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Complete description of ionization energy and electron affinity in organic solids: Determining
contributions from electronic polarization, energy band dispersion, and molecular orientation
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Ionization energy and electron affinity in organic solids are understood in terms of a single molecule perturbed
by solid-state effects such as polarization energy, band dispersion, and molecular orientation as primary factors.
However, no work has been done to determine the individual contributions experimentally. In this work, the
electron affinities of thin films of pentacene and perfluoropentacene with different molecular orientations are
determined to a precision of 0.1 eV using low-energy inverse photoemission spectroscopy. Based on the precisely
determined electron affinities in the solid state together with the corresponding data of the ionization energies
and other energy parameters, we quantitatively evaluate the contribution of these effects. It turns out that the
bandwidth as well as the polarization energy contributes to the ionization energy and electron affinity in the solid
state while the effect of the surface dipole is at most a few eV and does not vary with the molecular orientation.
As a result, we conclude that the molecular orientation dependence of the ionization energy and electron affinity
of organic solids originates from the orientation-dependent polarization energy in the film.
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I. INTRODUCTION

The behavior of charge carriers in solid-state organic
materials anchored by m-conjugated molecules is of funda-
mental importance to their application to electronic devices.
The electronic levels of charge carriers in the occupied and
unoccupied states are characterized by ionization energy, I,
and electron affinity, A, respectively, in the solid state. / and
A are governed by various effects that the charge carriers
experience in the organic media, such as the electrostatic
relaxation, the intermolecular orbital interaction, and the
local electronic field. Analyzing and distinguishing these
contributions gives a clue to elucidate the charge carrier
behaviors in organic solid.

Organic solids consist of molecules bound by weak inter-
molecular interactions such as van der Waals and electrostatic
forces. Their electronic energy levels are therefore understood
in terms of those of an isolated molecule perturbed by the
weak intermolecular interactions [1,2]. This was demonstrated
by a similarity between photoelectron spectra in the gas
(isolated molecule) and solid phases [3,4]. The observed small
differences were interpreted in terms of the polarization effect
which originates from the screening of the positive charge
(cation) generated in the photoemission process caused by
the electronic polarization of the surrounding molecules. /
and A in the gas and solid phases were connected with the
polarization energies P, and P_ for positive and negative

charges, respectively, by the following formula [1,5]:
Iszlg_P-ﬁ-a As:Ag"‘P—a (D

where the subscripts g and s refer to the gas and solid
phases, respectively. The polarization energy P contains
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electrostatic and electronic polarizations and molecular and
lattice relaxations [6]. The magnitude of the polarization
energy is in the range between 1 and 2 eV, [7] and the molecular
and lattice relaxations contribute to its 5%—-10% [8]. Although
Eq. (1) still appears in the recent literature [6,9], it should be
updated, taking recent advances into account as schematically
shown in Fig. 1.

When Eq. (1) was established, it was assumed that the
intermolecular interaction was so small that the bandwidth of
organic solids was negligible [2] Since the 1990s, however,
the intermolecular energy band dispersion was experimentally
observed for some organic solids using energy-dependent and
angle-resolved photoemission spectroscopy (PES) [10,11].
The bandwidth in pentacene, for example, is reported to be
about 0.5 eV [12—18]. This means that /; and A should include
contributions wy and w_ from the bandwidth of highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO)-derived bands, respectively.

In 2008, it was reported that the ionization energy I in
organic molecular films depends on the molecular orientation
[19]. The difference of I between the lying and standing
orientations with respect to the substrate surface is on the order
of 0.5 eV [19-23]. The origin of the orientation dependence is
explained by the surface dipole d formed by collective action
of the anisotropic charge distribution in the molecule [22].
However, there is no experimental evidence for the existence
of the surface dipole.

The above-mentioned “solid-state effects” have been dis-
cussed so far only for the occupied states (and I), based
on experimental data obtained using PES, and not for the
unoccupied states (and A;) because of the lack of experimental
techniques capable of measuring such small differences in the
unoccupied states (and Ag). Recently, we have developed an
experimental method called low-energy inverse photoemission
spectroscopy (LEIPS) [24] which is an advanced version of the
inverse photoemission spectroscopy (IPES). We have so far
determined A of several organic materials with a precision
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FIG. 1. (Color online) Schematic energy level diagram showing
the ionization energy and electron affinity in the gas and solid
phases.

of 0.1 eV [24-32]. Further, we have demonstrated that the
precisely determined A as well as I allows us to distinguish
the contribution of the polarization energy to the energy level
change induced by the thermal crystallization of organic film
of [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) [33].
By extending this idea, it should be possible to distinguish
such effects as the polarization energy, band dispersion, and
surface dipole; the electronic polarization energy and band
dispersion primarily decrease I; and increase Ag, while the
surface dipole causes a rigid shift of the energy levels,
i.e., a systematic increase (or decrease) of both I; and As.
Further discussion can be made with the aid of theoretical
calculation of the polarization energies, P, and P_ (these
in a pair will be expressed as Py hereafter). Considering I
and Ag in pairs will give more precise consideration than
I, alone.

In this study, we show that electron affinities A in organic
molecular films depend on the molecular orientation using
LEIPS. Combined with the other energy parameters evaluated
according to the literature, we discuss the contribution of po-
larization energy, band dispersion, and molecular orientation
to the energy levels in organic solids based on three models
describing the gas-solid differences in the /7 and A values.
We adopted pentacene (PEN) and perfluoropentacene (PFP)
thin films because both show a large orientation dependence
in I [21] as well as the large band dispersion [12—-18,35,36].
Their orientation dependence of [ is similar in magnitude but
opposite in direction between PEN and PFP. Thus, comparison
of the energy parameters between the gas and solid phases for
PEN and PFP will provide us with a unique opportunity to
discuss the solid-state effects, particularly, the band dispersion
and the molecular orientation.

II. EXPERIMENT

PEN (Aldrich) was purified with several cycles of vacuum
sublimation. PFP (Kanto Denka Kogyo Co., LTD., sublimed in
the factory) was used as received. Thin films of PEN and PFP
were prepared with vacuum deposition on substrates kept at
room temperature under the base pressure below 1 x 1076 Pa,
while the molecular orientation was controlled by optimizing
substrates and deposition rates. The materials were deposited
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on highly oriented pyrolytic graphite (HOPG) at a deposition
rate of 1 nmmin~! to obtain the lying orientation, and on
naturally oxidized Si (SiO;) surfaces at a deposition rate of
0.05 — 1 nm min~" for the standing orientation. The substrates
were heated at 400 °C beforehand for 16 h in vacuo to clean
the surface. The molecular orientation was confirmed by
observing the film morphology using atomic force microcopy
[34,37-39] after the LEIPS measurements (see Supplemental
Material [40]).

LEIPS measurements were carried out without exposing
the samples to air. The experimental setup for LEIPS has
been reported elsewhere [41]. To avoid sample damage, the
kinetic energy of incident electrons was restricted to less than
5 eV. The electron current densities ranged between 2 x 10~/
and 2 x 107> Acm™2. Under these experimental conditions,
the same IPES profiles were obtained for repeated scans,
confirming that sample damage was negligible. The emitted
photons were focused on a photon detector consisting of an
optical bandpass filter and a photomultiplier tube. The overall
energy resolution was estimated to be 0.3 eV. The vacuum
level of the sample was determined as the peak energy of the
first derivative of the sample current. We confirmed that the
LEIPS spectra depend on neither the thickness of the films nor
the incident currents (see Figs. 9 and 10 in Appendix A).

III. CALCULATION

The polarization energy was calculated based on the charge
response kernel (CRK) model (see Supplemental Material
[42], and also [43-45]) as the energy difference between a
neutral lattice and a lattice with a molecular ion [6,46—48].
The electronic polarization effect was treated as the charge
redistribution within each molecule following the CRK model.
The calculation was made for a polarizable molecular cluster
with its radius R from the central molecular ion, surrounded by
infinite nonpolarizable molecules (Fig. 2). A spherical cluster
was employed for the calculation of polarization energies of
bulk P, while a double-layer disk cluster was applied for film
Piﬁ‘m. The polarization energies were obtained by extrapolating
R to infinity. In the case of the film calculation, the substrate
effect was included by placing image charges.

The energy band calculation of PFP was made for the crystal
structures reported for the films on SiO, [34] and HOPG [36]
using CASTEP code on the Material Studio program (Accelrys).
The Perdew-Burke-Ernzerhof (PBE) functional version of the
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FIG. 2. (Color online) Schematics of the clusters used for the
calculation of the polarization energies for (a) the bulk and (b) the
thin film.
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generalized gradient approximation (GGA) for the exchange-
correlation energy was used. The plane-wave basis set with
the cutoff energy of 370 eV was applied.

IV. RESULTS AND DISCUSSION

A. Ionization energies and electron affinities of PEN and PFP

Figure 3 shows LEIPS spectra of 10-nm-thick films of PEN
and PFP measured at a photon energy of 4.38 eV (4.89 eV
for the PFP in the standing orientation). The electron affinities
were determined from the spectra taken at different photon
energies in the range of 3.20-4.89eV (shown in Figs. 11
and 12) to reduce the systematic error [24]. The results are
shown in Fig. 3. The A value of PEN determined previously,
2.7 eV [26], turned out to be an intermediate value between the
standing and lying orientations. This is likely because the PEN
film was formed on a rough ITO surface where the molecular
orientation was not well defined.

When the molecular orientation changes from the standing
to the lying orientation, the electron affinity A increases by
0.79 eV for PEN and decreases by 0.54 eV for PFP, as in
the case of the ionization energy I [21]. Thus the band gap
Eq (= I — Ay), 2.3-2.6¢eV for PEN and 2.4-2.5¢V for PFP,
is nearly independent of the molecular orientation. Notably,
the vacuum levels do not depend on the molecular orientation.
We observed the variations of at most 0.15 eV from sample
to sample which is substantially smaller than the orientation-
dependent differences in /s and Ajs.

The reported values of the ionization energy and electron
affinity in the gas phase, I, and Ag, respectively, and I for
PEN and PFP are evaluated (Appendix B). I, for PEN and
PFP determined by photoelectron spectroscopy are reported
as 6.589 eV [49] and 7.50 eV [35], respectively. The A, value
for PEN is reported to be 1.392 eV determined by ion-molecule
reaction equilibrium [50,51]. As no experimental data are
available for the electron affinity in the gas phase A, of PFP,
we employ the calculated value of 2.66 eV [52] because the
accuracy of the calculations for isolated molecules appeared
to be sufficiently high, as judged from the calculated A, for
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PEN and /, for PEN and PFP which agree quantitatively with
the corresponding experimental data (Table I). Further, the
Ag values for PFP calculated by different research groups are
in close agreement. There are many reports on the ionization
energy in the solid state /; of PEN and PFP as listed in Tables 11
and I1I, respectively. We selected the values for the sample film
with well-defined orientation and the thickness exceeding 5 nm
as discussed in Appendix A 1 (except for 3.6 nm for PFP with
standing orientation). Finally, we evaluated I as 4.90 eV [53—
57] (standing) and 5.45 eV [58-60] (lying) for PEN, and I; =
6.65eV [21,53] (standing) and 6.00 eV [36] (lying) for PFP.

B. Polarization energies for the bulk material

We have calculated the polarization energies P, and P_
for bulk materials using the CRK theory [43—45]. While
PEN has several polymorphs [61] the calculated (P + P-)
for the different polymorphs vary less than 0.01 eV (see
Supplemental Material [62]). Thus we made the calculation
for the single-crystal phase. The calculated polarization energy
for the cluster is plotted against the reciprocal of the cubic root
of the cluster size M in Fig. 4. While the unit cell of PEN
contains the two crystallographically inequivalent molecules,
the polarization energies for each site are the same within
the accuracy of the present calculation. We obtained the
polarization energies for the bulk material by extrapolating
the radius of the cluster, which is proportional to M~'/3, to
infinity. The results are P, = 0.46eV and P_ = 1.35¢eV for
PEN, and P, = 1.53eV and P_ = 0.09¢eV for PFP. Both P,
and P_ are largely different between PEN and PFP. This can
be explained by the opposite direction of the static quadrupole
moment between the PEN and PFP molecules [6,63,64]. Note
that, when the nonpolarized molecules outside of the cluster
are not included, the values are in excellent agreement with
the recently reported values [9] suggesting that the accuracy of
the calculated charge distribution using the CRK model is high
and that the difference between the present and the previous
values [9] depends on the structure of the cluster employed
(see Supplemental Material [65]).

(b)
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FIG. 3. (Color online) LEIPS spectra of (a) pentacene (PEN) and (b) perfluoropentacene (PFP) on HOPG and SiO, together with the first

derivative of the sample current to determine the vacuum level E,,.
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(b) perfluoropentacene
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FIG. 4. (Color online) The polarization energies calculated for the spherical cluster, P, (blue circles and triangles) and P_ (red circles and
triangles), are plotted against the reciprocal of the cubic root of the cluster size, M~'/3, for (a) pentacene (PEN) and (b) perfluoropentacene
(PFP). We apply linear regression (solid line) on our data and P for bulk materials are derived from the intercepts. There are two inequivalent
molecules in a unit cell of the pentacene single crystal which are denoted as site 1 and 2.

Using the data of the energy levels and polarization energies
presented above, we assess the validity of Eq. (1). Here we
discuss the sum (P + P_) instead of separate P, and P_
values to avoid the effect of molecular orientations. The (P +
P_) value calculated using the CRK model is 1.81 eV for
PEN and 1.62 eV for PFP, whereas the values estimated from
Eq. (1) (Py + P_ =1 — Ag — I+ Ag) are 2.6 — 2.9¢V for
PEN and 2.4 eV for PFP. The CRK calculation gives the values
about 1 eV smaller than the predicted values from Eq. (1). We
anticipate that such differences can be explained by the energy
levels broadened due to the band dispersion.

(a)

24

energy (eV)

C. Evaluation of the bandwidths

The energy band structure varies significantly for the
polymorphs [66]. The crystallographic structures of the PEN
films on SiO; [37] and graphene [67] are identified with the
known structures of the thin film (interlayer distance dyy =
1.54nm) [68] and single-crystal (dyy; = 1.41 nm) [69-71]
phases, respectively. The PFP film on SiO; [34,72] has a
herringbone motif and identical structure to the single crystal
[73] while that on graphene is characterized by 7 stacking and
is thought to be unique to the film [36]. Using x-ray diffraction,
we confirmed that the structure of the PEN thin films on

(b) ] By
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FIG. 5. (Color online) Calculated band structures of the PFP films on (a) SiO, and (b) HOPG for the HOMO-1, HOMO, LUMO, LUMO + 1,
LUMO + 2 regions together with the crystallographic structures. Points of high symmetry in the first Brillouin zone are labeled: I" (0,0,0), A
(0.5,0.5,0), B (0.5,0,0), C (0,0.5,0.5), F (0,0.5,0), Y (0,0.5,0), and Z (0,0,0.5).
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HOPG is the same as that on a graphene surface as shown
in Fig. 13.

Band dispersion has been observed using angle-resolved
PES only for the HOMO-derived level of PEN. The band-
widths for the identified polymorphs are 0.46 eV for the bulk
phase [13] and 0.7 eV for the thin-film phase [17]. On the
other hand, the calculated bandwidths of PEN in the bulk
and thin-film phases are 0.37 and 0.60 eV [66], respectively,
in good agreement with the experimental values. Further,
the calculated band structures obtained using the different
functional and basis sets agree quantitatively with each other
[18,66,74—-82]. We therefore use the calculated bandwidths for
further discussions. The data from the literature [66] are used
for PEN while the band structures of PFP were calculated in
this study. From the calculated band structures shown in Fig. 5,
the bandwidths are determined to be 0.554 eV (HOMO) and
0.308 eV (LUMO) for the films on SiO, (herringbone), and
0.561 eV (HOMO) and 0.385 eV (LUMO) for the film on
HOPG (7 stacking).

D. Interpretation of the ionization energy and electron affinity
based on the bulk polarization energy and bandwidth

From the discussions above (also see Fig. 1), Eq. (1) is
rewritten, taking into account the effects of band dispersion
wy and w_ for the HOMO and LUMO bands, respectively,
and the surface dipole d,

I=1,— P. —w: +d,

A=A+ P +w_ —d. &

The contribution of band dispersion w(w-) is taken as
the top (bottom) of the HOMO (LUMO) band with respect to
the band center. In the case of PFP, the energy band structures
are well approximated by the one-dimensional tight-binding
model (cosine curve) [35,36]. Thus, w, and w_ are half
bandwidths of the HOMO and LUMO bands, respectively.
The energy band structure of PEN is two dimensional and
the middle of the band does not correspond to the band
center [66]. In the context of this work, the center energy
means that the energy level converges at the limit of zero
intermolecular orbital interaction. The energy band of PEN
calculated based on the density functional theory (DFT) is
fitted to the tight-binding model and the transfer integrals
are set to zero so that the difference between the converged
value and the top (bottom) of the HOMO (LUMO) band gives
wy(w_). Using the calculated band data [66], we derived
wy =0.22eV and w_ = 0.22¢V for the film on SiO; (the
thin-film phase) and wy = 0.19eV and w = 0.26 eV for the
film on HOPG (the single-crystal phase).

The energy levels thus obtained are summarized in Fig. 6.
Starting from I, and A, in the gas phase, we take account of
the electronic polarizations in the bulk P, and the bandwidths
w4 resulting in the band gaps E, of 2.9 eV for PEN and 2.8
eV for PFP. The experimentally determined band gap E, is
satisfactorily reproduced by including the bandwidth. The
difference of about 0.3 eV (except for 0.6 eV for PEN on
HOPG) can be understood by other effects neglected in Eq. (2),
such as the molecular and lattice relaxation contribution [8]
and the lifetime broadening [11]. It is notable to compare the
results with those of Cgy where the bandwidth is small and no
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FIG. 6. (Color online) Energy level diagram of the ionization
energy [ and electron affinity A for the standing and lying molecular
orientations of (a) pentacene (PEN) and (b) perfluoropentacene (PFP)
films. The unitis eV. The I; and A, in the solid state are evaluated from
those in the gas phase taking into account the polarization energy in
the bulk P, and the contribution from the bandwidth w. according
to Eq. (2). The horizontal bar in black indicates the mean value of the
ionization energy and electron affinity. The difference in the mean
value between evaluated and experiment is interpreted as the effect
of surface dipole d.

orientation dependence is expected. The polarization energy
determined as the energy level difference between the gas and
solid phases [29,83], i.e., without including the bandwidth, is
about 0.1—0.4 eV smaller than the calculated values [46]. The
differences between the experimental and calculated values
are comparable to the PEN and PFP case when the bandwidth
is included.

As Fig. 6 shows, the ionization energy and electron affinity
in the solid state predicted from the gas phase values, the
polarization energy, and bandwidth are different from those
obtained by PES and LEIPS measurements for the solid
samples. We assumed the difference is due to the surface dipole
d and evaluated its magnitude as the difference in the mean
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FIG. 7. (Color online) The polarization energies calculated for the disk clusters, P, (blue circles and triangles) and P_ (red circles and
triangles), are plotted against the reciprocal of the cluster size M~ for pentacene (PEN) and perfluoropentacene (PFP) with the standing (SiO,)
and lying (HOPG) orientations. We apply linear regression (solid line) on the data and P for double-layer films are derived from the intercepts.
There are two inequivalent molecules in a unit cell of the pentacene single crystal which are denoted as sites 1 and 2.

values of electron affinity and ionization energy. For PEN d is
—0.8 eV (standing) and —0.2 eV (lying), while for PFP 1.1 eV
(standing) and 0.5 eV (lying). The trend appears to support
the molecular electrostatics model proposed by Heimel et al.
[22]. However, our observation of small difference in the
vacuum level seems controversial; the vacuum level should
change in association with the shift of ionization energy if
the surface dipole d depends on the molecular orientation.
Actually, it is demonstrated that the surface dipole can be
controlled by the surface segregation of a polar chain where
the vacuum level varies associated with the change of the
ionization energy [84,85].

E. Polarization energy of the films

Recent theoretical studies predicted that the polarization
energy P depends on the “macroscopic shape” of the subject
system [86] resulting in the orientation dependence of the
ionization energy [6]. We therefore replace the polarization
energy in the bulk Py in Eq. (2) with that in the film Pflm,
Since only Pflm has been calculated for PEN and PFP [6], we
have calculated the polarization energies in the films with the
different molecular orientations for both positive and negative
charges, P™ and Pf™, respectively, as shown in Fig. 7. The
¢* (PEN) and a* (PFP) axes are normal to the surface of

the SiO, substrate for the standing orientation, while the b*
axes are normal to the HOPG surface for the lying orientation.
For the lying orientation, the average values of site 1 and
2 are used. The calculated polarization energies P for the
positive ion film in Fig. 7 can be compared with the previously
reported values [6]. Though the calculated values are in fairly
good agreement, our values are always about 0.3 eV smaller,
except for PEN with lying orientation, giving an estimate of
the systematic error in the calculations. The band gaps are
overestimated likely because the number of layer is limited
and the substrate effect is not fully included in this calculation.

Based on the energy level evolution shown in Fig. 1, we
derive the ionization energy and electron affinity for the thin
films and compare them with the experimental values in Fig. 8.
The model reproduces the experimental orientation-dependent
differences remarkably with the disagreement as much as
0.1 eV; the observed orientation dependences of 0.65 eV
for PEN and —0.60 for PFP, defined as average values of
difference in the ionization energy and electron affinity, are in
excellent agreement with the calculated values of 0.67 eV for
PEN and —0.69 eV for PFP. The result clearly shows that the
orientation dependence of /5 and A can be fully explained by
the orientation-dependent polarization energy. The magnitude
of the surface dipole d may be a few tenths of eV but does
not depend on the molecular orientation. The /5 and A are
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FIG. 8. (Color online) The molecular orientation dependence of
ionization energy /; and electron affinity A for (a) pentacene (PEN)
and (b) perfluoropentacene (PFP) thin films are compared between the
calculated and experimental values. The unit is eV. The calculations
are based on the polarization energy in the film Pi™ with the
contribution from the bandwidth w, according to Eq. (3). The
diagrams are drawn with reference to the gas phase values.

therefore expressed as follows:
Iy=1I,— P."™ — e, 3)
A=Ay + P4y
The surface dipole discussed in Ref. [22] may account for
the orientation dependence of P in Eq. (2), i.e., the difference
in the polarization energy between the bulk and thin film.
The experimental results show that the orientation de-
pendence of ionization energy and electron affinity is quan-
titatively similar and in opposite direction between PEN
and PFP. According to Ref. [6], the orientation dependence
of the polarization energy originates from the electrostatic
interaction, i.e., the charge-permanent quadrupole interaction
in the nonpolar molecules. If this is the case, the direction of the

PHYSICAL REVIEW B 92, 075145 (2015)

orientation dependences is primarily determined by the molec-
ular quadrupole, because the molecular and crystallographic
structures are similar between PEN [68-71] and PFP [34].
The PEN and PFP have the permanent quadrupole tensors the
components of which have similar absolute value but opposite
sign; O,y =2.9, 0,y =28, 0, =—-58x 1073°Cm? for
PEN, Q,, = —-3.8, Q,y, = —4.1, 0., = 7.9 x 107* Cm? for
PFP, where x, y, and z direct the molecular long axis, molecular
short axis, and axis normal to the molecular plane, respectively
[6]. The predicted orientation dependence between PEN and
PFP based on the electrostatic interaction is consistent with the
experimental observation, further supporting our conclusion.

F. Localization of the charge carriers

Finally we will comment on the localization or delocal-
ization of the charge carriers in the PEN solid. Regarding
the behavior of charge carriers in organic semiconductors,
the fundamental question remains open whether charges
are localized on individual molecules or exhibit bandlike
conduction [87,88]. As PEN shows a large bandwidth and
high charge carrier mobility, the carrier transport in PEN is
expected to be bandlike [89,90]. In the present study, on the
other hand, the charge carrier is assumed to localize on a single
molecule in the calculation of the polarization energy. When
the charge carrier delocalizes, the polarization energy should
decrease. This relation can be expressed by the Born equation,
P = (¢ /8meor)(1 — 1/¢;), where the elementary charge e is
confined in a sphere with the radius r surrounded by a uniform
dielectric medium with the relative permittivity &;; &y refers
to the permittivity of vacuum. The equation indicates that
the polarization energy P decreases linearly as a function of
dimension r. The magnitude of P may not be smaller than
0.5 eV, one half of the evaluated value in this work with
the uncertainty considered. This fact suggests that the charge
carriers in PEN and PFP are effectively localized on a single
or at most a few molecules at room temperature. This picture
is consistent with the conclusion of the previous experimental
[91] and theoretical [92,93] studies.

V. CONCLUSION

We have determined the molecular orientation-dependent
values of Ag for PEN and PFP thin films using low-energy
inverse photoemission spectroscopy. The electronic state in
an organic solid is considered as that of an isolated organic
molecule perturbed by such solid-state effects as the polar-
ization energy, bandwidth, and surface dipole. Combined with
the other energy parameters evaluated using the literature data,
we have determined the contribution of the solid-state effects
based on three models represented by Eqgs. (1)—(3). The first
one [Eq. (1)] [1] only includes the polarization energy P, and
underestimates the difference of the energy levels between the
gas and solid phases. The second model [19,22] contains the
polarization energy in the bulk P, and the effect of bandwidth
w, and the dipole layer d [Eq. (2)]. This model fails to explain
the observed small vacuum level differences of at most0.15 eV.
In the third model [Eq. (3)], the polarization energy of the
film Pf!™ which depends on the molecular orientation and the
bandwidth w4 are considered. Only this model explains both
the orientation-dependent energy levels (/5 and Ag) and the
small vacuum level shifts consistently.
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FIG. 9. (Color online) Thickness dependence of LEIPS spectra of PEN and PFP on SiO, and HOPG substrates. The spectra on the right in
each panel are the first derivatives of sample currents, the peak of which give the vacuum levels.
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APPENDIX A: LOW-ENERGY INVERSE
PHOTOEMISSION SPECTRA UNDER VARIOUS
EXPERIMENTAL CONDITIONS

In order to determine the electron affinities of the sample
materials precisely, we examined the dependence of the
film thickness, incident electron current, and photon energy.
Finally, the electron affinities are determined from the data
taken for the 10-nm-thick films at the different photon energies.

1. Thickness dependence of LEIPS
spectra of PEN and PFP

The LEIPS spectra were measured for the different thick-
ness films at the photon energy 285 nm as shown in Fig. 9. We

observed discernible effects from neither the substrate nor the
sample charging in the range between 5 and 10 nm. When the
PEN or PFP is deposited on SiO, substrate, vacuum level shifts
by as much as 0.3 eV. On the HOPG substrate, the vacuum
level shifts were below 0.05 eV.

2. Incident electron current dependence of LEIPS spectra
of PEN and PFP

The LEIPS spectra were measured at the photon energy of
4.38 eV (4.89 eV only for PFP on SiO,) with the incident
electron current varied, ranging between 0.006 and 0.8 ©A.
As shown in Fig. 10, no discernible differences in the spectral
line shape and the onset energy were observed, confirming the
observed spectra are free from the sample charging.

3. Photon energy dependences of LEIPS spectra
and determination of electron affinities

The LEIPS spectra were measured at different photon
energies in the range between 3.20 and 4.89 eV as shown
in Fig. 11. The similarity of the spectra shows that the spectra
certainly reflect the density of unoccupied states and are free
from the initial-state effects. The onset energies in the kinetic
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FIG. 10. (Color online) LEIPS spectra of PEN and PFP on the SiO, and HOPG substrates with the incident electron current varied by the
second or third orders of magnitude. The sample current is indicated in each panel.
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FIG. 11. (Color online) Photon energy dependences of LEIPS spectra of 10-nm-thick PEN and PFP films on the SiO, and HOPG substrates.
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FIG. 12. (Color online) Onset energy vs photon energy of LEIPS spectra of 10-nm-thick PEN and PFP on SiO, and HOPG substrates.
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TABLE I. The calculated adiabatic ionization energies and electron affinities for PEN and PFP taken from the literature.

PHYSICAL REVIEW B 92, 075145 (2015)

PEN PFP

Ay (eV) I, (eV) Ag (eV) I, (eV) Method Reference
1.50 6.24 2.66 7.21 HSE06/6-311++G"" [52]
1.52 6.46 2.68 7.24 B3LYP/6-311++G™ [6]
1.491 6.126 2.779 7.122 B3LYP/6-314++G"//6-31G™ [94]
1.540 2.854 B3LYP/ 6-311+G"//6-31G™ [95]
1.592 2.889 B3LYP/6-314+G"+ZPE [95]

2.790 B3LYP/DZP++ [95]
1.49 6.13 2.78 7.12 B3LYP/6-314++G™*//B3LYP/6-31G™ [35]
1.479 B3LYP/6-314+-G" [96]
1.35% 6.59° 7.50¢ Experiment -
4Reference [50].
PReference [49].
“Reference [35].

TABLE II. The ionization energies of the pentacene (PEN) films taken from the literature.
I (eV) Orientation® Orientation analysis Thickness (nm) Substrate Reference
4.90 +0.02 Standing 20 ITO [57]
4.95+0.03 Single crystal - [57]
4.9 (Standing) 15 SiO, [97]
4.88 £0.05 (Standing) 1 ITO [26]
4.90 +0.05 (Standing) 10, 20 ITO [26]
478 £0.1 Standing 2.1 Poly Au [56]
4.85+0.1 Standing 4.9 Poly Au [56]
4.83+0.1 Standing 7.1 Poly Au [56]
5.25 Lying (tilted by 29°) NEXAFS 7 Graphene/SiC [98]
4.9 Standing XRD, GIXRD 20 SiO, [36]
4.93 Standing 10 SiO, [54]
4.69 Standing 10 OTS/SiO, [54]
5.15 Lying NEXAFS 10 Graphene [67]
5.19 Lying Monolayer Au(111) [59]
5.45 Lying Multilayer Au(111) [59]
49+0.1 Standing XRD 32 SiO, [53]
5.6 Lying Monolayer HOPG [99]
5.15 Lying UPS angle dependence Monolayer Au(111) [58]
5.45 Lying UPS angle dependence Multilayer Au(111) [58]
4.74 £ 0.04 Standing 1-1.6 ITO [100]
4.72 £0.04 Standing 1-1.6 SiO, [100]
5.45 Lying -3 HOPG [60]
5.15 (Amorphous) —10 HOPG [60]
4.77 Standing 20 SiO, [60]
5.1° Standing 7.5 Poly Au [101]
5.15¢ Amorphous XRD 40-60 Poly Au [102]
4.85¢ Standing XRD 40-60 Poly Au [102]
“The orientations indicated in parentheses are estimated by the present authors.
"The value is derived from the original figure in Ref. [101].
“The film was prepared at room temperature.
dThe film was prepared on the substrate at the temperature of 80 °C.
TABLE III. The ionization energies of perfluoropentacene (PFP) in the solid phase taken from the literature.

I; (eV) Orientation Orientation analysis Thickness (nm) Substrate Reference
6.18 Lying STM Monolayer HOPG (295 K) [103]
6.02 Lying STM Monolayer HOPG (53 K) [103]
6.0 Lying GIXRD, NEXAFS 10 HOPG [36]
5.60 Lying UPS angle dependence 0.2 Au(111) [58]
6.20 Lying UPS angle dependence 1.5 Au(111) [58]
6.20-6.40 Lying UPS angle dependence 7 Au(111) [58]
6.65 Standing XRD 3.6 SiO, [53]
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FIG. 13. (Color online) Grazing x-ray diffraction patterns of pentacene thin films on (a) graphene and (b) HOPG.

energy of the electron are plotted as a function of photon
energy, and we apply linear regression with the slope of
unity in Fig. 12. From the intercept, the electron affinities
were determined. This procedure reduces the systematic error
efficiently [24].

APPENDIX B: COMPILED ENERGY PARAMETERS
FOR PEN AND PFP

1. Compiled ionization energies and electron affinities
for isolated PEN and PFP molecules

Since no experimental data are available, we use the
calculated data on the electron affinity of PFP in the gas phase
A,. The calculated adiabatic ionization energies and electron
affinities for PEN and PFP are listed in Table I. The evaluation
of I, of PFP is described in the main text.

2. Compiled ionization energies of PEN and PFP in the solid
phase determined using photoemission spectroscopy

There has been a large volume of data on the ionization
energy of PEN and PFP using PES in the literature. The values
as well as the molecular orientation, the method for analyzing
the molecular orientation, and the thickness of the film and

substrates for PEN and PFP are listed in Tables II and III,
respectively.

APPENDIX C: THE CRYSTALLOGRAPHIC STRUCTURE
OF PEN ON HOPG AND GRAPHENE

The crystallographic structure of pentacene (PEN) on
graphene is identified as the single-crystal phase (the interlayer
space of dyp; = 1.41 nm) [69-71] with the b axis close to the
normal to the substrate [67]. We examined the crystallographic
structure and molecular orientation of PEN film on HOPG
using the grazing incidence x-ray diffraction (GIXD). The
GIXD measurement was carried out on the beam line BL19B2
at the SPring-8. A monochromatized x ray with the wavelength
of 0.1 nm was incident to the sample surface with the angle
of 0.07°—0.10° and the diffraction was observed using a
two-dimensional detector (PILATUS 300 K). Figure 13(a)
shows the GIXD patterns of 10-nm-thick PEN on graphene
which is similar to the previously reported result [67]. The
50-nm-thick PEN on HOPG in Fig. 13(b) shows at least seven
distinct diffraction spots together with the intense diffraction
from HOPG (0002). The diffraction patterns of the PEN on
graphene and HOPG quantitatively agree with each other,
showing that the PEN film on HOPG is of the single-crystal
phase with the b axis almost normal to the substrate.
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