Nano Res. 2012, 5(4): 248-257
DOI 10.1007/s12274-012-0204-7
Research Article

ISSN 1998-0124
CN 11-5974/04

Theoretical Investigation of the Cq)/Copper Phthalocyanine
Organic Photovoltaic Heterojunction

Jun Ren'?, Sheng Meng® (3<)), and Efthimios Kaxiras*

! State Key Laboratory for Low-Dimensional Quantum Physics, Department of Physics, Tsinghua University, Beijing 100084, China

2 Institut des Matériaux, Ecole Polytechnique Fédérale Lausanne (EPFL), CH-1015, Lausanne, Switzerland

3 Beijing National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
* Department of Physics and School of Engineering and Applied Sciences, Harvard University, Cambridge MA 02138, USA

Received: 9 November 2011 / Revised: 31 January 2012 / Accepted: 1 February 2012
© Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2012

ABSTRACT

Molecular heterojunctions, such as the one based on copper phthalocyanine (CuPc) and carbon fullerene (Cq)
molecules, are commonly employed in organic photovoltaic cells as electron donor-acceptor pairs. We have
investigated the different atomic structures and electronic and optical properties of the C¢/CuPc heterojunction
through first-principles calculations based on density functional theory (DFT) and time-dependent DFT. In
general, configurations with the CuPc molecule “lying down” on Cg are energetically more favorable than
configurations with the CuPc molecule “standing up”. The lying-down configurations also facilitate charge
transfer between the two molecules, due to the stronger interaction and the larger overlap between electronic
wavefunctions at the interface. The energetically preferred structure consists of CuPc placed so that the Cu
atom is above a bridge site of Cy, with one N-Cu-N bond of CuPc being parallel to a C-C bond of C¢. We also
considered the structure of a periodic CuPc monolayer deposited on the (001) surface of a face-centered cubic
(fcc) crystal of Cg molecules with the lying-down orientation and on the (111) surface with the standing-up
configuration. We find that the first arrangement can lead to larger open circuit voltage due to an enhanced
electronic interaction between CuPc and Cg, molecules.
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1. Introduction

Organic photovoltaic (OPV) cells are the subject of
increasing attention as a promising alternative to
established inorganic technologies, because of several
advantages such as low cost, easy fabrication,
excellent flexibility, and compatibility with large-area
substrates [1-3]. The operation of these cells is based
on the concept of the electron donor-acceptor (D-A)
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heterojunction [4]. By means of exploring several
options that affect performance—including doping,
using tandem cells, inserting buffer layers between
the active layer and anode, and employing highly
purified fullerenes—the power conversion efficiency
of OPV cells has recently reached the level of 5-6%
[2, 5-10]. The precise control of the morphology and
fine-tuning of the electronic structure can play a
crucial role in enhancing the performance of OPV
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cells [11]. Accordingly, a detailed understanding of the
atomic-scale features of the heterojunction interface
and their effects on the electronic and optical pro-
perties are of paramount importance in improving
the stability and efficiency of these devices.

In high efficiency devices, a common choice is to use
copper phthalocyanine (CuPc) as a p-type molecular
semiconductor and carbon fullerenes (Cg) as an n-type
semiconductor, for the electron donor and electron
acceptor components, respectively. The molecular
orientation of CuPc on Cg [12, 13], the corresponding
band alignment [14, 15], and the ultrafast charge
transfer at the CuPc/Cy interface [16] have been
extensively investigated from the experimental point
of view, but the atomic structure and the interaction
between CuPc and the Cg thin film are not well
understood at the atomic scale. In particular, the mole-
cular arrangement of CuPc on C4, which determines
the charge transfer at the interface, is still unclear.

The stabilities of the lying-down and the standing-up
configurations of CuPc on C4 depend on coverage.
At low coverage, namely a fraction of a monolayer of
CuPc, when the CuPc molecules are deposited on a
Au(111) surface covered by a monolayer of Cy, they
prefer to lie flat on the surface [13], because of the larger
contact area and the stronger electronic interaction
between CuPc and Cy, molecules. This is also the case
for the structure of CuPc molecules on graphite [17],
Ag(111) [12,18], Cu(111) [19], and TiO,(011)-(2 x 1)
surfaces [20]. In addition, CuPc molecules adopt a
square lattice pattern in a lying-down configuration
when deposited on the Cq/MoS, system [21]. At high
coverage, namely a monolayer or more of CuPc,
adsorption of CuPc on Cy/Ag(111) leads to a thin film
in which the CuPc molecules assume a standing-up
configuration on top of the C¢ monolayer [12], because
of the stronger interaction between CuPc molecules
and the weaker interaction between CulPc and C,. The
difference between the lying-down and standing-up
orientations of the CuPc molecules depends on the
strength of the interaction between the molecules and
the interaction of each molecule with the surface. The
arrangement of molecules on the CuPc layer also
depends strongly on whether the molecular CuPc
and Cg, lattices are commensurate or not. Scanning
tunneling microscopy (STM) images indicate that a
Cg monolayer forms a hexagonal lattice on the

Si(111)-(7 x 7) surface, and a square lattice with a
c(4 x 4) ordering on the Si(100)-(2 x 1) surface [22].
The nearest neighbor distances between Ce molecules
are 10.2 A and 10.9 A for the hexagonal and square
lattices, respectively, while in crystalline Cg, the nearest
neighbor distance is 10.02 A [23]. These comparisons
suggest a better fit of the Cq monolayer on the
Si(111)-(7 x 7) surface than on the Si(100)-(2 x 1) surface.
These considerations are useful in choosing the right
substrate for the deposition of a CuPc layer on top of
an ordered layer of Cg¢ molecules for the formation of
the heterojunction.

In the present work, we present a theoretical
investigation of the atomic structure and the resulting
electronic and optical properties of the CuPc/Cq
molecular complexes in various configurations. We use
first-principles calculations based on density functional
theory (DFT) and time-dependent DFT (TDDFT). After
optimizing the atomic structures, we find that the CuPc
molecule prefers to lie on the Cy molecule with the Cu
atom above a bridge site of C¢ so that one N-Cu-N
bond is parallel to a C—C bond of Cg, with standing-up
configurations generally being higher in energy. In
addition, the lying-down configurations exhibit a
stronger electron polarization effect at the CuPc/Cq
interface and 0.3 eV higher open circuit voltage than
the standing-up orientations. The electronic and optical
properties are also distinct in the two different types
of molecular arrangement. Using the energetically
favored structures of the CuPc/Cq, complex, we extend
our investigations to the simulation of the CuPc/Cq,
thin film heterojunction, by considering two types
of arrangements, namely a CuPc/Cy (001) structure
with CuPc molecules in lying-down configuration,
and a CuPc/Cy (111) structure with CuPc molecules
in standing-up configuration. Based on results from
these model systems, we predict that the former type
of heterojunction will exhibit a higher efficiency for
charge transfer due to the stronger electronic interaction,
which can lead to larger open circuit voltage in the
photovoltaic device.

2. Computational methods

Our theoretical study is based on first-principles
calculations in the framework of DFT. We used
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pseudopotentials of the Troullier-Martins type [24] to
model the atomic cores, the Ceperley—Alder form of the
local density approximation (LDA) as the exchange-
correlation functional [25], and a local basis set of
double-{ polarized orbitals (13 orbitals for C and N,
and 5 orbitals for H) as implemented in the SIESTA code
[26]. We also used van der Waals-density functionals
(vdW-DF) of the Lunqvist-Langreth type for typical
bonding configurations [27], because vdW forces
dominate the interaction between the two molecular
components. An auxiliary real space grid equivalent
to a plane-wave cutoff of 120 Ry and the I” point was
used to optimize the geometry. In addition, spin
polarization of electronic orbitals was taken into
account. For geometry optimization, structures were
allowed to fully relax until forces on the atoms were
smaller in magnitude than 0.04 eV/A. The basis set
superposition error (BSSE) was excluded when cal-
culating the binding energies. For optical absorbance
spectrum calculations within TDDFT in the linear
response regime [28], we used 6107 steps in time to
propagate the wavefunctions with a time step of
3.4 x 107 fs, which gives an energy resolution of 0.1 eV.
The perturbing external electric field was 0.1 V/A.

For the CuPc/Cq thin film periodic structures, we
considered two kinds of supercells composed of a
monolayer of fullerene and CuPc molecules with a
separating vacuum layer exceeding 10 A. For the lying-
down molecular orientation, we adopted a square
lattice with lattice constant 14.17 A to simulate the

CuPc/Cg (001) system, in a unit cell containing two Cg
molecules and one CuPc molecule. For the standing-up
orientation, a hexagonal lattice with lattice constant
10.02 A was chosen to simulate the CuPc/Cy (111)
system, in a unit cell that contains one Cg and one
CuPc molecule.

3. Results and discussion
3.1 CuPc/C4 molecular complex

We begin by considering the different molecular com-
plexes composed of a single CuPc and a C¢, molecule.
We define the adsorption site as the projection of the
central Cu atom of CuPc on the Cg structure. We
investigated four different adsorption sites for CuPc
lying down on Cg, including the center of a hexagon
(labeled L), a C atom of a hexagon with the hexagon
parallel to the CuPc plane (L., the bridge site (L)
between two C atoms, and a C atom at the apex of two
hexagons and one pentagon (L,). We also considered
two standing-up configurations: in the first, the center
of CuPc is directly above the center of a C¢ hexagon
(labeled Sy) while in the second it is directly above
the bridge site between two C atoms of Cg (Sp). All
these configurations are shown in Figs. 1(a)-1(f). The
binding energies and salient structural features of the
optimized geometries for these configurations are
given in Table 1.
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Figure 1 Different configurations for CuPc adsorption on a Cg surface: Ly, L., Ly, and L, represent the distinct lying-down orientations;
Sy and Sy, represent the standing-up orientations. A top view (above dashed line) and side view (below dashed line) are shown for each
configuration. C, H, N and Cu atoms in CuPc are denoted as green, white, blue and orange spheres, respectively. Only the bonds

between C atoms in Cg, are shown as grey lines
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Table 1 Calculated binding energies (in eV) and adsorption height
(in A) of CuPc from Cq, molecules for the various lying-down
and standing-up configurations shown in Fig. 1. The quantities
denoted by a prime correspond to calculations that include the
vdW contribution to the energy and forces (see text for details)

Geometry E, E' dpe_cq, d'vecq

Ly -0.27 3.04

L. -0.33 2.98

L, -0.37 —-0.65 2.64 2.94

L, -0.37 —-0.64 2.59 2.89

Sh —-0.11 2.53

Sh -0.17 -0.22 2.36 2.71
The binding energies are defined as

E,=(Ewi—n (Ec, + Ep.))/n (1)

where E,, Ec, and Ep. are the total energy of the
complex, the energy of the isolated C4 molecule, and
the energy of gas-phase CuPc molecule, respectively;
and 7 is the number of CuPc and C4 molecules in a
unit cell. The binding energy denoted as E}, includes
the vdW contribution, as described in the Com-
putational methods section; all energies include the
BSSE correction. The adsorption height dp. ¢, (and
the corresponding value d’p.c, which includes the
vdW contribution to the forces), for the lying-down
configurations, corresponds to the distance from the
Cu atom in CuPc to the closest atom in Cg, or the
average of the distance to the closest set of C atoms,
along the line connecting the center of Cy to the
Cu atom. For the standing-up configurations, these
distances correspond to the average distance of the H
atoms on CuPc to the closest atoms on Cy, along the
same line. As seen from these results, the lying-down
configurations are energetically preferred over the
standing-up ones. Inclusion of vdW energy and force
contributions make the binding energies lower, as
expected after taking into account additional attractive
interactions, but make the distance between the two
molecules larger, by ~0.3 A. The lowest energy structure,
Ly, is the one in which the Cu atom of CuPc lies
directly above the center of a C-C bond of C4, with
one N-Cu-N bond being parallel to the C-C bond of
the Cy4 molecule. The two configurations in which the
Cu atom of CuPc lies directly above a C atom of Cg,
namely L, and L,, are very close in energy to L,. Only

the configuration in which the Cu atom of CuPc lies
directly above the center of a hexagonal ring of Cy has
a significantly higher energy, by about 0.1 eV, and has
the two molecules farther apart. A similar geometry
is found for the ZnPc/Cy, system [29].

The stability of these structures is determined by
maximizing the atom-to-atom contact between the
CuPc and C4 molecules. Since CuPc is a planar mole-
cule while Cq is spherical, Cu (the center of CuPc)
binding onto a flat hexagon of Cg, (configurations L
and L) would have only this hexagon in effective
good contact with CuPc. In contrast to this, placing
the Cu atom of CuPc directly above the vertex C atom
(L,) and the C-C bridge (L,) of Cs maximizes the
contact of CuPc with three or four aromatic rings,
thus leading to larger binding energies. Moreover,
the four-fold symmetry of CuPc would facilitate Cu
binding on top of the C-C bridge with one N-Cu-N
bond aligned with a C-C bond to maximize the close
immediate contact of four aromatic rings with CuPc
(shown in Fig. 1). This makes the L, configuration the
most stable. As a result of these interactions, the lying-
down configurations are energetically preferred over
the standing-up ones: the interaction energy is ~3 times
larger in the former. To summarize, we note that the
average atom-to-atom distance between CuPc and
Cyo is much smaller in the lying-down configurations
than in the standing-up ones, namely, more atoms are
within the effective van der Waals radii of the other
molecule, resulting a larger effective contact area and
stronger attraction between the two molecules.

To shed some light onto the nature of the interaction
between CuPc and Cg, we calculated the corresponding
charge density difference (CDD), Ap, shown in Figs. 2(a)
and 2(b), which gives clues as to the bonding character
and charge redistribution after adsorption of a CuPc
molecule on Cy. The definition of Ap is

AP = Proy = Py~ Pre 2)

where p,, pc,, and pp. are the charge densities of the
molecular complex, the isolated C4, and the CuPc
molecule, respectively, with geometries fixed at the
optimized ones in the complex. In general, the lying-
down configurations lead to more pronounced charge
transfer between CulPc and Cg, than in the case of the
standing-up orientations. Specifically, in the lying-down
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orientation, more electrons accumulate in the region
between the two molecules, especially for configurations
L, and L,, than for the standing-up orientations, as seen
in Figs. 2(a) and 2(b).

To quantify these effects, we integrated the CDD on
planes perpendicular to the line connecting the center
of Cg to the Cu atom of CuPc (referred as the “z”

direction), which gives the planar averaged CDD, Ap,,

Np.= [ p(x,y,z)dxdy 3)

shown in Figs. 2(c) and 2(d). From the planar averaged
CDD, it is clear that the CDD magnitude for the lying-
down molecular orientations is more than a factor
of two larger than for the standing-up orientations,
indicating stronger electron polarization for the
lying-down configurations, which leads to enhanced
electronic interaction between CuPc and Cg,. We note
that the CCD defined here may not directly account for
charge transfer upon excitation, which is a complicated
process involving many parameters including the
excitation energy cost and electronic couplings. Here
the CCD is linked to electronic coupling strength at
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Figure 2 Side view of the charge density difference for: (a) the
lying-down CuPc/Cg configurations and (b) the standing-up geo-
metries; constant Ap contour levels are at 0.03 ¢/A3, with the blue
and red clouds corresponding to regions of electron accumulation
and depletion. The planar averaged charge density difference along
the Cg—CuPc direction for: (c) the lying-down configurations
and (d) the standing-up ones. The dashed vertical lines in (c) and
(d) mark the regions occupied by the CuPc and the C4y molecules

the interface; larger values imply stronger electron
interaction and polarization, which favors exciton
dissociation and charge separation due to the presence
of interface dipole. Precise determination of the charge
transfer rate in excited states requires time-dependent
simulations of excited states, which are currently being
carried out.

In the context of OPV heterojunctions, it is of great
interest to obtain the optical absorbance spectra of
the various molecular arrangements. To this end,
we concentrate on the two lowest-energy complexes,
namely L, and S, and compare their features to those
of the individual molecules. The results are shown in
Fig. 3. It is clear that both lying-down and standing-up
configurations show two major absorbance bands, in
the range 610-650 nm for the band labeled Q and
300420 nm for the band labeled B. These are the same
bands as those of the isolated CuPc molecule, with
relatively small changes. Only one band of Cg, lies in
the range of the B band of CuPc, and its effect is to
produce slight changes in the position of the B band
peaks of CuPc, especially in the L, configuration. For a
more detailed analysis, we fitted the calculated spectra
in each case by a superposition of Lorentzian functions
with their positions, heights, and widths as free para-
meters. The positions of the peaks obtained by this
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Figure 3 Optical absorption spectra of the isolated Cg, (black)
and CuPc (blue) molecules, and of the two most favorable
complexes, Ly, (red) and S, (green), as calculated from TDDFT.
The points in each case are the calculated values and the lines are
fits of a superposition of Lorentzian functions with variable height,
position and width
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procedure are given in Table 2; these results are in
reasonable agreement with the primary peaks measured
in UV-vis spectra for both isolated molecules [23, 30].

To elucidate the nature of the absorption peaks, we
analyzed the electronic structure of the most stable
configurations, namely L, and S,. The energy level
diagram for L, is shown in Fig. 4, along with wave-
functions for representative states. In this CuPc/Cq
complex, the highest fully occupied molecular orbital
(HOMO) is localized on CuPc, while the lowest
unoccupied molecular orbital (LUMO) is localized on
Cso. The highest occupied and the lowest unoccupied
states of CuPc are actually composed of a single-spin
orbitals (SOMO and SUMO), which are identified by up
and down arrows in Fig. 4 and are usually denoted as
by,, and by, respectively. The respective fully occupied
HOMO is a single a;, level with two electrons, while
the second unoccupied CuPc level is an e, doubly-
degenerate state. The HOMO and LUMO states of C
comprise five-fold degenerate, fully occupied states, and
three-fold degenerate states, respectively; in CuPc/Cy,
the five-fold degeneracy of the Ce,-HOMO is broken
due to lower symmetry, into a three-fold and a two-fold
degenerate level. The gap between the CuPc-SOMO
and the C4,-LUMO levels for the L, configuration is
0.92 eV, consistent with the experimental result of
1.03 eV [14]. For the S, configuration of the CuPc/Cy,
complex, the overall arrangement of energy levels is the
same, but the gap between occupied and unoccupied
states is smaller, resulting from an approximately
rigid translation of the CuPc energy levels to higher
values relative to the Cq, levels. Specifically, the gap
between the CuPc-SOMO and the Cy-LUMO levels for

Table 2 The main features in the optical absorption spectra of
the Cgo and CuPc molecules (in nm) in isolated form or within the
CuPc/Cyy system in the lowest-energy lying-down (L) and
standing-up (S,) configurations

C E F G
Ceo 365 288 235 212
(Exp. [31]) (330)  (270) (230) (210)
X 0 B B, B,
CuPc 620 397 357 327
CuPc/Co: Ly 1230 634 395 367 330
CuPc/Cgy:S, 1550 627 398 360 329

CuPe-SUMO _ CuPe-LUMO

—
—

Ce-LUMO

CuPe-SOMO CuPc-HOMO

Figure 4 Energy of individual electronic states of the CuPc/Cyg
complex in the lying-down configuration L. The vertical axis is
the energy in eV, with individual levels denoted by horizontal bars,
with blue for occupied and red for unoccupied levels. All states
are occupied by a pair of opposite spin electrons, except for those
denoted by an up or down arrow, indicating single-spin occupancy.
Wavefunctions of representative levels are also shown, with blue
and red clouds corresponding to positive and negative values.
The states that correspond to the lowest unoccupied and highest
occupied molecular or spin orbitals are labeled in each case. The
vertical arrow indicates transitions that contribute to the Q band
in optical absorption

the S, configuration is 0.63 eV, or 0.3 eV smaller than
in the L, configuration, which indicates that a larger
open circuit voltage would be obtained in the lying-
down configuration. Taking also into consideration
the stronger coupling between CuPc and Cg, and the
larger electron polarization in the lying-down con-
figuration, as discussed earlier, we conclude that this
type of arrangement is more favorable for exciton

dissociation at the Pc/Cy, interface.
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It is worth pointing out that the lowest energy
(highest wavelength) absorption band corresponding
to the transition between the CuPc-SOMO and the
Cso-LUMO states of the CuPc/Cg complex is around
1230 nm for L, and 1550 nm for S,. These features
appear as weak shoulders in the calculated optical
absorption spectra (not shown in Fig.3) and are
labeled the X band in Table 2, because they are extra
bands due to the formation of the complex. However,
these absorption bands would be difficult to detect in
experiments, due to very small intensity. As a result,
the bands labeled Q at 634 nm for the L, configuration
and 627 nm for the S, configuration correspond to the
electronic transition from the HOMO to the LUMO
state of CuPc molecule, as indicated in Fig. 4.

3.2 CuPc/Ce thin film heterojunction

In the formation of the molecular heterojunction, the
arrangement of the Cs monolayer on the substrate and
the lattice mismatch between CuPc and Cg, are critical
factors that influence the CuPc molecular orientation
on Cg. Recently, scanning tunneling microscopy images
have revealed that CuPc molecules adopt a standing-up
molecular orientation on a Cg monolayer deposited
on Ag(111) [12]. It is clear that the Ceo monolayer forms
a close-packed hexagonal lattice, that is, the equivalent
of a Cg(111) crystal surface, when deposited on
Ag(111). Based on STM images [32], C¢ forms an
uniform close-packed hexagonal (2+/3 x24/3) R30°
structure, when deposited on Ag(111). The Cq, spacing
is 10 A, which is the same as the spacing between
molecules on the Cg face-centered cubic (fcc) (111)
crystal surface. The large lattice mismatch between
the CuPc monolayer with the lying-down molecular
orientation and the Cg(111) surface precludes the
possibility of the lying-down orientation for CuPc
adsorption on this surface. Although the Cg(111)
surface is the commonly observed plane in experi-
ments, on the Si(100)-(2 x 1) and MoS, substrate, Ceo
molecules form a square lattice with c(4 x 4) ordering
[21, 22], that is, a supercell of the Cg(001) surface. The
Ce0(001) surface offers a good chance for forming a
CuPc monolayer on it with the lying-down orientation.
Accordingly, we have investigated the possibility of
creating a monolayer of CuPc on top of a Cg(100)

layer in the lying-down configuration and on top of a

Ceo(111) layer in the standing-up configuration. Using

the optimized structures of the CuPc/Cq molecular

complexes (L, and S,), we considered two kinds of
supercells with periodic boundary conditions:

(1) For the lying-down molecular orientation, we
adopted a square lattice with the lattice constant
14.17 A to simulate the CuPc/Cg(001) system, with
each unit cell containing two C4 molecules and
one CuPc molecule, as shown in Fig. 5(a).

(ii) For the standing-up orientation, we adopted a
hexagonal lattice with lattice constant 10.02 A to
simulate the CuPc/Cy(111) system. Only one Cq,
and one CuPc molecule is included in each unit
cell, as depicted in Fig. 5(b).
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Figure 5 Top view and side view of the geometry of the CuPc/Cg
thin film heterojunction: (a) CuPc molecules deposited on the
Ce0(001) surface with the lying-down configuration, in a +/2 x
~/2 pattern on the square lattice formed by the Cg, molecules;
(b) CuPc molecules deposited on the Cgo(111) surface with the
standing-up configuration, in a 1 x 1 pattern on the hexagonal lattice
formed by the Cg, molecules. The unit cell in each case is outlined
by red lines

A vacuum layer for both configurations in excess of
10 A is used to separate the molecular bilayers. The
average height between the CuPc and Cg, layers is
2.812 A and 2.363 A for the lying-down and standing-
up configurations, respectively, and the corresponding
interaction energies between CuPc and C, layers are
-0.33 and -0.15 eV/Cy, (these values include the BSSE
correction, as in the case of the molecular complexes,
but not the vdW contribution, which is computationally
challenging for the larger unit cells of the periodic
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structures). On Cy(001) the binding energy of the
lying-down configuration is approximately two times
larger than that of the standing-up configuration at
low coverage, suggesting a more stable configuration
of CuPc adsorption on the Cy(001) surface. This result
is consistent with the trend of the stability for the
isolated CuPc/Cg complex. On Cg(111) at a higher
CuPc coverage, the standing-up configuration is much
more stable when the high interaction energy between
CuPc molecules (~1 eV) is taken into account, which
explains the experimental findings on Cg/Ag(111) [12].

Since the lying-down configuration has more
advantages over the standing-up structure, we focus
on the CuPc adsorption upon Cg(001) surface. The
energy levels of this configuration are essentially the
same as in the case of the molecular complex, the
only significant difference being that there are twice
as many Cg-derived states in the periodic structure
which contains two Cq molecules per unit cell.
Interaction between these molecules further breaks
the symmetry and reduces the degeneracy of the
corresponding electronic levels. Specifically, at the I
point (the center of the Brilllouin zone) the valence
band maximum is composed of the SOMO of CuPc,
and the conduction band minimum consists of a group
of six states, which are singly, doubly, doubly and
singly degenerate, a result of breaking the symmetry
of the two sets of three-fold degenerate C LUMO
states. The energy difference between the band extrema,
0.86 eV, is also very close to the value for the molecular
complex (0.93 eV). We conclude that optical excitations
in the thin film arrangement should be very similar
to those in the molecular complex, but the presence
of a whole layer of C4 molecules would provide an
easier pathway for electron transport after the excited
electron has been transferred from the CuPc molecule
to the nearest C, and therefore the electron-hole
separation should be more effective.

4. Conclusions

We have studied the atomic structure of an isolated
CuPc adsorbed on a C¢molecule using first-principles
calculations. Two classes of configurations, the lying-
down (in four arrangements labeled Ly, L., Ly, and L,)
and the standing-up orientation (in two arrangements

labeled S, and Sy), were investigated. The energetically
preferred structure is the L, orientation, which means
that a CuPc molecule preferentially adsorbs on the
bridge site of the Cy surface with one N-Cu-N bond
parallel to a C—C bond of Cg. For the standing-up
orientation, the bridge site is also the energetically
favorable adsorption site for the CuPc molecule. The
calculated planar averaged charge density differences
suggest that the lying-down configurations are more
likely to lead to exciton dissociation than the standing-
up configurations, because of the larger overlap of the
wavefunctions at the CuPc/Cy, interface and stronger
electron polarization in the former structures. It is
interesting that the different molecular orientations in
the lying-down or the standing-up configuration do
not significantly affect the position and the amplitude
of the first absorption peak in the optical spectra.

Based on the investigation of the CuPc/Cq mole-
cular complexes, including atomic structures, and
electronic and optical properties, we proceeded to
construct models for the heterojunction involving a
full CuPc layer on a C¢ monolayer. We used a square
lattice of CuPc molecules lying down on the Cy, (100)
surface and a hexagonal lattice of CuPc molecules
standing up on the Cg(111) surface. Both systems
should be able to form experimentally, depending on
the substrate on which the Cg layer is deposited (for
example, Si(100) or MoS, for the (100) orientation and
Ag(111) for the (111) orientation of the Cq surface).
Our results show that the interaction between the
two molecular layers is stronger in the CuPc/Cy(001)
system than in the CuPc/Cg(111) system. We conclude
that the CuPc/Ce(001) thin film heterojunction will
exhibit better performance, in comparison to the
CuPc/Cg(111) system, because the former should have
larger open circuit voltage and stronger electronic
interaction between CuPc and Cy, leading to easier
electron-hole dissociation.
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