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The correlation between nanoscale morphology and charge injection rates at the interface between an organic semicon-
ductor layer and a transparent metal oxide electrode was investigated by integrating molecular dynamics simulations
with electronic structure calculations. The simulation approach proposed has been applied to the analysis of the hole
injection mechanism at the interface between an amorphous layer of tris[(3-phenyl-1H-benzimidazol-1-yl-2(3H)-ylidene)-
1,2-phenylene]Ir (DPBIC), a hole transport and emitter molecule, and the surface of indium tin oxide (ITO), a material
commonly used as anode in OLEDs. The link between interface morphology and charge injection was investigated by
implementing a two-step, top-down simulation approach. Namely, nanoscale molecular aggregation phenomena at the
organic/electrode interface were first assessed by molecular dynamics simulations, mimicking different processing condi-
tions, and followed by density functional theory calculations of the electronic coupling between molecular levels and the
manifold of electrode states involved in the charge injection process. The correlation between structural parameters and
electronic coupling suggests a significant role of specific molecule/electrode configurations on charge transport processes
at the interface, resulting in a broad distribution of charge injection rates, and highlights the link between molecular struc-
ture, nanoscale aggregation and processing in the realization of heterointerfaces for efficient charge injection in organic
electronic devices.
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Introduction

The interface between metal electrodes and organic ma-
terials plays a central role in the development of novel
functional devices, including organic light-emitting diodes
(OLEDs), organic thin-film transistors (OTFTs) and or-
ganic photovoltaics (OPV).1–7 In particular, the injection of
charges from an electrode into an organic thin film is one
of the processes that crucially affects the global function-
ing of OLEDs and OTFTs.8–11 A quantitative and realistic
description of the phenomena related to charge injection
at the metal-organic interface, however, is still a very chal-
lenging task, requiring the interplay of several models for
the simulation of interface morphology, electronic coupling
and ultimately injection dynamics. The interface morphol-
ogy can be predicted by molecular dynamics simulations,
typically parameterized using density-functional calcula-
tions on small subsystems.12–19 Yet, the accurate descrip-
tion of the electronic coupling between organic and inor-
ganic materials requires highly demanding ab-initio meth-
ods, including electronic correlation.20,21 Finally, the cal-
culation of charge injection deep inside the organic ma-
terial requires the simulation of the charge dynamics that
could be tackled with a kinetic Monte Carlo approach.22–26

Nonetheless, an accurate analysis of interface phenomena
affecting charge injection is of crucial relevance for a com-
prehensive description of the working mechanisms of or-
ganic electronic devices and is needed in order to screen
and guide the synthesis of new compounds or device pro-
cesses.12,27,28

The main features of the charge transfer mechanism at
the interface between the electrodes and the organic ma-
terials can be related to the details of the morphology at
the molecular level and to the resulting electronic cou-
pling. The chemical affinity between the molecular ma-
terial and the electrode determines the strength of the
interaction, leading to either weakly- (physisorbed) or
strongly-bound (chemisorbed) species. On the basis of the
molecule/electrode interaction, formation of nanoscale ag-
gregates is usually observed at the interface.29,30 In turn,
morphology controls the electronic coupling between the
molecular layer and the electrode, in terms of electronic
overlap and energy renormalization of molecular orbitals
at the interface due to charge transfer or polarization
mechanisms.31–34

The formation of the metal-organic interface in organic
electronic devices has been the subject of several research
efforts focused on the understanding of phenomena re-
lated to the generation of the injection current.10 One of
the aspects of the metal-organic interface that has more
thoroughly been investigated concerns the development

of an energy offset between the Fermi level of metals
and molecular states.20,21,35,36 In particular, previous work
has targeted the investigation of the metal/molecule in-
teraction in model systems or in ordered organic aggre-
gates at the interface with metals, as for example in self-
assembled monolayers.9,20,37–40 However, the interplay be-
tween nanoscale morphology at the interface, electronic
coupling and resulting injection rates has not been inves-
tigated in detail. Systematic calculations of such complex
systems have been made possible only recently thanks to
methodological advances and improvements of computing
facilities.41,42

In this work, we analyse the morphology and re-
sulting charge injection properties at the interface be-
tween a metallic anode and an organic layer in an elec-
trode/organic junction. Namely, we target hole injection
in a typical OLED stack at the interface between indium
tin oxide (ITO) and an amorphous undoped thin-film of
the Iridium complex Tris[(3-phenyl-1H-benzimidazol-1-yl-
2(3H)-ylidene)-1,2-phenylene]Ir (DPBIC), commonly used
in state-of-the-art phosphorescent OLED devices as hole
transport material.12,43,44 Despite its wide use as trans-
parent electrode both in OLEDs and solar cell devices,
the properties of the ITO surface and ITO/organic in-
terfaces have been investigated only in few theoretical
works.45–50 The understanding of charge injection pro-
cesses at the metal/organic interface, in complex mor-
phologies, requires an in-depth analysis of intrinsically dif-
ferent phenomena. In our approach, large-scale molecular
dynamics (MD) calculations are first used to simulate the
morphology of nanoscale aggregates at the metal/organic
interface. In particular, a realistic description of interfaces
between the metal electrode and amorphous organic ag-
gregates is achieved through the application of an inno-
vative simulation protocol, based on equilibrium and non-
equilibrium MD. The resulting configurations are analysed
in terms of relevant structural parameters, highlighting the
main features of molecular aggregation at the interface.
Nanoscale morphologies are then used for the subsequent
evaluation of electronic properties and quantitative calcu-
lation of the hole transfer rates from the metal to the first
layer of adsorbed molecules. In order to achieve this goal,
density functional theory (DFT) calculations are used to
compute electronic couplings of the metal/organic inter-
face and to evaluate hole hopping rates based on Mar-
cus theory. This computational approach provides a quan-
titative estimate of the distribution of injection rates for
nanoscale aggregates of a realistic electrode/organic in-
terface. This work highlights for the first time the inter-
play between nanoscale morphology and disorder near the
metal interface and its consequences to the statistical vari-
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ations of electronic couplings and hopping rates between
the metal and the adsorbed molecules. It is a first step
towards a comprehensive in-silico modelling of interfaces,
guiding synthesis and processing of organic layers.

Computational details

Force fields - A non-bonded force-field (FF), based on
the Buckingham potential, including polarization terms for
oxygen atoms, was applied to In2O3 and ITO.51 This FF
provides structural parameters for In2O3 and ITO bulk su-
percells in excellent agreement with experimental values
(see ESI).52 Both bonded and non-bonded terms, based on
the OPLS-AA force-field,53 were used to model the DPBIC
molecule, as described in previous works.12,43 The over-
all RMS deviation of force-field relaxed atomic positions of
DPBIC against the DFT optimized geometry is about 0.015
nm for non-hydrogen atoms. The interaction between
DPBIC molecules and the ITO was described in terms of
an interaction potential including Lennard-Jones (LJ) and
Coulomb parameters. The atomic charges used for the iso-
lated ITO and DPBIC were left unchanged also in the inter-
acting system, keeping consistency with those calculations.
The LJ terms for atoms involved in the DPBIC/ITO inter-
action were taken from the OPLS force field, augmented
by terms extracted from the Universal force-field54 for ITO
metal atoms, applying standard Lorentz-Berthelot rules for
cross terms. This force-field provides interaction energies
and equilibrium geometries that are in good agreement
with values computed at the DFT level,55 including dis-
persion corrections (see ESI).

Molecular dynamics - MD calculations were performed
by using the GROMACS package.56 A short-range cut-off
of 1 nm was used for Coulomb and van der Waals inter-
actions, including long-range electrostatic terms evaluated
via the particle-mesh Ewald (PME) method.57 The Berend-
sen thermostat58 was used for simulations in the NVT (con-
stant volume) ensemble, with a time constant of 0.1 ps,
and a Berendsen barostat,58 with a time constant of 1.0 ps
for simulations in the NPT (constant pressure) ensemble.
Periodic boundary conditions (PBCs) in three dimensions
were used in all MD calculations, using a large (≈ 10 nm)
vacuum region in the z direction of the box for simulations
of slabs.

DFT relaxations - DFT geometry optimization of
In2O3/ITO bulk systems were performed by using the
Perdew-Burke-Ernzerhof (PBE) gradient-corrected approx-
imation59 and Martins-Troullier (MT) pseudopotentials60

(taken from http://www.quantum-espresso.org), with a
wavefunction cut-off of 80 Ry. Calibration calculations
were also performed by using other pseudopotentials and
exchange correlation functionals (see ESI). DFT calcula-

tions were carried out by using the Quantum Espresso
package.61

Electronic couplings and injection rates - The electronic
coupling between ITO and DPBIC molecules was evalu-
ated by computing the transfer integral between ITO Bloch
states around the Fermi energy and the molecular HOMO
state. In the calculations we restrict the analysis to the
HOMO level of DPBIC since the HOMO-1 energy state is
about 250 meV below. Since this is about 10 kBT at room
temperature, the occupation factor makes the hopping rate
into this level negligible. The contribution of individual
transfer integrals, Hi j, from the electrode state i into the
molecular HOMO state j, can be derived in a way sim-
ilar to the work by Kirkpatrick et al.62 The computation
involves three independent calculations (DPBIC molecule,
ITO slab, and DPBIC@ITO) in order to reconstruct the ef-
fective overlap and Hamiltonian matrices. Since the origi-
nal work was developed for isolated molecules, care must
be taken in the k-summation of the periodic system. The
technical details can be found in the Appendix. Transfer
integrals were computed on individual DPBIC/ITO configu-
rations at the interface, extracted from MD, by plane-wave
DFT calculations performed with the Quantum Espresso
package and applying the PBE exchange-correlation func-
tional, norm-conserving MT pseudopotentials and a wave-
function cut-off of 80 Ry. A plane wave code was cho-
sen in order to accurately capture the wavefunction in the
interstitial region between the electrode and physisorbed
molecules. The ionic degrees of freedom are approxi-
mated within the semiclassical reorganization energy of
the Marcus-Jortner approach.63,64 The Marcus-Jortner ap-
proximation has been widely used in the evaluation of
charge transfer rates in the hopping regime, especially in
the context of simulation of charge transport in weakly-
coupled aggregates of organic molecular systems.31,65–68

Hence the transfer rate reads:

R =
2π

h ∑
k
|Jk|2[1− f (Ek)]

1√
4πkBT λ

exp
[
− (ε−Ek−λ )2

4kBT λ

]
(1)

where Jk is the transfer integral between the molecular
HOMO and a metal k-state (See equation A.11 in the Ap-
pendix), f (E) is the Fermi-Dirac distribution function of
the electrode with electro-chemical potential µ, defined as
f (E) = {exp[(E−µ)/kBT ]+1}−1, T is the temperature and
kB is the Boltzmann constant. Calculations were performed
at room temperature (T=300 K). The value of the reor-
ganization energy λ=68 meV for DPBIC was taken from
literature.12 The term ε −Ek is the energy difference be-
tween the HOMO level and electrode levels, but impor-
tant corrections arise from polarization of the surrounding
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molecules and the electrode. The latter is the dominant
term for the absorbed molecules and can be approximated
by the image-charge energy. We can call this renormalized
molecular energy level near the metal as ε̄HOMO. We notice
that in the limit λ → 0 the gaussian tends to a Dirac-delta
function and equation 1 can be approximated to:

R =
2π

h
|J|2[1− f (ε̄HOMO)]ρ(ε̄HOMO−µ), (2)

where ρ(E) represents the density of states (DOS) of the
system. This expression makes more manifest the expo-
nential sensitivity of the transfer rate with the energy dif-
ference ε̄HOMO− µ, i.e. on the energy alignment between
molecular states and metal Fermi energy.

Density functional in both LDA or GGA flavors is known
to give inaccurate energies and band alignments.69 Espe-
cially for a molecule/metal interface, there are crucial cor-
rections originating from exchange and correlations con-
tributing among the other to image-charge renormaliza-
tion.29,70 A possible approach to take these effects into
account is within the GW approximation,71 however this
method is computationally very demanding,36 becoming
too expensive for the DPBIC/ITO supercell comprising
about 400 atoms. This is particularly problematic if statis-
tics of the interface morphology requires repeated calcu-
lations on a large number of samples. The energy level
alignment between the molecule and the electrode in the
Schottky-Mott limit (common vacuum level)38,72 is usu-
ally approximated as the difference between the ioniza-
tion potential of the isolated molecule and the work func-
tion of the electrode surface. The measured workfunc-
tion of ITO samples ranges between 4 and more than 5
eV, depending on surface processing and treatments,73,74

whereas the computed ionization potential of DPBIC at the
solid state is about 5.3 eV,12 with further lowering that can
arise from image charge effects at the metal/organic in-
terface.36 These values lead to effective injection barriers
ranging from 0 to more than 1 eV. Here, for simplicity, we
assume a perfect alignment of the HOMO molecular level
with the electrode Fermi level (i.e., ε̄HOMO = µ). It should
be pointed out that the level alignment is of crucial im-
portance for a quantitative prediction of the transfer rates.
However, we notice that the exponential term containing
ε −Ek is factorized from the transfer matrix element, Jk,
hence the two key parameters entering in equation 1 play
an independent role and can be studied separately. Setting
ε̄HOMO−µ = 0 is a way to maximize the role that molecular
configurations have on electronic couplings contained in Jk.
For the more usual case of ε̄HOMO < µ, charge transfer rates
are essentially reduced by a constant exponential factor. Al-
though the general formulae are developed including a k-

space summation (see Appendix), the size of the simulation
cell allowed us to approximate the transfer integrals at the
Γ point. As shown in equation 1,the electronic couplings
between molecules at the interface and the metal elec-
trode surface enter directly in the Marcus-Jortner equation
for the evaluation of injection rates. However, as demon-
strated by several previous works,11,12,31,33,44,67,75–77 the
electronic coupling changes dramatically with the specific
molecule/surface configuration. Therefore, the distribu-
tion of electronic couplings with the complex morphology
at the interface is a prerequisite for correlating nanoscale
molecular aggregation to the distribution of injection rates.

Results and discussion

Model of the ITO surface

The thermodynamically stable phase of In2O3 is a bixbyite
body-centered cubic structure, with 40 atoms in the unit
cell (80 atoms in the cubic cell),52,55 formally related to a
vacant cubic fluorite (CaF2) crystal.55,78,79 An initial model
of the In2O3 bulk crystal was prepared according to avail-
able experimental data.80 DFT calculations were initially
carried out on a model of In2O3, relaxing atom positions
and cell parameters in the cubic symmetry (see ESI). At the
level of theory used (see Computational Details) the opti-
mized cell parameter (10.047 Å) agrees remarkably well
with the experimental value (10.117 Å).52 The computed
band gap for In2O3 is found to be 1.85 eV, which is about
1 eV smaller than the value currently accepted.81 This dis-
crepancy, however, is ascribed to the well-known underes-
timation of the band gap related to the use of gradient-
corrected XC functionals. Models for the bulk ITO crys-
tal were obtained from the relaxed In2O3 structures. In
the ionically-compensated doping, which is likely to oc-
cur at high tin concentrations and oxidizing conditions and
is considered to be the most stable in common ITO sam-
ples.71 indium ions are substituted by (2 SnIn · Oi’) de-
fects, with interstitial oxygen atoms occupying the vacancy
sites of In2O3.71 We focused our simulations on the 5 wt%
Sn-doped systems, in line with common ITO samples.52

The position of substitutional Sn ions was randomly se-
lected from the metallic sites of the In2O3 crystal. The elec-
tronic structure of ITO bulk models was simulated with the
same set-up used for DFT calculations on In2O3, using a MT
pseudopotential for the Sn sites. The variation in the com-
puted cell side length upon tin doping is below 1%. From
the bulk system, an oxygen-terminated metal slab was ob-
tained by cleaving the cubic crystal along the (111) low-
index surface, which is the most thermodynamically sta-
ble.55 The resulting slab has a hexagonal symmetry and a
thickness of about 1 nm, corresponding to 9 atomic layers.
The slab was further optimized by DFT, with fixed cell vol-
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Fig. 1 Representative configurations of kinetic (left) and thermodynamic (right) aggregates of DPBIC molecules on the model ITO surface. Green:
carbon; blue: nitrogen; red: oxygen, pink: indium; yellow: tin; white: hydrogen. The shaded area represents periodic images of the simulation box.

ume and constraining the position of the four bottom-most
atomic layers (see ESI). From the slab, a 2-dimensional su-
percell was generated by replicating the DFT unit cell. The
size of the slab (5x5 nm) was chosen large enough to al-
low for subsequent growth of an amorphous organic layer
of DPBIC molecules. Moreover, the supercell approach al-
lows a reduction of the slab unit cell symmetry, leading to
a change of the angle between the crystal axis from 120◦ to
90◦. The surface of the ITO slab model can be considered
as representative of the exposed nanoscale morphology in
polycrystalline ITO thin films, where strong surface local
ordering is observed in domains with sizes in the order of
a few nanometers.82 A vacuum region of about 10 nm was
inserted in the direction of the box orthogonal to the ITO
surface, to avoid spurious interaction between slab images.
The ITO slab supercell was relaxed by constant-volume
(NVT) MD simulations under the potential described in the
Computational Details section. An annealing/quenching
cycle of 1 ns at a temperature of 500 K was also performed
to improve surface relaxation, followed by equilibration at
room temperature.

Morphology of the ITO/DPBIC interface

The interface morphology between DPBIC and the ITO
electrode was simulated by modelling the growth of an
amorphous layer of organic molecules onto a relaxed ITO
slab, through a combination of non-equilibrium and equi-
librium MD. This approach enables the realistic description
of complex interface morphologies involving amorphous
organic phases and, at the same time, a statistical variabil-
ity related to the replication of the same thermodynami-
cal systems with different initial conditions. Namely, DP-

BIC molecules were consecutively added to the simulation
box and relaxed onto the ITO surface, thus mimicking the
growing mechanism in vapor-phase deposition techniques.
Despite the simulated growth rate is much faster than real
depositions by several orders of magnitude, our approach
allows the correlation between growth conditions and mor-
phology by tuning simulation times and annealing tem-
peratures. The formation of the electrode/organic inter-
face was realized by iteratively inserting DPBIC molecules,
equilibrated at 300 K, to the 5x5 nm ITO slab model.
Each molecule was initially positioned in the vacuum re-
gion above the slab, at a distance of about 10 nm, with a
random in-plane displacement and orientation. Initial ve-
locity components of 0.4 nm/ps, in the -z direction, were
added to all atoms of the newly inserted DPBIC, and a
short (10 ps) non-equilibrium MD run was performed. In
all our simulations, the DPBIC molecules get in contact
with the surface within this MD time frame. After each
molecule/surface contact, we applied two different anneal-
ing protocols. In a first set of simulations, a MD equili-
bration run of 100 ps at 300 K was performed for each
of the DPBIC molecules. This rather short equilibration
time takes to the extreme the condition corresponding to
a kinetically-controlled growth mode. In a second set of
simulations, a longer MD run of 1 ns was performed be-
tween successive molecular insertions, annealing the sys-
tem with a thermostat with a suitable temperature profile.
Specifically, the system was first equilibrated at 300 K for
200 ps, annealed to 500 K for 100 ps, equilibrated at 500 K
for 300 ps, quenched to 300 K for 200 ps and finally equili-
brated at 300 K for 200 ps. This annealing strategy mimics
molecular relaxations occurring upon application of ther-
mal treatments, due to the higher temperatures and longer
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Fig. 2 Radial (left) and angular (right) structural parameters defining
the distance and orientation of DPBIC molecules with respect to the ITO
surface.

time scales involved. Therefore, this second approach aims
at reproducing a thermodynamically-controlled growth of
DPBIC aggregates on the ITO surface. Indeed, annealing
at high temperature, yet within the experimental stability
range (larger than 350 ◦C83) is expected to increment the
diffusion of DPBIC molecules on the ITO surface, improv-
ing aggregation and molecular packing. For each simula-
tion sequence, about 200 DPBIC molecules were deposited
onto the 5x5 nm ITO model, generating an organic layer
with a thickness of about 5 nm. Each simulation process
was repeated 50 times with different initial conditions, in
order to obtain meaningful statistics of the molecular con-
figurations at the interface. Representative configurations
of DPBIC aggregates on ITO for the two growth modes
considered are shown in Fig. 1. In order to further gain
insights in the simulated morphologies it is convenient to
introduce two relevant structural parameters of the DP-
BIC and ITO interface (see Fig. 2). A first parameter
was defined as the distance between the center of mass
of the DPBIC and the plane defined by the average z coor-
dinate of the outermost atoms of the ITO slab. As a further
parameter, we considered the orientation angle of DPBIC
molecules with respect to the ITO slab, defined as the an-
gle between the normal to the ITO slab (z axis) and the C3

axis of the DPBIC molecule (see Fig. 2b), which also rep-
resents the orientation of the molecular static dipole mo-
ment.84 The global set of morphologies obtained by the
MD simulations described above was analysed in terms of
these two structural parameters, restricting to molecules
near the interface (defined as the molecules with center of
mass within a distance of 0.9 nm from the ITO surface).
The resulting distributions of the radial and angular pa-
rameters are shown in Fig. 3 for both the kinetically and
thermodynamically controlled growth modes. The analy-

Fig. 3 Histograms (blue: kinetic growth mode; red: thermodynamic
growth mode) of the distribution of the DPBIC/ITO distance (top, left)
and orientation (top, right), defined in terms of the radial and angular
parameters described above, for molecules at the interface. Molecular
configuration and HOMO isosurface for the three most likely orientations
(180◦, 75◦ and 0◦, from left to right) of DPBIC with respect to the ITO
surface (bottom).

sis of the interface configurations suggests a distribution
of DPBIC/ITO distances peaked at about 0.6 nm for both
growth modes. This distance is about 0.15 nm lower than
the equilibrium distance for an isolated DPBIC surface on
ITO, thus indicating a collective effect of the aggregate in
inducing a stronger interaction with the surface. Looking
at the distribution of orientation angles, we observe three
features, peaked at about 0◦, 75◦, and 180◦, respectively.
The peaks at 0◦ and 180◦ are notably sharper than that
at 75◦, leading to the conclusion that these two orienta-
tions are preferred. In the thermodynamic-growth sam-
ples these two angular orientations are even more favored,
from which we conclude that they are the most energeti-
cally stable. The two most favored orientations of DPBIC
molecules at the interface with ITO are also highlighted by
the two main peaks in the ITO/DPBIC distance distribution,
with a main feature located at about 0.57 nm (parallel ori-
entation with respect to the z-axis, see Fig. 3) and a second
shoulder at about 0.65 nm (antiparallel orientation). The
occurrence of two main preferential orientation and a third
broader distribution of orientations can be ascribed to the
peculiar symmetry of the DPBIC, owing to both its electro-
statics and geometrical shape, where the first is likely to
be the dominating cause.84 Nevertheless, despite the oc-
currence of preferential geometries, the molecular config-
urations at the interface can potentially assume different
values in a quite broad set of values, as a result of the dis-
order induced by the formation of amorphous aggregates.
As discussed above, small changes in the molecule/surface

6



Fig. 4 Variation of the injection rate as a function of the DPBIC/ITO dis-
tance (left) and orientation (right) for the kinetic (blue dots) and thermo-
dynamic (red dots) growth modes, respectively.

geometry can impact greatly on the injection rates. There-
fore, the distribution of molecular configurations at the in-
terface, as it will be explained below, can be related to the
resulting distribution of injection rates.

Electronic couplings and injection rates

The electronic couplings between DPBIC molecules and
ITO were computed on representative sample configura-
tions extracted from the whole set of simulations on the
basis of the statistical distributions discussed in the pre-
vious section, according to their statistical frequencies. A
grid of 10x10 points for the radial and angular parame-
ters (r,θ) was used, resulting in a total of 100 individ-
ual configurations. For each pair of values (ri,θi) on this
grid, a representative DPBIC/ITO system with the values
(r,θ) closest to the target parameters was selected from
the whole set of samples. This approach allows to extract
the configuration of a single molecule in the realistic envi-
ronment of aggregated (equilibrated) morphologies, and
in contact with the ITO surface, on a specific site. For
the subsequent quantum-mechanical calculation, the DP-
BIC/ITO subsystem was isolated and projected on a peri-
odic cell with the hexagonal periodicity of the ITO slab.
It is worth recalling that the ITO slab, used in MD sim-
ulations for the growth of the organic layer, was built as
a supercell of the DFT model, and constant-volume MD
equilibrations were only performed, thus keeping the cell
parameters unchanged. Consequently, the re-cut operation
applied to the MD model leads to a slab with the same
periodicity of the initial DFT model. For each configura-
tion considered, transfer integrals and injection rates were
computed as described in the Computational Details sec-
tion. The resulting distribution of hopping rates, from the
ITO slab to the DPBIC molecules, in terms of the radial and
angular structural parameters, is shown in Fig. 4. Not sur-
prisingly, the computed transfer integrals exhibit an expo-
nential decay as the distance between the DPBIC molecule
and the ITO surface increases, which is directly related to
the exponential wavefunction decay. The most interesting

Fig. 5 Distribution of injection rates (top) in kinetic (blue bars) and
thermodynamic (red bars) growth conditions and distribution of injection
rates, expressed as hopping frequencies in Hz (bottom, log scale), as a
function of distance and orientation for the aggregated (kinetic and ther-
modynamic growth) data.

behavior is shown with the angular dependence (Fig 4b).
Computed values suggest a preferential hole injection into
molecules oriented around θ = 0◦, for which hopping rates
as high as 5 ·1012 s−1 have been estimated. For the opposite
(θ = 180◦) orientation the rate decreases by more than one
order of magnitude. Clearly this is related to the orienta-
tion of the HOMO molecular orbital, as shown in Fig. 3.
Most of the population related to the peak around θ = 75◦

exhibits a rather broad scattering of rates, ranging over 3
orders of magnitudes.

The overall distribution of hopping rates is shown in Fig.
5. The largest fraction of computed injection rates lies in
the range from 1010 to 1012 Hz, in line with rates computed
for other physisorbed metal-organic systems,76 as in the
case of the weakly coupled DPBIC and ITO. It is worth
recalling, however, that the absolute values of the injec-
tion rates are computed by assuming a perfect level align-
ment (i.e., null initial barrier) between the involved molec-
ular energy level and the electrochemical potential of the
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electrode, thus representing an upper limit to the effective
injection rate. Computed injection rates show a slightly
more peaked distribution for DPBIC molecules grown in
thermodynamic conditions, with respect to the kinetically-
controlled growth mode, although the differences are not
very pronounced. The two-dimensional diagram in Fig. 5
shows also the correlation between injection rates and both
radial and angular structural parameters, obtained using
all the available samples. The distribution suggests some
preferential configurations for optimal injection.

As expected, the largest values of computed injection
rates are observed for the shortest DPBIC-ITO distances
correlated with molecules oriented at about 0◦ with re-
spect to the surface. However, orientation of individual
molecules does also play an important role, with a signifi-
cant fraction of molecules at the interfaces oriented at 75◦

and located at distances between 0.60 and 0.65 nm and
contributing with large hopping rates. It is worth noting
that the hopping of a charge from the ITO surface into
adsorbed DPBIC molecules is the first step of a complex
injection process, involving the percolation of charge carri-
ers deep inside the organic materials. Nevertheless, a de-
tailed knowledge on the distribution of hopping rates at the
metal-organic interface constitutes a prerequisite for inves-
tigations on the charge transport mechanisms in complex
materials and devices. We plan to devote this analysis to a
future study.

Conclusions

In summary, a computational approach for coupling molec-
ular morphology to charge transfer properties at the elec-
trode/organic interface was presented and applied to the
case of thin films of DPBIC, an iridium-based emitter and
hole transport material for OLEDs, on ITO. The poten-
tial role of materials processing and, in particular, heat
treatments was assessed by comparing kinetic with ther-
modynamic growth conditions, simulated by different MD
protocols. Simulations suggest a strong relationship be-
tween molecular orientation, related to the symmetry of
the HOMO molecular level, and charge transfer proper-
ties at the interfaces. The resulting distribution of rates,
for a hole hopping from the ITO into an adsorbed DPBIC
molecule, is centered at about a few tens of THz, assum-
ing a perfect energy level alignment, and spans more than
two orders of magnitude, depending on the specific config-
uration at the interface. The correlation between interface
morphology and computed hopping rates suggests a signif-
icant role of the electrode/molecule coupling, in addition
to the involved energy barriers, in determining the over-
all efficiency of the charge injection mechanism. Targeting
strategic materials in the development of OLEDs, the ap-

proach outlined in this work is general and can be extended
to other materials and interfaces of interest involved in the
injection of charges from a metal electrode into an organic
layer. The intimate connection between molecular struc-
ture, morphology in molecular aggregates at interfaces and
charge transport, highlighted in this study, underlines the
need for investigations of nanoscale phenomena for a de-
tailed understanding of the working mechanism of com-
plex functional devices based on organic materials.
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Appendix

For the calculation of the transfer rate we apply the Fermi
golden rule which is also at the basis of the semiclassical
Marcus-Jortner formula.64 The initial and final states are
generally not orthogonal. As shown in Baumeier et al.,62

however, it is possible to perform three separate calcula-
tions in order to reconstruct the overlap and the effective
matrix element. The aim here is to extend that formalism
to plane wave approaches. To this end, as suggested by
Ruhle et al.,85 we perform three separate calculations of
the eigenstates and energy levels of the isolated metal, iso-
lated molecule and coupled system. The calculation has
been implemented as a post-processing of the plane-wave
code Quantum Espresso (QE).61 Across the three calcula-
tions we take care that the supercell used and cutoff are
the same, such that the number of Fourier coefficients are
the same and all projections are consistent. This is cer-
tainly true if we restrict to a Γ-point approximation. When
k-sampling is allowed, further considerations are needed
(see below). We compute the transfer rate from a localized
molecular level, φ i

m(r), to a Bloch state, φ
f

kn(r). These can
be represented in plane waves as:

φ
i
m(r) = ∑

G
Ci

m(G)eiGr (A.1)

φ
f

kn(r) = ∑
G′

C f
kn(G

′)ei(k+G′)r (A.2)

The Bloch states of the coupled system,

ψk′l(r) = ∑
G′′

C f
k′l(G

′′)ei(k′+G′′)r (A.3)
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form a complete basis set on which the states of the isolated
sub-units can be projected. What is needed is just a com-
plete set to represent the envelope of the wave functions
and this can be obtained at any k-point of equation (A.3).
For simplicity we choose k = 0, hence using this complete
basis set the Hamiltonian can be represented as

H = ∑
l
|ψ0l > H < ψ0l | (A.4)

We note the above directly relates to the Luttinger states.86

Therefore, all the needed projections can be computed
from the following expressions:

εi =< φ
i
m|H|φ i

m >= ∑
l

∑
G,G′

Ci∗
m (G)Cl(G)ε0lC∗l (G

′)Ci
m(G

′)

(A.5)
ε f =< φ

f
kn|H|φ

f
kn >= ∑

l
∑

G,G′
C f∗

kn (G)Cl(G)ε0lC∗l (G
′)C f

kn(G
′)

(A.6)
Hi f =< φ

i
m|H|φ

f
kn >= ∑

l
∑

G,G′
C f∗

m (G)Cl(G)ε0lC∗l (G
′)C f

kn(G
′)

(A.7)
Si f =< φ

i
m|φ

f
kn >= ∑

l
∑

G,G′
C f∗

m (G)Cl(G)C∗l (G
′)C f

kn(G
′) (A.8)

Note that terms like the overlap matrix, Si f , are generally
complex, but they can be made purely real by adjusting
the arbitrary phase of the initial and final states. Then,
it is possible to construct an orthogonal basis, needed for
the correct application of the Fermi golden rule, with the
help of the following transformations (with S = Si f , S+ =√

1−S+
√

1+S and S− =
√

1−S−
√

1+S),

|1 >=
1

2
√

1−S2

[
S+|φ i >+S−|φ f >

]
(A.9)

|2 >=
1

2
√

1−S2

[
S−|φ i >+S+|φ f >

]
(A.10)

Note that for S→ 0 we recover the correct limits |1 >→
|φ i > and |2 >→ |φ f >. The effective transfer integral is
then obtained as,

H12 =< 1|H|2 >=
1

1−S2

[
Hi f −Si f

εi + ε f

2

]
(A.11)

This last equation corresponds to Jk of equation 1.
A final remark concerns the G-summations of equations

(A.5-8). Here the Fourier coefficients must be summed con-
sistently between the three calculations. Since Quantum
Espresso stores the coefficients C(G) for increasing values
of |k+G| rather than |G|, they must be reordered when the
calculations are not at the Γ-point. For this purpose, the
code pw2gw.f90, a filter distributed with the QE package,
was used.
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