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We present an investigation of the interface between organic semiconductor films and
metal substrates (organic/metal interface) using photoelectron yield spectroscopy (PYS)
as the probing technique. PYS studies were conducted on the pentacene/Au, copper phtha-
locyanine (CuPc)/Au, and perfluorinated zinc phthalocyanine (F16ZnPc)/Au, and the results
were compared with literature results obtained using conventional ultraviolet photoemis-
sion spectroscopy (UPS). PYS is advantageous for probing the electronic structure of the
organic/metal interface because of the relatively long mean free path of photoexcited elec-
trons with very low kinetic energy in PYS, which enables the detection of the photoelec-
trons from the metal substrate buried deep in the organic film. We demonstrate herein
that the use of PYS reduces the significance of the final state effect of the electronic density
surrounding the photohole at the organic molecule generated after the photoemission; this
effect is known as the electric polarization effect. Although this effect has a significant
influence on the results obtained using conventional UPS, the reduced influence of the final
state effect in PYS makes it possible to construct an energy level diagram at the organic/
metal interface with greater accuracy than can be achieved with UPS. In addition, a novel
mechanism of the photoelectron detection for PYS enables us to apply PYS to very thick
organic films, and therefore, PYS provides a reliable value of ionization energy for organic
films without the influence of the substrate.

Because the interface electronic structure has a significant influence on the carrier injec-
tion properties of organic devices, the increased reliability of the information obtained by
PYS will render it very useful for the improvement of device performance as well for under-
standing their operation principles.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The elucidation of the electronic structure of the inter-
face between organic semiconductor films and electrode
metals (organic/metal interface) is one of the key issues
in the field of basic research on organic electronics. The
performance of organic optical and electronic devices such
. All rights reserved.
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nai).
as light emitting diodes (OLEDs) or field effect transistors
(OFETs) is strongly influenced by the efficiency of the car-
rier injection across the organic/metal interface. Conse-
quently, an understanding of the factors affecting the
carrier injection barrier at the organic/metal interface is
crucial for improved device performance. In pioneering
studies by Ishii et al., it was reported that the electric
double layer (D) formed within a few molecular layers di-
rectly on the electrode metal surface upon the injection
barrier has a profound impact on the carrier injection bar-
rier [1,2]. Although many theoretical and experimental
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Fig. 1. Schematic drawing of photoemission from metal substrate (A) and
organic film (B). The numbers represent the following processes: (1)
photoexcitation of the electron, (2) transport of the excited electrons to
the surface, and (3) penetration of the electrons through the surface into
the vacuum, respectively.
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investigations have been executed in an attempt to under-
stand the origin of D [3–11], the question remains unre-
solved. Ultraviolet photoemission spectroscopy (UPS),
which is a powerful tool for directly probing the occupied
interface electronic structure, has played an important role
in the research on organic/metal interfaces. For example,
some researchers have adopted the thickness dependence
of the UPS spectra for the organic film deposited on a metal
surface as a standard technique for describing the energy
level diagram at the organic/metal interface [12–15]. The
energy level diagram of the organic/metal interface can
be obtained by plotting the vacuum level energy and
molecular orbital energies, which are derived from an anal-
ysis of the UPS spectra for different organic film thick-
nesses. Nonetheless, it should be noted that UPS is not
always a satisfactory method for investigating the elec-
tronic structure at the organic/metal interface given that
UPS is a very surface sensitive technique because of its
quite short probing depth, which is less than 0.5 nm in
the ultraviolet or vacuum ultraviolet region [16]. UPS
probes the outermost surface regions of the organic film.
However, in practical organic devices, the organic/metal
interface is buried deep inside the organic layers. Thus,
UPS cannot be used to probe this ‘‘buried interface’’ di-
rectly, and the interface electronic structure derived from
the thickness dependence of the UPS spectra provides only
an approximate picture of the organic/metal interface. It is
known that when an organic molecule is suddenly ionized
by photoexcitation, some relaxations of the ionized mole-
cule, including reactions of its surroundings, occur imme-
diately. As a result, UPS spectra are always accompanied
by the characteristic final state effects that arise mainly
from the relaxation of the photohole created at the organic
molecule following photoemission, and such effects some-
times prevent us from getting a true picture of the organic/
metal interface [17–20]. A careful examination of the or-
ganic/metal interface via direct observation with other
complementary technique is thus necessary in order to ob-
tain a correct understanding of the organic/metal interface
from both qualitative and quantitative viewpoints.

In this study, photoelectron yield spectroscopy (PYS)
was employed as a means of direct observation of the or-
ganic/metal interface. In PYS, photoelectrons emitted from
the sample are collected by varying the excitation photon
energy (hm) from the visible to the ultraviolet energy re-
gion [21,22]. One of the noteworthy advantages of PYS is
its very long probing depth. It is known that the escape
depth of a photoelectron increases dramatically as its ki-
netic energy (Ek) decreases from several tenths of electron
volts due to the reduction in the electron–electron scatter-
ing rate inside the solid [16]. PYS measurements were per-
formed herein by sweeping hm, typically from 3 to 6 eV.
Photoelectrons excited by such low energy photons have
a mean free path that may be as large as 10 nm, and there-
fore, photoelectrons from the buried interface can escape
from the sample surface. The mean free path of electrons
is defined as the characteristic distance where the amount
of photoelectrons decreases to e�1 times its initial amount
as the photoelectrons travel inside the solid, where e is a
natural logarithm base. This means that theoretically, at a
mean free path of 10 nm for the photoelectron, 14% of
the photoelectrons from the metal surface buried under a
20 nm thick organic film can still escape from the sample
surface as photoelectrons. As will be expounded in detail
later in the text, this study illustrates that photoemission
from a metal substrate covered with a 50 nm thick organic
film can be clearly observed in the PYS spectra. The princi-
ple of PYS used to investigate the organic/metal interface is
illustrated in Figs. 1 and 2. During PYS measurement, the
sample is initially irradiated using monochromatic light
with tunable photon energy (hm); photoelectrons are then
emitted from the sample surface. The total number of pho-
toelectrons, i.e., the sum of the direct and secondary photo-
electrons per incident photon (photoelectron yield, Y), is
counted as a function of hm. The photoemission process is
schematically represented in Fig. 1. The photoemission
process can be divided into three steps as follows: (1) pho-
toexcitation of the electron by the incident photons occurs
at the metal or the organic film, (2) the excited electrons
travel toward the surface and produce a number of second-
ary electrons with a certain probability, and (3) the excited
electrons and secondary electrons penetrate through the
surface into the vacuum as photoelectrons. In general,
the minimum hm required to generate a photoelectron
from the metal differs from that required to generate a
photoelectron from the organic film. In Fig. 1, the photo-
electrons from the metal and organic films are labeled
‘‘A’’ and ‘‘B,’’ respectively. Fig. 2a shows the energy level
diagram for the photoemission process presented in
Fig. 1. The photoelectrons from the metal (labeled A in
Fig. 1) can escape from the surface to the vacuum when
hmA is higher than eF

vac. Here, eF
vac represents the energy

interval between Fermi level (EF) of the metal and vacuum
level of the sample. On the other hand, the photoelectrons
from the organic film (labeled B) can escape from the sur-
face to the vacuum when hmB becomes higher than I. Here, I
represents the ionization energy of the organic film, which
is defined as the energy interval between the vacuum level
and the highest occupied molecular orbital (HOMO) energy
of the organic film. In general, as depicted in Fig. 2a, hmB is
higher than hmA by EHOMO. EHOMO represents the HOMO en-
ergy with respect to EF. Fig. 2b presents the schematic PYS
spectrum for an organic/metal interface corresponding to
the process shown in Fig. 2a. The photoelectron yield (Y)
is plotted to the 1/n power as a function of hm. The PYS



Fig. 2. (a) Schematic energy level diagram for photoemission process
depicted in Fig. 1. (b) Schematic PYS spectrum for organic/metal interface.
The ordinate represents the photoelectron yield, Y1/n (where n = 2, 3) and
the abscissa represents the excitation photon energy, hm.
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spectrum around the photoelectric threshold is usually ex-
pressed by the relation, Y1/n / (hm–hmth), where hmth repre-
sents the threshold energy for the photoemission and n is a
parameter that mainly depends on the shape of the density
of electronic states at the upper edge of the occupied states
and the transmission probability of electrons across the
sample surface [23–26]. The square-root law (n = 2) and
cube-root law (n = 3) are often used for fitting the PYS
spectra of metals and organic materials, respectively
[25,26]. With increasing hm, photoemission from the metal
commences at the threshold energy hmth

A ¼ eF
vac, and by

increasing hm further, photoemission from the organic film
then starts at the energy hmth

B ¼ I. Therefore, the PYS spec-
trum shows an onset of photoemission indicated by a kink
at hm ¼ eF

vac in the Y1/2 plot and a kink at hm = I in the Y1/3

plot. The kink in the Y1/3 plot indicates a contribution to
Y by photoemission from the organic film at higher hm,
whereas Y only contains contributions from photoemission
from the metal in the energy range of hm from eF

vac to I. The
energy difference between hmth

A and hmth
B corresponds to

EHOMO. Information regarding the organic/metal interface
can be obtained by monitoring eF

vac and EHOMO while sys-
tematically increasing the organic film thickness. In this
paper, we present PYS studies of three typical organic
semiconductor films vacuum deposited on an Au sub-
strate: pentacene/Au, copper phthalocyanine (CuPc)/Au,
and perfluorinated zinc phthalocyanine (F16ZnPc)/Au. By
comparison of the PYS results obtained herein with previ-
ously reported data using UPS, differences between the PYS
and UPS results are determined, even for the same system.
These differences are closely related to the differences in
the experimental principles of the two methods. In partic-
ular, PYS may significantly reduce the final state effects of
the photoemission, leading to increased accuracy of the en-
ergy level diagram of the organic/metal interface.
2. Experimental

The PYS measurement system consists of a UV light
source and a current measurement unit (Keithley 6430
source-measure unit). The detailed design of the apparatus
has been previously described [21]. The UV light source
consists of a deuterium lamp and a monochromator (JASCO
SS-10) with a resolution of 3.9 nm (0.04–0.12 eV in the
present wavelength region of 200–350 nm). The photon
intensity distribution of this light source was measured
using a calibrated photodiode (Hamamatsu Photonics
S1227–1010BQ). Pentacene and F16ZnPc samples with a
quoted purity of �95% were purchased from Aldrich and
were purified by a single vacuum sublimation. A CuPc sam-
ple with a quoted purity of >99% was purchased from TCI
and was purified by vacuum sublimation once. A clean
Au substrate was prepared in situ in the PYS chamber by
vacuum deposition of a thick Au film on a Si(100) sub-
strate. The organic film was vacuum deposited on the clean
Au substrate in the PYS chamber. The deposition rate of the
organic film was monitored using a quartz microbalance
and adjusted to be approximately 0.01 nm/s for all of the
organic samples. During the deposition of the organic film,
the substrate was kept at room temperature. After the
deposition, the sample was immediately moved to the
measurement position without being exposed to air. A
voltage of 200 V was applied between the negatively
biased sample and the grounded ring-shaped collector
electrode placed in front of the sample during the photo-
current measurement [21]. Such a voltage ensures highly
efficient collection of the emitted photoelectrons. The pho-
tocurrent measured in the PYS on organic sample is typi-
cally less than 5 � 10�11 A. This is about 10�1 times that
of UPS measurement. Therefore, the PYS measurement
gives a lot less damage on the organic sample by light irra-
diation. The acquisition of a single PYS spectrum required
approximately 3 min.
3. Results and discussion

3.1. Pentacene/Au interface

Pentacene is well known as a promising material for
OFETs due to its relatively high hole mobility [27]. Accord-
ingly, the pentacene/Au interface has generated consider-
able attention as a model interface for understanding the
hole injection properties in OFETs [20,28–31]. In Fig. 3,
the data from the PYS spectra of the pentacene film depos-



Fig. 3. PYS spectra of pentacene/Au interface. The ordinate and abscissa
represent the photoelectron yield, Y1/2, and excitation photon energy, hm,
respectively. Each spectrum was obtained with a different thickness of
the pentacene film, represented by the numbers next to the left axis. The
molecular structure of pentacene is also shown.

Fig. 4. (a) Film thickness dependence of eF
vac for pentacene/Au interface.

(b) PYS spectrum for 300 nm thick pentacene film. Y1/3 is plotted against
hm in order to estimate I of the pentacene film. The onset of Y1/3 (indicated
with an arrow) gives the threshold energy of hm, which corresponds to I of
the pentacene film.

Fig. 5. Schematic drawings of photoemission process in very early stage
of deposition of pentacene film. Drawing (a) shows the process for the Au
substrate (b) and (c) explain the reduction in hm required to generate the
photoemission. The electric double layer, D is formed by increasing the
film thickness of pentacene film up to the monolayer thickness, and the
vacuum level (VL) is lowered. Only the VL is shown, and molecular
orbitals of pentacene are not shown.

312 K. Kanai et al. / Organic Electronics 13 (2012) 309–319
ited on the Au substrate near the photoelectric threshold
energy measured in situ are plotted to the 1/2 power
against hm. The Y1/2 plot provides information on the pho-
toemission from the Au substrate. Each spectrum in
Fig. 3 was obtained with a different thickness of the penta-
cene film. The pentacene film thickness increases from
0.0 nm (Au) to 50 nm moving up the figure. The vertical
bars in the figure indicate the onset of photoemission. In
the low hm region right above the threshold, only photo-
electrons from the Au substrate contribute to the PYS spec-
tra. Therefore, eF

vac can be obtained from the straight
portion of the square-root plot. The value of /Au is esti-
mated to be 5.35 eV from the spectrum of the sample with
no pentacene film (0.0 nm thickness), where /Au is the
work function of Au. This value of /Au indicates the ab-
sence of contamination on the Au substrate. Generally,
contaminated Au substrates show a /Au value below 5 eV
[32]. The data presented in Fig. 3 clearly demonstrate that
eF

vac decreases rapidly as the film thickness is incrementally
increased from 0.0 to 0.4 nm. However, there is no signifi-
cant thickness dependence of eF

vac for the films thicker than
0.6 nm. Fig. 4a shows the film thickness dependence of eF

vac

derived from the series of spectra presented in Fig. 3. With
increasing film thickness, there is a precipitous drop in eF

vac

up to the pentacene/Au interface within 0.4 nm thickness,
which corresponds roughly to a monolayer of a pentacene
film; at film thicknesses higher than 0.6 nm, eF

vac assumes a
constant value of around 4.4 eV. The reduction in eF

vac

reaches 0.95 eV, which is caused by D formation right at
the interface. Roughly speaking, the D observed on the
Au substrate can be interpreted to be the result of the
so-called ‘‘push-back’’ effect suggested by Ishii et al. [1],
in which the wave functions of the conduction electrons
ejected from the metal surface are pushed back into the
bulk upon adsorption of the molecules due to Pauli repul-
sion by the mixing of the wave functions of the metal and
the molecule. Such variation in the surface electron density
induces an electric dipole at the organic/metal interface
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directed toward the organic film in many cases. Fig. 5 de-
picts the progress of the photoemission from Au during
the formation of D. As shown in Fig. 5a, the photoemission
from the Au substrate without the pentacene film occurs
above hm = /Au. The deposition of the pentacene film onto
the Au substrate decreases the vacuum level until the
monolayer of pentacene is completed due to the progres-
sion of D, and therefore, the photon energy required for
the emission of the photoelectrons decreases from hm0 to
hm00 (Fig. 5b and c). The reduction in eF

vac shown in Fig. 4a
can be explained accordingly, and eF

vac no longer decreases
after the formation of D, as indicated by the plateau in the
figure. The PYS spectra of the thicker films (20 nm and
50 nm) in Fig. 3 show kinks around hm = 5.3 eV (indicated
by an arrow), which are caused by photoemission from
the pentacene film. For the pentacene films thinner than
10 nm, no photoemission from pentacene is observed in
the PYS spectra. By plotting the PYS spectrum in Y1/3 for
the film thickness of 50.0 nm, EHOMO and I were estimated
to be approximately 0.98 and 5.38 eV, respectively. I for the
pentacene film with 300 nm thickness was estimated to be
5.23 eV from the PYS spectrum plotted to the 1/3 power
against hm (Fig. 4b).

The obtained energy level diagram for the pentacene/Au
interface is summarized in Fig. 6. The derived hole injec-
tion barrier from the Au to the pentacene film, EHOMO, is
�0.98 eV. Based on numerous studies of the pentacene/
Au interface by means of UPS, the difference between the
results obtained by PYS in this study and the previously re-
ported UPS results was examined. Selected values of /Au,
D, EHOMO, and I reported using UPS are listed in Table 1
for comparison with the results of PYS obtained herein
[20,28–31]. In order to obtain EHOMO and I using UPS, the
HOMO energy must be estimated with respect to EF. All
of the cited data for EHOMO and I were obtained using the
onset energy of the HOMO peak of the pentacene film in
the UPS spectra as the HOMO energy. The method for ana-
lyzing the UPS spectra to derive the values of the physical
parameters listed in Table 1 is always accompanied with
some ambiguities. For example, even a small difference
in the determination of the onset energy position of the
HOMO peak in the UPS spectrum sometimes brings about
a divergence in the values of EHOMO and I among different
Fig. 6. Schematic energy level diagram for pentacene/Au interface
obtained by PYS.
groups. On the other hand, the determination of these val-
ues with PYS is well defined, with better energy resolution,
as shown in Figs. 3 and 4b. In addition, a novel mechanism
of the photoelectron detection of PYS enables us to apply
PYS to insulating materials, and PYS can also be applied
to very thick organic films, with thicknesses exceeding sev-
eral hundred nanometers [22]. Therefore, it is possible to
obtain a reliable datum of I for the organic film without
the influence of the substrate using PYS. UPS measure-
ments on such thick organic films frequently suffer from
charging effects. Nevertheless, the results obtained by
PYS and UPS show a level of consistency (Table 1) within
experimental error. This indicates that the estimation of
the HOMO energy of the organic film using the onset en-
ergy of the HOMO peak in the UPS spectrum is confirmed
to be an appropriate method. For example, the consistency
in the values of I determined by PYS and UPS shows that
the onset of the PYS spectrum caused by the photoemis-
sion from the pentacene film in Fig. 4b corresponds to
the energy interval between the vacuum level and onset
of the HOMO peak observed in the UPS spectrum. In gen-
eral, the HOMO level of the organic film exhibits Gaussian
distribution with a certain energy width due to the envi-
ronmental inhomogeneity of the organic molecules [33].
The HOMO peak in the UPS spectrum is broadened not only
because of the experimental energy resolution and thermal
effects but also because of the energy distribution of the
molecular orbitals. Therefore, the HOMO peak energy, not
the onset energy, in the UPS spectra sometimes does not
assume definite meaning for the discussion of the optical
or transport properties of the organic film.

Hereafter, we focus on the difference in D. Table 1 indi-
cates that the D value reported by Amy et al., Kang et al.,
and Schoeder et al., appears smaller than that of other
reports [20,28,29]. In addition, ‘‘band bending’’ was also
observed at the pentacene/Au interface in the aforemen-
tioned reports, where the vacuum level and orbital ener-
gies gradually decrease by 0.2–0.4 eV with increasing
film thickness. In this instance, the term ‘‘band bending’’
does not necessarily refer to the definition of ‘‘band bend-
ing’’ used for inorganic semiconductors. The band bending
for inorganic semiconductor interfaces is caused by the
formation of a depletion layer at the carrier-doped semi-
conductor/metal interface to achieve thermodynamic
equilibrium, although the phenomenon itself is very simi-
lar to that for organic/metal interfaces. In many instances,
the band bending for organic semiconductor films simply
indicates the phenomenon whereby all of the energy levels
such as the HOMO, lowest occupied molecular orbital
(LUMO), core levels, and vacuum level continuously
change upon deposition of the organic film. Because there
is a negligible amount of carriers inside the organic film in
most cases, especially in the cases of small molecules, the
origin of the band bending may be essentially different
from that in doped inorganic semiconductors. By taking
into account the reduction in eF

vac caused by band bending
(DBB) at the pentacene/Au interface, the sum of D and DBB

are 0.95, 1.2, and 0.8 eV for the studies by Amy et al., Kang
et al., and Schroeder et al., respectively [20,28,29]. These
values of D + DBB are relatively consistent with the D value
obtained in this study. As suggested by Amy et al., one pos-



Table 1
Comparison of the parameters for pentacene films deposited on the Au substrate, reported by several groups using UPS [20,28–31], with the results obtained
using PYS in this study. /Au, D, EHOMO, and I represent the work function of the Au substrate, electric double layer, HOMO energy, and ionization energy of the
thick pentacene film, respectively. d is the pentacene thickness for the measurement of I. The cited values for EHOMO and I were estimated using the onset
energy of the HOMO peak of the pentacene film in the UPS spectra.

/Au/eV D/eV EHOMO/eV I/eV d/nm

This study (PYS; polycrys. Au) 5.35 0.95 0.98 5.23 300
Schoeder et al. [29] (UPS; Au(111)) 5.47 0.87 0.55 5.07 50
Kang et al. [28] (UPS; polycrys. Au) 5.2 0.76 0.96 4.98 102.4
Koch et al. [30] (UPS; polycrys. Au) 5.4 1.05 0.85 5.2 15
Koch et al. [31] (UPS; Au(111)) 5.50 0.95 0.60 5.15 Monolayer
Amy et al. [20] (UPS; polycrys. Au) 5.05 0.6 0.47 4.49 10
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sible origin of the band bending observed in the pentacene/
Au interface with UPS is the characteristic final state effect
of the photoemission [20]. From a simple view of the pho-
toemission process with sudden approximation, the photo-
emission probability can be calculated by Fermi’s golden
rule. The photoemission spectrum appears at the energy
that satisfies the energy conservation rules, Ef–Ei = hm,
where Ef, Ei, and hm are the total energy of the system at
the final state, at the initial state of the photoemission pro-
cess, and excitation photon energy, respectively. Ef in-
cludes the relaxation energy of the photohole created
upon photoemission. Therefore, the molecular orbital
energy, in a similar manner to EHOMO in the UPS spectrum,
depends on the relaxation energy. In other words, the
molecular orbital energy estimated directly from the UPS
spectrum is no longer the well-defined Koopman’s binding
energy that is valid in the one-electron picture. One of the
final state effects is the electric polarization of the ionized
molecule by photoemission. Excess charge is created at the
ionized molecule by the photoemission: the photohole in-
duces electric polarization of the electronic charge density
of the surroundings, and the photohole is stabilized in a
positive polaron. Concomitantly, EHOMO observed with
UPS decreases because of the polarization energy, produc-
ing a reduction in the HOMO–LUMO gap compared to the
isolated molecule. As such, the photohole polarization en-
ergy is larger than that for other final state effects of the
photoemission such as molecular conformational changes
to the optimized molecular structure for the ionized spe-
cies and lattice relaxation. Therefore, the downward shift
in binding energy from the pentacene/Au interface to thick
pentacene film observed by UPS, referred to as band bend-
ing here, is indicative of the decrease in the polarization
energy in the bulk of the pentacene film. In general, the
polarization energy is larger at the organic/metal interface
than in the bulk of the organic film because of image
charges induced in the metal. It should be stressed here
that no band bending is observed in the pentacene/Au
interface using PYS, in contrast to the UPS results. The
HOMO of pentacene remains constant throughout the en-
tire thickness range after completion of the monolayer, as
shown in Fig. 6. In the final state of UPS process, the photo-
hole at the pentacene molecule forms a positive polaron. In
this case, the photohole is localized at a single molecular
site and induces electric polarization of the surroundings.
On the other hand, the photoelectrons detected in the
low hm region, right above the threshold of the PYS spectra,
originate only from the Au substrate. The photohole cre-
ated in the Au substrate by photoemission is immediately
compensated, and thus, electric polarization effects affect
the final states for the photoemission to a much lesser ex-
tent; the D value derived from the PYS results is highly
reliable. Accordingly, there is an underlying fundamental
difference in the experimental principles for the observa-
tion of D using PYS and UPS. It can thus be concluded that
the previously reported band bending observed in the
pentacene/Au interface using UPS is caused by the electric
polarization effect.

As discussed above, the values of D + DBB obtained by
UPS analysis of the pentacene/Au interface are relatively
consistent with the D value obtained using PYS. This fact
suggests that DBB should be taken into account when UPS
is used to estimate the magnitude of the electric dipole
layer.
3.2. CuPc/Au interface

The results obtained for the CuPc/Au substrate interface
are very similar to those of pentacene/Au. CuPc is a typical
organic semiconductor that is frequently used in hole-
injection layers at the anode interface in OLEDs and as a
donor molecule in the organic photovoltaic cell [34–37].
Fig. 7 shows the PYS spectra of CuPc film deposited on
the Au substrate near the photoelectric threshold energy
measured in situ. The PYS spectra are plotted to the 1/2
power versus hm. Each spectrum was obtained with a dif-
ferent thickness of the CuPc film. The film thickness of
CuPc increases from 0.0 nm (Au) to 20 nm from the bottom
to the top of the figure. The vertical bars in the figure indi-
cate the onset of the spectra. In the low hm region right
above the threshold, only photoelectrons from the Au sub-
strate contribute to the PYS spectra. The film thickness
dependence of eF

vac is shown in Fig. 8a (open circles). Simi-
lar to the pentacene/Au case, eF

vac shows an initial drop in
the very thin film region below 0.3 nm and assumes a con-
stant value of around 4.55 eV at increased film thickness
(above �1 nm). The D value is estimated to be approxi-
mately 0.80 eV from the spectra. The kink (indicated by ar-
rows in Figs. 7 and 8b), which indicates the contribution of
photoemission from the CuPc film to the PYS spectra, ap-
pears around 5.4 eV above a film thickness of 5.0 nm. On
the other hand, as mentioned above, there is not a kink ob-
served in the PYS spectra of the pentacene films thinner
than 10 nm. This difference between pentacene and CuPc



Fig. 7. PYS spectra of CuPc/Au interface. The ordinate and abscissa
represent the photoelectron yield, Y1/2, and excitation photon energy, hm,
respectively. Each spectrum was obtained with a different thickness of
the CuPc film, represented by the numbers next to the left axis.

Fig. 8. (a) Film thickness dependence of eF
vac (open circles) and EHOMO of

the films with thicknesses of 5.0, 10.0, and 20.0 nm (open squares) for
CuPc/Au interface. (b) PYS spectrum for 100 nm thick CuPc film. Y1/3 is
plotted against hm in order to estimate I of the CuPc film. The onset of Y1/3

(indicated with an arrow) gives the threshold energy of hm, that
corresponds to I of the CuPc film. The molecular structure of CuPc is
also shown.

Fig. 9. Schematic energy level diagram for CuPc/Au interface obtained by
PYS.
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may be attributed to the difference in film morphology at
the early stage of the film growth on Au substrate. It is
known that thin pentacene film with several nm thickness
on Au substrate consists of pentacene islands [38]. Thus
the substrate surface is partly exposed even in the 5 nm
thickness pentacene film and the contribution from the
Au substrate to the PYS spectra still remains. In contrast
to pentacene, a CuPc monolayer on Au substrate is defined
as the amount of nearly flat lying CuPc that entirely covers
the substrate surface and shows an almost perfectly or-
dered layer [39]. EHOMO values of the CuPc films with thick-
nesses of 5.0, 10.0, and 20.0 nm, which were obtained by
measuring the energy of the kink with respect to eF

vac in
the PYS spectra plotted in Y1/3, are also given in Fig. 8a
(open squares). EHOMO shows minimal thickness depen-
dence. I for the CuPc films with 100 nm thickness, derived
from the PYS spectra plotted to the 1/3 power against hm in
Fig. 8b, is 5.36 eV. On the other hand, I for the film with
20.0 nm thickness is 5.56 eV. I for the very thick film
(100 nm) is smaller than that for the much thinner film
(20.0 nm) by 0.2 eV. The small I in the very thick film
may be caused by polycrystalline film formation in the
thick film. The energy level diagram for the CuPc/Au inter-
face is presented in Fig. 9. The hole injection barrier from
the Au to the CuPc film, EHOMO, is �1.0 eV. The difference
in the electronic structure at the CuPc/Au interface derived
using UPS versus PYS is considered based on a comparison
between the results of this study and a previously reported
study by Peisert et al. on the CuPc/Au interface [40], as
listed in Table 2. The value of D derived from the UPS re-
sults in Peisert’s report is smaller than the value obtained
this study by 0.4 eV. Peisert et al. reported band bending
from a CuPc layer thickness of less than 2 nm to over
9 nm thickness, and they discussed it in terms of the



Table 2
Comparison of parameters for CuPc films deposited on the Au substrate reported by Peisert et al. [40] using UPS with those obtained in this study using PYS.
/Au, D, EHOMO, and I represent the work function of the Au substrate, electric double layer, HOMO energy, and ionization energy of thick CuPc film, respectively.
d is the CuPc thickness for the measurement of I. The cited values for EHOMO and I were estimated using the onset energy of HOMO peak of CuPc film in UPS
spectra.

/Au/eV D/eV EHOMO/eV I/eV d/nm

This study (PYS; polycrys. Au) 5.36 0.80 1.0 5.36 100
Peisert et al. [40] (UPS; polycrys. Au) 5.3 1.2 0.9 5.0 9.2

Fig. 10. PYS spectra of F16ZnPc/Au interface. The ordinate and abscissa
represent photoelectron yield, Y1/2, and excitation photon energy, hm,
respectively. Each spectrum was obtained with different thickness of the
F16ZnPc film, represented by the numbers next to the left axis.
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charge transfer from CuPc to Au to achieve Fermi level
alignment [40] As depicted in Fig. 9, the PYS results show
that eF

vac remains nearly constant up to a CuPc thickness
of 20 nm, contrary to their report. This clearly shows that
the band bending observed at the CuPc/Au interface using
UPS is attributed to the hole polarization effect as a charac-
teristic final state effect of photoemission, as previously
discussed for pentacene/Au. The electron transfer from a
Sm substrate to a CuPc film at the CuPc/Sm interface was
reported by Tanaka et al., which generated a negative value
of D [14]. They also reported that there is no band bending
above a CuPc film thickness of approximately 2 nm. This
implies that the charges transferred from the substrate to
the organic film generate the negative D, but do not neces-
sarily induce band bending in the organic film. The magni-
tude of D + DBB observed in the C 1s core level energy by
Peisert et al. is approximately 0.8 eV, which is in good
agreement with the value of D obtained using PYS [40].

Band bending at the CuPc/graphite interface, observed
using UPS, was discussed by Yamane et al. in terms of
the molecular orientation depending on the film thickness
[41]. CuPc molecules are flat and lay directly on the graph-
ite substrate; for thick films, the molecules gradually tilt as
the film thickness increases. It was suggested in that study
that although CuPc does not have a permanent dipole, elec-
tric dipoles are induced by a gradient of the intermolecular
interaction along the surface normal due to the continuous
increase in the molecular tilt angle with the film thickness,
which might explain the observed band bending in the
CuPc/graphite interface. Additionally, in the case of CuPc/
Au, Tokito et al. reported a similar continuous change in
the molecular orientation of CuPc with increasing film
thickness [42]. The flat CuPc molecules lay directly on
the Au substrate, and the molecules are gradually tilted
as the film thickness increases, similar to the CuPc/graphite
interface. This gradual orientation change of the CuPc
molecular plane should correspond to the formation of a
polycrystalline film with increased film thickness [40].
However, the results of the current study using PYS clearly
indicate that there is no band bending at the CuPc/Au
interface. We conclude that the continuous change in the
molecular orientation of CuPc does not induce the electric
dipoles inside the film, at least in the case of CuPc/Au. It is
reasonable to attribute the band bending observed at the
CuPc/Au interface to the final state effect of photoemission.

3.3. F16ZnPc/Au interface

Fig. 10 shows the PYS spectra measured in situ for the
F16ZnPc film deposited on the Au substrate. The spectra
near the photoelectric threshold energy are plotted to the
1/2 power versus hm. Due to its very high electron affinity
(EA), F16ZnPc is a prime candidate as a stable n-type mate-
rial for OFETs [43,44]. The perfluorination of zinc phthalo-
cyanine (ZnPc) greatly stabilizes the molecular orbitals of
ZnPc. On the other hand, the HOMO–LUMO gap is affected
to a lesser extent by perfluorination; consequently, EA is
dramatically enhanced by the decrease in the LUMO en-
ergy. The thickness of the F16ZnPc film was varied for each
spectrum in Fig. 10, with the thickness increasing from
0.0 nm (Au) to 10.0 nm moving up the figure. The vertical
bars in the figure indicate the onset of the spectra. In the
low hm region right above the threshold, only photoelec-
trons from the Au substrate contribute to the PYS spectra.
In contrast to pentacene/Au and CuPc/Au, no kink was ob-
served in the PYS spectrum for the thicker F16ZnPc films
due to the very high I value of F16ZnPc (I = 6.4 eV) [45].
The film thickness dependence of eF

vac is shown in Fig. 11.
eF

vac declines in the region with very thin film thickness of
below 0.5 nm, and D is estimated to be approximately
0.36 eV. The value of D for F16ZnPc/Au is much smaller
than that of pentacene/Au and CuPc/Au. Because a small
difference is expected between CuPc and ZnPc in terms



Fig. 11. Film thickness dependence of eF
vac for F16ZnPc /Au interface. The

molecular structure of F16ZnPc is also shown.

Fig. 12. Schematic energy level diagram for F16ZnPc/Au interface
obtained by PYS. The value of EHOMO right at the interface (�1.5 eV) and
the HOMO–LUMO gap (�1.7 eV) are cited from literature [45,53].
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of the electronic structure around EF and the effect of fluo-
rination of the molecule, it is meaningful to refer to the re-
ported results for CuPc and fluorinated CuPc (FxCuPc). It
was reported that D for the fluorinated FxCuPc/Au interface
decreases with the degree of fluorination (x), indicating
that the fluorination of the molecule might reduce D due
to the enhancement of EA [46]. However, the relationship
between the fluorination and a small D still remains un-
clear. Gerlach et al. reported the symmetry breaking of
the F16CuPc molecule adsorbed on Cu(111) or Ag(111)
using an X-ray standing wave technique (XSW) [47]. They
showed that the carbon–fluorine (C–F) bonds of F16CuPc
chemisorbed onto Cu and Ag bend toward the opposite
side of the substrate. Such non-planar adsorption of the
molecule might induce electric dipoles that are oriented
toward the metal surface because of the highly electroneg-
ative fluorine atoms. The electric dipole layer formed at the
interface by the chemisorption of F16CuPc thus increases
the surface potential. As a result, D of the fluorinated
adsorbate is reduced to a higher degree on Cu and Ag sub-
strates than that of the non-fluorinated molecules. Very
similar phenomena were reported for the planar molecule
perylentetracarbonsäuredianhydrid (PTCDA) on Ag sub-
strates [48,49]. The carbon–oxygen bonds in PTCDA bend,
and the PTCDA shows a non-planar adsorption on Cu and
Ag substrates. Thus, chemisorbed PTCDA also possesses in-
duced electric dipoles [48]. However, this explanation of
the variation in D as a consequence of induced dipoles in
the chemisorbed molecule does not appear plausible in
the case of F16ZnPc/Au because it is unlikely that F16ZnPc
is chemisorbed on the Au substrate. Charge transfer or
hybridization of the wave functions between F16ZnPc and
the Au substrate is expected to be a low probability event
because of the inertness of Au. In fact, de Oteyza et al. re-
ported that F16ZnPc adsorbed on Au(111) has a much lar-
ger adsorption distance compared to Cu(111) or Ag(111)
and the molecule retains its planar structure [50]. This is
also true for PTCDA/Au [48]. The comparison between
pentacene/Au(111) and perfluorinated pentacene (PFP)/
Au(111) carried out by Koch et al. indicates that the smal-
ler D value observed for PFP/Au(111) compared to penta-
cene/Au(111) originates from a larger adsorption distance
of PFP than pentacene, given that the adsorption distance
strongly influences D in a simple ‘‘push-back’’ scenario
[31,51]. However, from the report by de Oteyza et al., there
is not much difference in the adsorption distance of CuPc
versus F16CuPc on Au(111), indicating that fluorination
does not affect the adsorption distance [52,53]. The theo-
retical examination of the influence of fluorination of the
phthalocyanines on D is required as the next step.

As seen in Fig. 11, eF
vac for film thicknesses above 0.5 nm

exhibits a conspicuously different thickness dependence
from the pentacene/Au and CuPc/Au interfaces. eF

vac in-
creases gradually with the thickness of the F16ZnPc film.
The schematic energy level diagram for F16ZnPc/Au is
shown in Fig. 12. The reported value of the HOMO–LUMO
gap of F16ZnPc is approximately 1.7 eV [53], and thus, the
LUMO of the F16ZnPc film is very close to the Fermi level
right at the interface, which satisfactorily explains the n-
type electrical properties of the F16ZnPc film [43,44]. This
result is in good agreement with that of a previous study,
which shows that a similar upward band bending was ob-
served using UPS [45]. The energy shift caused by band
bending (DBB) is approximately 0.19 eV up to a film thick-
ness of 10 nm, which is consistent with the UPS result. In
contrast to pentacene/Au and CuPc/Au, the fact that band
bending, which occurs for a film thickness of over 10 nm,
is observed using both PYS and UPS clearly indicates that
the band bending observed at the F16ZnPc/Au interface is
not caused by the final state effects of photoemission.
The surface potential is genuinely raised as the thickness
of F16ZnPc increases, and band bending actually occurs at
the F16ZnPc/Au interface. Band bending, including the
reduction in D at the F16CuPc/Au interface, was also dis-
cussed in terms of the thermodynamic equilibrium
achievement, which gives Fermi level alignment by Peisert
et al. [46]. However, the question of whether it was possi-
ble to apply the classical picture to the organic semicon-
ductor film still remains controversial. It has been
postulated that in many organic semiconductors, the car-
rier is a small polaron and the transport mechanism is dis-
cussed based on the hopping model. This situation is quite
different from inorganic semiconductors where the trans-
port properties can be well explained based on the coher-
ent energy band-conduction mechanism.
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It should be noted that Hwang et al., reported that the
charge accumulated layer formed at the interface be-
tween the conductive polymer films and metal substrates
induces band bending [54]. The resulting filed generated
the excess charges at the interface shifts the polymer lev-
els to limit charge penetration in the bulk of the film. On
the other hand, Sueyoshi et al. [55,56], and Mao et al.
[57], provides the discussion about the energy level align-
ments at the organic/metal interface based on the low
density gap-states which reside in the HOMO–LUMO
gap only at the interface. The gap-states are caused as
the results of the structural disorder at the organic/metal
interface. These models are associated with the origins of
the Schottky barrier at the conventional inorganic semi-
conductors interfaces. It is well known that for III–V com-
pound semiconductors, the Schottly barrier is formed due
to defects near the interface. The surface Fermi level of
the compounds is pinned at the certain energy by induced
gap-states by the defects.

Another possibility for the upward band bending at the
F16ZnPc/Au interface is the existence of negatively ionized
impurities, unintentionally doped in the F16ZnPc film. It is
known that in some organic films, band bending is dramat-
ically affected by very small amounts of acceptor or donor
molecules introduced by intentional doping [12,13,45,58].
For example, the titanyl phthalocyanine (TiOPc) film
deposited in ultrahigh vacuum (UHV) shows downward
band bending, whereas the TiOPc film deposited under
an oxygen atmosphere (the partial pressure of O2 of
1.3 � 10�2 Pa) shows upward band bending [12]. This dif-
ference in the band bending between the films deposited
under different conditions has been interpreted as follows:
there are unintentionally doped impurity cations that pro-
duce the downward band bending in the film deposited in
UHV, and negatively ionized oxygen produces an upward
band bending in the film deposited in the oxygen atmo-
sphere. The amount of the doped oxygen should exceed
that of unintentionally doped cation impurities. The num-
ber of unintentionally doped impurities in the TiOPc film
is, nevertheless, very small, which was estimated at
�3.4 � 1017 cm�3 by using a solution of the Poisson equa-
tion with constant space-charge density [12]. It is very dif-
ficult to probe the impurity directly by means of
spectroscopic techniques such as UPS, and thus, the impu-
rities have not yet been experimentally identified.

On the other hand, the use of the near-edge X-ray
absorption fine structure technique and infrared reflec-
tion absorption spectroscopy studies on F16ZnPc/Au and
F16ZnPc revealed that the nearly flat molecular orienta-
tion of F16ZnPc gradually changes to random or tilting
orientation with increasing thickness of F16ZnPc [59].
This indicates that the intermolecular interactions within
the F16ZnPc film depend on the film thickness. The dis-
cussion of CuPc/graphite by Yamane et al. [41] indicated
that such a thickness-dependent intermolecular interac-
tion might be one of the possible origins of the band
bending at the F16ZnPc/Au interface. However, an ac-
count of the difference between F16ZnPc/Au and CuPc/
Au is still necessary because CuPc/Au also shows thick-
ness dependence of the molecular orientation but no
band bending.
4. Conclusions

We have shown that PYS is a powerful tool for probing
organic/metal interfaces due to its long probing depth. PYS
offers the particular advantage of precise measurement of
the carrier injection barrier at the organic/metal interface.
The organic film thickness dependence of the PYS spec-
trum for the metal substrate covered with an organic film
provides reliable information about D and significantly
minimizes the effects of the characteristic final state effect,
known as the electric polarization effect, on band bending
phenomena relative to UPS.

The PYS results show that no band bending was ob-
served at pentacene/Au and CuPc/Au interfaces, whereas
band bending was reported in previous studies employing
UPS [28,29,40]. The origin of the band bending in these
films has been discussed only occasionally so far. However,
the comparison of the results obtained using PYS and UPS
clearly shows that the band bending observed by UPS is
caused by the electric polarization effect [20]. It can be
concluded that caution should be exercised when using
UPS results to interpret the electronic structure at the or-
ganic/metal interface. On the other hand, band bending
at the F16ZnPc/Au interface was observed using both PYS
and UPS, in contrast to the pentacene/Au and CuPc/Au
interfaces [46]. There is, in fact, a thickness dependence
of eF

vac in the F16ZnPc film. One possible origin of the band
bending is the existence of gap-states at the interface that
accommodate excess charges and thermal equilibrium is
achieved. Another possibility of the band bending is the
existence of unintentionally doped impurities. Although
the effects of the fluorination of the molecule on the inter-
face electronic structure remain obscure, some reports on
intentional carrier doping of organic semiconductor films
demonstrated the possibility of the existence of ionized
impurities within the F16ZnPc film. Because it has generally
been believed that band bending also has a significant
influence on the carrier injection properties at the organ-
ic/metal interface, a re-examination of the various organ-
ic/metal interfaces by comparing the PYS and UPS results
is warranted.
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