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I demonstrate that the ionization energy (IE) and the electron affinity (EA) of organic molecular
crystals can be predicted from first-principles. Here, I describe the induced electronic polarization
and the electrostatic effects upon crystalline IE and EA. I also demonstrate that the electronic
polarization mainly originates from the screened coulomb interaction inside the crystalline bulk
phase, and that the electrostatic contribution to IE and EA crucially depends on the orientation of
the molecule at the surface. The former is well described by the GW approximation, while the latter
is reasonably estimated by the difference in frontier orbital energy between the gas phase and the
surface at the level of a generalized gradient approximation to the density functional theory. The
present methodology enables to demonstrate the impact of the electrostatic effect upon the energy
level of the injected charge at a multi-monolayer surface of an organic semiconductor thin film.

I. INTRODUCTION

Ionization energy (IE) and electron affinity (EA) are
fundamental physico-chemical quantities of organic semi-
conductors, and understanding the factors that deter-
mine the energy levels is of primary importance to the
research and development of the organic electronics ma-
terials such as those of organic light-emitting diodes
(OLEDs), organic field-effect transistors (OFETs), and
organic photovoltaics (OPVs), dominating energy barrier
for injection of a charge carrier (hole and electron).1,2

The fundamental gap is the difference between IE and
EA, thus also affecting the conductive properties.

IE and EA are measured with direct photoemission
and inverse photoemission techniques, respectively. No-
tice here that the energy of the hole or electron in-
jected into the sample is measured, i.e., IE (EA) is the
magnitude of the energy difference between the neutral
N -electron and the positively-(negatively-)charged N−1
(N+1)-electron systems. Thus, the measured IE and
EA implies many-body interaction between the injected
charge and the surrounding polarization clouds inside the
organic solids which screen the injected charge. A com-
plex of the injected charge and the surrounding dynami-
cally induced polarization clouds are referred to as quasi-
particles, which are theoretically well-described with the
self-energy determined by the many-body perturbation
theory within the GW approximation.3,4

While theGW method describes well the electronic po-
larization upon the injected charge, the numerical details
and the program codes of the GW approximation have
been developed mainly for three-dimensional periodic or
bulk systems, since the perturbation upon the free elec-
tron gas was implied. For lower dimension systems such
as surfaces and interfaces, it is necessary to eliminate
the artificial long-range screened coulomb interaction be-
tween the periodic replicas that are arranged along the
non-periodic direction, with the technique such as the
coulomb cutoff.5,6 However, at present, only a few works

reported the GW -level quasiparticle energy at surfaces
or interfaces comprised of a few organic monolayers,7–10

possibly because of the computational cost required and
the difficulty in numerical convergence, despite the aca-
demic and technical interest in low-dimensional systems
relevant to realistic device structures.

Theoretical predication of IE and EA of organic semi-
conductors from first-principles was demonstrated by
modeling an organic molecule in a solid with the polariz-
able continuum model (PCM)11 or the quantum mechan-
ics/molecular mechanics (QM/MM)12–15 approach. The
methodology demonstrated reasonable accuracy in esti-
mating IE and EA of organic semiconductors with the
density functional theory (DFT).16–19 For more accurate
treatment, the GW approximation was employed. Com-
bination of the QM/MM approach and the implementa-
tion of theGW approximation with a localized basis set20

enabled theoretical prediction of IE and EA of an organic
molecule embedded inside the bulk or at the surface of
the organic semiconductor.21,22 The result was found to
be more quantitative than the previous approaches. The
screening of the coulomb potential slightly smaller at the
surface than at the bulk was also demonstrated, because
the method allows to describe the surface morphology.

Given that an experimental measurement of a few
organic monolayers on a substrate such as silica and
graphite is available, it is of importance to investigate the
electronic structure of an organic film of a few monolayer
thickness with a reliable theoretical method such as the
GW approximation. For such purposes, a periodic slab
model approach is useful. To avoid the computation-
ally demanding periodic slab calculation with GW , the
electrostatic potential in a periodic slab was described
within DFT-GGA,23 which was aligned to that in a bulk
system.24 In the bulk system, the electronic polarization
upon the injected charge was described within the GW
approximation. The resulting IE and EA depending on
the surface morphology was described well.

In this paper, with a combination of the GW approxi-
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mation suitable in general to solid or bulk systems and a
periodic slab approach at the DFT-GGA level, I investi-
gated typical polymorphs of pentacene (PEN) and perflu-
oropentacene (PFP). They are known as ideal molecules
for the purpose of distinguishing between the roles of elec-
tronic polarization and electrostatic contributions, with
their same π-conjugated back bones and the opposite po-
larity of C-H and C-F bonds, thus resulting in nearly
equal molecular polarizabilities, and principal compo-
nents of the quadrupole moment of similar magnitude
but opposite sign.25

I theoretically demonstrated that the IE and EA at the
surface are dominated by the electronic polarization upon
the injected charge induced by the surrounding polariza-
tion clouds, and the electrostatic energy crucially affected
by the orientation of the molecule at the surface of the
organic semiconductor. In other words, the electronic po-
larization and the electrostatic contributions dominantly
constitute the polarization energy.26,27 The electronic po-
larization is isotropic and short-ranged, dominated by the
electronic property of the organic semiconductor bulk.
On the other hand, the origin of the impact of the elec-
trostatic potential was proposed to be the interaction
between the charge and the permanent quadrupole mo-
ment of the constituent molecules.28 It is shown that the
electronic polarization effect is accurately estimated with
the GW approximation, and that the electrostatic con-
tribution dominated by the molecular orientation at the
surface of the organic semiconductor can be estimated
reasonably accurately with DFT-GGA.

The same methodology was already successfully ap-
plied to a monolayer of 6,13-pentacenequinone, in com-
parison to the experimental measurement,29 and a pre-
liminary result of the present work was demonstrated
elsewhere.30 The central point of this work, i.e., the roles
of the electronic polarization and the electrostatic con-
tributions in the polarization energy, clarified by investi-
gating both PEN and PFP, was not deeply discussed in
the previous work.30

II. BACKGROUND AND DETAIL OF THE
THEORETICAL METHOD

A. IE and EA of an organic solid: roles of
electronic polarization and electrostatic energies

Since the intermolecular interaction is usually smaller
than the intramolecular one by an order of magnitude
or more, the energy level of an organic solid can be
well approximated by the electronic level of an isolated
molecule perturbed by the weak interaction induced by
the classical or quantum mechanical effects.31–33 It was
proposed26,29 that IE (Is) and EA (As) in a solid are
defined as

Is = Ig − P+ −∆+, As = Ag + P− +∆−, (1)

where the subscripts g and s denote a gas phase and
a solid phase, respectively. The effect of bandwidths of
the highest-occupied molecular orbital (HOMO)- and the
lowest-unoccupied molecular orbital (LUMO)-derived
bands, ∆+ and ∆−, is taken into account.
The polarization energies for positive P+ and negative

P− charges consist of the electronic polarization energy
Ep and the electrostatic energy S,

P+ = E+
p + S+, P− = E−

p + S−. (2)

The electronic polarization energy Ep, also referred to
as the dynamical interaction,27 is an induced effect to
minimize the total energy, and is approximated by the
charge-induced dipole interaction. The S, on the con-
trary, is the electrostatic interaction between the injected
excess charge and the charge distributed over the con-
stituent neutral molecules of the organic solid. Both the
terms originate from the classical electrostatic interac-
tion, while the ∆ corresponds to the quantum mechan-
ical effect. The Ep is short-ranged and isotropic, and
its magnitude is almost independent of the organic ma-
terials, ranging from 1 to 2 eV.34 On the other hand,
the S has been proposed to be the origin of the ori-
entation dependence of Is and As in molecular films.35

The experimentally observed molecular orientation de-
pendence of the ionization energy has been proposed to
originate from the electrostatic potential generated by
the permanent quadrupole moment of molecules, based
on the theoretical studies.26,28,36 In addition to the ori-
entation dependence of the energy level for standing and
lying orientations, the dependence on the molecular ori-
entations with different orientation angles was confirmed
by the measurement of Is and As of the organic thin film
by carefully tuning the molecular orientation angle on
the same substrate.29

In this work, considering the nature of the electronic
polarization and the electrostatic contribution to the po-
larization energy P , I estimated the Ep for the organic
semiconductor bulk with the GW approximation, and
the S was obtained with the periodic slab model of the
organic semiconductor surface at the DFT-GGA level of
theory. Notice that the interaction between Ep and S was
proposed to be insignificant,28 and, I therefore neglected
the cross term between Ep and S.

B. Details of the theoretical calculation

1. Optimization of the internal geometries of PEN and
PFP crystals

The geometrical configurations of the organic semicon-
ductor bulk (Fig. 1) was determined with the STATE
program code,37 with the lattice constants fixed to the ex-
perimental values. For the crystal structure and the lat-
tice constants, two typical polymorphs were considered:
single crystal38 and thin film39 phases of PEN, fabri-
cated on SiO2

40 and graphene41 substrates, respectively,
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and, herringbone42 and π-stacking motifs43 for PFP, that
were reported to grow on the SiO2 and graphene, re-
spectively. For optimization of the atomic configurations
in the unit cells with their experimental lattice vectors
fixed,38,39,42,43 I used the dispersion correction to GGA-
PBE23 exchange-correlation denoted by DFT-D2,44 so
that the intermolecular van der Waals forces were taken
into account. I used the ab initio norm-conserving pseu-
dopotentials to describe the electron-ion interaction,45

and the wave function was expanded by using a plane-
wave basis set with the cutoff energy of 72 (100) Ry for
PEN (PFP) crystals. The structures were allowed to re-
lax until all the forces upon the atoms dropped below
0.06 nN. A k-point mesh of 4×3×2 was used for PEN
crystals, and that of 2×6×2 (2×4×4) was used for the
herringbone (π-stacking) motif of PFP.

2. Calculation of the electronic polarization Ep to the
polarization energy P

For the optimized crystal geometries, I estimated the
E+

p and E−
p upon the excess hole and electron, respec-

tively, based on the quasiparticle self-energy within the
GW approximation.3,4,46 Here, the fundamental band
gaps of the PEN and PFP crystals were calculated. I used
the modified version of the GW space-time code,47–49

which enables highly parallelized calculations with thou-
sands of CPU cores.

The perturbative GW (G0W0) calculations were based
on the norm-conserving pseudopotentials and plane-wave
basis set. The starting wave functions were generated
with the GGA-PBE functional using the STATE code.
To calculate the correlation part of the GW self-energy, I
evaluated the full frequency dependence of the dielectric
function numerically. On the imaginary frequency/time
axis, the relevant quantities such as polarizability, dielec-
tric function, screened coulomb potential, and self-energy
have smoothly decaying tails, which are fitted to simple
model functions. The remaining frequency/time region
around zero is treated numerically. The matrix elements
of the correlation self-energy on the imaginary time axis
are fitted to the model function, followed by the fast
Fourier transform to those on the imaginary frequency
axis, and then analytic continuation onto the real energy
axis.48

In addition to the one-shot G0W0 calculation, I
performed the eigenvalue-only self-consistent GW cal-
culations (evGW ),50,51 so that the starting point
dependence20,52–56 of the G0W0 calculations wes re-
moved. In the evGW calculations, only the diagonal part
of the self-energy was considered, and only the eigenval-
ues were updated in constructing the Green’s function
and the screened Coulomb potential while retaining the
wave functions unchanged, under the assumption that
the starting DFT wave functions are close to the true
quasiparticle ones.46,57 In this study, the quasiparticle
energies of up to the second lowest unoccupied band were

(a) Pentacene

i)

ii)

iii)

iv)

(b) Perfluoropentacene

i)

ii)

iii)

iv)

FIG. 1. Overviews of the crystal structures of (a) pentacene
and (b) perfluoropentacene polymorphs. (a)-i, ii) and -iii, iv)
display the structures of the unit cells of PEN single crystal
and thin film phase, respectively, and (b)-i, ii) and -iii, iv)
show those of the PFP herringbone and π-stack motifs, re-
spectively. The solid lines display the shape of the unit cell,
and two molecules are positioned at the corner and center of
the unit cell. They are arranged in a herringbone-like fashion,
except in the unit cell of PFP π-stack motif. The molecular
planes are almost perpendicularly stacked along the PFP π-
stacking direction.

updated, so that the energies of the bands up to those
derived from the LUMO of the two molecules in the unit
cell is updated appropriately. The energies of the higher
bands outside the preset energy window were corrected
by a scissors-like operation, that is, they were shifted
rigidly by ∆ = Emk−εDFT

mk , where Emk, ε
DFT
mk are respec-

tively the quasiparticle energy and the DFT eigenvalue in
the highest band m in the preset energy window (second
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(a) Pentacene

Thin film phase

(001) 5 ML slab

Single crystal phase

(010) 5 ML slab

2.3 nm

7.6 nm

(b) Perfluoropentacene

herringbone polymorph

(100) 5 ML slab

π-stack polymorph

(010) 5 ML slab

7.7 nm

1.2 nm

FIG. 2. Overviews of the slab geometry of (a) pentacene
(PEN) and (b) perfluoropentacene (PFP) polymorphs. In (a)
and (b), the left panels display the structures of the 5 ML
(100) facets of PEN thin film and PFP herringbone poly-
morphs in the standing configuration, respectively. The right
panels show the structures of the 5 ML slabs of the (010)
facets of PEN single crystal and PFP π-stack polymorphs in
the lying configuration, respectively. Their nominal thickness
along the normal of the surface is also displayed.

lowest unoccupied band in the present study). I found
that five or six iterations were necessary to converge the
fundamental gap within 0.01 eV.
The calculated quasiparticle self-energy was averaged

over the k-points sampled in the Brillouin zone, so that
the result corresponded to the experimentally measured
fundamental gap, which in general represents the differ-
ence between the density-of-states (DOS) peaks of the
highest-occupied and the lowest-unoccupied band ener-
gies. I used the same k-point meshes as in the prior
DFT-GGA calculation, and the plane-wave cutoffs of 40
Ry was used. The number of empty states used in the
calculation of the Green’s function was 5281 (PEN) and
6584 (PFP) bands, which encompass more than 200 eV
above the center of the band gap. The convergence of
the calculated band gap with respect to the number of
empty states, k-point sampling, and plane-wave cutoff is
estimated to be within 0.05 eV.
The electronic polarization Ep was obtained as half

the difference between the crystalline fundamental gap
and that in a gas phase, assuming that E+

p = E−
p . For

the gas phase IE (Ig) and EA (Ag), I used the exper-
imentally reported Ig for PEN of 6.589 eV58 and PFP
of 7.50 eV,59 experimental Ag for PEN of 1.392 eV,26,60

and theoretical Ag for PFP of 2.66 eV,61 rather than cal-
culating the GW -level gas-phase fundamental gap which
requires self-consistency to improve the over-screening of
the injected charge,53,62 along with the coulomb cutoff
technique5,6 and use of a large supercell to avoid the ar-
tificial interaction between the periodic neighboring unit
cells.

3. The electrostatic contributions S+ and S−

To describe the orientation dependence of the highest-
occupied or the lowest-unoccupied level energies in a
multi-layer slab, the difference in energy level between a
five monolayer periodic slab (see Fig. 2) and an isolated
gas-phase molecule was calculated at the DFT-GGA level
of theory, after optimizing the geometries with DFT-D2.
Here, I used the ultrasoft pseudopotentials,63 with the
plane-wave energy cutoff of 25 Ry and 400 Ry for wave
functions and charge density, respectively, and the sur-
face Brillouin zone was sampled with the in-plane k-point
mesh similar to the above-mentioned bulk crystal calcu-
lation.
The highest-occupied or lowest-unoccupied energy in

a five monolayer slab was estimated by averaging the
energies of the five or ten highest occupied- or unoccu-
pied band energies over the surface Brillouin zone for
the facets of PEN and PFP crystal surfaces, i.e. (010)
and (001) surfaces for PEN single crystal38 and thin film
phases,39 respectively, and (100) and (010) facets for PFP
herringbone42 and π-stacking43 motifs, respectively. As-
sociated with their molecular configurations in Fig. 2, the
configuration at a (001) facet of PEN thin film and that
at a (100) facet of PFP herringbone were referred to as
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”standing” configuration, and the other configurations as
”lying” configurations. The k-averaged highest-occupied
or lowest-unoccupied energies almost corresponds to the
center of their DOS peak, and thus implicitly includes
the quantum mechanical effect or the bandwidth effect
∆+/∆− defined in Eq. 1. The highest-occupied (lowest-
unoccupied) energies to be averaged ranged over 0.63 eV
(0.66 eV) for PEN thin film (001), 0.45 eV (0.58 eV) for
PEN single crystal (010), 0.62 eV (0.38 eV) for PFP her-
ringbone (100), and 0.51 eV (0.33 eV) for PFP π stack
(010), respectively, and they reasonably agreed with the
bandwidths of the same materials calculated at the same
level of theory.26,64

The electrostatic contribution in the polarization en-
ergy S+ or S− (see Eq. 2) may be approximated by
the difference in the highest-occupied or the lowest-
unoccupied energy level between the multi-layer slab and
an isolated molecule. The approximation may be valid
because of the “nearsightedness” of the quantum me-
chanical effects, i.e., perturbation of the external poten-
tial at a region distant from a given location by a distance
larger than a typical de Broglie wavelength has a small
effect upon any static property of a many-particle sys-
tem at that location.65,66 In other words, a local chemical
environment or intramolecular chemical interaction in a
free-standing monolayer is similar to that in an isolated
single molecule. On the other hand, the different elec-
trostatic interactions in a monolayer and in a gas phase
were demonstrated theoretically.66

Overall, with the theoretical S+ and S−, and Ep,
the Is and As are theoretically determined according to
Eqs. 1 and 2 (see also Fig. 3).

III. RESULTS AND DISCUSSION

A. Theoretical fundamental band gap and
Ionization energy Is and electron affinity As of the

organic crystals

Tables I and II display the calculated Is and As at the
surfaces of PEN and PFP, respectively, and the results
are schematically displayed in Fig. 3. The theoretical
Is and As were in agreement with the experimental Is
measured with the direct photoemission technique43,67–75

and As that were recently determined with the low-
energy inversion photoemission spectroscopy (LEIPS)
measurement.26 The fundamental gap Is − As estimated
with the one-shot G0W0 ranged from 2.2∼2.5 eV, which
were in general slightly smaller than the experimental
values. When the partially self-consistent evGW was
used, the fundamental gap increased by 0.6∼0.7 eV, as a
result of the diminished starting point dependence (the
DFT-GGA-based band gap, used as a starting point,
is severely underestimated compared to experiments76).
They were in general overestimated by 0.4-0.6 eV com-
pared to the experimental fundamental gaps, and they
were in agreement with the theoretical bulk band gap ob-

tained with the embedded GW formalism22 or other GW
studies on bulk pentacene employing self-consistency
similar to this work.24,76 The agreement between the
GW results and the experimental values might improve if
more flexible self-consistency with updated one-particle
wave functions was employed. Taking into account the
decreasing polarization at the surface compared to the
crystalline bulk, which was proposed to make the band
gap larger by ≈ 0.2 eV,22 but was not taken into account
in this work, should also be considered. In terms of the
calculated Is and As in this work, the evGW resulted
in increasing Is and decreasing As by 0.3 eV, and, thus
the overall mean absolute deviations (MADs) of G0W0

and evGW from experiments are similar (MADs of 0.18
eV (G0W0) and 0.27 eV (evGW )). At the moment, I
would like to leave it a future work to improve the the-
oretical treatment. In the followings, I will focus on the
dependence of the theoretical Is and As on the molecular
orientation at the surface.

B. Dependence of Is and As on the surface
molecular orientation

Notice that the trends of the theoretical Is and As of
PEN and PFP depending on the molecular orientation
at the surface (see Figs. 2 and 3) are opposite. In case of
PEN, the standing orientation at the (001) surface of the
thin film phase gives smaller Is and As (or higher energy
levels of the injected charges) than those of the lying ori-
entation at the (010) surface of the single crystal phase.
On the other hand, for PFP, the lying orientation at the
(010) facet of the π-stack motif results in lower binding
energies of the injected charges than the standing orien-
tation at (100) of the herringbone motif.
Given that the electronic polarization contribution Ep

is similar in PEN and PFP (see Tables I and II), the dif-
ferent trend of the Is and As depending on the facet of
the motif originates from the different electrostatic con-
tribution S+ and S−. As discussed before, the differ-
ent S+ and S− for different facets of PEN and PFP,
a neutral molecule with no molecular permanent dipole
and their difference in polarity of C-H and C-F bonds,
may be elucidated by the different quadrupole-charge in-
teraction of the molecules.25,26,28 The S+ and S− with
their similar magnitudes but opposite signs as found in
this study are reasonable in that they originate from the
electrostatic interaction of the injected charge with the
surroundings.28 The slight difference in magnitude be-
tween S+ and S− in one facet may come from the fact
that the highest-occupied and lowest-unoccupied molecu-
lar orbitals into which the hole and electron, respectively,
are injected have different spatial distributions.
In case of a standing or a lying π-conjugated molecule

or its two-dimensional array, the change or shift in en-
ergy level of the injected charge is understood based on
the basic electrostatics, and it also depends on the po-
larity of H-C or F-C bonds.36 The calculated S+ and
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FIG. 3. Schematic of the determination of Is and As for the pentacene and perfluoropentacene polymorphs. The gas phase
ionization energy (Ig) and electron affinity (As) are indicated by the horizontal dashed lines, and the vertical dashed lines display
the polarization energies P+ or P−, which are comprised of the electronic polarization Ep displayed by the double-headed arrows
and the electrostatic energies S+ or S− indicated by the thick one-headed arrows.

TABLE I. Theoretical ionization energy (IE) and electron affinity (EA) of the pentacene (PEN) polymorphs at the surface.
Polarization energies P+ and P−, as a sum of the induced electronic polarization (Ep) and electrostatic (S) contributions
are shown (see Eqs. 1-2). The quantum mechanical effect ∆+/∆− in Eq. 1 was implicitly taken into account by taking an
average of the highest occupied or the lowest unoccupied energies over k sampled in the Brillouin zone. The induced electronic
polarizations on the hole and the electron are assumed to be the same, i.e. E+

p = E−
p = Ep. The S+ and S− were calculated

for a five monolayer slab (see Fig. 2 (a)) at the DFT-GGA level of theory. The polarization energy P and the constituent
components Ep and S are defined to be positive (negative) for stabilized (unstabilized) hole or electron. For schematics of
determination of IEs and EAs, see Fig. 3 (a). The experimental values are shown for comparison.

Is As P+ P− S+ S− Ep

PEN thin film (001)
G0W0 4.77 2.31 1.82 0.92 0.46 −0.44 1.36
evGW 5.09 1.99 1.50 0.60 0.46 −0.44 1.04
Exp. 4.90a 2.35b 1.69b 0.96b — — —
PEN single crystal (010)
G0W0 5.23 2.84 1.36 1.45 -0.05 0.04 1.41
evGW 5.53 2.54 1.06 1.15 -0.05 0.04 1.11
Exp. 5.45c 3.14b 1.14b 1.75b — — —

a Refs. 67–71
b Ref. 26
c Refs. 72–74
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TABLE II. Theoretical ionization energy (IE) and electron affinity (EA) of the perfluoropentacene (PFP) polymorphs at the
surface. The convention is the same as in Table I.

Is As P+ P− S+ S− Ep

PFP herringbone (100)
G0W0 6.78 4.49 0.72 1.83 −0.56 0.55 1.28
evGW 7.13 4.14 0.37 1.48 −0.56 0.55 0.93
Exp. 6.65a 4.12b 0.85b 1.46b — — —
PFP π-stack (010)
G0W0 5.87 3.71 1.63 1.05 0.30 −0.28 1.33
evGW 6.21 3.37 1.29 0.71 0.30 −0.28 0.99
Exp. 6.00c 3.58b 1.50b 0.92b — — —

a Refs. 67 and 75
b Ref. 26
c Ref. 43

S− in this study have the same signs as and compa-
rable in magnitude to the electrostatic energy W (p) of
standing and lying PEN and PFP as estimated based on
the charge redistribution of the molecule after the charge
injection.28 The Is and As calculated with the charge
redistribution28 and those obtained with the charge re-
sponse kernel theory77 calculations26 are in agreement
with the present result. Given that E+

p and E−
p may

be assumed to be the same for a hole and an electron,29

difference in the calculated S+ or S− between the differ-
ent polymorphs of PFP or PEN should be similar to the
difference in the Is or As. Actually, the magnitude of dif-
ference in the calculated S+ (S−) between the standing
and lying configurations becomes 0.51 eV (0.48 eV) for
PEN, and 0.86 eV (0.83 eV) for PFP, in fair agreement
with the experimental counterpart of 0.55 eV (0.79 eV)
for PEN, and 0.65 eV (0.54 eV) for PFP.

Based on the above observations, I propose the present
approach is adequate for estimating the electrostatic en-
ergy contribution to the polarization energy, taking into
account the size or the thickness of an organic semicon-
ductor thin film.

IV. CONCLUSIONS

The energy of the injected charge, i.e. hole and elec-
tron, at the organic semiconductor surface was theoret-
ically investigated with the GW approximation and the
periodic slab approach within DFT-GGA. While the for-
mer methodology treated the electronic polarization en-
ergy, which is isotropic and is dependent on the electronic
nature of the bulk phase, the latter approach explicitly
treated the electrostatic nature of the organic molecules
at the surface, which is in general anisotropic and thus de-
pends on the orientation of the molecules at the surface.
The resulting ionization energies (Is) and electron affini-
ties (As) of pentacene (PEN) and perfluoropentacene
(PFP) crystals, whose constituent molecules have the op-
posite polarity of constituent chemical bonds and thus
their opposite principal components of the quadrupole

moment with similar magnitude, are in agreement with
a body of the recent experimental results on the thin films
obtained with the ultraviolet photoemission or the low-
energy inverse photoemission spectroscopy techniques.
As far as the electrostatic contribution S+ or S− is con-
cerned, the results were in fair agreement with the the-
oretical model results based on the charge redistribution
of the molecules or those based on the charge response
kernel theory, and were also in agreement with the esti-
mation based on the experimental Is and As.
Overall, while the electronic polarization Ep, approxi-

mated by the charge-induced dipole interaction, is quan-
titatively well described within the GW approximation,
as demonstrated before, the present methodology of esti-
mating the electrostatic contribution S as the difference
in frontier orbital energies between the gas phase and the
slab of the surface seems to describe well the electrostatic
nature of the molecular orientation dependence of Is and
As at the surface, i.e., the charge-quadrupole interaction.
The present first-principles method of predicting Is and
As is suitable for organic semiconductor nano-scale films
comprised of a few monolayers, as investigated in this
study. The method lacks description of the decreasing
polarization at the surface which amounts to the change
of the quantities by ≈ 0.2 eV. Nevertheless, considering
the huge computational cost involved in full treatment of
the slab at the GW level of theory, the method is suitable
at the moment for quantitative treatment of an organic
semiconductor nano-scale thin film, which is required for
nano-scale or sub-nanoscale control of the materials elec-
tronic properties.
Treatment of a thin film should be taken care of, for in-

stance, the number of monolayers required to make com-
parison of the theoretical result with the experimental
result on equal footing. In the present case of pristine
PEN and PFP, it was estimtated that a thin film slab
with smaller number of the monolayers or the one with its
thickness of ≈ 20 monolayers changed the result by only
0.1 eV or smaller. However, as far as a mixed film such
as the donor-acceptor heterojunctions relevant to organic
photovoltaics78 is concerned, tuning the number of the
layers may be critical, since there is appreciable attrac-



8

tive electrostatic interaction within the donor-acceptor
pair. A study applying the same methodology to the
donor-acceptor mixed films is underway.79
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