.

Spatial distributions of the electronic charge density in
the vicinity of the gap are shown in figures 5(a)—(d). There
are presented isosurfaces of the electronic charge density
integrated over the energy range of 1 eV below (figures 5(a)
and (c) for one- and two-bond contacts, respectively) or 1 eV

above the Fermi level (figures 5(b) and (d) for one- and two-
bond contacts, respectively). All isosurfaces correspond to
the value of 0.0le A™>. We see a small modification of
the molecular HOMO and LUMO just in the contact region
(within the two Py rings closest to the electrode), as compared
to the charge density distribution for an infinite chain (see
figures 2(c) and (d)). A lower electronic density for those
atoms is interpreted as the gap opening near the electrode and
is consistent with the LDOS presented in figure 4.

In the case of the PPy—Pt system we have found substantial
modification of the electronic structure of C atoms at the
interface. In particular, new induced states appear within
the gap of the PPy due to a strong hybridization with metal
electrons. The effect of the PPy gap decrease is also present
in the case of metallic electrodes. For one- and three-bond
contacts at the PPy—Pt interface, the gap in the middle of
the PPy nanowire is about 1.6 eV (see atoms C and D in
figures 6(a) and (b)). As a result of the new electronic
states induced within the gap of the PPy nanowire, a strong
modification of the LDOS is observed for the Py rings closest
to the contact. This is illustrated by the LDOS projected on
carbon atoms forming the metal-molecule interface: atom A
for one-bond contact (figure 6(a)) and atoms A and A’ for
three-bond contact (figure 6(b)). For the one-bond contact, the
Fermi level of the system coincides with the bottom of the PPy
gap (HOMO-like orbitals of the outermost Py ring cross the
Fermi level), while for the three-bond contact, although new
electronic states are also introduced within the PPy gap region,
the Fermi level remains in the middle of the PPy nanowire gap.
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We have also examined spatial distributions of the
electronic charge density for the PPy—Pt system. The electronic
charge density integrated over the energy range of —0.2-0.0 eV
and 0.0-0.2 eV with respect to the Fermi level is shown as
isosurfaces corresponding to the density of 0.01e A7 Figure 7
shows isosurfaces for states below (a) and above (b) the Fermi
level for the case of one-bond contact, while those for the three-
bond contact are presented in figures 7(c) and (d), respectively.
New electronic states induced within the PPy gap for the one-
bond PPy—Pt interface (see the LDOS for atom A in figure 7(a))
have a spatial distribution similar to the former HOMO-like
states of an infinite PPy chain (see figure 2(a)). In the case
of three-bond contact, electronic states within the PPy gap are
mainly located at carbon atoms of the two PPy rings closest to

the contact. For both one- and three-bond PPy-Pt interfaces,
the analysis of the density of states projected on particular
orbitals of the C atoms forming contacts (not shown) indicates
that those states gain a character of o-symmetry.

5. Transport properties of PPy—C:H (PPy-Pt)
interfaces

Electron transport through a molecular junction is generally
determined by two key factors: (i) the electronic structure of
molecules and (ii) the nature of contacts between electrodes
and molecules. The first factor can be characterized in an
elegant way by the complex band-structure methods [34, 35],
within which the electron transport through individual
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Figure 7. Isosurfaces of electronic charge density corresponding to the value of 0.01e A and integrated over the energy range —0.2-0.0 eV
((a) and (c¢)) or 0.0-0.2 eV ((b) and (d)) for the one-bond ((a) and (b)) or the three-bond ((c) and (d)) contact at PPy—Pt interfaces.

molecules is characterized by a single parameter 8. The
second factor requires elaborate theoretical simulations, taking
properly into account atomic relaxation of the contact, as
well as the Fermi level alignment between a molecule and
electrodes, which induces a charge transfer and subsequent
formation of a dipole layer at the interface (for details, see,
e.g., [32]).

5.1. Complex band-structure method

Electron transport through single molecules with a well-
defined HOMO-LUMO gap is usually driven by a tunneling
mechanism. In a molecular junction, the tunneling current
becomes exponentially small for long molecules exp™#!, where
[ is the distance between two electrodes and the exponential
decay parameter 8 describes the tunneling of electrons through
the molecular gap. The parameter S is just the key quantity
that characterizes the transport process through a molecule
which is usually determined by the complex band-structure
method [34, 35].

It is well known that the LDA approximation underesti-
mates, in particular in molecular systems, the bandgap. The
GGA approximation could improve the binding energy, but
does not correct the problem of the bandgap. However, the
underestimating effect of the LDA is compensated in our cal-
culations because we use a basis set of FIREBALL orbitals.
Thus, the HOMO-LUMO gap of 2.08 eV obtained for a
PPy infinite chain is in good agreement with the experimen-
tal value of 1.3-3.2 eV [16-19]. Apart from the well-known
bandgap problem [32, 36, 37], there are no spurious crossing
level effects [38] requiring extra many-body corrections [39].
Here, we compare results given by complex band-structure and
Green’s function methods only for the PPy—Pt interface system
due to the fact that, for this system, the Fermi energy is well
defined. The band structure of an infinite PPy molecular wire
is shown in figure 8(a) together with the complex band struc-
ture 8(b).

A rough estimation of the conductivity of the PPy for
a given energy can be made once we know the energy
dependence of B(E) from the complex band structure. To
compare with the more sophisticated Green’s function method

Table 2. Comparison of the conductance calculated by the complex
band-structure method G® and Green'’s function method G°F for
PPy—Pt interfaces. L. is the molecule length at which G® = G°F.

Er (V) BA) G®uS) GF (uS) L

PPy-Pt 1-bond —3.81 0.20 0.0083 24.10 5.81
PPy—Pt 3-bond —3.67 0.22 0.0033 0.72 21.26

we consider the energy E corresponding to the Fermi level
of the metal/molecule interface system. We approximate the
conductance (G) at Ef for the molecule of length [ (I ~ 46 A)
by the formula

G(Ep) ~ Goe P, 3)

where Gy is the conductance quantum unit 2e?/h (Gy =
77 uS).

In table 2 we summarized the conductance calculated
from the complex band-structure method and Green’s function
method (discussed later in detail). The main difference comes
out from the fact that the complex band-structure method
does not take into account any local changes of the electronic
structure in the molecular wire due to induction of new states
within the molecular gap near the Fermi level. Therefore,
the effective tunneling distance I is shorter than the actual
molecular wire length /. This kind of effect should be carefully
considered in a realistic estimation of the electron transport
through molecular wires using the complex band-structure
method.

5.2. Green’s function method

We have also calculated transport properties for the
ground state of the PPy—C:H (PPy-Pt) interface structures
from the tight-binding Hamiltonian using Green’s function
techniques [40, 41] implemented in the FIREBALL code (for
details, see, e.g., [42, 40, 43]).

The interface system for calculating transport properties
is modified by adding an identical electrode slab to the
other side of the PPy nanowire and removing the periodic
boundary condition in the direction perpendicular to the
surface (longitudinal direction). Thus, in the unit cell we
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Figure 8. Complex band structure of a PPy molecular nanowire: a band structure with real k (a) and the decay parameter 8 versus energy (b).
Two horizontal lines indicate the position of the Fermi level for the PPy—Pt system with one bond (red dashed line) and three bonds (green

solid line) established between the molecule and the surface atoms.

have the PPy molecular nanowire sandwiched between two
electrodes—metal (Pt) or semiconducting (C:H). To compute
the conductance or tunneling current we divide this unit cell
into two subsystems I and II [40]: one electrode and a half of
the PPy nanowire on the one side as subsystem I and the rest
of the PPy chain and the other electrode as subsystem II.

The voltage dependences of the electrical conductance
calculated for all studied systems are shown in figures 4(c)
and 6(c) for PPy—C:H and PPy-Pt interfaces, respectively. At
the PPy—C:H interfaces the conductance shows very similar
behavior for one- and two-bond contacts, although a clearly
seen bandgap is wider for one-bond contact (1.4 versus
1.2 eV). For higher voltages the PPy—C:H interface becomes
conducting and the conductance dependence shows a kind of
peak due to the fact that the electronic structure of a finite
PPy nanowire remains discrete. The only difference is that
the maxima reflecting molecular orbitals of the PPy nanowire
for a two-bond contact are slightly shifted to lower bias (see
the red dotted line versus the red solid line in figure 4(c)).
Consequently, the calculated tunneling current through PPy—
C:H interfaces, shown in figure 4(d), exhibits very similar
voltage dependence for one-bond as well as two-bond contacts.

The transport properties of the PPy-Pt system are
analyzed through voltage dependence of the conductance (see
figure 6(c)) and the tunneling current (see figure 6(d)). This
interface shows remarkable changes according to the local
bonding arrangement between electrodes and molecular wire.
In particular, the one-bond contact has large conductivity near
the Fermi level (~0.3G() due to the fact the former HOMO
of the PPy chain is pinned to the Fermi level. On the other
hand, the transport properties of the three-bond PPy—Pt system
(dotted red lines in figures 6(c) and (d)) near the Fermi level are
driven by tunneling processes, similar to the case of PPy—C:H
interfaces. Therefore, three-bond contact PPy—Pt interface is
semiconducting, with a bandgap of ~1.4 eV, opposite to the
one-bond contact PPy—Pt interface which is metallic.

6. Conclusions

We have carried out first-principles simulations of hybrid
organic—semiconductor/metal (semiconductor) interface sys-
tems in order to understand the structural and electronic prop-
erties that are responsible for the electronic transport of such
interfaces. To achieve this goal, we have first examined both
a single Py molecule and an infinite PPy chain. Then, we
have studied the process of interface formation in the PPy—
C:H (PPy-Pt) systems. We have found out that the contacts
are formed only when some of the H atoms are previously re-
moved from the interface. No influence of the odd or even
number of Py rings within the PPy nanowire is found for PPy
chains longer than 12 Py rings.

The calculated binding energies show that the PPy—Pt
interfaces are energetically more stable than the PPy—-C:H
contacts. In addition, we have introduced the interaction
energy to reveal the bonding character between the PPy
nanowire and the electrode. The obtained values of the
interaction energy (~6 eV per bond) points out a covalent
character of the bonds formed at the one- and multi-bond
contacts, for the PPy—Pt as well as the PPy—C interfaces. The
covalent bonding of PPy to C:H agrees very well with recent
AFM-scratching measurements [16].

Electronic structures of the considered interfaces analyzed
through the LDOS and the isosurfaces of the electronic charge
density show that only the one-bond PPy-Pt interface system
is metallic, while the one- and two-bond PPy—C:H interfaces
as well as the three-bond PPy—Pt interface are semiconducting.
For the PPy—C:H interface the CNL is located below the Fermi
level, so the transfer of electrons occurs from an electrode
to the PPy molecular nanowire, which is in contrast to the
PPy—Pt case where the CNL is located above the Fermi level.
The value of the charge transfer (~0.05¢7~) does not depend
on the number of formed bonds for the PPy—Pt interface, but
it is two times bigger for the two-bond contact than for the
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one-bond contact in the case of the PPy—C:H interface. The
gap decrease from 2.08 eV for an infinite PPy chain to ~1.3
(1.6) eV is observed in the middle of the PPy chain for the
PPy—C:H (PPy-Pt) interface system. Significant modification
of the electronic structure of the PPy chain in the contact region
(i.e. within the outermost Py rings) is observed. This effect
depends on the electrode (Pt or C:H) and the number of bonds
at the interface. The gap broadening occurs for the PPy—C:H
while for the PPy—Pt new electronic states are induced within
the gap. In particular, the one-bond PPy—Pt interface becomes
metallic since the former molecular HOMO of the PPy chain
crosses the Fermi level. This result matches up very well with
experimental evidence that the platinum Fermi level is ~0.5 eV
below HOMO of PPy [22].

Finally, we have studied the transport properties of the
PPy-C:H (PPy-Pt) with two different methods: the complex
band-structure method and Green’s function technique. We
found that, for realistic estimation of the conductance via the
complex band-structure method, the tunneling length should
be corrected, namely, if new induced states in the molecular
gap are formed. We found that the conductance of the PPy—Pt
system near the Fermi level is sensitive to the character of the
bond formed at the interface.

In conclusion, our simulations showed the importance
of the dehydrogenation process on the formation of the
interface between molecule and electrode and its transport
properties. Elimination of terminating hydrogen atoms allows
the formation of the covalent bond between the molecular
chain and the electrode which enhances both mechanical
stability and the electron transport of the contact. In the case of
the PPy—Pt interface, we have observed a strong dependence
of the Fermi level alignment on the number of carbon atoms
involved in the contact formation. The presented simulations
provided a detailed information about the electronic structure
of the molecular junction. It can help to propose appropriate
dopants to achieve the desired electronic properties. We have
found that the electron transport through the PPy molecular
chain is driven by the tunneling process. Therefore, a
pertinent doping of both molecular wire and diamond surface
would enhance the electron transport. However, simulations
addressing the doping effect are beyond the scope of this paper.
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