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Role of charge transfer, dipole-dipole interactions, and electrostatics in Fermi-level pinning
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Recently, Niederhausen et al. [Phys. Rev. B 86, 081411(R) (2012)] have reported on the energy level alignment
of Cg adsorbed on a bilayer a-sexithiophene (6T) film on Ag(111). The possibility of charge transfer from the
metal to the Cg through the bilayer 6T as discussed by the authors may have a strong impact on understanding
the energy level alignment (ELA) at organic-organic (O-O) heterojunctions grown on electrodes. In this paper,
we aim at a comprehensive picture of the ELA at O-O interfaces on a metal. We carry out a detailed investigation
of the same pair of materials on Ag(111) as employed previously, however, with varying 6T interlayer thickness.
The results allow unambiguous identification of integer charge transfer towards a fraction of the C¢y molecules as
the mechanism leading to the formation of interface dipoles. Varying the 6T interlayer thickness also reveals the
dependence of the observed features on the Cgp-metal distance. This dependence is quantitatively addressed by
electrostatic considerations involving a metal-to-overlayer charge transfer. From this, we demonstrate the impor-
tant role of dipole-dipole interaction potentials in the molecular layer and electric fields resulting from interface
dipole formation for the energy level alignment. These findings provide a deeper understanding of the fundamental
mechanisms that establish electronic equilibrium at molecular heterojunctions and will aid the prediction of an

accurate energy level alignment at device relevant heterojunctions, e.g. in organic opto-electronic devices.
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I. INTRODUCTION

During the past two decades, much effort has been de-
voted towards understanding and optimizing organic based
(opto)electronic devices, such as light emitting diodes, solar
cells, or field effect transistors. The efficiency of these devices
depends strongly on the electronic properties of the interfaces
between electrodes and organic materials, and also of organic
heterojunctions, where energy barriers for charge transfer
commonly exist.!® In the case of organic-metal interfaces
the validity of vacuum level (VL) alignment (Schottky—Mott
limit) has been ruled out by the systematic observation of
interface dipoles.>’® The latter result from chemical bond
formation, charge transfer, and molecular distortions, or more
generally, are due to interfacial charge density rearrangements
upon contact formation. Interface dipoles even occur when
molecules are physisorbed on metals, and the charge density
changes were identified to be due to Pauli repulsion.>!°
Over the years, calculations based on density functional theory
(DFT) and beyond, such as van der Waals corrected DFT or
hybrid methods including electron correlation effects, have
been developed in order to capture the essential underlying
physics of organic-metal interfaces.!''® Apart from DFT,
other approaches have been proposed, consisting of (non-
specific) phenomenological models to describe the electronic
properties of these interfaces.’*>> Despite the increasing
modeling capabilities, no general rules have been established
unequivocally yet to predict the energy level alignment, and
it is still good advice today to address each specific interface
experimentally.

For electrodes consisting of an organic layer on a metal, as
well as for conductive polymers and contaminated electrodes,
it was found experimentally that VL alignment holds for
substrate work function () values in an interval between
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the respective negative and positive pinning levels ®P"~ and
®PI+ which are specific for every organic semiconductor.?*-%3
The origin of the observed ®P"~ and ®P"* values are still
debated.?>232526 Qutside of this [®P"~, &P+ interval, VL
alignment would place the electrode Fermi level (Ef) in
the occupied (unoccupied) density of states of the organic
semiconductor, corresponding to an electronic nonequilibrium
situation. In response, interface dipoles form such that Ep
comes to lie within the energy gap of the semiconductor and
equilibrium is reestablished; this phenomenon is commonly
referred to as Fermi-level pinning (E r pinning).?3?*:27-2% The
formation of interface dipoles suggests that charge transfer
toward (or from) the molecular overlayer plays a considerable
role in the Ep pinning mechanism. Several models have
been proposed to explain the still controversially debated
physics behind this phenomenon. These include (i) integer
charge transfer across the interface and formation of polarons,
(ii) partial charge transfer accompanied by induced mutual
polarization, (iii) filling of tailing intragap states, (iv) induced
density of interface states, and (v) electron-chemical-potential
equilibration.?>?326:30-32 Al these theories agree on the
involvement of charge transfer between overlayer and substrate
as being instrumental for the interface dipole formation.
In addition, when Ef pinning occurs, another particularly
intriguing fact is that nonzero charge injection barriers (i.e.
the energy difference between the respective frontier energy
level and the Fermi level) have often been reported.?326:33-36
Recently, we reported on a system consisting of a metal
single crystal precovered with an inert spacer layer [one
monolayer of tris(8-hydroxyquinolinato)aluminum (Alqs)] on
top of which a strong electron organic acceptor [hexaaza-
triphenylene-hexacarbonitrile (HATCN)] was deposited.’
This system was designed to start out of electronic equilibrium,
and the lowest unoccupied molecular orbital (LUMO) level of
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FIG. 1. (Color online) Schematic energy level diagram before
and after contact of an electron acceptor organic overlayer (hatched)
deposited on a metal precovered with an inert spacer layer (filled red).
Electron transfer to the overlayer occurs upon contact and leads to
the formation of an interface dipole A®. Filled/hatched and empty
boxes depict the occupied and unoccupied states of the systems,
respectively. H and L stand for HOMO and LUMO.

the acceptor overlayer was expected to become Fermi-level
pinned, as depicted in Fig. 1. Because of the clear observation
of interface density of states (DOS) upon adsorption, a
metal-to-overlayer charge transfer (MOCT) was concluded on
as the mechanism that establishes equilibrium via interface
dipole formation. Related observations and conclusions were
reported for depositing Cgp on an a-sexithiophene (6T) bilayer
precovering Ag(111).3® In addition to an electron transfer
from Ag(111) to Cgp molecules, this system exhibited both
charged and neutral C¢y molecules within the Cgy monolayer,
which was suggested to be due to dipole-dipole repulsion.
Furthermore, the role of concomitant electrostatic fields was
considered for explaining the respective positions of the energy
levels at this interface.

We now go beyond previous work to derive a more generally
valid comprehensive picture of the energy levels for molecular
heterojunctions in contact with a metal. Specifically, we
investigate in detail the electronic properties of Cgo deposited
on one monolayer 6T (ML 6T) and a bilayer 6T (BL 6T)
precovered Ag(111), whose structural properties were reported
by Zhang et al. and Chen et al. previously.**** For both
systems, we find an MOCT to a fraction of the Cgy molecules
within the overlayer. The proportion of charged and neutral
molecules differs markedly for both systems, demonstrating
a dependence on the overlayer-to-metal distance, i.e. the
thickness of the 6T spacer layer. The potential drop observed
in the spacer (6T) layer as well as the energy position of
the neutral Cgy frontier levels is proposed to result from
electric fields induced by the interface dipoles. The above
interpretation is further supported theoretically by classical
electrostatics calculations. These findings allow establishing a
coherent picture to explain the energy alignment at molecular
(including organic-organic) interfaces in contact with metals,
at least for thin films; however, it is foreseeable that, in the
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future, this will turn out to also apply to cases of molecular
and organic heterojunctions comprising thicker layers.

II. EXPERIMENTAL

The samples were prepared and analyzed in situ in ultra-
high vacuum conditions. Hel and MgKe radiations were used
for in-house ultraviolet photoelectron spectroscopy (UPS)
and x-ray photoelectron spectroscopy measurements (XPS),
respectively. Except for the clean Ag(111) spectrum, Hel-8
and Hel-y satellite lines (23.09 and 23.75 eV) were removed
in the displayed spectra using standard procedures. High
resolution XPS using synchrotron radiation was performed
with a photon energy of 620 eV at the end station SurICat
(beamline PM4) at the synchrotron light source BESSY II
(Berlin, Germany). Photoemission spectra were collected in
normal emission with a SPECS Phoibos 100 hemispherical
energy analyzer (in-house) and with a hemispherical electron
energy analyzer Scienta SES 100 (BESSY II) with 120 meV
energy resolution. In all UPS and XPS spectra, the electron
binding energies are referred to the sample Fermi level.
Secondary electron cutoff (SECO, for determination of sample
work function) was measured with — 10 V bias applied to
the sample. The Ag(111) surface was prepared by repeated
Art sputter-anneal (450°C) cycles. Cgo and 6T (Aldrich)
were evaporated from resistively heated crucibles. The film
thickness was monitored with a quartz microbalance using a
density of 1.65 and 1.35 g.cm ™ for Cgy and 6T, respectively.
Under these conditions, one monolayer (ML) 6T is about 3 A
and 1 ML Cg is ~9 A, as shown in the Results section. Details
concerning the preparation of ML 6T and BL 6T can be found
in Ref. 38.

III. RESULT AND DISCUSSION
A. Cg on ML 6T / Ag(111)

1. Valence band and core level spectra: Charged and neutral Cg
within the first Cqy monolayer

Figure 2 shows the valence electron region for Cgy grown
on ML 6T/Ag(111). Figures 2(a) and 2(b) show different
energy ranges of a collection of valence band (VB) spectra
corresponding, from bottom to top, to Ag(111), polycrystalline
Ag [Fig. 2(a) only], ML 6T/Ag(111) (denoted 0*), and the
subsequent Cgg thickness-dependent series up to nominally
40 A of Cg deposited on ML 6T/Ag(111). The most intense
features in the bare Ag spectra between 4.0 and 7.5 eV binding
energy (BE) correspond to the silver d band, and the flat
background going from 4 eV BE up to EF is due to the silver
sp band. Upon formation of ML 6T on Ag(111), the Ag(111)
d band changes dramatically and becomes very similar to the d
band of polycrystalline Ag. This can be explained by Umklapp
scattering (diffraction) of the substrate photoelectrons by the
molecular overlayer.*' Additional intensity due to ML 6T
is mostly visible between 1 and 4 eV BE.

In the zoom of the silver sp band region shown in Fig. 2(b),
the intense and sharp peak located at Ef in the clean Ag(111)
spectrum is due to the Ag(111) Shockley surface state. This
state completely vanishes upon formation of ML 6T. This is
possibly related to an upward energy shift of the Shockley
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FIG. 2. (Color online) (a) From bottom to top: Valence band (VB) spectra of Ag(111), of a polycrystalline Ag sample, of ML 6T/Ag(111)
and evolution of the valence band upon increasing Ce thickness on ML 6T/Ag(111). On the right part of the graph, 0* stands for ML 6T /Ag(111)
and the values above for the respective Cg film thickness. (b) Zoom into the low binding energy region of the corresponding spectra (except
for polycrystalline Ag). (c) Cso HOMO and Fermi level region of 2-, 5-, and 7-A Cgy on ML 6T/Ag(111) after background removal due to ML
6T/Ag(111) represented by the bottom dashed line spectrum. HOMO, HOMO*, and LUMO* (see text) are marked with a dash.

state to the unoccupied density of states (DOS), as previously
reported for similar systems.***° Three features in the DOS
are detected for ML 6T/Ag(111), which are assigned to the
highest occupied molecular orbital levels of 6T with their peak
maximum at 1.8, 2.5, and 3.2 eV BE (for the HOMO, HOMO-
1, and HOMO-2, respectively), and with the 6T HOMO onset
at 1.3 eV BE.*® As no intragap states are observed, the 6T
layer can be considered as weakly interacting with the silver
surface, as suggested earlier.”"

Upon Cgy deposition, Cgp-related DOS clearly emerges,
notably in the sp band region. In the energy region of the silver
d band, Ag-related DOS spectral weight remains important up
to 9-A Cgo, which corresponds to ~1 ML Cg (also c.f. Fig. 3).
The 40-A Cg spectrum is representative of a thick neutral Cg
film with its HOMO peak maximum located at 2.35 eV BE and
its onset at 1.85 eV BE. The intermediate 15-A Cg spectrum is
aweighted sum of the first- and second-layer Cg contributions,
showing that the DOS corresponding to the second Cg layer
and thick Cgp are very similar.

In the sp band region, from the first Cgy deposition on, an
increase in intensity in the immediate Fermi-level vicinity is
observed. This DOS is intersected by the Fermi level, and the
system can thus be considered metallic. The spectral weight
of this feature keeps increasing up to 9-A Cyy coverage and
decreases again for thicker films, demonstrating its interfacial
character. The line shape and intensity of this DOS resembles
closely the partially filled LUMO-derived states observed at
the Cgo/Ag interfaces. We will thus henceforth refer to this
feature as LUMO* and attribute it to a charge transfer toward

the Cgo molecules.’'>* For low Cgg coverage, the Co HOMO
emission is observed with a peak maximum at 1.8 eV BE and
an onset at 1.3 eV BE, i.e. at about 0.55 eV BE less than for
the 40-A Cg film. Notably, when going from 1- to 7-A Ce,
the C¢9 HOMO feature becomes increasingly broadened on
its high binding energy side [see Fig. 2(c)] until a clear peak
emerges in the 9-A spectrum at the energy position of the thick
Cep film. The Cq9 HOMO broadening is therefore attributed to
the development of the intrinsic (neutral) C¢o HOMO, denoted

Intensity (Arb. Units)

FIG. 3. (Color online) Evolution of the Ag3d (open circles) and
Cls (filled triangles) relative signal intensities as a function of Cgg
thickness. The transition in the change of slopes at 9-A Cg is due to
the completion of the first C¢y monolayer.
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HOMOQY? in the following. For 15-A Cgo, the Cqp HOMOP
peak becomes then dominant over the initially observed
HOMO-related emission, whose intensity vanishes completely
for the thick-film 40-A Cg spectrum. Therefore, the low BE
Ceo HOMO is attributed to the Cg( interface-HOMO (i.e. the
monolayer) that we denote HOMO*. Figure 2(c) shows the top
VB spectra of 2-, 5-, and 7-A Cgo from which the background
due to ML 6T/Ag(111) has been removed, revealing the con-
tributions due to Cg only. The background removal procedure
was performed consistently such that no negative intensity
occurred. Nevertheless, let us remark that this procedure
remains approximate because, for instance, no energy shift of
the (however relatively weak) 6T features was considered, and
a more detailed analysis of these spectra will be provided later
on. After background removal, the spectra were normalized to
the HOMO* peak maximum. This procedure highlights that the
LUMO* and HOMO* intensities vary similarly for the three
shown coverages. Also, the increase in intensity between 2 and
2.7 eV BE is related to the development of the intrinsic Cgg
HOMO. The ratio of HOMO* and LUMO* spectral weight (as-
suming a symmetric HOMO* line shape) is ~9. Considering
the fivefold degeneracy of the neutral Cqo HOMO and the same
photoemission cross-section for both levels, the charge in the
LUMO* would correspond to ~1.1 electron, which in view of
the imperfect subtraction procedure, also allows for the physi-
cally reasonable value of exactly one electron in the LUMO*.
Therefore, the Cqo HOMO*- and LUMO*-derived features are
attributed to Cgo molecules charged with one electron, which
will be referred as Cgol in the following. We will see later on that
the conclusions drawn from the core level spectra examination,
as well as the electrostatic-based calculations, support this
proposition. Note that the smaller HOMO*-LUMO* gap for
Cy as compared to the HOMO-LUMO gap for C; results
from additional screening mechanisms due to the electron in
the partially filled LUMO*!13:5253

The question of the Cg growth mode is particularly
important since neutral Cgy could be located either in the
first Cgp layer or in subsequent layers. In a previous scanning
tunneling microscopy (STM) study on the same system, no
island growth mode was reported.* As STM and UPS probe
film properties on different length scales, we used XPS to
study the growth behavior of Csyp on ML 6T/Ag(111) on a
macroscopic scale. The obtained normalized intensities of the
Cls and Ag3d core levels (CL) signals as a function of Cgg
nominal thickness>® are reported in Fig. 3, which clearly shows
a linear variation of both signals up to at least 9-A thickness,
beyond which the second Cg layer starts to grow, as inferred
from the change of slopes. This evidences that no 3D islands
form before 9-A nominal thickness, which is thus assumed to
represent the complete Cgy monolayer. Therefore, these results
allow us to conclude that the C¢p ML is composed of a mixture
of neutral (CY;) and anionic (Cg, ) molecules.

In the following, XPS is used to probe the different chemical
states of the molecules present at the surface and will serve
as an additional tool to investigate the electrostatic potentials
induced by the interfacial charge transfer.

In Fig. 4(a), the S2p CL of 6T for ML 6T/Ag(111), 3-A
(0.33 ML) Cg and 7-A (0.77 ML) Cg are presented. Upon
3-A Cg deposition, the S2p shifts toward lower BE by 0.17 eV,
then by an additional 0.2 eV for 7-A Cgo. As the S2p shift
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FIG. 4. (Color online) (a) Normalized S2p CL spectra of pristine
ML 6T on Ag(111) (bottom) and after deposition of 3- and 7-A C.
(b) Cl1s CL spectra of the same systems. The spectra symbolized by
dashed lines below the Cl1s spectra represent the 6T contribution (see
text).

is gradual and without significant broadening of the peaks,
it does not result from a change in the chemical state of
the 6T molecules. Therefore, it is of electrostatic origin, and
the shift magnitude depends on the amount of deposited Cgp.
Consequently, we relate this shift to the total amount of charges
transferred from the silver to the Cgy overlayer. Figure 4(b)
shows the corresponding C1s CL spectra. To determine the Cgg
Cls contribution of these spectra, the as-measured spectrum
is displayed together with the 6T Cls spectrum. The latter
is displayed, for each coverage, shifted in energy like the
S2p CL and with its intensity renormalized consistently with
the Ag MNN Auger peak intensity attenuation, as shown in
Ref. 38. Note that a shift of the 6T C1s spectrum has also to be
considered to account for the fact that there is no shoulder due
to the 6T features on the high BE tail of the Cls spectra. This
is consistent with previous reports on similar systems showing
that a potential drop within the spacer layer rigidly shifts all
its energy levels.’’-38

By subtracting the 6T Cls part of the as-measured 3- and
7-A Cep spectra, the Cgy Cls contributions are obtained, which
are presented together with the result of a fitting procedure
in Figs. 5(a) and 5(b), respectively. These spectra clearly
demonstrate two Cgy Cls contributions separated by ~0.74
eV, which can be attributed from the relative spectral weight
evolution to the Cgo and C&)l at high and low BE, respectively.
This interpretation compares well with what was reported by
Macovez et al. for the surface of the face-centered cubic (fcc)
phase of RbCg films where these two charge states have also
been observed.*? Our fit results give a C3:Cy, ratio of 1:2 and
1:1.2 for 3- and 7-A Cgo, respectively.

Noteworthy, these findings also imply that, if electron fluc-
tuations occur between different Cgn molecules, the fluctuation
timescale is much longer than the typical timescale of the
photoemission process (~1 fs), as the CL spectra of the ML are
not notably broadened compared to those of thick films. Also,
this suggests that charge transport does not occur via band
transport (delocalization) but rather via a hopping process, as
expected in narrow band materials such as fullerides.>”

It is now possible to evaluate details of the VB spectra
line shapes by simulating them via a summation including
(i) two Cgp contributions (CgO and C6_01) whose proportions
were determined from the fit results in Fig. 5; (ii) a shifted 6T
contribution, with the same shift as observed for the S2p CL;
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FIG. 5. (Color online) Deconvolution of the Cls C¢y CL spectra
of (a) 3-A and (b) 7-A Cg on ML 6T, obtained after subtraction of
the 6T contribution from the as-measured C1s spectra presented in
Fig. 4(b). The blue dots and blue lines correspond to the Gaussian
components used to fit the experimental C1s spectra (red dots). The
gray dotted lines represent the employed Shirley background. The
red lines show the result of the fits.

and (iii) a valence band spectrum of a polycrystalline Ag (most
appropriate because of the surface Umklapp experienced by
the silver photoelectrons upon crossing the molecular layers).
In Figs. 6(a)) and 6(b), the VB spectra simulations are shown
for the 3- and 7-A Cgy coverages and compared to the as-
measured spectra. The experimental spectra are remarkably
well reproduced using the CgO:CgO1 ratio determined from the
Cls spectra. We want to point out that the two Cgy VB spectra
employed in the simulations are the ones of the thick film (i.e.
neutral molecules) located at the energy position as observed
in the 40-A Cg film to represent the neutral species, and the
same but shifted by 0.55 eV to lower BE without additional
broadening to account for the anion contribution. The 6T DOS
is simulated by the appropriately shifted spectrum of a thick,
pristine film 6T/Ag(111).

2. Work function evolution

Secondary electron cutoff spectra, from which the work
function (®) is determined, are shown in Fig. 7. Upon forma-
tion of ML 6T /Ag(111), ® decreases from 4.55 eV [clean
Ag(111)] to 3.85 eV. As 6T weakly interacts with Ag(111),
this @ decrease can be attributed to the pushback of metal
electrons spilling out into vacuum from the surface.®!%37-8

(a) (b)
3A C60/ 1ML 6T/ Ag(111) . 7A C60/ 1ML 6T/ Ag(111)
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FIG. 6. (Color online) (a) and (b) at the top: As-measured VB
spectra of 3- and 7-A Cgy/ML 6T/Ag(111), respectively, compared
with simulated VB spectra (red lines) resulting from the summation of
(bottom spectra) one Cg bulklike spectra (Cgo, black lines), a shifted
Ceo bulklike spectra (CgO‘ , blue line), a shifted 6T bulklike spectrum
(orange lines), and the spectrum of a polycrystalline Ag sample (gray
lines; details concerning the magnitude of the shifts and the relative
Ceo spectral weights are provided in the text).
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FIG. 7. (Color online) Secondary electron cutoff spectra for
Ag(111), ML 6T /Ag(111) (red line, denoted 0*), and for in-
creasing Cy thickness. Here, 9-A Cg represent the 1-ML Cqy/ML
6T/Ag(111) system.

Upon 15-A Cg deposition, ® increases back to 4.55 eV and
remains constant for higher Cgy coverages, demonstrating the
formation of an abrupt interface dipole upon Cgy adsorption,
which in view of the previous conclusions, has to be related
to the electron transfer toward a part of the C¢o ML. The
increase of @ is not linear with coverage despite the fact that no
Ceo 3D islands form before completion of the Cgy monolayer.
Therefore, this nonlinearity in the ® vs coverage dependence
has to be related with the variation in the fraction of charged
and neutral species within the Cgy monolayer, in line with the
phenomenological model developed by Topham et al.?’

This is further supported by comparing the dependence of
® on coverage with the HOMO*, HOMO* 4+ HOMO?, and
LUMO* spectral weights, as depicted in Fig. 8(a). There, it
can be seen that the spectral weight in the region including the
HOMO" and HOMO* increases linearly with Cgy coverage,
while the spectral weight of the HOMO* and LUMO* both in-
crease asymptotically, very similar to the ® profile. This shows
unambiguously that the ® change is determined by the absolute
amount of charges transferred to the Cg layer and that depo-
larization plays no considerable additional role. The curves in
Fig. 8(a) can be used to extract the fractions of C6_0l [p(8)] and
Cgo [1 — p(@)] as a function of Cgy coverage () within the
monolayer range. As depicted in Fig. 8(b), p(0) varies linearly
with 6. Here, p(0) can then be written in the form

pO)="b—ao, (1)

where b and « are constants whose values are deduced from
the graph in Fig. 8(b) and amount to ~0.81 and ~0.42 ML,
respectively.
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FIG. 8. (Color online) (a) ® profile (black dots) compared to the spectral weight evolution of HOMO® + HOMO* (gray triangle), HOMO*
(blue cross), and LUMO* (red circles). (b) Evolution of the proportion of CgO‘ [0(0)] (black open circles) and ch [1 — p(0)] (red open circles)
as a function of Cg coverage within the submonolayer regime as deduced from graph (a) (see text). (c) Fit of the work function profile using

[Eq. (3)] and parameter values given in the text.

The net ® increase as a function of 6 is given by the relation
@)

where @ corresponds to the work function increase for an
assumed complete Cg charged layer, i.e. when considering a
molecular layer composed of only Cgol. As p(0) shows a linear
dependence as a function of Cgy coverage, inserting Eq. (1) into
Eq. (2) gives

AD(8) = 0p(0)Do,

AD(H) = bODy — b Dy. 3)

Fitting the work function profile [Fig. 8(c)] using b and «
found previously allows determining a value of 1.6 eV for
®y. Interestingly, the form given by Eq. (3) is similar to
the one obtained from the depolarization model by Langmuir
and recently found in the case of TTF/Au(111), where it was
attributed to depolarization-induced decrease in charge trans-
fer when increasing the adsorbate density at the surface;>%°
however, the physical origin of our formalism is entirely
different from the one in Refs. 59 and 60. We finally note
that the fraction of neutral and charged Cgp amounts to 58%
and 42%, respectively, for the complete monolayer.

4.0 4.9
® (eV)

3 2 1 0
Binding Energy (eV)

B. Comparison of C¢ adsorbed on 1- and 2-ML 6T on Ag(111)

In this subsection, we study the dependence of the ad-
sorption features of Cgp on the 6T spacer layer thickness and
establish a comparison between ML 6T and BL 6T (=2-ML
6T) on Ag(111).

The SECO and VB regions of Cg on top of BL 6T are shown
in Fig. 9. Upon Cg adsorption, the formation of an interface
dipole is observed, and & increases from 3.8 to 4.5 eV for a
thick Cg film. Furthermore, the ® profile displayed in Fig. 9(c)
shows that & does not increase linearly with coverage but
varies in a similar fashion as was observed when the 6T spacer
layer film was 1 ML. The VB spectra exhibit qualitatively
the same features as encountered previously, namely (i) a Cg
partially filled LUMO (LUMO%), and (ii) the HOMO region is
composed of two contributions corresponding to HOMO? and
HOMO* due to CY; and C'. Furthermore, it can be also seen
that the relative intensity of HOMO? increases with respect to
that of HOMO* as a function of coverage. Additional details
and STM images can be found in Ref. 38.

In the following, we show how the CY, /Cgo1 ratio for a
complete Cg layer is influenced as a function of the 6T spacer

@  ~ ! ® | o6 © Y
. | (Al 0.6 4
@ ! S
5 / : hoo §0_4_
e Hol <
< ’/ : 0.2 -
Pl
(7]
Pcﬁ——/\ 0'O_||||||//|||
€ _’/\ 0 2 4 6 8 10 99100101
—~ 0 Cy, [A]

FIG. 9. SECO (a) and VB (b) spectra of Cgy deposited on top of a BL 6T/Ag(111). Cg thicknesses are indicated on the right. 0* denotes
the BL 6T film. A magnification of the E r-region of the 6-A Cgq, spectrum is shown together with the adequately attenuated 6T background
(dashed line). (c) Evolution of the work function as a function of Cg coverage. [Part (a) and (b) reproduced from Ref. 38].
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FIG. 10. (Color online) (a) Comparison of the HOMO region
for 9-A Cgo/ML 6T (purple dotted curve), 6-A Cqo/BL 6T (green
solid curve), and 10-A Cgy/1BL 6T (black curve). The spectra are
normalized to the HOMO* intensity in order to reflect the relative
HOMO" and HOMO* intensities. (b) HOMO region of 10-A Cgy/BL
6T (black curve). The gray area is the estimated spectral weight due
to second Cg layer (see text). The Gaussian curves (dotted lines)
shows the relative intensities of HOMO* (0.3) and HOMO® (0.7) in
the first Cq layer.

layer thickness. Figure 10(a) shows a superimposition of the
VB spectra of 6- and 10-A Cgy on BL 6T/Ag(111) and 9-A
Cgo on ML 6T/Ag(111). The spectra are normalized to the
HOMO* intensity in order to reflect the variation of neutral
and charged species of these systems. We see that the Cgo and
C6_0] fractions for 1-ML Cgp/ML 6T and 0.66-ML Cgy/BL 6T
are very similar.

The 10-A Cg/BL 6T, which represents ~1.1 Cg9 ML (as
determined from Fig. 3), shows a pronounced increase in CJ,
intensity. The estimated spectral weight due to the second
Ceo layer, assumed to correspond only to Cgo, is depicted by
the gray area and amounts to slightly less than 10% of the
total spectral weight. Still, the spectral weight of C(G)O within
the first Cg layer is much larger than what was observed for
1-ML Cgo/ML 6T. The Cgy and CY fractions for 1-ML Cgo
on BL 6T are estimated to be ~0.3 and ~0.7, respectively,
as deduced from the fitting procedure of the HOMO region
shown in Fig. 10(b).

The XPS spectra also present similar features as observed
when ML 6T is used as spacer layer: The Cls spectra (not
shown) are composed of two components resulting from the
presence of neutral and charged Cgy molecules®® and the S2p
spectra, displayed in Fig. 11, exhibit a gradual shift to lower BE
upon Cg deposition. However, the shift of the S2p spectrum is
~0.15 eV larger than for the ML 6T case. The fitting procedure
shown in Fig. 11 helps discriminating between the first and
second 6T layer contributions, which are separated by 0.4 eV
in BE before Cgy deposition. This energy difference is
attributed mainly to differences in screening of the photoholes?
and compares well with the energy difference of 0.35 eV that
was identified for the HOMO and HOMO-1 of the first and
second 6T layer.*® In addition, upon increasing Cg thickness
up to 1-ML Cgy, the full width at half maximum (FWHM) of
the S2p 3/2 component decreases by 0.15 eV from 0.95 to
0.8 eV. The fitting reveals that this is due to a differential shift
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FIG. 11. (Color online) (a) S2p spectra obtained for (from bottom
to top) ML 6T/Ag(111), BL 6T/Ag(111), and 10-A and 14-A Cg
deposited on BL6T/Ag(111). Gray circles correspond to the experi-
mental spectra. Blue and red lines correspond to the fit of the first and
second 6T layer contributions, respectively. The black lines depict
the result of the fit for each spectrum.Further details on the results of
the fits are given in the text. (b) Scheme of effect of the potential drop
on the relative position of the first and second layer 6T CL before
(empty rectangles) and after (filled rectangles) Cq( deposition.

of the CL corresponding to the first (0.3-eV shift) and second
(0.5-eV shift) 6T layer, which leave the two contributions
separated by 0.2 eV after completion of the Cgy monolayer.
Importantly, this evidences an electrostatic potential drop in
the direction normal to the sample. This can be explained
qualitatively by the potential drop induced by the charge
transfer from the Ag(111) to a fraction of the Cgy molecules
and is further quantified in Sec. III. D below.

The similarities displayed by the two just-discussed systems
strongly suggest that the mechanism governing the energy
level alignment is the same in both cases. Because of the
pushback effect occurring upon 6T adsorption, the metal
work function is decreased by 0.7 to 3.85 eV, well below
the pinning work function (®P"~ = 4.5 eV) of Cg. The
Ceo electron affinity (EA), being ~4.0 eV,*"%2 simple VL
alignment between Cgy and 6T/Ag(111) would position the
C¢o LUMO below Ep. Therefore, in order to establish
electronic equilibrium, negative charge has to be transferred
to Cgo and an interface dipole is created.

Whenever considering a molecular heterojunction where
Er pinning occurs, the charge transfer is often associated to
occur right at the interface between the two molecular layers.
However, in most cases the ionization energy (IE) and EA of
the materials employed have a large energy mismatch (as in
the present case where the difference of the 6T IE and the Cg
EA amounts to ~1 eV) such that, based on general grounds,
no intermolecular charge transfer is expected.

In the case of the Cgo/6T interface, a charge transfer between
the molecules can be ruled out as it is not observed when the
substrate employed has a higher work function and the 6T
layer has a similar thickness.®® In fact, none of the features
shown above (including the interface dipole formation, the 6T
core levels shifts, and the two distinct C¢y Cls components)
were reported in Ref. 63. Also, for the present systems,
considering an intermolecular charge transfer would not
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explain the fact that different charge states are observed
within the Cg layer and not within the 6T layer. Furthermore,
invoking intermolecular charge transfer does not provide a
satisfactory explanation for the fact that the fraction of the two
Ceo species depends on the 6T spacer layer thickness. This
allows concluding that the effect of intermolecular interactions
(involving charge transfer or hybridization) is very small and
plays a negligible role in explaining our observations.

Rarely discussed is the possibility that charges in the
overlayer (responsible for interface dipoles) come from the
substrate as proposed in the MOCT model. However, this is a
very reasonable assumption, as the molecular level alignment
is actually determined by the electron chemical potential of the
substrate, as already clearly phrased by the term “Fermi-level
pinning”, which acts as an electron reservoir for establishing
electronic equilibrium. In the following, we closely examine
this proposition, and we show that under this consideration it
is possible to draw a coherent picture that allows explaining
the experimental observations quantitatively. Electrostatic
considerations are employed to address the questions why
(i) the Cg layer is not homogeneously charged; (ii) the fraction
of charged and neutral molecules varies with the 6T spacer
layer thickness; and (iii) C¢p molecules, which do not undergo
charge transfer in the monolayer, can still be at electronic
equilibrium within that layer. To do so, we first treat the impact
of dipole-dipole interactions on these systems qualitatively and
then quantify the electrostatic potential change induced in the
vicinity of charged Cgy molecules.

C. Effect of dipole-dipole interactions

For MOCT through a spacer layer as proposed in this paper,
one has to deal with large dipole moments, oriented normal to
the sample surface and formed by charges in the overlayer and
their counterparts inside the metal. Thus, the impact of dipole-
dipole interactions cannot be neglected anymore.?!-3-60:64 For
such systems, the minimization of the total energy will result
from the energy gain due to the charge transfer (corresponding
to the energy difference between E r and the LUMO), which is
balanced by the electrostatic potential created by the charges
in the molecular layer. This potential, which can extend up
to a few nanometers,*+% can be modeled classically in the
framework of the image charge model. To do so, one has
to consider the (repulsive) electron-electron and (attractive)
electron-image charge interactions, as depicted in Fig. 12. In
this case, the interaction potentials can be approximated in a
classical way by the relation

2 2
Ud) = —— — 1
drereo  dme g/ (222 + d?)
2
2
= 461—(1 1—-—= 1, )

e L+ (%)
d2

where d is the horizontal distance between the two dipoles,
and z is the distance between an electron (described a point
charge) and the image plane. Note that, in this model, as
we aim to investigate the role of lateral interactions, the
attractive interaction between each electron and its image,
which would add an offset to U(d), is neglected. In Fig. 12,
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FIG. 12. (Color online) Interaction potentials between two
dipoles formed by electrons and their image charge in the metal
as a function of d, the distance between two adjacent dipoles, and
for different electron-image charge distances 2z, ranging from 5 to
25 A (from bottom to top). The vertical lines show the position of
minimum energy for each profile. Inset: Geometry of the considered
system; the red arrows show the interactions taken into account in the
model. Here, Z;,, is the position of the image plane.

typical interaction potential profiles obtained from Eq. (4) with
&, = 4 (Refs. 66-68) are shown as a function of d and for
different fixed z. The profiles depicted with z = 5 and 7.5 A
are representative of the Cgo/ML 6T/Ag(111) and Cgy/BL
6T/Ag(111) cases, respectively, similarly to the metal—
charge distances used in the Helmholtz equation in the next
section. Note that these distances imply that the electron is
located at the bottom part of the Cgy molecules, which can be
intuitively justified by considering the attraction between the
charge and its image. Of course, describing the electrons as
point charges remains an approximation to the actual spatial
extent of the frontier ;v orbitals, which are delocalized and also
tail out of the Cg cage.

The profiles in Fig. 12 show that the interdipole potential is
repulsive in the low d limit, then turns to be attractive when d
increases and exhibits a minimum for d = 2.6 z. Noticeably,
one clear energy minimum emerges in each profile, at ~13 and
~19.6 A for z = 5 and 7.5 A, respectively. From a qualitative
point of view, since the equilibrium distance between two
dipoles (= distance between two charges in the overlayer)
increases as a function of z, this allows rationalizing why
the Cg /CY, ratio decreases when increasing the 6T spacer
layer thickness (see Fig. 9). Note that these equilibrium
distances are consistent with the surface density of C6_01
determined experimentally for 1-ML Cg /ML 6T/Ag(111)
(0.45 nm~?) and 1-ML Ceo/BL 6T/Ag(111) (0.3 nm~?) when
considering a compact Cgp monolayer. We further remark
that numerous similarities are found between the present
experimental findings (& profile and varying proportion of
charged and neutral molecules) and the predictions of the
charge transfer model developed by Topham er al. where
dipole-dipole repulsion is a key point.>? In a more general
picture, it is also interesting to notice that the gain in energy
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FIG. 13. (Color online) Energy level diagram for (a) 1-ML
Ceo/ML 6T/Ag(111) and (b) 1-ML Cey/BL 6T/Ag(111). Empty
rectangles depict the energy position of 6T HOMO, neutral Cg
HOMO, and neutral C¢p LUMO assuming VL alignment (before
contact). Filled rectangles show the actual energy level alignment as
determined experimentally. The difference between both, depicted
by the arrows and the associated numbers, results from the potential
drop due to the dipoles formed with charged Cg molecules. At the
bottom part of the figure, the electric field lines and the potential drop
AV as a function of z are depicted for each system.

due charge transfer, defined as the energy difference between
Er and the energy position of the partially filled molecular
orbital will be balanced by the electrostatic potential described
above, so that the total energy of the system is minimized. For
a comprehensive understanding of the energy level alignment,
one has to further consider the potential drop in between two
charges (in vertical direction). In the following, we therefore
address the impact of the electric field produced by these
dipoles, which plays a major role in allowing the neutral
Cgo molecules in the overlayer to be at electronic equilibrium
without undergoing a charge transfer.

D. Energy level alignment and electrostatic considerations

It has been reported that Cqg ®P"~ is 4.5 eV,>>*> which
means that for a sample having a ® smaller than 4.5 eV, charge
transfer must occur to establish electronic equilibrium (i.e. to
prevent that the empty Cqo LUMO is located below Er). As the
work function of 6T/Ag(111)is 3.8 eV, the neutral Cqo HOMO
peak maximum should be found at 3 eV BE (and its onset at
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2.5 eV BE) when assuming VL alignment. Given a charge
transport gap (determined from HOMO and LUMO onset
energy difference) of about 2.4 eV as determined by combined
direct and inverse photoemission,®"%? electronic equilibrium
would not be encountered for these molecules. In contrast, the
present results show that the HOMO peak maximum of the
neutral Cg is positioned at 2.3 eV BE (and onset at ~1.8 eV),
i.e. where the neutral Cgy molecules are electronically stable.
We will now demonstrate that the discrepancy between the
expected neutral Coo HOMO BE assuming VL alignment and
the actual one is due to the potential drop, which was also
found to affect the 6T CL. The magnitude of the potential
drop and its influence on the energy level diagram, as deduced
from experiments, are resumed in Fig. 13. The energy position
of the neutral Cqp HOMO is now reconsidered by accounting
for electrostatic fields arising from MOCT. It is possible to
calculate the change in the electrostatic potential induced upon
Cgol adsorption within the image charge model in order to test
the previous assumptions. For this, we consider an ordered
network of dipoles (corresponding to anion Cgy molecules) and
their mirror charge in the metal substrate, which are described
as negative and positive point charges, respectively.

The 1-ML Cg/ML 6T/Ag(111) and 1-ML Cgy/BL
6T/Ag(111) systems are simulated as a square network of
C,, whose dimensions give an Cj; areal density (N) in
agreement with the experimentally observed Cg fractions.
The electron-image plane distance z is chosen such that the
electron in the charged Cg is located at the bottom part of the
molecule (see Table I), as mentioned earlier. The employed
values are listed in Table I together with the ones determined
experimentally.

The expected work function increase can be calculated by
the Helmholtz equation®

A® = (gNp)/(eoe,), ®)

with g the elementary charge, p the dipole moment perpendic-
ular to the surface, N the areal density of Cgol, &o the vacuum
permittivity, and &, the relative dielectric constant. With a
charge transfer of one electron and ¢, = 4,54 we find A® =
0.85 eV for 1-ML Cgy/ML 6T and AP = 0.87eV for 1-ML
Ceo/BL 6T.

The potential drop AV within the molecular layers at a
point M can be seen as the sum of the potentials created by
the positive and negative monopoles on each side of the image
plane and can be expressed by

1 qi

AV (M) = ,
(M) 4, e - ri(M)

(6)

TABLE I. Experimental and theoretical values employed in Egs. (5) and (6) to determine the theoretical A® and potential drop. Details on the potential drop

profile are provided in Fig. 14.

-1 - -1
Cyp fraction Ceo z

A® [eV, E(5)]

Potential drop Potential drop

(eV, experimental) [eV, E(6)]

(experimental)

(N, theoretical) (A, theoretical) Experimental Theoretical First 6T Second 6T Cgp First 6T Second 6T Cego

1-ML Cgp/ ML 6T 0.42 0.42 4.5
1-ML Cgp/ BL 6T 0.3 0.28 7

0.75 0.85 0.35 07 03 0.65
0.75 0.87 0.3 0.5 0.7 025 0.45 0.65
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FIG. 14. (Color online) Map of the potential increase AV for (a) C60/ML 6T/Ag(111) and (b) C60/BL 6T/Ag(111) within the plane
normal to the surface as schematically depicted in inset. The arrows on the left represent the approximate position of the 6T layers. (c) and (d)
Map of the potential increase (AV) for C60/ML 6T/Ag(111) and C60/BL 6T/Ag(111), respectively, within the plane parallel to the surface
2 A above the location of the point charges (i.e. going through the center of the Cg molecules). Note that the point charges are located below
the higher AV values in the graph. The dotted lines on the potential map present the isocontours corresponding to the values in between

parenthesis.

where ¢; corresponds to the charge of the ith monopole and
r;(M) represents the distance between the ith monopole and
any point M in the space. A map of the resulting increase
in potential AV in a plane normal to the sample is shown
in Figs. 14(a) and 14(b) for C¢yp on ML 6T and BL 6T,
respectively.

From these calculations, the potential at the adsorption
sites of neutral Cg is seen to increase by ~0.6-0.65 eV for
1-ML Cg¢o/ML 6T and ~0.6-0.7 eV for 1-ML Cgp/BL 6T,
consistent with the expectation of 0.7 eV, as mentioned earlier.
Furthermore, the potential increase within the 6T layer is in
very good agreement with the experimental data and even

035440-10



ROLE OF CHARGE TRANSFER, DIPOLE-DIPOLE . ..

reproduces the differential shift of the 6T features observed
in the XPS spectra of BL 6T (see Fig. 11). The averaged
numerical results are resumed in Table .

Maps of the induced electrostatic potential in a plane
parallel to the surface and cutting through the center of
the Cgp molecules are displayed in Figs. 14(c) and 14(d).
The potential is rather homogeneous in the xy plane and
therefore not expected to lead to a significant broadening
of the neutral C¢9 HOMO, again consistent with the exper-
imental observations. Note that test calculations including
charges homogeneously spread over small disks (with di-
ameter of 0.8 nm corresponding to the diameter of a Cgg
molecule) instead of point charges were also performed and
gave comparable results.

Finally, we comment on the consequences of the present
findings on the energy level alignment at molecular (organic)
heterojunctions in contact with a metal, or, more generally,
conductive electrodes and presenting similar energy level
structures. For these systems, even though in most cases
interface dipoles are observed, photoemission measurements
do not reveal DOS at E that could be directly attributed to
charge transfer to the organic overlayer. The analysis provided
in this study might help in understanding this discrepancy.
Indeed, the fact that not all molecules are charged may allow
attributing the lacking of DOS at the Fermi level for those
other cases as being due to a much too small amount of
charges at the interface to be detected. In a first approximation,
the density of dipoles resulting from electrode-to-overlayer
charge transfer necessary to create the observed work function
changes is expected to vary inversely proportional with the
overlayer—electrode distance. As a result, the density of
dipoles will be dramatically reduced when increasing the
organic spacer layer thickness.

To test our assumption, we have applied the electrostatic
calculations presented above to the recently reported sys-
tem diindenoperylene (DIP) grown on 10-nm Cg adsorbed
on a conductive polymer electrode made of poly(ethylene-
dioxythiophene:polystyrenesulfonate (PEDT:PSS)?° with an
initial ® = 5.55 eV for Cg/PEDT:PSS. In this study, Eg
pinning was found for the DIP HOMO, and & decreased by
0.45 eV as a result of the creation of an interface dipole by
adsorption of the first DIP layer. The DIP HOMO onset was
measured at 0.3 eV BE, and no DOS was observed at Ef.
Because DIP has an IE of 5.4 eV, VL alignment would have
placed its HOMO onset 0.15 eV above Er. Furthermore,
upon DIP deposition, the HOMO of the Cgy spacer layer
continuously shifted to higher BE by 0.25 eV. Figure 15(a)
resumes the actual energy level diagram of this system and
the expected one in the hypothetical case of VL alignment.
Considering the negative end of the interface dipole located
at the substrate surface and the positive one in the first DIP
layer, and applying the Helmholtz equation to this system, it is
found that a dipole density of 0.01 nm? (i.e. one charged DIP
molecule for ~100 nm?) is sufficient to induce the observed
work function decrease. The potential drop as determined
with Eq. (6) shows a homogeneous potential decrease of
~0.27 (£0.03) eV in the topmost Cgy spacer layer and in
the DIP overlayer as shown in Fig. 15(b). Therefore, these
values are consistent with the experimental observations and
help in explaining the lack of easily observable charged DIP
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FIG. 15. (Color online) (a) Energy level diagram of DIP/10 nm
Ce0/PEDT:PSS from Ref. 29. Filled rectangles show the actual energy
level alignment and empty rectangle the energy level alignment when
assuming VL alignment. The difference between both, depicted by
the arrows and the associated numbers, results from the potential
drop due to the dipoles formed with charged DIP molecules in the
overlayer. Values between parentheses are the average energy shift
determined theoretically. (b) Shows the potential map in the last Cgq
layer as calculated with Eq. (6) (see text). The isocontours are plotted
for a potential drop comprised between 0.22 eV and 0.32 eV.

molecules. Therefore, this suggests that the model developed
in this paper may be valid (within the model’s limitations)
to adequately explain the electronic properties of many
application-relevant organic-organic interfaces.

IV. CONCLUSIONS

We have incrementally deposited Cgyp on substrates con-
sisting of ML 6T and BL 6T on Ag(111) and followed the
evolution of ® and VB during interface formation. For 6T
covered Ag(111), @ is well below @PIn= of Cgp, and therefore
upon Cgy adsorption an interface dipole arises. Remarkably,
the work function is found to increase asymptotically. The
® increase, which is correlated with the emergence of the
partially filled C¢9 LUMO in the VB spectra, results from
an integer charge transfer from the metal to the Cgy overlayer
(MOCT) through the neutral 6T spacer layer. A careful analysis
of the core levels and valence band (VB) spectral weights of
the different contributions leads us to further conclude that
two Cgp species, namely neutral (Cgo) and charged (Cgol),
are observed simultaneously and in different proportions at
different Cgp coverages within the submonolayer regime. This
varying fraction is identified as the cause for the nonlinearity
of the @ profile. When Cgy is deposited on BL 6T on
Ag(111), similar features are found with the difference that
the fraction of charged Cgy molecules is systematically lower.
Dipole-dipole interaction is proposed as the driving force
leading to the occurrence of a layer composed of mixed neutral
and charged Cg species. Electrostatic considerations allow for
a quantitative analysis of the energy shift of the 6T spectral
features as being due to the potential drop over this neutral
spacer layer. The energy level alignment at these interfaces
could thus be explained in a coherent picture of integer charge
transfer and associated charge dilution in the Cg overlayer.

Our model was applied successfully to apprehend the
energy level alignment recently reported for another or-
ganic/organic interface grown on a conductive polymer
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substrate. We therefore suggest that substrate-to-organic over-
layer charge transfer and the resulting electric field are key
prerequisites for understanding the energy level alignment at
molecular and organic heterojunctions in contact with metals
or conductive electrodes.
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