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We performed first-principles transport

calculations of the

contact consisting of 3,4,9,10-

perylenetetracarboxylic dianhydride (PTCDA) molecular layers and metal electrodes using the nonequilibrium
Green’s function method combined with the density functional theory. To analyze roles of organic/metal interfacial
states for transport, we examined two kinds of electrodes: Ag(111) and Al(111). By quantitative evaluation of the
coupling strength between PTCDA molecular orbitals and electrodes, we found the creation of the Shockley-type
state at the interface of PTCDA and Ag(111). In contrast, the Al(111) surface formed a strong chemical bond
with PTCDA. A clear Shockley-type state was not created, and an ohmic bias voltage (V) and electric current (/)
behavior was found for contacts consisting of thin PTCDA layers and Al(111) electrodes. We also predicted that
further stacking of PTCDA layers will make /-V characteristics more Schottky-like for both Ag and Al electrodes,

regardless the different microscopic mechanism.
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I. INTRODUCTION

The understanding of charge transport at interfaces is im-
portant for its potential applications in organic-based devices,
as well as for its fundamental aspects, because organic devices
often have layered structures and carriers pass through the
interfaces.'™ The alignment of molecular levels with respect
to the Fermi level of the metal is the factor responsible for
the mechanism of charge injection at the interface.®’ Because
of the formation of the interfacial dipole, the barrier height
for charge injection at the interface is dramatically different
from that predicted by the simple Schottky-Mott model.®’
The mechanism of formation of the interfacial dipole largely
depends on the electronic states of both the organic materials
and the metal surfaces. Therefore, many experimental® '
and theoretical>! studies have investigated the structural
and electronic properties of adsorbed molecules on metal
surfaces, similar to adsorption-induced changes of work
functions.?>>

The metal surface system covered with 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA) is one of the
most studied organic/metal interfaces.’®=® The molecular
crystal of PTCDA («,8) can be regarded as a stack of molecular
(102) planes.?”* The difference between o and B phases is
that the stacking axis is tilted in the direction of the long
(a) or the short (B) axis of the (102) cell. Because of the
planarity, PTCDA tends to grow as a highly ordered film on
many metal surfaces.’**! On the Ag(111) surface in particular,
a commensurate layer of PTCDA is formed by the moderate
interaction between PTCDA and Ag, up to two monolayers
(2 ML).**# An interface between PTCDA monolayer and
Ag(111) is free from disorder. Hence, this system has
been actively investigated to identify the intrinsic electronic
properties of molecular semiconductors at the interface.*’~>°
The most notable features of PTCDA overlayers on Ag(111)
are their exotic interfacial states. The lowest unoccupied
molecular orbital (LUMO) of PTCDA is partially occupied
by an electron from the Ag(111) surface, and the occupancy
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of this interfacial state decreases with increasing coverage.’’
The PTCDA layer forms a Shockley-type interfacial state on
Ag(111)°° LUMO+1 and LUMO+2 of PTCDA molecules
are mixed with the Shockley state of the Ag(111) surface and
strongly disperse in two dimensions. Such an interfacial state
may affect the transport properties at the interface. Recently,
Schwalb et al. suggested that these interfacial states should be
included in theories of level alignment and barrier formation
at organic/metal interfaces.%

However, even as the electronic states have been debated
and investigated, scarce attention has been devoted to the
transport properties of PTCDA and the role of metal electrodes
from the microscopic point of view. To evaluate the role of
the interfacial state, comparison with Ag(111) and AI(111)
will be useful because of the absence of the Shockley state
in AI(111).61:62 Several studies reported the macroscopic
characteristics of bias voltage (V) and electric current (1),
which are called I-V characteristics, of both interfaces. Hirose
et al. measured I-V characteristics for interfaces between
several metals and PTCDA layers 1800 A thick, suggest-
ing that nonreactive metals (i.e., Au, Ag, and Cu) show
Schottky-type behavior (I o exp(V)), whereas reactive metals
(Al and Ti) show ohmic behavior (I o« V). This ohmic
behavior is attributed to the gap states caused by metal
oxides. Agrawal and Ghosh also measured the electric current
of 100- to 400-nm PTCDA layers with Al electrodes and
obtained a Schottky-type I-V behavior rather than an ohmic
behavior.%*

In this work, we investigated the transport proper-
ties of the contact of PTCDA and Ag and Al elec-
trodes, which are denoted as Ag(111)/PTCDA/Ag(111) and
Al(111)/PTCDA/AI(111), respectively. Estimation of I-V char-
acteristics were carried out by the nonequilibrium Green’s
function (NEGF) formalism combined with density functional
theory (DFT). To apply NEGF-DFT, we introduced the
periodic molecule structure for contacts as a model of the
(experimentally observed) commensurate layer structure to
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reduce computational cost. We denote this model as the
periodic molecular model, where PTCDA overlayers are
stacked as dimers or trimers because of restricted periodicity.
However, lateral interactions between neighbor molecules are
included in this model. To check the validity of the preceding
simplification and the accuracy of adopted computational
methods, we carried out several preliminary calculations of
PTCDA overlayers on (single-side) metal substrate using a
standard slab approach. These calculations are denoted as
PTCDA/metal contacts and named the surface-slab model,
because surface-slab systems are easy to compare with
previous theoretical and experimental studies. We focus
on whether very thin PTCDA film in contact shows clear
Schottky-type or ohmic behavior, examining the dependence
on kinds of metal and the number of molecular layers.
The role of the interfacial state is discussed from the view
of molecular orbitals (MOs) based on resulting Green’s
functions.

This paper is organized as follows. In Sec. II, we describe
the computational scheme and show calculated results of
the PTCDA layer adsorbed on Ag(111) or Al(111) substrate
(surface-slab model) using a standard slab approach. Analysis
of electronic structures at interfaces and conformation of stack-
ing of PTCDA layers and/or lateral interactions are shown.
Several models of a (surface) unit cell are also discussed. We
set up model structures of the contacts Ag/PTCDA/Ag and
Al/PTCDA/AL for transport calculations in Sec. III. We then
describe the details of transport properties, effects of stacks of
PTCDA layers, and PTCDA-metal interactions in Sec. IV. A
summary and conclusions are presented in Sec. V.

II. COMPUTATIONAL METHOD AND ELECTRONIC
STRUCTURE AT THE PTCDA/METAL INTERFACE

A. Computational method

DFT,® as implemented in the SIESTA package,’® was
employed for the calculation of the electronic structure. We
used a single-¢ polarized basis set for metal atoms and
a double-¢ polarized basis set for H, C, and O atoms.
Core electrons are described by the Troullier-Martins norm-
conserving pseudopotential®’ with the Kleinman-Bylander
nonlocal projector.® We used the local density approximation
(LDA) functional, although LDA sometimes overestimates
bonding strengths and cannot estimate the long-range force
correctly. The validity of using LDA is briefly described later.
We examined p(6 x 7),p(4 x 6),and (] !)fcc (111) unitcells
to impose two-dimensional periodicity of the surface; these
represent the adsorbed structures of PTCDA as a single
molecular structure, periodic molecular structure, and com-
mensurate layer, respectively. The Brillouin zones of all cells
were sampled with Monkhorst-Pack® 2 x 2 x 1 k-grids.
We optimized each structure by relaxing only atoms of
PTCDA. Before setting up contacts (i.e., Ag/PTCDA/Ag and
Al/PTCDA/Al) for NEGF-DFT, we performed preliminary
calculations for surface-slab (PTCDA/Ag and PTCDA/AI)
systems. They are used to check the validity of our computa-
tional schemes and for complementary analyses of interfacial
states.
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FIG. 1. (Color online) (a) Schematic view of a PTCDA molecule.
Ol is a carboxyl O atom, and O2 is an anhydride O atom.
(b) Commensurate PTCDA layer over an Ag(111) surface. Yellow
(light gray), light blue (dark gray), red (black), and large silver (white)
balls mean C, H, O, and Ag, respectively. In (b) a is the long axis and
b is the short axis of the unit cell; 7 shows the lateral displacement of
the next PTCDA layer; and A and B show different kinds of PTCDA
molecules in the unit cell of the commensurate layer structure.

B. Preliminary calculations: Single-monolayer PTCDA
on Ag and Al substrates

Before constructing contact models for transport calcula-
tions, we calculated 1-ML PTCDA on a single-side metal
substrate. First, we show DFT results of the commensurate
layer structure of PTCDA/Ag(111) in the surface-slab ap-
proach. Figures 1(a) and 1(b) show a schematic view of the
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TABLE 1. Adsorption structures of the models (single and periodic molecular models and commensurate layer) for monolayer PTCDA on
the Ag and/or Al substrate. The labels C, O1, and O2 for atoms and the notation of the types A and B are summarized in Fig. 1. The letter M
represents the metal atom (Ag or Al) nearest each C, O1, and O2 atom, and the averaged distance between atom X and atom M is denoted as
X-M in the table. In the rightmost column, A® represents the change in work function from that of the clean metal.

Metal substrate Structure (model) C-M (A) 01-M (A) 02-M (A) A®D (eV)
single molecule 291 244 2.73 —-0.07
periodic molecule 2.82 242 2.71 —0.21
Ag(111) type A (commensurate layer) 2.75 2.50 2.77 —0.20
type B (commensurate layer) 2.72 2.59 2.78
exp* 2.86 2.68 297 0.27%, —0.10%
Al(111) periodic molecule 2.89 1.97 2.55 —0.12

PTCDA molecule and top view of the I-ML PTCDA/Ag(111),
respectively. The surface plane of PTCDA/Ag(111) is the
x-y plane, and the x axis is set to the long axis, a. The z
axis is perpendicular to the x-y plane. As we stated in the
introduction, the adsorption structures of a single PTCDA and
a commensurate PTCDA monolayer on the Ag(111) surface
have been studied thoroughly.?® The carbon framework of the
single PTCDA is almost flat, whereas the carboxylic O atoms
approach the Ag atoms beneath.’® There are two types of
PTCDA molecules in the unit cell of the commensurate layer
structure, type A and type B (Fig. 1(b)). The lateral position
of the former is similar to that of the single PTCDA. The
carboxylic O-Ag distances of the latter are slightly larger than
those of the former, because O atoms do not lie on atop the
sites of the Ag(111). Our calculated results reproduced the
previous experimental*’ and computational®® works, as shown
in Table L.

Figure 2(a) shows the density of states projected onto
the PTCDA molecules of commensurate layers (the curve
labeled 1 ML). The partially occupied LUMO and the
strongly dispersed LUMO+1 are properly described. The
mechanism of the chemical bonding of PTCDA/Ag(111)
through the O-Ag bond and charge injection from the
substrate to LUMO of PTCDA, i.e., a kind of donation
and back donation, is widely accepted.’® LUMO+1 is con-
sidered as a part of the Shockley-type interfacial state of
PTCDA/Ag(111).%% The energy of the Shockley state of the
clean Ag(111) surface is 0.29 eV above the Fermi level
at the I' point, and we found a related state 0.82 eV
above the Fermi level in the present commensurate layer
structure. In the region on PTCDA, wave function of this state
is similar to that of LUMO+1 of a free PTCDA molecule, and
the value 0.82 eV is in good agreement with the experimental
observation for the interfacial state.”® Hence, our calculation
confirmed that the Shockley-type interfacial state is formed by
the hybridization of PTCDA (LUMO+1) and Ag(111) states.

Similar procedures were applied in the case of AI(111). At
variance with previous theoretical calculations,’' the PTCDA
molecule largely bends because of the strong O—Al bonding,
as shown in Table I. Because the calculation using the
Perdew-Burke-Ernzerhof (PBE) functional gives the same
result (being the bending even emphasized), we consider that
the strong O-Al bonding is a characteristic feature of the
interface between PTCDA and Al(111) surface. In addition,

the most stable position of PTCDA on the Al(111) surface
is the same as on the Ag(111) surface, i.e., all carboxylic
O atoms reside on the top of metal atoms. The projected
density of states (PDOS) of the PTCDA molecule is shown
in Fig. 2(b). The energy level alignment of MOs against the
Fermi level is deeper than that of PTCDA/Ag(111), revealing
strong donation and back donation. However, other features,
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FIG. 2. (Color online) (a) Density of states projected onto
PTCDA molecules of the PTCDA/Ag(111) surface-slab model.
(b) Density of states projected onto the PTCDA molecule of
PTCDA/AI(111) for the periodic molecular structure.
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such as the intervals and overall shapes of MOs, are similar
between Ag and Al substrates. From the preceding estimation
of the energy level alignment, LUMO and LUMO+-1 could
contribute to transport, i.e., conducting MOs, as in the case of
Ag substrate. Furthermore, LUMO+1 is expected to be more
conducting, because there is no projected gap.

For later use, we analyzed results of the other two model
structures. One is the periodic molecular structure, which is a
slightly simplified periodic structure compared to the commen-
surate layer, as stated earlier. The other is the single molecular
structure, where the interactions between neighboring PTCDA
molecules are negligible. PDOS of PTCDA is also given for
these two models in Fig. 2(a). PDOS of the periodic molecular
structure agrees with that of the commensurate layer. The
detailed calculations of the (optimized) adsorption structure
and work function of the PTCDA overlayer are listed for each
model in Table I. Agreement of the PTCDA structures of the
periodic molecular model with type A in the commensurate
layer structure (Fig. 1(b)) is satisfactory. Furthermore, work
functions of these models agree well. Hence, effects of change
of the lateral interactions caused by the difference between
the periodic molecular and the commensurate layer structures
may be negligible for electronic states at the interface.

Consider our use of LDA in the present DFT calculations.
Several groups reported that the adsorption structure of
PTCDA is reproduced well by some functionals associ-
ated with LDA 2841587273 Because the generalized gradient
approximation (GGA) level functional, such as the PBE
functional,”* sometimes gives an unreasonable adsorption
structure and underestimates its energy,’”> the use of LDA is
justified only as the empirical reason. Therefore, we checked
the necessity of the van der Waals (vdW) correction for
the present study. We confirmed that the vdW correction
does not improve the transport property systematically, using
several initial test calculations for the PTCDA molecular
crystal, as well as the metal interface. The GGA(PBE)
overestimated the volume of the crystal by 20%. Although
the vdW (Dion-Rydberg-Schroder-Langreth-Lundqvist’®’”)
correction improved the volume of ~5% with respect to the
LDA-calculated volume, the improvement of the band gap is
only 0.03 eV. Furthermore, the gap of the highest occupied
molecular orbital (HOMO) and the LUMO relating to the
PTCDA molecule connected to the metal clusters are almost
the same (difference < 0.1 eV) in the case of LDA and vdW
correction functionals. Finally, although many-body effects
such as GW corrections would be important for quantitative
estimation of conductance, practical applications of the first-
principles transport calculation are quite limited.”-3" All these
reasons motivated our decision to use the LDA functional in
the calculations.

C. Preliminary calculations: Multilayer PTCDA stacked
on the Ag substrate

One of our interests is the change of the electronic structure
and of the transport property by the increase in thickness
of molecular layers. Unfortunately, the stacking direction of
PTCDA possibly differs according to the number of layers or
metal species of substrates. If the use of common stacking
directions is a good approximation for electronic structure
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£ G
FIG. 3. (Color online) Schematic view of the metal/PTCDA/
metal contact of one (1L: left panel), two (2L: middle panel) and three

(3L: right panel) layers of PTCDA. Each atom (ball) is represented
by the same coloring (shading) as in Fig. 1.

(S

calculations of stacking two or more PTCDA layers, it is
useful not only for simplifying the system but also for making
comparison between different electrodes. Therefore, we cal-
culated the surface-slab of commensurate layers on Ag(111)
up to three monolayers (i.e., 2-ML and 3-ML PTCDA/Ag)
just as a reference. After that, we calculated the dimerlike
stacking structure of the periodic molecular model and then
examined the approximation by using common stacking
directions.

The most stable stacking direction of the second layer,
Fi2, is (0.11, 6.30, 3.03) A. This is half of the short axis
and is energetically the most stable. The stacking direction
of the third layer, 723, is (—1.63, —0.02, 3.06) A, which has a
slightly smaller x value than that of the «-crystal: (—1.90, 0.00,
3.22) A3® The stacking vectors 7, and 7,3 are shown in
Fig. 1(b). Experimentally, it has been reported that the second
layer is commensurate with the Ag(111) substrate, displaced
~50% along the short axis from the first layer. Beyond 2 ML, it
has been found that the molecule exhibits a Stranski-Krastanov
growth like the «-crystal cluster. Therefore, this result is
consistent with the experimental observation.*’ It also has
been reported that the third layer does not form a monolayer
commensurate with the Ag(111) substrate and that the short
vector of (102) mesh is slightly rotated, by £2.1°, with respect
to the short vector of the commensurate unit cell of the
underlying two layers.*> However, we adopt the same unit
cell as in the cases of 1 and 2 ML, because the difference
in angle between the second and the third layers is almost
negligible.

The stacking direction of PTCDA molecules in the periodic
molecular PTCDA/Ag(111), (—0.40, 1.64, 3.10) A, which
slightly deviates from that of the B-crystal, (0.00, 1.95,
3.24) A8 is different in the x and y directions with 7, or
73 of the commensurate layer. However, the z-component,
i.e., the space between m-m stacking, is equivalent to the
latter. Furthermore, despite the difference in stacking direc-
tions, the behavior of electronic structure with molecular
layers of different thickness is similar. The energy levels
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FIG. 4. (Color online) (continued).

of MOs are pulled up because of the increase in thickness structure reproduces the electronic structure of the commen-
without significant split by almost the same degrees for both surate layer structure even in the case of the multilayer
cases. As a result, we confirm that the periodic molecular stacking.
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FIG. 4. (Color online) (continued). Calculated data set of transport properties for (a) 1L, (b) 2L, and (c) 3L Ag(111)/PTCDA/Ag(111)
contacts. The top panels represent the transmission coefficient (left) and density of states of PMOs close to the Fermi level (right). The bottom
panels are /-V characteristics (left) and the electron pathway in PTCDA layers (right). Each atom (ball) in the panel of the electron pathway is

represented by the same coloring (shading) as in Fig. 1.

III. SETTING UP MODELS OF “CONTACT”
FOR TRANSPORT CALCULATIONS

NEGF-DFT is a practical and widely used approach to
carry out first-principles transport calculations. However, it is
a heavier task computationally than standard DFT, and the sys-
tem size gets larger than simple surface-slab (PTCDA/metal)
because metal substrates are required on the left and right sides
(two sides) of the molecular layers (metal/PTCDA/metal).
Therefore, applications of NEGF-DFT to the commensurate
layer structure are computationally expensive, and a more
compact structure is desired to model a contact. Thus, we
examine whether simplification by a periodic molecular model
is applicable for a modeling contact, as it is in the case of a
surface supercell.

The structures of the adopted models are shown in Fig. 3,
and we named them the 1L, 2L, and 3L contacts corresponding
to the number of stacking layers (1, 2, and 3, respectively).
The adsorption site of the PTCDA molecule in contact with
the electrode (contact-PTCDA) is the same as that of the type
A molecule of the 1-ML PTCDA/Ag(111). On the other hand,
the stacking direction of the periodic molecular structure is that
of the dimer of PTCDA: (—0.40, 1.64, 3.10) A. Each PTCDA
molecule nearest to each metal surface takes the adsorption
structure given in Sec. II, while PTCDA in the middle layer
has a planarlike structure, i.e., is close to the structure of a free

molecule or a molecule in a molecular crystal. These results
suggest that the periodic molecular model for PTCDA/Ag
and Ag/PTCDA/Ag gives a similar structure—at least for
PTCDA nearest to electrodes. The periodic molecular structure
of PTCDA/Ag was a good approximation of commensurate
layers for multilayer PTCDA, as shown in Sec. II C. Hence,
we conclude that the use of the periodic molecular model,
i.e., the p(4 x 6) cell, is reasonable to model the contact and
to apply NEGF-DFT. A similar check was performed in the
case of AI(111). For instance, molecular layers were stacked
in the direction of the dimer in the periodic molecular structure
on Al, just as in the case of Ag electrodes. The modeling of
contact by the periodic molecular structure is also applicable
to AI(111) electrodes.

IV. TRANSPORT PROPERTIES
A. Theoretical background

The ballistic current [ for the given bias V,, can be written
using Green’s function G(E) in matrix form as

(V) = Go/dETr[FL(E)G(E)l"R(E)GT(E)]
X(fL(E) — fr(E))

— Go / dET(E)(fL(E) — fr(E)), 0
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FIG. 5. (Color online) For legend see next page.

where f1 g is the Fermi distribution function with chemical
potential w7 /g of the left (right) leads L(R). E is one-electron
energy, and T'(E) is a transmission coefficient. I'; ¢ is defined

as i(Xp)r — ZI/R), where X /g is the lead self-energy. The
terms of semi-infinite electrodes are exactly renormalized to
the contact region, although the explicit contact consists of
nine metal layers of both electrodes and bridge molecules in
the NEGF-DFT. To analyze interfacial states and their role to
conductance, we calculated the projected molecular orbitals
(PMOs), where the PMOs are defined as the eigenstates
of the molecular projected state Hamiltonian Hy,,.8' When
we expand the renormalized energy term by the PMO
basis, we can evaluate the coupling between molecules and
outer electrodes. The resulting energy shift and molecule-
electrode coupling strength for each PMO, v,, can be

expressed as

A(Y) = Re(ES — (Yo |GTH(ED) Y1)

o 2
Y(Wo) = —Im(EF — (Ya|G™ (EF)|¥a),

where Ef is the Fermi energy at zero bias and ED is the
eigenvalue of Hp,. The Fermi level is set to 0 throughout
this paper. Here, « is assumed to be the HOMO or LUMO of
the free PTCDA molecule. Therefore, the LUMO is partially
occupied by the electron from the electrodes, while the HOMO
is far from the Fermi level in the contact systems. We
denote the PMO of the mL contact m = 1, 2, or 3) as
YmL) - where the projection is defined on PTCDA in the
nth layer far from the left electrode. For instance, ¥ !CD
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FIG. 5. (Color online) Calculated data set of transport properties
for (a) 1L, (b) 2L, and (c) 3L Al(111)/PTCDA/AI(111) contacts. The
top panel represents the transmission coefficient, and the middle panel
is the density of states of PMOs close to the Fermi level. The bottom
panel is the I-V curve.

and ¢ GYcorrespond to the PMOs of PTCDA molecules
interfaced with the left and the right electrodes, respectively.

Furthermore, the nonequilibrium electron pathway from
atom A can be defined by the local current vector, using
Green’s function, as

Jy=GoV Y Tap Y Im{H; (GT.GD),

B#A HEA,VEB

— H;; (GT G}, €)

where U4 g is the unit vector in the direction from A to B, and
and v are related to the atomic orbital indices. Using the first-
principles NEGF-DFT, we can estimate J, of Eq. (3) strictly.®?
More details on NEGF can be found in the literature. 3383
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The structure of contact is the periodic molecular model,
just as given in Sec. III. We first report the transport properties
of 1L and 2L contacts, and then we analyze the 3L contact
in detail, also predicting the transport properties for further
stacking.

B. Results of Ag electrodes

Figure 4 shows results of transport properties of
Ag(111)/PTCDA/Ag(111) (transmission coefficient; density
of states (DOS), of PMOs; and I-V curve and electron pathway)
for 1L (a), 2L (b), and 3L (c) contacts. Roughly, the energy
level of each PMO relates to the peak of spectrum of the

transmission coefficient and Iﬂﬁfj";],fc)) has a large DOS around

the Fermi level, dominating electron transport. While WLISI\LA)O 4

has a finite DOS at the Fermi level, Wigfd’éljr)l shifts from the
Fermi level because of the interfacial dipole increase. This
is also clear from the electron pathway, because the long
edges of PTCDA molecules have large vectors. It has been

reporte a as a large amplitude aroun atoms
ported that v, U\, has a large amplitud d H at

while lﬂﬁ&]\jﬁo 41 has a large amplitude at the center of the
PTCDA molecule.?° In the 1L contact, the vector from the
Ag electrode to the center of the PTCDA molecule indicates
that the Shockley-type interfacial state, ‘/fL181]C4)<) +1» facilitates
the charge injection from the substrate. However, this vector
disappears because of the shift of ¥ ymo+1 When the number
of PTCDA layers is more than two. The electron pathway also
shows that the electron mainly displaces in the m stacking
direction and not laterally, even for the 3L contact.

In addition, the coupling parameters indicate the differences
in the interactions of PMOs, with electrodes between v¥.umo
and Y ymo41 of the 1L contact, i.e., 1//&830 and WIIASIIC&)() 41- As
a consequence of the moderate coupling with the electrode
state, wﬂg&)o broadens (y(wﬂg&)o) is 0.60 eV). However,
a very small value of y(wLISI\I;[)O +1)» 0.09 eV, and a sharp
peak of DOS show that w[{&%/;o 41 couples weakly with the
electrodes. This is consistent with wLISII\‘,[)O 4 being part of
the Shockley-type interfacial state of Ag(111) and dispersing
strongly in a direction parallel to the surface. The values of
¥ (Vi tnioustos 1) are reduced to around 1/3 when the number
of PTCDA layers are increased, but a similar description is
satisfied. The effect of very low y (w]fﬁl]\“,[)o +1) can be seen in the
resulting I-V curves shown in Figs. 4(a) and 4(b), which contain
a few slopes. These slopes are formed by sharp transmission
peaks derived from wll&bl)o Iy

In the 3L contact, the peak of DOS of PMOs splits according
to whether the associating PTCDA touches the electrodes
directly. The peaks of PMOs of both edge PTCDA molecules
have almost the same features as those of the 1L and 2L
contacts, i.e., broadened wﬁ&%) and sharpened WQSS(L)LI.
However, because of the reduction in the coupling parameters
(A (wfgbl)o) and A(wﬁgﬁg )are 0.22 and 0.09 eV, respectively),

581]\71)0 splits from IPLISSB)~ In addition, a striking reduction in

y(WL5 ) of 0.11 eV, which is smaller than y (1, Ut ) = 0.60
or y(wigbl)o) = 0.23, induces a very sharp peak of wESI\L/l)o
This is a fingerprint of a screened PTCDA-Ag interaction
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FIG. 6. (Color online) Spatial distributions of PMOs of the 3L contact of Al(111)/PTCDA/AIl(111). The numerical values under the labels
of PMOs are coupling parameters, and A(¢®Y) and y (¢'®Y) are calculated by expanding self-energy operators using the wave function of
whole molecules. The coupling parameters of conductive orbitals are indicated in bold-italic font.

and supported by an experimental measurement of the fast
screening effect by the surface Raman experiment.*® The
stacked PTCDA layers do not “feel” PTCDA-Ag interactions,
and vibrational frequencies converge to those of the PTCDA
crystal by stacking more than three PTCDA layers. This
fast screening of the PTCDA-Ag interaction partly results
from the d-electron screening at the Ag(111) surface, which
typically reduces the coupling between the adsorbate and the

substrate and increases the lifetime of the surface state.30-38

On the other hand, while WESI%/I)O 41 shows splitting from

WLISSI(SL by reduction in A(wﬁgh)o +1)> the peak remained

sharp, because initially y (¥ Lumo+1) is close to zero. As
2(3L) 1,236L) .
a result, electrons pass through ¥y gvo and ¥y gyo ; via
resonant tunneling, which gives very sharp transmission peaks
and, consequently, steplike /-V curves, as shown in Fig. 4(c).

Furthermore, because the coupling parameters are already
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close to zero, additional stacking of PTCDA would not induce
further splitting of DOS of PMOs. Therefore, the I-V curve
is expected to keep its shape even by increasing thickness of
PTCDA layers. It is noticeable that the Shockley-type state
does not contribute to transport directly in the 2L and 3L
contacts (this is also clear in the view of the electron pathway)
but rather participates in determining the whole shape of the
transmission coefficient and hence the I-V curve, even in the
higher thickness region.

C. Results of Al electrodes

The Al electrodes were examined using the same ap-
proach as used for the Ag case. Figure 5 shows the
transmission coefficient, DOS of PMOs, and I-V curves of
Al(111)/PTCDA/AI(111) contacts. In the 1L and 2L contacts,
K”ngfv?dll are broadened remarkably by coupling with the
bulk states of Al. This result is supported by an analysis
of surface-slab model, PTCDA/AI(111), where the Shockley-
type interfacial state is not formed (see Sec. II and references
therein). Other PMOs also have large coupling parameters,

indicating strong chemical bonding between PTCDA and
AI(111) surfaces. For example, y (¥ i) and ¥ (¥ tnios1)

are 0.55 and 0.69 eV, respectively, and they do not decrease
even in the 2L and 3L contacts. Therefore, these PMOs largely
overlap each other and then cause the broad transmission
coefficient and completely ohmic /-V characteristics, as shown
in Figs. 5(a) and 5(b).

In the 3L contact, the transmission coefficient is charac-
terized by a few sudden sharp peaks, although these are still
broader than those seen in the Ag case. Comparison between
(b) and (c) of Fig. 5 indicates that these sharp peaks correspond
to the PMOs associated with PTCDA in the middle layer. Other
peaks do not seem to contribute to transport—contrary to the
Ag case, in which all PMOs contribute to the transmission.

Knowledge of coupling between molecules is a fundamental
prerequisite to understanding the mechanism of the possible
contribution of restricted PMOs to transport in the 3L contact.
To accomplish this mandatory requirement, we introduce
another set of PMOs in which the projection is defined on
entire PTCDA layers. We denote these PMOs as ¢"®1), where
3L represents the 3L contact just as in ¥, The index n
indicates that ¢ has a large amplitude on the nth layer of

PTCDA. (Specifying n is done for convenience; e.g., (pi%bfo 9

and ‘0134(81%4)0 4 are not strictly distinguishable because of the

symmetric conformation of first and third layers.) The orbital
label o no longer belongs to a single PTCDA because of
the definition, and we label it from the energy level. The

plots of wave functions of PMOs as ¢®L and their coupling
parameters are shown in Fig. 6. Here, (pﬂgﬁg) are localized
around the interface and do not continue to the opposite surface
of electrodes because of the large y(goﬂ’éﬁla)); i.e., while wiﬁﬁg
strongly coupled with the electrode states, they were no longer
associated with the original MOs of the PTCDA molecule. On
the other hand, 90581%4)0’ whose couplings with the electrode

states were slightly weakened, are unevenly distributed to
the whole molecules. The relationship between <pﬁ81(\,3[812 and
(pi(SI\LA)O 4o 1s the same as that between <pi‘8ﬁg) and (pigll\“,l)o.

PHYSICAL REVIEW B 84, 045417 (2011)

Because of the localization, wiéﬁgﬂ do not contribute to
transport.

We can see from Fig. 6 that ‘/’i%b[)o and ‘/’E%%/l)o 4 still
have larger values of y because of strong coupling between
the PTCDA molecule and the Al electrode. This means that
PTCDA-Al interactions were not screened sufficiently by three
PTCDA layers. Although the I-V characteristics of the 3L con-
tact of Al(111)/PTCDA/AI(111) shown in Fig. 5(c) show a few
slopes, the gradient of each slope is much steeper and shows
more ohmic behavior than those of Ag(111)/PTCDA/Ag(111)
(Fig. 4(c)). However, further stacking of PTCDA layers
produces sharper transmission and a more steplike I-V
curve, as in the Ag case. This is because PMOs strongly
coupled with electrodes do not contribute to transport,
sharpening the threshold of the I-V curve. This consequent
Schottky behavior (exponential I-V) is well documented
experimentally.®*

V. CONCLUSION

We calculated the electronic structures and transport prop-
erties of PTCDA contact for Ag(111) and Al(111) electrodes
using NEGF-DFT and evaluated the roles that intrinsic
properties of the metal surfaces play in the transport properties
at the interfaces. We adopted periodic molecular structures,
which have nonnegligible lateral interactions, and applied
NEGF-DFT calculations to up to three stacked PTCDA layers.
The periodic molecular structure is a good approximation
of (experimentally observed) commensurate layer structure.
We revealed that LUMO and LUMO+-1 mainly contribute to
transport in both systems and the formation of a strong O-Al
bond in the case of Al. Because of the existence of the Shockley
state and the fast screening of molecule-metal interaction, the
coupling parameters of PMOs are small in the Ag case and
large in the Al case, producing a relatively ohmic /-V curve of
the AI/PTCDA/AI contact.

Even more strikingly, with the aid of the quantitative
evaluation of the coupling parameters and electron path-
way, we found that the Shockley-type interfacial state at
the interface of the PTCDA and Ag(111) surface affected
the whole shape of the transmission spectrum and the I-V
curve through interactions between states associated with
PTCDA layers. Therefore, the microscopic aspect of unique
interfacial states was crucial for the transport properties, as
well as the macroscopic interfacial dipole. Therefore, precise
understanding of transport properties from first-principles cal-
culations is important. The present Ag(111)/PTCDA/Ag(111)
contact shows tunneling through well-separated MOs in three
layers.

We predicted the I-V characteristics of both systems
with thicker molecular layers and showed Schottky behavior
through the further stacking of PTCDA. In the case of the Ag
electrode, this is because of the Shockley-type interfacial state
and the reduction of the PTCDA-Ag interaction. On the other
hand, a steplike I-V curve is predicted for the Al electrode,
because the only free-molecular-like PTCDA in the middle of
the layer contributes to transport; i.e., strongly deformed PMOs
at the interface are “hidden” by the PTCDA-AI interaction.
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