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Metal screening effect on energy levels at metal/organic interface: Precise determination
of screening energy using photoelectron and inverse-photoelectron spectroscopies
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The energy level alignment at the metal/organic interface greatly affects the charge injection/extraction
efficiency of electrodes in organic semiconductor devices. The charge carrier in the vicinity of the metal surface
should be stabilized by the screening effect of the metal surface, thereby resulting in the narrowing of the
energy gap (highest occupied molecular orbital (HOMO)–lowest unoccupied molecular orbital (LUMO) gap)
and modifying the energy level alignment at the metal/organic interface. However, this metal screening effect has
not been fully clarified because there has been no precise way to quantitatively evaluate the experimental values.
In this study, we employed ultraviolet photoelectron spectroscopy (UPS), metastable atom electron spectroscopy
(MAES), and low-energy inverse photoelectron spectroscopy (LEIPS) to examine the quasi–layer-by-layer
grown film of perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) on the atomically flat metal surface of
Ag(111) and Au(111). By applying a procedure we established recently, we precisely evaluated the energy of the
metal screening effect. The results demonstrate that the screening effect of the metal surface modifies the charge
injection/collection barrier at the metal/organic interface by as much as 0.25 eV. We found that the PTCDA
thickness dependent screening effect is precisely reproduced by the image charge model.
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I. INTRODUCTION

Organic semiconductor devices are heralded as next-
generation devices due to their unique physical properties,
such as flexibility and light weight as well as applicability
to low-cost solution processes in manufacturing. In these
devices, the energy level alignment at the metal/organic in-
terface is crucial to the charge injection/collection efficiency
of the electrodes [1–11]. Recent organic light-emitting diodes
(OLEDs) are composed of multilayered structures to max-
imize the charge injection efficiency [12]. A recent study
also suggested that two-dimensional materials can be inserted
between the metal and organic semiconductors to manipulate
the charge injection/collection barrier [13].

The energy level alignment has been investigated for
decades mainly using ultraviolet photoelectron spectroscopy
(UPS). The formation of an interfacial dipole layer [1], energy
level pinning at the Fermi level [2,3], and band bending [3]
have been proposed and verified. The energy level alignment
at the metal/organic interface can also be affected by the
screening effect of the metal surface [4–11]. The charge in
the organic layer is stabilized owing to the screening effect
and, as a result, the energy gap of the organic semiconductor
is narrowed near the metal surface. As the relative permittivity
of organic semiconductors generally ranges between 3 and 4
[14], the screening effect of the metal surface is larger than
the polarization of the organic layer. However, the previous
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UPS experimental studies could not quantify the screening
effect because UPS only detected the occupied levels [high-
est occupied molecular orbital (HOMO) levels] and therefore
could not distinguish the screening effect from band bending
[15,16].

The screening effect results in the narrowing of the
HOMO/LUMO band gap whereas the band bending causes
the rigid shift of the HOMO and LUMO levels. To distin-
guish the metal screening, the HOMO and LUMO should be
observed simultaneously by combination of UPS and inverse
photoelectron spectroscopy (IPES) [17,18], or scanning tun-
neling spectroscopy (STS) [19,20]. For example, Kahn and
co-workers [18] observed both the highest occupied molecu-
lar orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels of pentacene films on a polycrystalline gold
surface using UPS and IPES as a function of film thickness.
They demonstrated that the energy gap at the interface is
reduced by approximately 0.7 eV compared with that of bulk
pentacene. However, due to the low resolution of and sample
damage by IPES, it was difficult to determine the LUMO
energy levels precisely. STS, on the other hand, cannot be ap-
plied to a thick organic film thus it is not a suitable technique
to examine the thickness-dependent HOMO/LUMO energy
levels.

We developed low-energy inverse photoelectron spec-
troscopy (LEIPS) in 2012 [21,22] to solve the problems of low
resolution and sample damage in conventional IPES, allowing
us to perform very reliable and precise LUMO measurements.
In this work, we apply UPS and LEIPS to perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) grown on a metal
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single-crystal surface of Ag(111) and Au(111). In order to
quantitatively examine the screening effect of the metal sur-
face from the submonolayer film to the bulk of the organic
layer, the film should be grown layer by layer on an atomi-
cally flat metal surface. Further, it is known that orientation
and crystal structure of organic molecules on metal surface
changes as film thickness increases [23], which may also
influence the energy levels [24–28]. Thus the orientation of
the molecules should not change with the film thickness. In
this regard, PTCDA grown on Ag(111) and Au(111) satisfy
these conditions. It is known that PTCDA grows in a quasi–
layer-by-layer manner and the orientation does not change
with increasing film thickness due to intermolecular hydrogen
bonds [29]. The observed energy levels are affected not only
by the screening effect of the metal surface but also by the
interface dipole, band bending, and charge transfer at the
surface. In order to extract only information on the screening
effect of the metal surface, we employed a procedure we
established previously [30,31]. The basic idea is that the re-
sponse to the positive and negative charges is symmetric in the
screening effect or the bandwidth, and antisymmetric in the
electrostatic effect, such as interface dipole, charge transfer,
molecular orientation, and band bending. From the precisely
determined HOMO and LUMO levels, we quantitatively de-
rived the screening energy of the metal surface. Finally, we
evaluated the screening energy by comparing it with the value
calculated on the basis of the image-charge potential.

II. EXPERIMENTAL METHODS

Sublimed grade PTCDA molecules purchased from Tokyo
Chemical Industry Co., Ltd. were used after further purifi-
cation by vacuum sublimation. The surfaces of Ag(111) and
Au(111) were cleaned by cycles of argon ion sputtering and
annealing (at approximately 600 K). Cleanliness was con-
firmed by observing the Shockley state by UPS. Then, the
vacuum deposition of PTCDA and UPS, metastable atom
electron spectroscopy (MAES), and LEIPS measurements
were repeated while increasing the film thickness. The de-
position rate was 0.1 nm min–1, and the film thickness was
increased up to 10 nm. The film thickness was monitored by a
quartz crystal microbalance. The thickness of the monolayer
was determined to be 0.3 nm from the thickness dependence
of the work function and the line shape of MAES spectra. The
sample film was not exposed to air during the film preparation
and measurements (in situ measurements).

UPS spectra were measured with He I light (photon energy
hν = 21.22 eV). The vacuum level was determined from the
cutoff energy of the secondary electrons. For MAES mea-
surements, metastable He atom (energy of 19.82 eV) was
used as the excitation source [32]. The photoelectron energy
was analyzed using a PHOIBOS-100 analyzer (SPECS). The
energy resolution was about 0.07 eV estimated from the Fermi
edge and secondary electron cut off of the polycrystalline Ag
film spectrum. The detection angle of the electron beam was
set to 0◦ from the normal to the sample surface for UPS and
60◦ for MAES. The acceptance angle of the energy analyzer
was set to ±9◦. It was reported that the UPS signal intensity at
the normal angle is small from the π orbitals of PTCDA with
the lying orientation [33]. However, we observed essentially

no difference between 0 and 30 ° probably because of the large
acceptance angle (see Fig. S1 of the Supplemental Material
[34]).

Details of the LEIPS apparatus are described elsewhere
[35]. The sample was irradiated with electrons having less
than 5 eV kinetic energy perpendicularly to the sample and
the emitted light was analyzed using a bandpass filter with
a photon energy of 4.785 eV and a photomultiplier tube. The
energy resolution was 0.37 eV as estimated by the convolution
of electron energy spread (0.24 eV) and the bandwidth of
the bandpass filter (0.28 eV). Each measurement took ap-
proximately 1 h, and no discernible change of the spectrum
was observed during the measurement, indicating no sample
damage. The vacuum level was determined from the inflection
point of the sample current. The sample preparation and the
measurements were performed in vacuum with base pressure
lower than 5 × 10–7 Pa.

III. RESULTS

The UPS and LEIPS spectra are shown in Fig. 1. The
UPS spectra of PTCDA/Ag(111) [Fig. 1(a)] are in good
agreement with the previous reports [33,36,37]. The peak ap-
pearing around 0 eV in the UPS spectrum of pristine Ag(111)
is attributed to the Shockley state. A peak appears around
0.4 eV in the UPS spectra when 0.2- and 0.3-nm-thick
PTCDA is deposited [orange bars in Fig. 1(a)]. This peak
was assigned to a LUMO-derived peak occupied by the elec-
tron that was transferred from the metal to the molecule.
Another peak found around 1.8 eV [green bars in Fig. 1(a)]
is assignable to the HOMO of the first layer of PTCDA
hybridized with the Ag 4d orbital. Above the film thickness
of 0.4 nm, the peak around 2.3 eV [indicated by red bars in
Fig. 1(a)] is assigned to the HOMO of the second layer of
PTCDA [36]. In the LEIPS spectra, the peak at −0.2 eV of
pristine Ag(111) is attributed to the Shockley state. Above
the film thickness of 0.3 nm, the LUMO peaks are clearly
distinguishable [blue bars in Fig. 1(a)].

In the UPS spectra of PTCDA/Au(111) in Fig. 1(b), the
peak observed around 2.2 eV at �4.5 nm film thickness is
attributed to HOMO and shown by red bars. In the LEIPS
spectra, the peaks around −1.4 eV are clearly distinguished at
�0.3 nm thickness and attributed to the LUMO-derived state.
In both PTCDA/Au(111) and PTCDA/Ag(111), the HOMO
peak shifts toward the higher binding energy whereas the
LUMO peak shifts toward the lower binding energy with
increasing film thickness.

Generally, the HOMO/LUMO energies are determined
from the onset of the spectra in UPS or LEIPS measure-
ments. From the spectral onset of the 10-nm-thick PTCDA
film, we determined the ionization energies of 6.52 eV on
Ag(111) and 6.51 eV on Au(111) and the electron affinities of
4.27 eV on Ag(111) and 4.15 eV on Au(111) corresponding
to the HOMO and LUMO energies in the bulk, respectively,
with reference to the vacuum level. These values are in good
agreement with previous reports (ionization energy [38] and
electron affinity [22]). However, the depth of the observed
spatial region cannot be specified. In this experiment, we need
to examine the energy as a function of the distance between
the organic layer and the metal surface. To understand the
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FIG. 1. UPS and LEIPS spectra of PTCDA as a function of film
thickness on (a) Ag(111) and (b) Au(111). The right panels show the
HOMO and LUMO regions of the UPS and LEIPS spectra, respec-
tively, whereas the left panels show the secondary electron cutoff
of UPS, which corresponds to the work function. The thickness of
PTCDA is indicated in the figure. The HOMO peaks are indicated
by red bars and the LUMO peaks, by blue bars. In the UPS spectra,
the occupied LUMO-derived peaks are indicated by orange bars and
the peak of PTCDA hybridized with Ag, by green bars. (c) MAES
spectra of PTCDA/Au(111) as a function of film thickness. The red
bars indicate the HOMO-derived peaks. The inset shows the UPS
(red line) and MAES (black line) spectra of 10-nm-thick PTCDA on
Au(111).
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FIG. 2. Simulated UPS spectral line shape of a 10-monolayer
film. The peak energy and intensity depend on the layer number n.
We assumed that the energy is shifted by the electronic polarization
energy [17] and the intensity is attenuated exponentially with the
attenuation length of 0.4 nm [41]. The UPS spectrum is simulated
as the sum of the signals from each layer which is approximated by
a Gaussian function with FWHM of 0.7 eV. The MAES spectrum
corresponds to the line shape of the surface layer (n = 1).

relationship between the depth and the energy position, we
simulated a spectral line shape of PTCDA multilayer (Fig. 2).
In the final state of the UPS (LEIPS) process, a hole (elec-
tron) is generated in an organic molecule. The photogenerated
hole (electron) at the surface layer (n = 1) is only partially
stabilized whereas that from the bulk layer (n > 1) is fully
stabilized by the electronic polarization of the surrounding
molecules (schematically illustrated by induced dipoles in
Fig. 2), leading to the energy level difference between the
surface and bulk region of about 0.3 eV [39,40]. In this sim-
ulation, we employed calculated polarization energies as a
function of layer number n (taken from Fig. 4 of Ref. [17]).
On the other hand, the UPS (LEIPS) signal intensity from
the bulk layer (n > 1) I is attenuated by the upper layers
(thickness z) from the initial value I0 as often approximated
by an exponential decay, I = I0 exp(−z/λ) where the electron
attenuation length λ measured for PTCDA/Ag(111) is about
0.4 nm [41]. We used the thickness of the one monolayer of
0.321 nm based on the β-phase single crystal structure [42]
for the lying orientation of PTCDA. The spectral line shape
of UPS from each layer was approximated by a Gaussian
function with the full width at half maximum (FWHM) of
0.7 eV to best reproduce the experimental spectrum.

The UPS spectrum of the whole film was simulated
as a sum of the signal from each layer n as shown in
Fig. 2. The peak (maximum) of UPS predominantly con-
sists of the signal from the surface layer (n = 1). The
peak energy of UPS (sum) is slightly shifted (about 0.1
eV) from that of the surface layer toward the low binding
energy. Conversely, the onset region of the UPS spec-
trum is contributed from several layers in the bulk (n >

1) with little contribution from the surface. Note that the
electron attenuation length for low-energy electrons below
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50 eV is under debate [43]. However, this tendency is not
altered by a different choice of the attenuation length in the
range 0.3–1 nm (Fig. S2 [34]). Therefore, the peak energy of
UPS reflects the energy level of the outermost surface layer
(n = 1) while the onset energy is determined by several layers
of the bulk region. To gain higher depth resolution from the
UPS and LEIPS data, we analyze the thickness dependence of
the peak energy rather than the onset energy.

At a film thickness of less than 3 nm, the HOMO peak
could not be distinguished due to the overlap of the Au 5d
states and the HOMO of PTCDA [37]. In order to determine
the HOMO energy of PTCDA on Au(111), we applied MAES.
The principle of MAES is similar to that of UPS but ultraviolet
photon as the excitation source is replaced by a metastable
helium atom [32]. As the helium atom cannot penetrate the
sample film, MAES can only observe the outermost molecules
of the sample without being affected by the Au(111) substrate.
Figure 1(c) shows the MAES spectra of PTCDA/Au(111),
where the HOMO-derived peaks are clearly detected even at
0.3 nm thickness (corresponding to monolayer). As we have
predicted from the above simulation (Fig. 2), the observed
peak energies in the MAES and UPS spectra are slightly
different by 0.18 eV in the range 4.5–10 nm of the thickness
where the peaks are observed in the both spectra [see the
inset of Fig. 1(c)]. Such difference is predicted above bilayer
(n � 2). In order to align both results, the energy obtained
by MAES spectra was shifted by 0.18 eV toward the lower
binding energy except for the one monolayer (0.3 nm).

The HOMO and LUMO energies determined in this way
are summarized in Figs. 3(a) and 3(b) as a function of film
thickness. The uncertainty of the energy was estimated to
be 50 meV from the reproducibility. We observed band gap
narrowing at the low film thickness. The results is consistent
with the previous UPS/IPES [17,18] and STS [19] results.

IV. DISCUSSION

First, we compared the experimentally obtained HOMO
and LUMO energies with the image charge model [Fig. 3(c)].
In this model, the charge q on the molecule is approximated
by a point charge. Then, the charge induced on the metal
surface can be represented by the image charge −q with the
opposite sign located at the distance r symmetrical to the
metal surface. If the polarization effect of the organic layer
is approximated by that of the dielectric continuum with the
relative permittivity εr, the potential energy U between the two
charges can be expressed as follows:

U = − q2

16πε0εrr
, (1)

where ε0 is the permittivity of vacuum. We used εr = 3.32 for
PTCDA calculated on the basis of the molecular polarizability
[14]. The distance r between the molecule and the metal
surface was calculated as the sum of the distance between the
metal surface and the molecule in the first monolayer (0.286
nm for PTCDA/Ag(111) and 0.327 nm for PTCDA/Au(111)
measured from x-ray standing waves [44]) and the intermolec-
ular distance of 0.321 nm in the PTCDA crystal of the β phase
[42].

In Figs. 3(a) and 3(b), the experimental HOMO and LUMO
energies are compared with the values calculated by the image
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FIG. 3. Experimentally determined energies of the HOMO and
LUMO levels (circles) and energies calculated from the image charge
model [Eq. (1)] (solid line) as a function of PTCDA film thickness
on (a) Ag(111) and (b) Au(111). (c) Schematic diagram of the image
charge model.

charge model. The origin of the calculated values (ideally
r at infinity) was taken to match the experimental values at
r = 10 nm. At first glance, the experimental values are in
good agreement with the calculated values, indicating that the
screening effect of the metal surface can be reproduced by the
image charge model. The closer the sample surface is to the
metal surface, the narrower the energy gap becomes. On the
Ag surface, the energy of the HOMO peak is shifted by 0.2
eV at the second layer [thickness of 0.4–0.6 nm in Figs. 1(a)
and 3(a)], and the energy of the LUMO peak, by 0.25 eV at
the first layer (0.3 nm) with reference to the corresponding
energy at the thickness of 10 nm, resulting in the narrowing
of the energy gap by more than 0.45 eV. The HOMO peak of
the PTCDA monolayer (�0.3 nm) on Ag is excluded due to
the hybridization of the PTCDA with Ag orbitals. On the Au
surface, the energy gap is reduced by 0.41 eV at the first layer
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[0.3 nm in Figs. 1(b), 1(c), and 3(b)] as a result of the energy
shifts of approximately 0.3 and 0.1 eV for the HOMO and
LUMO levels, respectively. On close inspection, however, the
experimental HOMO and LUMO energies systematically de-
viate toward the low binding energy side from the calculated
values with the decrease of film thickness. This indicates that
we have to take effects other than the screening effect into
consideration.

In our previous work, we studied the electrostatic interac-
tion energy between the localized charge carrier on a molecule
(a temporal molecular ion) and the surrounding molecules by
dividing it into electronic polarization energy D and electro-
static energy S [30,31]. The electronic polarization energy
D, also referred to as induction or dynamic energy, always
stabilizes the system regardless of the positive or negative ion.
Conversely, the electrostatic energy S is the Coulomb inter-
action between the ion and the permanent charge distributed
over the surrounding molecules, meaning that the sign of the
electrostatic energy depends on that of the ion [45–47]. When
the electronic polarization energy and the electrostatic energy
are represented by D± and S± (the plus and minus signs
correspond to the response to the positive and negative ions,
respectively), we can assume that D+ = D− and S+ = −S−.
Based on the different dependence on the polarity of the ion,
we have established that the electronic polarization energy and
the electrostatic energy can be determined from the measured
HOMO and LUMO energies. Extending this idea, we analyze
the energy levels at the organic/metal interface in terms of the
screening effect of the metal surface.

Assuming that the HOMO and LUMO energies of an
isolated molecule (the ionization energy Ig and the electron
affinity Ag in the gas phase, respectively) are perturbed by the
electronic polarization energy (D+ and D−) and the electro-
static energy (S+ and S−), the HOMO and LUMO energies of
the solid (the ionization energy Is and the electron affinity As

in the solid phase, respectively) are expressed as [27]

Is = Ig − (D+ + S+ ) − �+,
(2)

As = Ag + (D− + S−) + �−,

where �+ and �− are the corrections due to the quantum
mechanical interactions for the HOMO and LUMO levels,
respectively. If we assume the relationship mentioned above,
D ≡ D+ = D− and S ≡ S+ = −S, the electronic polarization
energy D and the electrostatic energy S can be calculated as
follows:

D = −(Is − As) + (Ig − Ag) − (�+ + �−)

2
,

S = −(Is + As) + (Ig + Ag) − (�+ − �−)

2
. (3)

We apply this model to the metal/organic interface energy
levels. The screening effect of the metal surface always stabi-
lizes the charges regardless of the polarity of the ion, meaning
that it is calculated as D from Eq. (3). At the metal/organic
interface, the interface dipole layer [1] and the band bending
[3] can be dominant effects. These affect the HOMO and
LUMO levels similarly and are thus calculated as S in Eq. (3).
We can extract the screening effect of the metal surface from
other major effects that occur at the interface using Eq. (3). We
use Ig = 8.2 eV measured by gas UPS [48] and Ag = 3.07 eV

[49] determined by density functional theory (DFT) calcu-
lation with the B3LYP functional. It was reported that the
bandwidths between HOMO and LUMO are similar from the
band structure calculation [50] and the bandwidth of HOMO
is approximately 0.2 eV as observed from energy-dependent
photoelectron spectroscopy [51]. Thus, the contribution from
the quantum effect is neglected in S because �+ and �− are
canceled out. For the electronic polarization energy D, on the
other hand, the correction due to the quantum effect �+ and
�− is small but necessary. Usually, we assume that �± is half
of the bandwidth in the bulk. In this work, we discuss the
energy levels at the surface. The nature of the band structure
of the PTCDA film is one dimensional along the molecular
stacking direction, which is normal to the surface [50,51].
The bandwidth of the truncated one-dimensional band at the
surface becomes half of that in the bulk PTCDA because the
band structure of an organic solid is well approximated by
the tight-binding model [52,53]. We therefore assume that the
quantum mechanical contribution to D in Eq. (3) is a quarter
of the bandwidth in the bulk, �+ = �− = 0.05 eV.

The obtained D and S are shown in Fig. 4. The D values
for PTCDA/Ag(111) and PTCDA/Au(111) are also compared
with the image charge model based on Eq. (1). D is con-
tributed from the screening of the metal surface and the
electronic polarization of the organic layer. The former de-
pends on the thickness according to Eq. (1), which shows
excellent agreement. The latter contribution from the organic
layer is almost constant and is around 0.5 eV which is smaller
than the previous values of 1 eV [30,31], which can be under-
stood from the discussion above (Fig. 2); we evaluated D for
the bulk value derived from the onset of HOMO and LUMO
peaks in the previous studies, whereas the surface values de-
rive from the maximum of HOMO and LUMO peaks are used
in the present work. The difference of approximately 0.5 eV is
twice the difference of 0.25 eV between the surface and bulk
in each HOMO or LUMO level. The value is good agreement
with the surface/bulk energy shift of about 0.3 eV for the
core levels measured by angle-resolved x-ray photoelectron
spectroscopy [40].

The contribution from the electronic polarization of or-
ganic layers can be further discussed in comparison with the
previous calculation by Soos and co-workers for the screening
effect of the metal surface with PTCDA [17]; they treated the
screening effect of metal and molecules by the image-charge
potential and the polarizability of each molecule, respectively,
and calculated the electronic polarization energy D+ + D− =
2D of PTCDA at one, two, three, five, and ten layers and
semi-infinite thicknesses on the metal surface. Therefore,
this calculation takes the effect of the molecular polariza-
tion into consideration more accurately than the continuous
dielectric model used in Eq. (1). The comparison is shown
in Figs. 4(a) and 4(b). As the calculations were carried out
for different adsorption distances r1, the calculated result that
is most consistent with r1 obtained from the x-ray standing
waves [44] was used. The origin of the calculated values
was shifted so that the values matched with the experimental
values. The comparison in Figs. 4(a) and 4(b) shows that both
models are in good agreement with the experimental results.
Comparing the two calculations, we find that the pre-
cise calculation shows slightly better agreement with the
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FIG. 4. Electronic polarization energy D [Eq. (3)] for PTCDA
on (a) Ag(111) and (b) Au(111), respectively. Values obtained from
the experiments are shown in circles, whereas the calculation values
using Eq. (1) and those taken from Ref. [17] are shown by solid lines,
where r1 is the adsorption distance of first-layer PTCDA [44]. (c)
Electrostatic energy S [Eq. (3)].

experimental results. However, the effect of the electronic
polarization energy of the molecules is much smaller than
the metal screening effect. The simple image charge model
with continuous dielectric media [Eq. (1)] is considered to
be a good approximation of the screening effect of the metal
surface.

The screening effect of the metal surface D obtained from
the experimental values is in good agreement with the calcu-
lated values based on the image charge model. This suggests
that the discrepancy between the experimental values and the
values calculated on the basis of the image charge model in
Figs. 3(a) and 3(b) is caused by the electrostatic energy S.
As shown in Fig. 4(c), the value of S in the thin film near
the monolayer (about 0.3 nm in thickness) is larger than the
value in the thick film. The thickness dependence of S may
be caused by the molecular distortion at the surface. It has
been reported using the x-ray standing wave that the O atoms
are distorted to the vacuum side in the first-layer PTCDA on
Ag(111) [44]. The position of the O atoms in PTCDA on
Au(111) could not be measured due to an overlap of Au Auger
lines with the O 1s core level in the x-ray standing wave [54].
However, if we consider that even a small amount of O atom
distortion has occurred, we can infer that S in the thin film is
larger due to the dipole effect caused by the distortion. The
difference in the value of the electrostatic energy between
the thin and thick films may be due to a slight difference in
molecular orientation and crystal structure. When deposited
at room temperature, thick films of PTCDA on Ag are known
to be composed of a mixture of α and β phases [55].

V. CONCLUSION

We have investigated the screening effect of the metal sur-
face at the organic/metal interface by examining the HOMO
and LUMO levels of PTCDA on Ag(111) and Au(111). By
applying our previous procedure for separating the electronic
polarization energy and the electrostatic energy [30,31], we
were able to extract the contribution of the metal screening
effect as the electronic polarization energy (also referred to
as the induction or dynamic energy) D. The change in energy
level alignment due to the screening effect of the metal surface
was found to be as much as 0.25 eV at the first layer in the
vicinity of the metal surface. This means that the screening ef-
fect has a significant impact on the charge injection/extraction
barrier at the metal/organic interface.

We also demonstrated that the energy of metal screen-
ing effect can be precisely reproduced by the image charge
model. Predicting the metal screening energy by this simple
model is useful in practice. For example, the charge injec-
tion/extraction barrier at the metal/organic interface is often
predicted from the work function of metal and the ionization
energy/electron affinity of organic material. As a correction
to this simple estimation, the metal screening energy can be
calculated. For more precise analysis, the energy level align-
ment at the interface is examined using UPS. The observed
thickness-dependent energy levels contain the contribution
from the metal screening effect which cannot be identified
from the UPS data alone but can be evaluated from the image
potential model. Regarding the first principle calculation, the
electronic polarization energy of dielectric materials can be
obtained by the GW approximation [30,31]. However, the first
principle method is still difficult to accurately calculate the
metal screening energy. Our results assure that the screening
energy of metal surface can reliably be computed as additional
energy by the classical image charge model.
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