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Energy levels in an organic semiconductor are mainly determined by the molecular orbital energies of the
constituent molecules. Recent studies, however, have revealed that the energy levels can be altered as much
as 1 eV by the molecular orientation in the film or the molecular mixing ratio in the binary film, owing to
the intermolecular electrostatic interaction. Because of the long-range nature of Coulomb interaction, theory
predicts that the electrostatic energy should depend on the sample shape. In this article, we examine the coverage-
dependent energy levels of zinc phthalocyanine and per-fluorinated zinc phthalocyanine in the submonolayer
region with ultraviolet photoelectron spectroscopy (UPS) and low-energy inverse photoelectron spectroscopy
(LEIPS). Using the procedure we reported previously, we separately evaluated the electronic polarization energy
and electrostatic energy as a function of coverage. Unlike the electronic polarization, which contributes only as
much as 10 meV, the electrostatic energy contributes as much as 120 meV to the coverage-dependent energy shift.
We conclude that the shift in energy levels by changing the coverage is attributed to the sample shape-dependent
energy level, owing to the long-range nature of the charge—permanent quadrupole interaction.

DOI: 10.1103/PhysRevB.106.075303

I. INTRODUCTION

Ionization energy (I) and electron affinity (As) of or-
ganic semiconductors represent electronic energy levels of the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of organic solids, re-
spectively. These two electronic energy levels are one of the
performance-determining factors of organic devices, such as
organic light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs), and organic solar cells (OSCs) [1-5]. For
example, increasing the /5 and A via halogenation is usually
done to facilitate the electron injection into the OLEDs’ emis-
sive layer [6,7]. While in OSCs, the open-circuit voltage is
limited by the effective gap between the A of the acceptor and
the I of the donor [5]. Furthermore, increasing the I and A
via designing an oligomeric material with heteroatoms such
as sulfur, nitrogen, or oxygen atoms, is reported to increase
the stability of OFET devices [8—-10].

Most of the tuning of the I and Ay was done by changing
the constituent molecules that are used in the device. This is
because the organic solids consist of organic molecules bound
by weak interactions such as van der Waals forces. Thus, the
energy levels of organic solids are predominantly determined
by the molecular orbital energies, whereas the intermolecular
interaction is considered to play a minor role. The contribu-
tion of the intermolecular interaction to the energy levels of
organic solids is represented by the difference in the energy
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levels between the gas and solid phases. Historically, the en-
ergy difference has been called polarization energy Py (the
subscript + and — correspond to I and A, respectively) [11].
The fact that most organic solids possess a similar polarization
energy of 1 to 2 eV [12] further ensures the importance of
the molecular orbital energy to the energy levels in the solid
phase.

However, it has been reported recently that the energy
levels can be changed up to 1 eV by changing the molecular
orientation of the system [13—17] and by varying the mixing
ratio of a blend film [18-21]. These changes can be explained
by using polarization energy. The polarization energy is con-
tributed by the electronic polarization (dynamic or induction)
and the electrostatic effects. The electronic polarization en-
ergy is the stabilization energy of the charge carrier due to the
electronic polarization of neighboring molecules, and can be
approximated by the charge-induced dipole interaction. Elec-
trostatic energy is an interaction between the charge carrier
and the permanent charge distribution over the neighboring
neutral molecules, approximated by the charge—permanent
multipole. It has been established that the electrostatic effect
is the main driving force for these orientation and mixing ratio
dependencies of the energy levels. The electronic polarization
energy, on the other hand, is mostly unchanged.

Theoretically, it is well known that the electrostatic energy
depends on the macroscopic shape of the system due to the
long-range nature of Coulomb interaction [22-25]. For ex-
ample, proper calculation of the Madelung constant is still a
subject of active research [25]. For the electrostatic energy in
organic solids mentioned earlier, the leading term of the elec-
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FIG. 1. Coverage dependent UPS spectra for the submonolayer region of (a) pentacene (PEN), (b) diindenoperylene (DIP), (c) perfluoro-
pentacene (PFP), and (d) perfluoro copper-phthalocyanine (F;sCuPc) in respect with energy from Fermi level (Er). The green, red, and blue
spectra represent the spectra of the sample with the lowest, middle, and highest coverage, respectively. The numbers indicate the coverage in
the unit of monolayer (ML). The molecular structure of each molecule is shown on top, along with its charge distribution. The electron density
was calculated by density functional theory (B3LYP/cc-PVDZ). The blue and red regions correspond to the positive and negative charges,

respectively.

trostatic energy is the charge-quadrupole moment; nonpolar
molecules naturally hold this condition, and polar molecules
usually crystallize into a noncentrosymmetric crystal structure
canceling the permanent dipoles. As the distance r increases,
the charge—permanent quadrupole energy decreases as . In
the three-dimensional system, the volume integral increases
as r? dr, resulting in a logarithmic dependence of the elec-
trostatic energy, log(r), while in the two-dimensional system,
the volume integral increases as r dr, resulting in very slow
convergence depending on r [22,24]. This means that the
energy levels of the organic semiconductor should depend on
the macroscopic shape of the sample. So far, however, no such
experimental evidence has been reported.

It has been known that the I, measured by ultraviolet photo-
electron spectroscopy (UPS) depends on the surface coverage
below the monolayer thickness [21,26,27]. Figure 1 exempli-
fies the experimental observations of the coverage-dependent

UPS spectra. As the coverage increases, the Iy changes by
about 0.1 eV. The origin of such a coverage-dependent en-
ergy shift was not clear; it has often been interpreted as
the electronic polarization of neighboring molecules [26]
or a coverage-dependent structural change [27]. Recently,
Schwarze ef al. [21] systematically examined the relationship
between the energy shift and the molecular quadrupole mo-
ment and pointed out that the electrostatic energy generated
by the molecular quadrupole moment plays some role in the
energy shift. This explanation was still inconclusive because
other compelling factors besides the electrostatic energy, such
as electronic polarization, cannot be excluded.

The electrostatic energy and electronic polarization en-
ergy can be separated based on their opposite response
to the negative and positive charges. For this purpose, we
need both Py and P_. Only the polarization energy for the
positive charge (hole) P, can be derived from the previous
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FIG. 2. The molecular structure and surface potential of ZnPc (left) and F¢ZnPc (right). Blue and red correspond to the positive and
negative charges, respectively. The calculation was made by density functional theory (UBL3LYP/cc-PVDZ).

UPS studies [12-15,17-19,21]. To obtain the polarization
energy for the negative charge (electron) P, precisely
determined A is indispensable, which was enabled by the de-
velopment of low-energy inverse photoelectron spectroscopy
(LEIPS) by Yoshida [28,29]. From the observed P, and P_ by
using both UPS and LEIPS, respectively, we have quantified
the electrostatic energy and the electronic polarization energy
and elucidated the origin of the orientation-dependent energy
levels in thin films [30,31], the mixing ratio dependence of
energy levels in binary films [32], and the metal screening
effect at the metal/organic interface [33].

In this work, we applied this procedure to investi-
gate the coverage dependent-energy shift. We chose zinc-
phthalocyanine (ZnPc) and perfluoro zinc-phthalocyanine
(Fi16ZnPc) due to their opposite quadrupole moment from
each other (Fig. 2) to highlight the contribution of electrostatic
energy. We quantified both electrostatic energy and electronic
polarization energy. The observation clearly shows that the
energy shift originates from the electrostatic energy. We cal-
culated the electronic polarization and electrostatic energies
for further confirmation by approximating them by charge-
induced dipole and charge—permanent quadrupole energies,
respectively. During the film growth in the submonolayer
region, islands are usually formed. The increase of the sur-
face coverage toward one monolayer is associated with the
increase in the island size. We demonstrate that the observed
coverage dependence can be interpreted as the electrostatic
energy depending on the shape of the sample owing to the
long-range nature of Coulomb interaction as predicted in pre-
vious theoretical studies [22,24].

II. EXPERIMENTAL METHODS

Highly oriented pyrolytic graphite (HOPG) was used as a
substrate. HOPG cleaved in ambient air was introduced into
a vacuum chamber with a pressure less than 5 x 107® Pa, and
the surface was cleaned by heating at 800 K for a minimum of
28 hours. The substrate was cooled to room temperature prior
to use. The surface quality of HOPG was evaluated from the
o* peak observed by a metastable atom electron spectroscopy
(MAES) [34,35] measurement (see Supplemental Material
Figure S1 [36]). ZnPc and F¢ZnPc were purchased from
Sigma Aldrich and purified twice by thermal-gradient vacuum

sublimation. The molecules were deposited on HOPG with a
deposition rate of 0.15 monolayer (ML) min™' in a vacuum
chamber with a pressure of 3 x 10~ Pa. The deposition pro-
cess was monitored by quartz crystal microbalance.

The details of the experimental setup are stated elsewhere
[37]. UPS was performed first to measure the I, followed
by LEIPS for A, and then UPS was remeasured to check
the sample damage from the LEIPS measurement. As no dis-
cernible change in the UPS spectra before and after the LEIPS
measurement was noticed, we concluded that no damage was
inflicted to the sample during the LEIPS measurement. The
sample was kept under UHV during all the measurements.
One ML thickness was determined by MAES (see Supple-
mental Material [36]).

UPS was conducted using He I radiation (21.22 eV) for
excitation, and the photoelectron kinetic energies were an-
alyzed with the Phoibos100(SPECS) hemispherical electron
analyzer. I; was determined from the HOMO peak observed
by the UPS with reference to the vacuum level (Ey,.). The Eyae
was determined by the cutoff of the secondary electron. LEIPS
was performed in the same apparatus. Details are described
elsewhere [38]. Electrons from an Erdmann—Zipf-type elec-
tron gun were incident to the sample surface. A bias voltage
was applied to the electron gun with reference to the sample
to control the kinetic energy of the introduced electron. The
LEIPS spectrum was obtained by detecting the photon signal
using a photon detector consisting of the bandpass filter with
a center energy of 4.785 eV and a photomultiplier tube. A
was determined from the maximum of the peak assigned to
the LUMO-derived feature. The vacuum level was determined
from the inflection point of the rising edge of the sample
current.

III. RESULTS

The coverage dependence of UPS and LEIPS spectra is
shown in Fig. 3. Usually, the I and A values of a multilayer
film are determined by the onsets of the HOMO- and LUMO-
derived peaks, respectively. In this study, the /5 and A values
were taken from the maxima of the HOMO and LUMO peaks
because the sample film is thinner than monolayer. The I and
A of ZnPc increase toward the monolayer from 5.56 eV to
5.71 eV and from 3.07 eV to 3.25 eV, respectively; whereas
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FIG. 3. Combined UPS and LEIPS spectra of (a) ZnPc and (b)
F\¢ZnPc showing the HOMO and LUMO peaks. The peak maxima
for the lowest and highest coverage are indicated with dashed and
solid lines, respectively. The coverage is indicated between HOMO
and LUMO peaks. The determined /5 and A for ZnPc and F,sZnPc
are shown in (c) and (d), respectively.

for Fi¢ZnPc, the I, and A decrease from 6.17 eV to 6.08
eV and from 3.16 eV to 3.11 eV, respectively. The bandgap
(I—A;) is almost independent of the coverage, implying that
the electronic polarization may not contribute to the cover-
age dependence. Conversely, the opposite shift direction of
the coverage-dependent energy level for ZnPc and Fj¢ZnPc
indicates that the shift originated from the electrostatic en-
ergy. The systematic error bar was taken from the standard
deviation from multiple UPS and LEIPS measurements. The
systematic error bar for I and Ay is estimated to be 0.02 and
0.06 eV, respectively. Note that I; and As vary by 0.6 eV,
depending on the molecular orientation [14,32]. The observed
I, and A, are consistent with the face-on orientations of ZnPc
and F¢ZnPc [32].

IV. DISCUSSION

The polarization energies, P, for cation and P_ for anion,
are expressed as [16]

P+ == Ig _IS - A+
P.=—A,+A —A_, 1)

where they are the ionization energy I, and electron affinity
A, in the gas phase, and the A and A_ are corrections from
the HOMO and LUMO bandwidths, respectively, owing to
the intermolecular quantum mechanical electronic couplings.
The polarization energy can be the sum of the electronic
polarization energy (D) and electrostatic energy (S):

PL =Dy + S,
P.=D_+S_. )

The electronic polarization energy, also referred to as in-
duction or dynamic energy (D), will always stabilize the
system regardless of the polarity of the introduced charge
(positive/cation for the hole or negative/anion for the elec-
tron); we can approximate D, = D_ = D, where the 4+ and
— subscript indicate the polarity of the charge. In contrast,
electrostatic energy S is the Coulomb interaction between the
introduced charge and the permanent charge distribution of
the neighboring neutral molecules. Since the magnitude of
S is the total Coulomb potential for all the charges in the
system, changing the introduced charge will result in inversed
polarity and can be approximated as Sy =—-S_ = S. In this
approximation, we implicitly assume similar charge distribu-
tions between the cation and anion. It should hold because
the HOMO and LUMO of phthalocyanines possess a similar
distribution of the m-orbital over the molecule.

Due to this difference in nature of both energies, D and S
can be evaluated from the measured energy parameters I, As,
I,, and Az, by combining Egs. (1) and (2) [30-33]:

I —Ag— (I —A) — Ay — A

D =
2

Gl A Ui A) AL A .
. .

The experimental I, and Ay values are not always avail-
able. However, the density functional theory (DFT) method
can calculate the gas-phase energy parameters precisely. For
example, the calculated I, (6.29 eV) of ZnPc is in excel-
lent agreement with that of the experimental one (6.39 eV)
[39]. We used DFT with the HSEO6/spaug-cc-PVTZ level on
the GAUSSIAN 16 program and calculated /, and Ag to be
6.29 eV and 2.00 eV, respectively, for ZnPc, and 7.06 eV and
2.86 eV, respectively, for Fi¢ZnPc. The terms A and A_ were
ignored since the peak energy was used to determine Iy and
As. Using the experimentally obtained I and A, D and S are
calculated by Eq. (3), and the results are shown in Fig. 4.

Figure 4 shows that D barely increases only by 16 meV for
ZnPc and 20 meV for F;¢ZnPc. This result shows that the rela-
tive permittivity in organic molecules changed slightly during
the coverage increase. Conversely, S dramatically decreases
from —0.17 eV to —0.34 eV when the coverage increases from
0.12 to 0.94 ML for ZnPc. As for Fi¢ZnPc, S increases from
0.29 eV t0 0.36 eV, an opposite trend to ZnPc. The variation of
S is around 170 meV for ZnPc and 70 meV for F¢ZnPc. The
systematic error for D and S were estimated from the errors in
gas-phase parameters /; and A, and the value is 0.04 eV.

The significantly lower variance of D shows that the
molecular density or lattice constant does not affect the
coverage-dependent energy levels because the change in lat-
tice constant will drastically change D. We roughly estimated
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FIG. 4. The coverage dependence of (a) electronic polarization
and (b) electrostatic energy of ZnPc (blue) and F;¢ZnPc (red) until
the 1 ML is reached. The error bars are stated in the main text.

the lattice constant of FisZnPc’s D from the charge-induced
dipole calculation (the method is shown later) and found that
D and S equally depend on the lattice constants (see Sup-
plemental Material Figure S5 [36]). On the other hand, the
experimentally obtained D and S for Fi¢ZnPc vary differently
(20 meV and 70 meV, respectively) when the coverage in-
creases from 0.1 to 0.8 ML. If the variance of D were caused
solely by the change of lattice constant, the change of lattice
constant would need to be only 0.1 nm to produce the same
variance of experimentally determined D. The variance of
experimental S is three times larger than D, which cannot be
explained by the change of lattice constants. This indicates
that the D and S in this experiment do not come from the effect
of the change in the lattice constant.

The higher variance of experimentally determined S com-
pared to D indicates that the coverage-dependent shift of the
energy levels is predominately contributed by the electrostatic
energy. Furthermore, the opposite trend observed in S of ZnPc
and F¢ZnPc showed that the electrostatic energy is induced
by the charge—permanent quadrupole interaction. This fact
is consistent with the calculated quadrupole tensors by DFT
with UBL3LYP/cc-PVDZ, where Q., = Qy, = 11.534 and
Q.. = -23.068 debye A for ZnPc, and Q,, = O,y =-14.442
and Q.. = 28.840 debye A for FjsZnPc. The magnitudes of
the quadrupole tensors are similar while the sign is oppo-
site, explaining the opposite behavior of S between ZnPc and
F16ZI’IPC.

In order to confirm that the coverage dependence of §
arises from the sample shape dependence of the electrostatic
energy, we calculate D and S from the charge-induced dipole
interaction and the charge—quadrupole interaction energies,
respectively, on a simplified structural model. Since the film
growth in the submonolayer region usually takes the form of
an island, the increase of the surface coverage toward one
monolayer is associated with an increase in island size. We
approximate the island by a disk with a monolayer thickness
and a radius R, and a point charge g is placed at the center. We
assume that the radius of an island of molecules increases as

the coverage increases without changing the lattice constants.
Regarding the response of the neutral molecules to the point
charge with a distance r, an induced dipole for D and a perma-
nent quadrupole for S are placed at the center of molecule r
with the polarizability vector « and the quadrupole tensor Q,
respectively.

The potential energy generated by the point charge—
induced dipole interaction D and the point charge—permanent
quadrupole interaction S can be expressed as (the positive sign
stands for the stabilization of the system)

1 q 2
D= - — | r,ar, 4a
2 Xn: <4neolrn|3> @

SZ_Zqﬂ

- Areglra (46)
In the monolayer and submonolayer regions, scanning tunnel-
ing microscopy (STM) revealed that the phthalocyanines at a
temperature less than 70 K form islands with a square lattice
or a one-dimensional chain, with the intermolecular distance
similar to that in a single crystal [40—42]. Unfortunately, the
molecules in the submonolayer region have not been observed
at room temperature by STM due to the molecules becoming
mobile. Further, a less-disturbing experimental technique such
as UPS reported a phase transition of copper-phthalocyanine
(CuPc)/HOPG between 80 K and 130 K [43]. As discussed
earlier, from the small variance of D, we conclude that the
lattice constant can be unchanged across the coverage to
the ML. Thus, for the theoretical calculation, we used the
lattice constants of a CuPc crystalline film on HOPG for
ZnPc single crystal, a = b = 1.38 nm, y = 90.32° [44,45],
and the reported lattice for face-on orientated Fi¢ZnPc, a =
b=1.69 nm, y = 99.5° [46]. The molecular parameters Q
and o are calculated by the DFT (B3LYP/cc-PVDZ) and
the Parameterization Method 6 (PM6) method, respectively.
The values used for Q were mentioned earlier, while the
values of a for ZnPc were oy, = oy, = 829.104 and o, =
114.405 a.u., and for Fi¢ZnPc were o, = «,, = 875.382 and
o, = 121.439 a.u. We calculated the D and S values from
Eq. (4), as shown in Fig. 5. As predicted, the signs of cal-
culated D are the same for both ZnPc and F,¢ZnPc, whereas
the signs of the calculated S for ZnPc and F,¢ZnPc are the
opposite from each other. The result further confirms that
the coverage dependence of S originates from the permanent
quadrupole moments, which are opposite between ZnPc and
Fi6ZnPc. However, the relation between the radius of the disk
R in the calculation and the coverage is still unclear. We can
see that the electrostatic energy calculation reached its plateau
around 30 nm. Comparing this with the experimental coverage
dependence shown in Fig. 4, the 0.7 ML of the film may
composed of islands with only around 20 molecules. Even
in the higher coverage region, the small island is consistent
with the low-energy electron diffraction (LEED) result, where
a two dimensional gas-like structure was observed at less
than 0.75 ML of CuPc on Ag(111) [27]. As the molecule—
substrate interaction may be smaller between phthalocyanines
and HOPG, the molecules should be more mobile, and the
gas-phase structure may be maintained at a higher coverage
than 0.75 ML. The coverage-dependent work function of
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FIG. 5. (a) The disk model for the growing island without a
changing lattice constant. (b) The calculated D and S from Eq. (5).
The calculations for ZnPc and F¢ZnPc are indicated with blue cir-
cles and red squares.

CuPc/HOPG saturates around 0.8 ML [47] which is consistent
with this prediction.

As shown earlier, we cannot directly relate the radius
R in Eq. (4) to the experimental coverage. However, as
seen in Fig. 5 and Eq. (4), D and S should depend differ-
ently on the radius R because the charge-induced dipole and
charge-permanent quadrupole energies are proportional to
and =3, respectively. We further tested the experimental re-
sults by using the disk-shaped island model. We assumed a
continuum media in the form of a disk and took the interaction
between a point charge with induced dipole and permanent
quadrupole in their scalar form for D and S, respectively.
Then, we integrate over the disk (see Supplemental Materials
[36]) to yield AD and AS values with reference to the infinite
radius of R, i.e., fully covered monolayer:

ag® 1 1
AD = — — x —
32el nR* N
1 1
AS — VrqQ he )

6 .
VrR2 VN
The number of molecules N in a unit area is proportional to
the area of the island 7 R%. The coverage is expressed as N/No,
where N, is the number of atoms of 1 ML (fully covered
surface) per the unit area. Equation (5) indicates that AD and
AS follow the power law N? with the power factors of p = —1
and —0.5, respectively.

Equation (5) is now compared with the experimental re-
sults. As shown in Fig. 4, D and S change as a function of
coverage and saturate around 0.7 ML. In Fig. 6, we plotted in a
log-log plot the absolute values of changes AD and AS in the
experimental D and S with reference to the saturated values,
respectively. We found that the experimentally obtained AD
and AS when interpreted as a straight line until 0.7 ML, gives

280

monolayer of ZnPc (a) and F;¢ZnPc (b) versus the coverage. The
solid lines are best-fit results in the coverage less than 0.7 ML. The
error bars used are the same as in Fig. 4. Only the positive error bar
is shown.

a characteristic similar to what is predicted by the power law.
The slope of the log-log plot gives the power factor p; the p
of AD is —1.0 and —1.1 for ZnPc and F¢ZnPc, respectively,
while that of AS is —0.7 and —0.8 for ZnPc and F4ZnPc,
respectively. The values are in good agreement with those pre-
dicted by Eq. (5), i.e., p = —1.0 for AD and p = -0.5 for AS.
The slight difference between the predicted and experimental
values is likely due to the actual situation of the sample shape,
which may deviate from a perfect circle. Also, we assumed
that a point charge is located at the center of the island, which
may be a cause of the deviation. After the coverage reached
0.7 ML, the change in D and § drastically decreased (D and S
reached its plateau), suggesting that the islands coalesce and
make a larger island, which cannot be explained by our disk
model.

V. CONCLUSION

We examined both ionization energy and electron affinity
of a submonolayer region of ZnPc and F;sZnPc on HOPG
by using UPS and LEIPS. We observed a continuous shift
of the energy levels, which depends on the coverage and the
direction of the quadrupole moment. The electronic polariza-
tion and electrostatic energies for both molecules have been
quantified. The electronic polarization contribution in the
submonolayer region is increased only by 0.02 eV, whereas
the electrostatic energies change by 0.17 eV for ZnPc and
0.07 eV for Fi¢ZnPc until the sample reaches its monolayer.
The result clearly demonstrates that the coverage-dependent
energy shift indeed originates from the electrostatic energy.
Further, the results were qualitatively reproduced by the
point charge—induced dipole and the point charge—permanent
quadrupole interactions calculated for a simplified island
model. Remarkably, the coverage-dependent energies follow
the power law, where the power factors are in good agree-
ment with the prediction by Eq. (5). We conclude that the
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coverage-dependent shifts of the energy levels are predomi-
nantly contributed by the electrostatic energy approximated
by the charge—permanent quadrupole interaction. This work
demonstrates that the observed changes in energy levels can
be interpreted as the sample shape-dependent energy levels in
organic solids owing to the long-range Coulomb effect. This
phenomenon is not only significant to the surface electronic

structure but also relevant to the charge behavior at the inter-
face, e.g., charge separation efficiency in organic photovoltaic
cells [48].
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