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Chapter Five 
 
 
 
 
 

Energy level alignment at metal/organic 
and organic/organic interfaces 

 
 
 
 
 
 
Abstract 
 

A study of the electronic structure of interfaces between metals 
(polycrystalline Au and Ag) and conjugated molecules (PPV-like oligomers and C60) 
is presented in this chapter. We used ultraviolet photoelectron spectroscopy (UPS) to 
measure the alignment of the energy levels and show that the vacuum levels do not 
align at these interfaces. The misalignment is caused by an electric field at the 
interface, yet its origin is not always well understood. We speculate on several 
effects that may be responsible for the energy alignment at interfaces.  

The result, the misalignment of the vacuum levels due to interfacial electric 
fields, is expected to influence charge transfer processes across these interfaces, 
thereby possibly affecting the electrical characteristics of organic semiconductor 
devices which contain similar interfaces. 
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5.1  Introduction 
 

This chapter describes the electronic structure of several metal/organic and 
organic/organic interfaces. These interfaces model interfaces present in real organic 
semiconductor devices like light emitting diodes (LEDs) and photovoltaic devices 
(PVDs). Here we investigate the energy level alignment at several different 
interfaces of such devices, further we examine how the alignment is influenced by 
interfacial processes such as charge transfer and hybridization.  

Before describing the electronic structure of these solid/solid interfaces, we 
first look at the electronic structure of the individual components constituting these 
interfaces. In section 5.1.1 the electronic structure of isolated molecules is compared 
to the structure of the molecules in the solid-state. Section 5.1.2 is a brief reminder of 
the band structure in metals and specifies several terms as work function and vacuum 
level (VL) and injection barrier that are useful in the discussion of energy level 
alignment at interfaces. Section 5.1.3 introduces a method used to derive an energy 
diagram of an interface from UPS spectra of the materials constituting the interface. 
 
5.1.1 Comparison between the electronic structure of molecules in 

the gas phase and in the solid state 
 

In chapter three the development  of molecular orbitals of oligo(para-
phenylenevinylene)s (OPVs) with increasing chain length was described. To study 
this connection, we measured UPS spectra of oligomers in the gas phase. We found 
that several π-orbitals in these conjugated oligomers interact strongly. For example, 
if two benzene rings are connected via a vinyl-bridge (this gives stilbene), some π-
orbitals, residing on the benzene rings, interact and split up considerably forming 
new molecular orbitals extending over the whole molecule. Towards the polymer 
limit, these orbitals develop into bands. 

In the previous chapter some OPVs were vacuum deposited on substrates 
forming thin films. We found that under certain experimental conditions, the five-
ring oligomers (P5V4) form films consisting of small crystallites containing about 
5×104 molecules.  

In the thin solid films, the molecules come in close contact with each other. It 
is possible that certain molecular orbitals of neighboring molecules will overlap 
substantially and form new orbitals, in analogy with the splitting of benzene-derived 
orbitals in stilbene. Such orbitals may be delocalized over large distances (typically 
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the crystal size) and form bands. Two bands are of particular importance for charge 
transport through the solid namely: the valence band (the highest occupied band) and 
the conduction band (the lowest unoccupied band). However, if the intermolecular 
interaction is not strong enough, or if the energies of the molecular orbitals on 
neighboring molecules differ appreciably due to local disorder, then the molecular 
orbitals remain largely localized to the oligomers and intermolecular charge transport 
occurs via a hopping-like mechanism. 

 Figure 5.1 UPS spectra of P5V4 measured in the gas phase (open circles) 
and in the solid state (solid circles), the experimental resolution in both 
experiments is approximately 0.15 eV. IP abreviates the ionization potential, 
Ep gives the intermolecular polarization energy. The narrow peak in the gas 
phase at ~12.1 eV is caused by the Xe 2P3/2 calibration line (a). The 
intermolecular relaxation energy is mainly caused by screening effects. These 
effects stabilize the final state and therefore lower the energy neccesary to 
remove an electron from the solid to the vacuum level, and thus the I.P. (b).  

 
Figure 5.1 displays the UPS spectra of P5V4 molecules in the gas phase and P5V4 in 
the solid state. Already in section 2.4 several differences were discussed between 
PES recorded on molecules in the gas phase vs. molecules in thin solid films, for 
example the difference in intensity and the presence of a background of inelastically 
scattered electrons were mentioned. From figure 5.1 it is clear that intermolecular 
relaxation effects influence the ionization potential of the material. The decrease in 
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ionization potential of isolated molecules versus molecules in a condensed film is 
caused by the difference in the polarizability of the medium surrounding the 
photoionized molecule (fig 5.1 b). Generally the intermolecular relaxation reduces 
the ionization potential of organic materials by 1 to 3 eV [1,2].  

Note that the spectrum of the film retains its molecular identity. We can still 
recognize features in the spectrum that are derived from delocalized (intra-
molecular) π-orbitals. These features are somewhat broadened: the three peaks with 
lowest binding energy have a full width at half maximum (FWHM) of ~0.4 eV in the 
spectrum measured on isolated molecules, and ~0.5 eV in the spectrum recorded on 
P5V4 in the solid-state. Homogeneous and inhomogeneous effects due to local site 
energy and interaction variations (diagonal and off-diagonal disorder) may explain 
the line broadening [3,4].  

The persistence of the molecular orbital structure is a signature of weak 
intermolecular interaction. This is in agreement with the previous chapter where we 
saw that the molecular packing in thin films evaporated on several substrates 
resembles the single crystal structure of P5V4. From this crystal structure one 
expects only weak Van der Waals interactions. Since no permanent dipoles are 
present in P5V4 molecules, the Van der Waals interaction is expected to be a London 
interaction (induced dipole-induced dipole interaction).  

A weak intermolecular interaction has as a consequence a small 
intermolecular transfer integral. This is supported by the UPS spectra shown in 
figure 5.1. The spectra show only small changes in the electronic structure of isolated 
P5V4 molecules and condensed P5V4 molecules. the spectra are only slightly 
broadened, except for the spectral shift caused by the different dielectric constant of 
the molecular surrounding. Splitting of energy levels as discussed above seems 
negligible here due to the absence of a strong intermolecular interaction. Since the 
intermolecular interactions are only very weak, one can expect that the wave 
functions within the solid are mostly localized on the molecules or at most close to 
the transition between localized and delocalized states.  

So the energy corresponding to a certain molecular state is correlated with the 
polarizability of the direct environment of that molecule. To emphasize this 
correlation, figure 5.2 shows the electron affinity (EA) and the ionization potential 
(EI) of C60 in three different systems: as isolated molecule (A), on the surface of bulk 
C60 (B) and in a monolayer of C60 on an Ag surface (C). The conductivity gap (the 
energy difference between EA and EI) is reduced by a factor of 2 for a C60 monolayer 
on Ag (111) when compared to an isolated molecule. In the system depicted by 
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figure 5.2C, the metal stabilizes the charged state of the C60-ion, since the metal 
effectively screens the ion.  

This screening may be understood by using the image potential model [5]. 
The stabilization of the C60-ion by this polarization effect increases the electron 
affinity to approximately 4 eV, a value close to the work function of common metals. 
If we take into account that the width (full width at half maximum (FWHM)) of the  
LUMO of C60 is approximately 0.5 eV and assume vacuum level alignment for the 
moment, we can anticipate that the LUMO of a C60 monolayer on metals with work 
functions of around 4.5 eV or lower may be partially filled [6]. In section 5.3.3 we 
will describe the interfacial electronic structure of C60 deposited on polycrystalline 
Ag and Au.  

Figure 5.2 Dependence of the electron affinity (LUMO) and ionization 
potential (HOMO) of C60 on the molecular environment (using  peak values): 
A) isolated C60 molecules in the gas phase, B) C60 molecules in a condensed 
film and C) a C60 monolayer on a silver substrate. A Gaussian curve with a 
width (FWHM) of ~0.5 eV is superimposed on the LUMO indicating that the 
tail of the LUMO crosses the Fermi level of Ag if the vacuum levels align at 
the Ag / C60 interface. The broken line indicates the position of the work 
function of polycrystalline Ag (~4.4 eV), the continuous line indicates the 
work function of polycrystalline Au (~5.2 eV). Values taken from ref. 7-14. 
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5.1.2 Basic elements of the electronic structure of metals 
 
 In chapter three we saw that a row of interacting atoms (or groups of atoms) 
may form bands if the mutual interaction is strong and the number of interacting 
groups (N) in the row large. Metals may be seen as three-dimensional clusters of 
atoms with a strong inter-atomic interaction. In metals like Au and Ag, atoms occupy 
the sites of a lattice. The atomic orbitals  in the lattice overlap and bands are formed. 
Since N is typically very large in a macroscopic piece of metal (in the order of 1020 
atoms), the energy separation between two subsequent orbitals within a band is 
negligible and the band is quasi-continuous. 

The so-called band theory is based on the one-electron approximation and the 
periodicity of the lattice. Every single (valence) electron is assumed to move freely 
through a periodic lattice. The effective potential acting on this electron consists of a 
crystal potential part, caused by the positive ions in the lattice, and a collective 
potential of all the other (valence) electrons. This theory, which is successfully 
applied to many metals and inorganic semiconductors, neglects the correlation 
between the individual motion of (valence) electrons.  
 When the bands are filled with electrons (at T= 0 K) according to the Fermi-
Dirac distribution the bands may be completely filled, partially filled or empty. If the 
bands are either completely filled or empty, the material is a semiconductor or 
isolator, depending on the energy gap between the filled and empty band. If one of 
the bands is partially filled (at T= 0 K), the material is a metal. The level that forms 
the boundary between the filled and occupied states at 0 K is the Fermi level and the 
energy of this level ( Fermi energy, EF) equals the chemical potential of the system. 
The energy difference between the Fermi level and the vacuum level is called the 
work function. 
 The electronic wave functions in bands close to the Fermi level correspond to 
extended orbitals having appreciable amplitude throughout the material. Due to the 
lattice periodicity, these functions may be described by (Bloch) functions of the form 
ψnk= unk(x)e-ikx, where unk(x) is a periodic function in space with periodicity a, the 
lattice constant. The wave functions are characterized by the quantum numbers n (the 
band number), k (the wave vector, with -π/a < k < π/a) and the energy eigenvalue 
En(k). Because of the well-defined periodicity in the lattice, k is a good quantum 
number. In amorphous solids k is not a good quantum number due to the lack in long 
range order. In solids with weakly interacting molecules, implying that the electronic 
wave functions are localized on the molecules, the wave vector is only defined 
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within the molecule. Since most molecules lack long-range order, k is also ill defined 
in these systems. 
 Another important aspect of PES applied to materials with well-defined order 
is the observation that the work function of the material depends on the crystal 
surface from which the photoelectron is removed. This may seem confusing since the 
work function is defined as the energy difference between the Fermi level, and the 
vacuum level, and one may expect that both levels are constant. In order to clear this 
point we need to look at the electron distribution at metal crystal / vacuum interface. 
To describe the charge distribution at this interface one may use a uniform-
background model [12-14]. In this model the charges of the ion cores of a metal 
crystal are assumed to be completely smeared out. This leads to a constant charge 
density within the materials which drops to zero at the metal / vacuum interface. The 
outer valence electrons deep in the bulk of the material experience a constant 
electrostatic potential (as in  one electron band theory). At the sharp metal / vacuum 
interface, the wave functions bulge out the material, into the vacuum. This 
asymmetric charge distribution results in a dipole layer situated at the metal / 
vacuum interface, making the metal side slightly positively charged (δ+) and the 
vacuum side of the interface somewhat negatively charged (δ-). This dipole gives 
rise to a potential step and thus influences the energy of a (photo-)electron crossing 
this interface. In other words, the work function has two contributions, one from the 
electrostatic potential in the bulk of the material caused by a presumably constant 
background originating from the positive ions in the metal lattice acting on all the 
valence electrons. This is the bulk contribution (φB) to the work function. The other 
part is the surface contribution (φS) caused by the asymmetric charge distribution at 
the metal / vacuum interface. 

It is intuitively easy to understand that the surface contribution to the work 
function will depend on the charge density at the metal / vacuum interface. This 
charge density depends on the surface structure of a particular metal crystal surface. 
Metal surfaces with a high density of metal atoms (for example the (111) surface) 
have a higher work function then surfaces of the same metal with a lower density of 
metal atoms at the surface (for example the (110) surface) [13]. The surface 
contribution to the work function may also be influenced by the surface corrugation; 
a corrugated surface may partly smooth out the surface contribution and thereby 
reduce the work function [12, 13].  

In order to be able the measure the work function of a certain metal surface, 
including the surface contribution, the electron has to be moved far away from the 
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surface so that it becomes insensitive to the atomic structure of the metal surface, 
such that the energy level is constant when the electron is moved parallel to the metal 
surface. On the other hand, the electron should be close enough to the surface in 
order to be sensitive to the surface dipole of the particular surface of the material; if 
the electron is to far, it will experience an average surface dipole of several crystal 
surfaces of the metal. Accordingly, the vacuum level should be taken as the energy 
of an electron at rest in vacuum far from the surface to be unsusceptible to the 
microstructure (atomic scale) but close enough to the surface so that it experiences 
the surface dipole as a plate capacitor. Hence the area of the surface dipole layer 
should be large compared to the distance of the electron to the surface. [12, 13] 

Obviously, the deposition of a monolayer of foreign material onto a metal 
substrate may cause a redistribution of the diffuse wave functions at the metal / 
overlayer interface, thus changing the surface contribution to the work function and 
thereby the work function itself. In the next section a method is described to deduce 
the energy level alignment at interfaces formed by depositing organic 
semiconductors onto metal surfaces. The method and nomenclature is in 
correspondence with the current literature on this subject [13-16]. 
 
5.1.3 Method to construct an interfacial energy diagram 
 

When two different materials are brought into contact the electronic structures 
on either side of the interface may deviate from the original electronic structures of 
both material / vacuum interfaces. These changes, induced by the interface 
formation, may be important for the properties of the ‘hybrid’ material. Several 
techniques are available to study these effects: PES, optical spectroscopy, 
diffractional techniques, scanning probe techniques and electrical characterization. 
Since UPS may be regarded as a technique that probes the density of valence states 
vs. their energy, it is straightforward to use this technique when one wants to gather 
information about the interfacial electronic (valence) structure. However, due to the 
short penetration depth of the photoelectrons it is often difficult to ‘focus’ directly on 
the interface. However, this feature is also a virtue since it makes the technique 
highly surface sensitive: one can really look at the electronic structure of the surface!  

One way to study the interface between material A and B is to start with a 
clean surface of material A and deposit incremental amounts of material B on top 
while recording UPS spectra for each subsequently deposited layer. In this way 
several ‘snapshots’ are made of the electronic structure as a function of the overlayer 
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thickness. In the remainder of this chapter several ‘movies’ of different material 
combination are reported. Before presenting those results, a method is described to 
construct an energy diagram from the different snapshots. 

Figure 5.3 shows the He-I UPS spectra of polycrystalline Au (left) and P5V4 
(right). Both spectra were recorded while a bias voltage of –4.00 V between sample 
and analyzer was applied. (This bias was used to clear the low kinetic energy onset 
of the spectra.) The energy diagram of the interface is shown in the middle of figure 
5.3. The y-axis represents the kinetic energy of the photoelectrons at the entrance slit 
of the analyzer.  

The total UPS spectrum consists of photoelectrons suffering no energy loss 
processes on their way out of the solid providing information on the binding energies 
of the occupied states of the solid, and scattered electrons which have suffered 
energy loss which contributes to a structured background. The high-kinetic-energy 
onset of the spectra corresponds to emission of electrons from the Fermi level of the 
metal (Ek

max(Au)) or from the highest occupied molecular orbital (HOMO) of the 
oligomer (Ek

max(P5V4)). The low-kinetic-energy cut-off (Ek
min(Au), Ek

min(P5V4)) 
corresponds to electrons having suffered energy loss processes and ended up at the 
minimum kinetic energy in the solid to escape into the vacuum. 

Thus the position of the vacuum level of a material in the diagram is 
determined by adding 21.2 eV to the cut-off energy to give Evac(Au) and Evac(P5V4). 
Now one can determine the work function of Au using: 

 
 ΦAu = hν − (Ek

max(Au) − Ek
min(Au))     (1) 

 
and the position of the (onset of the) HOMO level of P5V4 according to: 
 

Is = hν − (Ek
max(P5V4) − Ek

min(P5V4))     (2) 
 

Note that the energy of the HOMO thus obtained corresponds to the ionization 
potential of the molecule. This is only correct within the Koopman’s theorem. In 
analogy, the energy of the lowest unoccupied molecular orbital (LUMO) is supposed 
to be equal to the electron affinity, in which case the LUMO is actually populated 
with an electron! The values given for the HOMO (LUMO) in the energy diagrams 
correspond to the ionization potential (electron affinity). The peak onsets are used to 
determine the value, unless stated otherwise. 
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By comparing the two UPS spectra, we can construct an energy diagram as 
shown in the middle of the plot and determine the positions of the energy levels at 
both sides of the interface. We can directly measure the difference (∆) between the 
vacuum levels of the metal and the oligomer layer: 
 
 ∆ = Ek

min(P5V4) − Ek
min(Au)      (3) 

 
Since the vacuum level of the oligomer is lower than the vacuum level of Au, the 
electric field points from the oligomer (δ+) to the metal (δ−), making ∆<0 (as 
defined in Ref. 13). In this case, the vacuum level shift leads to an increase of the 
barrier for hole injection (εv

F) according to: 
 

εv
F = Is  − ΦAu − ∆        (4) 

 
This hinders hole injection from Au to P5V4, but facilitates electron injection from 
the Fermi level of Au to the lowest unoccupied molecular orbital (LUMO). Since 
these barriers are important when a charge (either a hole or an electron) has to cross 
the interface, knowledge of the interface dipole ∆ is important for understanding the 
charge transfer process at the interface. 
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Figure 5.3  Method for determining the energy diagram of the metal/oligomer 
interface using the ultraviolet photoelectron spectra of the metal and the oligomer. 
The spectra were recorded with a bias of −4.00V between sample and analyzer. The 
y-axis represents the kinetic energy of the photoelectrons at the entrance slit of the 
analyzer. A) Photoemission of the Au substrate, C) photoemission of 5–10 nm of 
P5V4 on the Au substrate, B) energy diagram of the Au/P5V4 interface. Ek

max(Au): 
maximum kinetic energy of a photoelectron excited from Au with hν: photon energy 
(21.22 eV); Ek

max(P5V4): maximum kinetic energy of a photoelectron excited from 
P5V4; Ek

min(Au): minimum kinetic energy of a scattered photoelectron excited from 
Au; Evac(Au): vacuum level of Au; Ek

min(P5V4): minimum kinetic energy of a 
scattered photoelectron from P5V4; Evac(P5V4): vacuum level of P5V4; ΦAu: work 
function of Au; EHOMO: energy level of highest occupied molecular orbital of P5V4, 
εv

F: hole injection barrier or the energy difference between the Fermi level of Au and 
the HOMO level;  ∆: vacuum level shift. P5V4 is shown at the top, right.  
These measurements were carried out in the system ‘Poly1’ (see section 2.3) with the 
substrates placed in a sampleholder on a x,y,z-stage. Under UHV conditions, the 
substrates (polycrystalline Au films) were cleaned by  Ar+-ion sputtering; the oligo-
mer was vacuum deposited on these substrates. The results are reported in table 5.1. 
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5.2 Experimental 
 

The measurements on interfaces formed by depositing oligomers on metals 
surfaces were initially started as a side-project during the gas phase experiments 
presented in chapter three. Due to unexpected interface effects these experiments 
turned out to be very interesting. In order to have a better control over the sample 
preparation and characterization of the metal / organic interfaces it was decided to 
build a new set-up with a separated preparation and measurement chamber. Because 
of this history two different set-ups were used for measuring the electronic structure 
of interfaces. The initial experiments were carried out in the setup discussed in 
section 2.3 (Poly I). Later on experiments were performed in the UHV system 
described in section 2.4 of this thesis (Poly II).  

Clean polycrystalline metal films were prepared in the preparation chamber 
(with a base pressure < 2×10-9mbar) by deposition of Au or Ag (thickness > 50 nm) 
on cleaned substrates (Si-wafers or quartz plates). Metal strips clamped the substrate 
to a metal sample plate assuring a good electrical contact between the vacuum 
deposited metal film on the substrate and the sample plate. For some measurements 
(especially the experiments carried out in Poly I), polycrystalline metal substrates 
were directly mounted on the sample plate and thoroughly cleaned by polishing and 
washing in an ultrasonic bath with toluene and acetone as solvents. Next, the metal 
substrates were inserted in the set-up chamber where they were sputtered to obtain 
clean polycrystalline surfaces. PES was used to check the cleanliness of the metal 
substrates.  

The oligomers MEH-P5V4 and P5V4 were synthesized and purified as 
described elsewhere [17,18]. The organic / metal interfaces were formed by slow 
molecular deposition monitored by a calibrated thickness monitor, after degassing 
the organic deposition cell for several hours at 120-150 °C. Typical sublimation 
temperatures range from 225 to 250 °C for MEH-P5V4, 315 to 325 °C for P5V4 and 
395 to 420 °C for C60, giving a deposition rate of a few monolayers per minute. Note 
that the stated thickness’ are taken from the layer thickness monitor (LTM) and 
should be interpreted with care since these values correspond to changes in mass 
detected by the sensor of the LTM. The actual thickness of the oligomer layer may 
deviate from this value. During the deposition of the organic molecules the pressure 
in the preparation chamber increased (< 2×10-8 mbar). C60 monolayers on Au were 
prepared using a distillation procedure described elsewhere [19]. 
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PES was carried out in a separate chamber (with a base pressure in the low 
10-10mbar) equipped with a combined UPS / XPS measurement system (Vacuum 
Generators). UPS spectra were taken with He-I radiation (hν= 21.22 eV) with an 
overall resolution of 0.15 eV. All spectra were corrected for the contribution of the 
He-1 satellite. 

For work function measurements, the sample was biased to –3.00 or –4.00 V 
to improve the onset of the spectrum in the low kinetic energy region (secondary 
electron cut-off). The position of the peak onsets and the secondary electron cut-offs 
were determined by the intersection of the tangents of the peak and the baseline. 
Peak positions were determined by peak-fitting the experimental data to a Gaussian 
function. 
 
 
5.3 Results and discussion 
 

In this section three different sets of interfaces are described. In section 5.3.1 
the interfaces formed by depositing oligo(para-phenylenevinylene)s onto clean 
polycrystalline noble metals (Ag and Au) are discussed. The interfaces between 
P5V4 and C60 are studied in section 5.3.2, and the interfaces between C60 and 
polycrystalline Au or Ag are reported in section 5.3.3. The implications of the 
findings are discussed in section 5.3.4. 
 
5.3.1 OPVs on polycrystalline silver and gold substrates 
 

In section 5.1.3 a method was presented to deduce an interfacial energy 
diagram from two UPS spectra, see figure 5.3. The figure shows the He-I UPS 
spectra of Au (left) and P5V4 (right). The energy diagram of the interface is shown 
in the middle of the figure 5.3. The UPS spectra were recorded in ‘Poly I’. The 
experiment was repeated in the other setup, the results are shown in figure 5.4. In the 
center of the figure 5.4a, the full spectra are given (with an offset for clarity). The 
bottom spectrum shows the UP spectrum of the thinnest layer of P5V4 (in the order 
of 1.5 nm) evaporated on an Au film. The Au film was deposited in-situ on a Si-
wafer. The next two spectra show the photoemission of the surface with a P5V4 
thickness of 3 and 5 nm. The dotted line, with the largest offset, shows the Au 
spectrum with the Fermi edge at (Ek

min + hν − ΦAu =) 20.6 eV. At the right-hand side, 
the highest occupied levels are depicted in more detail. Only in the spectrum of the 



98  Chapter Five 

thinnest P5V4 film on Au, the first three peaks are not distinguishable. This is 
probably due to broadening effects. The left-hand side of figure 5.4a shows the low-
kinetic-energy onsets of the spectra; the shift (∆) is complete after the second layer is 
deposited, corresponding to a P5V4 layer thickness of approximately 3 nm on the Au 
substrate. The derived energy diagram of the interface is presented in figure 5.4 b. 

Figure 5.4 UPS spectra of several layers of P5V4 (lines) deposited on 
polycrystalline Au (dotted line). The different spectra are offset for clarity; the 
thickness of the P5V4 layer in the lowest spectrum corresponds to 1.5 nm, in 
the second spectrum to 3 nm and in the third spectrum to approximately 5 nm 
on polycrystalline Au. The plots on the right and left-hand side show details of 
the central plot (a). The right panel (b) displays the energy diagram of the 
interface derived from the spectra presented in (a). 

 
Figure 5.5 displays the interface formation of MEH-P5V4 on a clean Ag 

substrate prepared and measured in the set-up described in section 2.3 (Poly I). In the 
center of the figure, the full spectra are given. The bottom spectrum shows the UP 
spectrum of the Ag substrate with a thin layer of MEH-P5V4 evaporated on top (in 
the order of 1 nm). The subsequent spectra show the photoemission from the sample 
with increasing MEH-P5V4 thickness (0.5–1 nm increase per deposition step, except 
for the last two deposition steps where the total layer thickness was doubled). The 
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top line, with the largest offset, shows the Ag spectrum. At the right-hand side, the 
change in the HOMO region is depicted in more detail. As the film grows thicker, 
the features arising from the Fermi level of Au give way to the pure MEH-P5V4 
spectrum. The low-kinetic-energy cut-off region is plotted at the left-hand side of 
figure 2. The shift in the onset (∆) is complete after depositing approximately 1 nm 
on the Ag substrate.  

 

 
Figure 5.5  UPS spectrum of MEH-P5V4 on Ag as function of the 
deposition time (thickness). All spectra were recorded with a bias of −4.00 V 
between sample and analyzer. The dotted line is the spectrum from the 
polycrystalline Ag substrate. The plots on the right and left-hand side show an 
enlargement of the central plot. After each spectrum, the thickness of the 
MEH-P5V4 layer was increased by approximately 0.5-1 nm, except for the 
last two spectra where the thickness was increased by 5-10 nanometers. The 
inset in the middle plot shows the structure of MEH-P5V4. 

 
Table 1 summarizes the results of the UPS measurements on metal / oligomer 

interfaces. The shift between vacuum levels at the interface is negative in all studied 
cases, moving the energy levels of the oligomer downward relative to the levels of 
the metal. The magnitude of the shift is larger for Au than for Ag and also depends 
on the oligomer: the substituted oligomer causes a larger shift. The shift in the 
vacuum level at the interfaces is completed within several nanometers from the 
interface. The ionization energy seems to be independent of the metal substrate 
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within the measurement accuracy and compares well with previously reported values 
for similar P5V4s [20].  

 
Table 1. UPS measurements on P5V4 and MEH-P5V4 deposited on 
polycrystalline Au and Ag. (work function of Au: ΦAu,I = 5.1 ± 0.1 eV 
(measured in Poly I) ; ΦAu,II = 5.35 ± 0.1 eV (measured in Poly II) and 
Φ Ag,I = 4.4 ± 0.1 eV). 
 

Interface      (set-up) ∆     (eV) Is    (eV) εv
F  (eV) εv

F (∆=0) (eV) 
P5V4 / Au           (I) -1.0 ± 0.1 5.6 ± 0.1 1.4 ± 0.1 0.5 ± 0.2 
P5V4 / Au           (II) -1.0 ± 0.1 5.7-5.9 ± 0.1 1.4 ± 0.1 0.5 ± 0.2 
P5V4 / Ag           (I) -0.4 ± 0.1 5.6 ± 0.1 1.7 ± 0.1 1.2 ± 0.2 
MEH-P5V4 / Au (I) -1.2 ± 0.1 5.2 ± 0.1 1.2 ± 0.1 0.1 ± 0.2 
MEH-P5V4 / Ag (I) -0.5 ± 0.1 5.3 ± 0.2 1.3 ± 0.2 0.8 ± 0.2 

∆ represents the vacuum level shift; Is the ionization energy of a several nm 
thick film; εv

F, the measured hole injection barrier; εv
F (∆=0), the calculated 

hole injection barrier with ∆ equal to 0. 
 
The lowering of the vacuum level is caused by an electric field at the interface 

due to (partial) charge transfer in the interfacial region. The exact mechanism 
creating the electric field is so far unknown. Several processes can cause an electric 
field at an interface, for example, electron transfer from a donor to an acceptor, 
doping, image effects, tailing of the electron cloud of the metal towards the 
adsorbent causing dipoles or metal induced gap states, and chemical interactions 
between metals an organic overlayers [14-16, 21-26].  

Charge transfer at the interface formed by similar PPV oligomers on a Ca 
substrate was observed by Park et al [23, 24]. The charge transfer caused an overall 
energy level bending of 0.5 eV in a space-charge region extending over 10 nm. The 
energy level bending in their experiment indicates electron transfer from the metal to 
the organic overlayer making ∆>0, which is opposite to the values reported here, and 
in agreement with the much lower work function of Ca compared to Ag and Au.  
 Image charge effects lower the ionization energy of an atom or molecule 
close to a metal surface. This stabilizing effect is linearly proportional to 1/d where d 
is twice the distance between the metal surface and the (photo-) ionized molecule 
[27, 28]. The image charge effect is reflected in a lowering of the ionization potential 
of the thinnest layer of P5V4 deposited on Au as may be seen from figure 5.4 b. We 
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do not expect that this effect will strongly influence the vacuum level alignment at 
the interfaces reported in this section.  

Chemical interactions at the interface formed by evaporating Al on a 
sexithiophene layer have been reported [29] with a significant charge transfer from 
the metal to the oligomer, resulting in the formation of a bond between the oligomer 
and the metal. Such a charge transfer is expected to cause an electric field pointing 
from the metal towards the organic layer (∆>0), which is not observed here. 

At metal / semiconductor interfaces, the Fermi level is often aligned by a 
redistribution of excess (free) charges, caused by (unintentional) doping. The 
rearrangement creates an electric field at the metal / semiconductor interface such as 
to align the chemical potential at the interface. However, the density of free charges 
in the thin organic layer is expected to be limited and insufficient to cause ‘band 
bending’ to such an extent as to create dipoles in the order of 1 eV within one or a 
few nanometer [ 30]. It is reasonable to expect that the work function of a metal will 
be influenced if an organic layer is adsorbed to this metal substrate since during the 
adsorption process the surface contribution to the work function is influenced by the 
adlayer as explained in section 5.1.2. We expect that this rearrangement of charge 
density at the metal / organic interface contributes to the interface dipole. This 
redistribution of diffuse wave functions close to the Fermi level may be a mechanism 
of the system to reach chemical equilibrium at this metal / organic interface. 
Furthermore, as will be shown in the appendix of this chapter, the work function of 
the metal as well as the interfacial dipole depend on the cleanliness of the metal 
substrate and the (partial) pressure of residual gasses. 
 
5.3.2 Interfaces between P5V4 and C60 
 

The presence of an interfacial dipole layer between a metal and an organic 
semiconductor alters the injection barriers or, in other words, the energy differences 
between the Fermi level of the metal and the HOMO and LUMO level of the 
semiconductor. The organic layer in organic semiconductor devices may be 
composed of several different molecular components structured in layers or blends. 
In LEDs for instance, application of a ‘double layer structure’ may improve the 
efficiency of the device considerably. In such a device a combination of two organic 
layers is chosen to achieve an efficient and balanced injection of (opposite) charges 
at either electrode. In addition, the recombination zone, i.e. the zone where opposite 
charges merge to form excitons, is moved away from the metal / organic interface to 



102  Chapter Five 

the organic /organic interface thereby reducing the quenching of the luminescence at 
the metal electrode. 

In a photovoltaic device based on a bulk-heterojunction of electron donor and 
acceptor molecules, the photoinduced charge transfer occurs at the donor /acceptor 
interface. To understand this exciton dissociation process one needs information on 
the alignment of the relevant energy levels at this interface. It has been found that at 
most organic / organic interfaces the vacuum levels align [22, 31-33], with only few 
exceptions [13, 33]. Below we discuss the interface formation between P5V4 and C60 
which models the donor / acceptor interface present in organic photovoltaic devices 
based on conjugated polymers or oligomers with C60 (-derivatives) [35, 36]. 

 Figure 5.6 UPS spectrum of a P5V4 layer (lowest spectrum with dots) and 
UPS spectra (lines) of incremental amounts of C60 (0.5, 1, 2 and 4nm) 
deposited onto the sample. Details of the spectra are presented at the left and 
right hand side of the central graph showing the full spectra. All spectra were 
recorded with an offset of –3.00 V bias between sample and analyzer and are 
displayed with an offset for clarity (a). The right hand panel (b) displays the 
energy diagram of the interface between P5V4 and C60. 

 
 The interface formation between the conjugated oligomer P5V4 and C60 is 
presented in figure 5.6. Most interestingly, we found clear evidence of an interfacial 
dipole layer between the electron donor-acceptor system formed by P5V4 and C60. If 
the deposition order is reversed, so depositing thin layers of P5V4 on a C60 layer, the 
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magnitude of the field stays equal, but the direction is the other way around. Thus the 
electric field at the interface is independent of the deposition order and is oriented 
from C60 (δ-) towards P5V4 (δ +). This is in correspondence with the nature of these 
materials with C60 as electron acceptor and P5V4 as electron donor.  

From these measurements we infer that although no complete transfer occurs 
in the ground state between conjugated polymers and C60 derivatives as known from 
ESR and optical spectroscopy [36], at least a dipole layer exists at this interface. The 
presence of this field influences the mutual alignment of energy levels at the 
interface.  

It is interesting to draw the electron affinity of C60 in the diagram of figure 
5.6b. According to Lof et al. [10] the electron affinity, or the bottom of the 
conduction band of C60 is 2.3 eV above the HOMO, or the top of the valence band. 
This leads to an energy difference of 1.7 eV between the HOMO of P5V4 and the 
LUMO of C60. This value may be interpreted as an upper limit to the open circuit 
voltage for a device made of P5V4 and C60. The value will be influenced by the 
energy level alignment at the electrode / organic interfaces. In the next section metal 
/ C60 interfaces are investigated. 
 
5.3.3 C60 on polycrystalline silver and gold substrates 
 
 So far we found at all studied interfaces a shift in vacuum levels. Further we 
saw in the introduction that the LUMO of a C60 monolayer on a Ag substrate is close 
(in energy) to the work function of the metal substrate. If the ‘tail’ of the LUMO 
shifts below the Fermi level of the metal substrate, electrons will be transferred from 
the substrate to the C60 overlayer. Such a charge transfer is expected to cause an 
electric field between the metal and the organic layer and thus a shift in vacuum 
levels at the interface.  

Many metal / C60 interfaces have been studied and substantial work function 
changes have been observed (see for example ref 37-40). At many metal / C60 
interfaces an electron transfer indeed occurs from the metal substrate to the C60 layer. 
Yet the charge transfer, with its associated electric field, can not always explain the 
observed work function changes at these interfaces. In this section interfaces formed 
by depositing C60 on polycrystalline Ag and Au films are reported. First we discuss 
the polycrystalline Ag / C60 interface and explain the observations in terms of 
screening effects and interfacial charge transfer. This interface is adequately 
described elsewhere [5, 42], and is mainly used here as a reference. Secondly, we 
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discuss the polycrystalline Au / C60 interface and come to the conclusion that the 
spectra cannot be explained using the same concepts 
 
5.3.3.1 C60 on polycrystalline silver substrates 
 

Figure 5.7a shows the UPS spectra of a polycrystalline Ag substrate and of a 
C60 layer (several nanometer thick) deposited on that substrate. The energy diagram 
deduced from these spectra is displayed in figure 5.7b. The shift of the low kinetic 
energy onset of the spectrum (the secondary electron cut-off), which is shown in 
detail in the left panel of figure 5.7a, determines the vacuum level shift of +0.13 eV. 
The direction of the electric field causing the shift is such that the Ag substrate is 
positively, and the C60 layer negatively charged.  

Figure 5.7 UPS spectra of polycrystalline Ag (dots) and of a several 
nanometer thick layer of C60 deposited on the polycrystalline Ag (line) (a). 
The energy level diagram deduced from both UPS spectra is shown in figure 
5.7b. The HOMO-LUMO gap is taken from ref. 10, where the energy 
difference is taken from the onset of the HOMO to the onset of the LUMO 
instead of the peak to peak value. 

 
In order to see whether electron transfer from the metal to C60 is likely, the 

LUMO is added in the energy diagram (the conductivity gap is taken from ref. 10). 
The energy difference between the Fermi level of Ag and the LUMO of C60 is 0.25 
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eV. The HOMO-LUMO gap at the metal / C60 interface is reduced by more than 0.5 
eV due to screening effects [43], and this causes the LUMO orbital to move 
downward, see figure 5.2. As soon as the onset of the LUMO shifts below the Fermi 
level of Ag, electrons will be injected from the metal into the LUMO of the C60. 
When electrons start populating the C60 unoccupied orbitals, an electric field is 
created at the Ag / C60 interface, which lifts the energy levels of the organic layer 
relative to those of the metal substrate. In this way the system reaches equilibrium. 

Note that only the LUMO of the first (two) C60 monolayer(s) on the metal 
accept(s) electrons from the metal substrate, since the stabilizing effect of the image 
charge decreases with 1/d, where d is the distance between the charge and the 
imaginary charge in the metal. This confinement of the charges at the Ag / C60 
interface is also found experimentally in the UPS spectra: in figure 5.7a the spectrum 
of the C60 layer of several nm thick (so, several monolayers thick) contains no 
spectral weight close to the Fermi level. However in the UPS spectrum of a 
monolayer of C60 on polycrystalline Ag, a clear spectral feature is present around the 
Fermi level of the metal [42]. The same spectral feature is also present in the UPS 
spectrum of a monolayer of C60 on polycrystalline Au, as will be shown in the next 
section. Before further discussing the Ag / C60 interface, first the electronic structure 
of the interface between Au and C60 is presented. After that, both interface are 
discussed with most emphasis on the Au / C60 interface. 
 
 
5.3.3.2 C60 on polycrystalline gold substrates 
 

The UPS spectra of Au, a monolayer of C60 on Au and a C60 layer of 5 to 10 
nm on Au are shown in figure 5.8a. The left panel shows the misalignment (of 
around -0.6eV) between the secondary electron cut-off of Au on one hand and the 
cut-offs of the C60 monolayer and the thicker C60 film on the other. The inset on the 
right-hand side shows the UPS spectra close to the Fermi level.  

We first note the above-mentioned misalignment between the low kinetic 
energy onset of the Au spectrum compared to the same onsets of the C60 spectra. 
Secondly, the low binding energy features in the spectrum (HOMO and HOMO-1) of 
the C60 monolayer are broadened and shifted to lower binding energy when 
compared to the spectrum of the ‘bulk’ C60 film (right inset). Thirdly, we note an 
increase in spectral weight around the Fermi energy of the Au substrate in the 
spectrum of the C60 monolayer which is absent in the ‘bulk’ C60 spectrum. Finally, 
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we observe by closer inspection of the right-hand inset of figure 5.8a that the values 
of the decrease in binding energy of the HOMO and the HOMO-1 of the C60 
monolayer relative to the positions found for the C60 ‘bulk’ are not identical. The 
shift of the HOMO peak is larger (0.3 eV) compared to the shift of the HOMO-1 (0.2 
eV), therefore this is not a rigid shift. 

Figure 5.8 UPS spectra of a polycrystalline Au substrate (dots), a 
monolayer of C60 on the Au substrate (thin line) and a 5 to 10 nm thick layer 
of C60 (thick line). The left inset shows in detail the secondary electron cut-
offs of the three spectra, the right-hand inset is an enlargement of the spectral 
features close to the Fermi level on a semi-log scale (a). Energy level 
diagram of the Au / C60 interface deduced from UPS spectra (HOMO-LUMO 
gap is taken from ref. 10) (b). 

 
Figure 5.8b represents the energy level diagram deduced from the spectra 

reported in fig 5.8a. The first observation, the shift of the secondary electron cut-off 
of the UPS spectra of C60 to lower kinetic energy compared to the onset of the UPS 
spectrum of Au, shows similarities with the already discussed Au / P5V4 interface 
many other Au /organic interfaces [21]. The general trend at these interfaces is a shift 
of the secondary electron cut-off of the organic layer, to lower kinetic energies. 
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Generally, this shift is a rigid shift, caused by an interfacial dipolar layer, moving all 
energy levels of the absorbent downward relative to the levels of the Au substrate as 
was discussed in section 5.3.1 and elsewhere [21].  

The second observation concerns the shift and broadening of the low binding 
energy features (HOMO and HOMO-1) in the C60 monolayer spectrum compared to 
the C60 ‘bulk’ spectrum. The shift of these features to lower binding energy is 
explained using the concept of ‘image charge’: the ionization of a C60 molecule at 
the Au surface requires less energy due to the more effective screening of the C60-ion 
in the final state by the presence of the highly polarizable metal surface. Due to the 
same effect the electron affinity increases: in other words, the HOMO-LUMO gap 
drastically decreases.  

The broadening of the same low binding energy features is attributed to 
hybridization between π and π*-orbitals of the C60 molecules in the first monolayer 
with the Au 6sp-band of the Au substrate. The combination of the lowering of the 
LUMO due to screening effects and the broadening of the LUMO due to 
hybridization effects causes the onset of the LUMO to move below the Fermi level 
of the metal substrate. This leads to a partial filling of the LUMO of the C60 
monolayer, and explains the increase in spectral weight near the Fermi energy of the 
metal substrate. 

So far, the explanation for the polycrystalline Au / C60 interface also applies 
to the polycrystalline Ag / C60 interface. However, now we arrive at an important 
difference between the two metal / C60 interfaces. At the Ag / C60 interface an 
electric field exists, pointing from the metal (δ+) to C60 (δ−), as indicated by the shift 
of the secondary electron cut-off in figure 5.7a. This is consistent with the partial 
electron transfer from the metal to the LUMO of C60, which is observed [42]. The 
low kinetic energy onsets of the spectra of Au and C60, figure 5.8a, imply an electric 
field pointing from C60 (δ+) towards the Au substrate (δ−). This seems to contradict 
the partial filling of the LUMO of the C60 monolayer by electron transfer from the 
Au substrate to the organic layer, as was already reported for C60 monolayers on 
several crystalline metal substrates [37-40]. These authors (in ref. 37-40) argue that 
the C60 overlayer acts as a metal and that the image plane moves from the interface 
to the outside of the C60 overlayer. Any interface dipole layer between the metal 
substrate and C60 caused for example by the electron transfer from the substrate to 
C60 is screened out by the image plane. The work function of the metallic C60 
overlayer is expected to be a material property and therefore independent of the 
metal substrate. However this does not explain the observed differences in work 
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function of the C60 overlayer of 4.7 for C60 on Au(111) [44], 5.25 for C60 monolayer 
on Al(110) [39] and 5.4 for a C60 overlayer on Ta [45]. 

We start our discussion by recalling that the chemical potential on either side 
of the interface should be equal if the interface is in its equilibrium state. Normally 
this requires charge redistribution at the interface between two different materials. 
For example, at interfaces between two metals this leads to a contact potential, in 
inorganic semiconductors this requirement causes band bending by sweeping excess 
charges from the depletion layer to the interface.  

In the system formed by polycrystalline Ag and a C60 overlayer, we see that 
the energy of the LUMO of the C60 monolayer and the Fermi level of Ag do almost 
coincide if the vacuum levels would align at this interface (see figure 5.2). In order to 
reach chemical equilibrium, a charge redistribution will occur causing an partial 
electron transfer to the C60 overlayer. In the case of the interface formed by a 
monolayer of C60 on polycrystalline Au, the Fermi level of the metal is close to the 
middle of the HOMO-LUMO gap of the C60 overlayer if we again assume vacuum 
level alignment. A charge redistribution at this interface by transferring electrons 
from the metal to unoccupied levels in C60 seems unlikely since there are no levels 
available close to the Fermi level of the substrate  

By comparing the UPS spectra of the C60 ‘bulk’ with the C60 monolayer in 
figure 5.8a we note an unequal shift of the two lowest binding energy features. We 
attribute the unequal shift to differences in hybridization between states contributing 
to the HOMO and HOMO-1 of C60 with the Au 5d-band of the substrate. We can 
speculate to which extent hybridization plays a role at the metal C60 interface. 
These hybridization differences originate from differences in overlap between the Au 
5d-band and the low binding energy orbitals of C60. These differences may become 
clear by comparing the UPS spectra of a C60 monolayer on polycrystalline Au and on 
polycrystalline Ag (figure 5.2, figure 5.8a and ref. 42). The valence orbital structure 
of a monolayer C60 on Ag is hardly changed when compared to the ‘bulk’ C60 
spectrum, except for effects leading to the partial filling of the LUMO. Hybridization 
between the Ag 4d band and the C60 HOMO is not anticipated to be important since 
these states are well separated in energy. On the other hand, the HOMO and the 
HOMO-1 of C60 overlap nicely with the Au 5d-band and in the UPS spectrum of the 
C60 monolayer on polycrystalline Au, we observe that these π-orbitals (HOMO and 
HOMO-1) are distorted. Therefore we anticipate that the metal d-band plays an 
important role in the hybridization between the metal substrate and the C60 
monolayer.  
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Most likely the anticipated hybrid bond is a combination of the Au 5d and Au 
6sp bands with the π-orbitals of C60. Such a hybridization of orbitals between the Au 
and C60 leads to a different occupation of the states close to the Fermi level, which 
leads to an overall shift in electron density from the C60 monolayer to the Au 
substrate. This electron redistribution resembles a process often found in Organo-
Metallic (OM) complexes, known as back-bonding, or back-donation [46-48]. These 
complexes are intensively studied since they are of fundamental interest in organo-
metallic chemistry and have important applications in the field of catalysis [46-49].  
The hybridization between C60 and polycrystalline Au shows correspondence with 
the back-bonding mechanism. The donation step occurs through partial filling of the 
LUMO by hybridization between Au 6sp band with π*-orbital of C60. The back-
bonding step stems from hybridization between the HOMO of C60 via Au 5d band 
with the Au 6sp-band. In order to determine the different contributions of screening 
and hybridization effects at a specific metal / C60 interface, experiments on metal 
single crystal surfaces should be done.  

If the proposed mechanism is proven to be correct it will have important 
implications for organic semiconductor devices. The alignment of energy levels on 
both sides of the interface will depend on the specific combination of materials and 
of the relative orientation of both components towards each other. An interesting 
example of the importance of the metal crystal surface for the interfacial electronic 
structure was recently reported by Cepek et al. [50], who observed a temperature-
dependent gap opening at the Fermi level for the interface formed by Ag(100) / C60. 
The authors did not observe this effect at the Ag(110) / C60 interface.  

Hybridization effects give a handle to tune the alignment of energy levels 
relevant for charge injection, for example by altering the molecular packing on the 
metal substrate [51], by growing epitaxial molecular layers on a particular crystal 
surface of a metal substrate [52], or by using an interfacial layer [53]. 

 
 

5.3.4 Implications for organic electronic devices 
 
The observation that the LUMO of C60 aligns with the Fermi level of common 

metal substrates, is in agreement with recent experimental findings in PVDs based on 
blends of conjugated polymers with -C60-derivatives. It was shown that the open-
circuit voltage of the PVDs is nearly independent of the metal work function and 
linearly proportional to the electron affinity of the C60 derivative [54]. Although the 
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interfaces were created under different experimental conditions, and the number 
experimental data is limited, the results may properly be attributed to an alignment of 
the LUMO of (the) C60(-derivative) to the Fermi level of the metal electrode. In 
section 5.3.2 it was noted that the energy difference between the P5V4 HOMO and 
the C60 LUMO gives an upper limit for the open circuit Voltage of ~1.8 V. This 
value will be lower since the LUMOs ‘bend’ downward (to higher binding energy) 
close to the metal interface due to screening effects, see figure 5.2. The HOMOs 
bend due to the same reasons upward (to lower binding energy), see figures 5.2 an 
5.4. This lowers the upper limit to approximately 1.0-1.2 V. The actual value will 
also depend on the energy level alignment at the anode for example Au, ITO or the 
semi-transparent conducting polymer blend PEDOT-PSS (poly(3,4-
ethylenedioxythiophene) blended with poly(styrenesulfonic acid). The measurements 
reported in section 5.3.1 indicate a hole injection barrier of 1.0 eV for the 
combination between Au and P5V4. This would decrease the open circuit Voltage to 
0-0.2 V. Such a low open circuit Voltage would result in a poor photovoltaic 
performance. Typical values for the open circuit voltage in devices made of 
substituted OPVs or PPVs and C60 (-derivatives) range from 0.5 to 1.1 V [34, 35, 54-
59]. Especially devices made with the conducting polymer blend PEDOT-PSS as 
anode give high open circuit voltages [56-58]. Interestingly, T. Kugler et al. [16] 
found vacuum level alignment at the PEDOT-PSS / substituted PPV (BDMOS-PPV, 
bis-(2-dimethyloctylsilyl)-1,4-phenylenevinylene) interface. If this result holds also 
for other PEDOT-PSS / substituted PPV combinations, we can try to explain the 
value of the open circuit Voltage as follows. The ionization potential of dialkoxy-
substituted PPVs is around 5.0 eV [54, 58]. The Fermi level of PEDOT-PSS is also 
approximately 5.0 eV [16]. If the vacuum levels align at this anode / electron donor 
interface, the Fermi level of the conducting polymer blend will (approximately) align 
with the HOMO of the substituted PPV, so the hole injection barrier will be close to 
0 eV. Since also the LUMO of C60 ‘pins’ to the Fermi level of most metals, including 
Al [37, 42, 60, 61], the electron injection barrier is also small at this interface. If the 
above mentioned assumption holds, it is likely that the open circuit Voltage is mainly 
determined by the energy difference between the ionization potential of the electron 
donor and the electron affinity of the electron acceptor (probably influenced by the 
interfacial dipole between the electron donating and accepting moieties), since the 
charge injection barriers are expected to be small. This would result in an open 
circuit Voltage of approximately 1.0-1.2 V as stated above and in agreement with 
experimental observations [56-58]. The value may actually be somewhat higher 
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since the screening effect of the conducting polymer blend, which reduces the 
ionization potential of the of the electron donating component close to the interface 
(PEDOT-PSS / PPV derivative), is expected to be less effective as compared to 
interfaces with noble metals like Au or Ag.  
 
 
5.4 Conclusions 
 

UPS measurements are reported on several metal / organic an organic / 
organic interfaces. We found for all measured interfaces of these materials a 
misalignment between the vacuum levels. In the case of interfaces formed by 
conjugated PPV-like oligomers on polycrystalline Ag and Au, the shift of levels 
strongly influences the hole injection barrier in such a way as to keep this barrier 
constant and therefore largely insensitive to the work function of the metal.  

At the organic /organic interface formed by P5V4 and C60 the dipole layer 
points from C60 to P5V4. This orientation is in agreement with the nature of these 
materials, C60 being an electron accepting material and P5V4 an electron donation 
compound. 
 Interfaces between C60 and polycrystalline Ag and Au also reveal a shift in 
the secondary electron cut-off upon the deposition of C60 on either metal. The shift 
indicates an overall electric field at the Ag / C60 interface towards the adsorbent. Yet, 
for the Au / C60 interface we observed a shift pointing in the other direction. We 
suggest a qualitative explanation to our experimental findings for C60 on 
polycrystalline Ag and Au. We describe the energy level alignment at these interface 
by a subtle interplay between several interacting and opposing effects, resulting in a 
partial filling of the LUMO of the C60 monolayer and an overall interfacial dipole 
which can be directed from the metal to the adsorbent, as in the case of Ag / C60, or 
from the adsorbent to the metal, as observed at the Au / C60 interface.  

The studied interfaces model the boundaries between materials found in 
organic photovoltaic devices based on conjugated polymers intimately mixed with 
C60-derivatives. It is therefore expected that the above described interfacial 
phenomena play a role in devices based on these and comparable materials, yet the 
quantitative influence of the dipole layers on the device characteristics will depend 
on the specific compounds at the interface and the device preparation conditions. 
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5.5  Appendix – Influence of residual gasses on work functions 
  and dipole layers 
 

As already mentioned, the work function of a metal is very sensitive to 
adsorption of foreign material to the surface of that metal. The sensitivity may be 
explained using the concept of the work function having two components: a bulk and 
a surface component. Upon adsorption of the foreign material, the surface 
contribution is altered and thereby the work function of that particular sample. So 
far, the ‘foreign’ material was one of the organic molecular components constituting 
(model) organic devices. However, if not these molecules adsorb to the metal surface 
but small molecules like O2, C02, H2O, CO or other (residual) gasses, the work 
function will be influenced as well. Since most devices based on organic 
semiconductors are prepared in high vacuum systems, glovebox systems, or even 
under ambient conditions, the discussion of adsorption of residual gasses is not only 
interesting from a pure academic viewpoint, but is also relevant for applications 
containing metal / organic interfaces.  
 In order to get a feeling to which extent adsorption of gasses may influence 
the work function, a few simple experiments are described. The experiments are only 
included here to point out that results obtained from sample prepared under UHV 
conditions cannot simply be applied to similar sample prepared under different 
conditions.  
 Figure 5.9 presents UPS and XPS measurements on a polycrystalline Au 
sample prepared under UHV conditions. After preparation the sample was 
characterized with UPS (figure 5.9a, dotted line) and XPS (figure 5.9b, the lowest 
line (with dots)). Next, the sample was transferred to the quick entry lock and 
exposed to ambient conditions. After 1 hour, the quick entry airlock was closed, 
pumped and the sample transferred to the measurement chamber for characterization 
with PES. Finally, a thin layer of P5V4 was vacuum deposited onto the (exposed) 
sample (~4 nm, dep. rate ~0.04 Å/s, pressure during dep. < 3×10-9 mbar) and the 
UPS spectrum recorded, see thick line in figure 5.9a. 
 The work function of the fresh Au film determined from the UPS 
measurements was 5.47 eV. After exposure to air at ~1 bar for 1 hour this value was 
reduced to 4.43 eV (∆= -1.05 eV). Besides an increase in the total width of the UPS 
spectrum, correlated with the work function change, there is also a new feature in the 
spectrum at around 10 eV kinetic energy (corresponding to ~14 eV binding energy 
relative to the vacuum level). Such a feature is observed often when small molecules 
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adsorb to metal surfaces. XPS measurements on the sample before and after 
exposure to air indicate the presence of carbon atoms on the surface of the sample at 
a binding energy of 284 eV (see inset in the center of figure 5.9b). These 
experiments are in agreement with metal fouling experiments of Tadayyon et al. 
[62], who also noted the effect of hydrocarbons on the work unction of  Au. Upon 
the deposition of P5V4 on the sample that was previously exposed to air, the onset 
only shifts -0.15 eV to lower kinetic energy (, instead of -1.0 eV).  

Figure 5.9 UPS measurements on a polycrystalline gold film measured directly 
after preparation (dots), after exposing the sample to ambient conditions for one 
hour (thin line) and after depositing P5V4 on the sample after the exposure to air 
(thick line) (a). The XPS traces of both the pristine (lower line with dots) and the 
exposed Au film (top line) are depicted in (b). Insets show selected areas of the full 
XPS spectrum displayed in the main graph of (b).  
 
In another experiment another freshly prepared polycrystalline Au film was 
characterized by PES. The sample was subsequently covered with a thin layer of 
P5V4 (~8 nm, dep. rate ~0.08 Å/s, pressure during dep. < 4×10-9 mbar) and again 
investigated with both techniques. This sample was transferred to the quick entry 
lock where the turbo pump was switched off. The sample was kept in this chamber 
for approximately 5 minutes at 2 mbar. After this ‘exposure step’, the sample was 
returned to the measurement chamber to record the UPS as well as the XPS 
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spectrum. This ‘measurement step’ was followed by another ‘exposure step’ with a 
prolonged exposure to air (5 minutes in the quick entry lock at ~ 1 bar, flange 
opened). These steps were repeated until the sample was in air for in total 75 hours. 
The results are summarized in figure 5.10. 
 The figure 5.10a shows the change in the UPS spectra: the left panel gives in 
detail the development of the secondary electron cutoff with increasing exposure to 
air. Initially, the secondary cutoff shifts over -1.0 eV when P5V4 is deposited on the 
freshly prepared Au film. After keeping the sample for 75 hours in air ∆ is reduced to 
-0.6 eV. In figure 5.10b the change of the dipole is plotted versus the exposure time, 
the time the sample is exposed to air. (Note that for the first data point it is assumed 
that an exposure for 5 minutes at 2 mbar is equal to 1×10-2 min at 1 bar in air.) The 
inset in figure 5.10a gives a detail of the XPS spectra of the freshly prepared Au / 
P5V4 sample (lower line) together with the XPS spectrum of the same sample after it 
remained for 75 hours in air. The former spectrum only reveals the 4p3/2 line of the 
Au substrate, whereas in the latter spectrum a new feature is present originating from 
oxygen. A possible explanation for the shift in the low kinetic energy onset of the 
spectrum would be that when the sample is exposed to air, oxygen-containing 
species diffuse in the organic film towards the metal organic interface where they 
influence the interfacial dipole layer.  

Figure 5.10 Influence of air on PES spectra recorded on a P5V4 on Au film 
directly after preparation (dots in figure 5.10a) and after exposure to air (lines). The 
time the sample was exposed to air was changed from 5 minutes at 2 mbar to 75 
hours at 1 bar. The observed change in the dipole versus the exposure time is 
presented in 5.10b on a semi-log scale.  
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In summary, the main results of the two experiments show: a) the work 

function of a clean metal substrate changes when it is exposed to air. b) After a metal 
/ organic interface is formed under UHV conditions, the shift in the low kinetic 
energy onset of the UPS spectrum changes when the sample is exposed to air. We 
have to be careful if we want to relate the above conclusions to observations made on 
organic electronic devices. Indeed, more detailed studies are necessary to make this 
link. However we can make a few remarks here. For example the second experiment 
indicates that the electrical characteristics of devices containing metal / organic 
molecular interfaces, may alter if the device is kept under ambient conditions without 
a proper gas seal.  

The first experiment is an example of the sensitivity of the work function to 
adsorbed layers. This property may be exploited to ‘engineer’ the interfacial 
electronic structure. For instance, if the adlayer is not created by just exposing the 
sample to a gas mixture such as air, but by assembling a layer of a particular 
compound on the substrate one can influence the interfacial energy level alignment 
in a well defined way. For example, I.H. Campbell et al. and Zuppiroli et al. [63] 
used this approach to modify the work function of ITO. They made use of self 
assembling monolayers on the semitransparent electrode and reported work function 
changes from –0,5 to 0.1 eV. The same concept was used by Cahen and coworkers 
[64] to tailor the injection behavior in inorganic semiconductor devices. Also the 
incorporation of alkali-halides between the cathode and the organic layer may be 
mentioned here as a way to modify the interfacial electronic structure.  
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