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Abstract: During the last decades there has been considerable progress as regards the understanding of OSC/electrode in-
terfaces. In this Review, we summarize recent work on the interface energetics influenced by the presence of electrode 
surface contamination due to the used ex-situ cleaning procedure prior the interface formation. Contact contaminations of 
the electrodes essentially affect the interface energetics in particular the interface parameters and therefore the perform-
ance of organic electronic devices. These new insights in the interface energetics at so-called realistic OSC/metal inter-
faces can help in the future to better design and optimize organic electronic devices such as OLEDs, OFETS, and OPVs. 
The reviewed investigations of the interface energeticss of interfaces relevant for organic spintronic devices, and in par-
ticular the effect of contamination layer induced changes in the energy level alignment of such interfaces lead to a signifi-
cant progress in the understanding of the interfacial properties of organic spintronic relevant interfaces. They represent 
one step toward the description of spin transport in organic spintronic devices.  
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I. INTRODUCTION 

In the last decades organic semiconductors (OSC) have 
demonstrated their great potential for applications in organic 
electronic devices [1-3] such as organic light emitting diodes 
(OLEDs) [4-8], organic thin film transistors (OTFTs) [9-12], 
and organic photovoltaic devices (OPVs) [13-15]. At this the 
understanding of the interface characteristics in organic elec-
tronic devices is of crucial importance for the further ad-
vance in the device performance and the device design. Ex-
perimental and theoretical investigations of the interfaces 
and the surfaces involved in organic electronic devices have 
generated critical insight of the fundamental processes at 
interfaces between organic semiconductors and the electrode 
material as well as OSC heterojunctions. Considerable ex-
perimental and theoretical work has been devoted to the 
topic of OSC/electrode interfaces, and detailed reviews and 
monographs of general results as well as interpretations have 
been published [1, 3, 7, 16-27]. 

While the main work has been focussed on the energy 
level alignment between OSCs and under ultra-high vacuum 
(UHV) conditions prepared, atomically clean substrate sur-
faces, over the past decades and after some detailed or-
ganic/metal interface investigations [28-34] it has been tran-
spired that contact contaminations play an important role at 
OSC/electrode interfaces and for the corresponding interface 
energetics. In practise organic electronic devices will be 
hardly fabricated under high vacuum and UHV, respectively. 
Often the device fabrication involves the processing of the  
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electrode surfaces in controlled atmospheres (e.g. in a glove 
box, N2-atmosphere or under poor vacuum conditions) and 
under ambient conditions. Under that condition the mole-
cules of atmosphere (N2, H2O, CO, O2, and hydrocarbons) 
adsorb on the electrode surface. 

Due to the adsorbed molecules a contamination layer on 
top of the electrode surface, a partial oxidation, and/or the 
passivation of the electrode surface can be the consequence. 
It is therefore important to review the differences in the in-
terface energetics that have been demonstrated for interfaces 
involving contaminated electrode surfaces with respect to 
interfaces of OSCs in contact to atomically clean substrate 
surfaces formed under UHV conditions. The purpose of this 
review is therefore not to review the considerable body of 
experimental and theoretical knowledge published on 
OSC/electrode interfaces. Within the frame work of this re-
view the focus will be (i) on the influence of contact con-
taminations on the energy level alignment at OSC/metal in-
terfaces and (ii) on interfaces relevant for organic spintronic 
devices, and in particular on the effect of contamination 
layer induced changes in the interface energetics of such 
interfaces. 

II. EXPERIMENTAL ASPECTS: PHOTOEMISSION 

SPECTROSCOPY 

Most of the experimental publications that have been re-
ported in the past decades regarding the energy level align-
ment at OSC/electrode interfaces have been obtained by 
means of photoemission spectroscopy (PES). This experi-
mental technique is a powerful tool for the investigation of 
the chemistry and electronic properties of interfaces and sur-
faces because of its high surface sensitivity due to the very 
small escape depth of the photoelectrons and the fact that 
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PES is a non-destructive method for most OSCs. PES is the 
most important experimental method to determine band off-
sets at OSC/electrode interfaces as well as OSC heterojunc-
tions. The technique itself as well as the use of PES for the 
investigation of OSC/electrode interfaces has been consid-
ered in great detail before in many monographs and review 
articles see for instance Refs. [16-18, 21, 24, 26, 27, 35-38]. 

 

Fig. (1). Schematic representation of the photoemission process for 
the sample and the spectrometer in a photoemission spectroscopy 
experiment (From Ref. [24, 39]). 

Photoemission spectroscopy represents an experimental 
technique, which is based on the photoelectric effect, prob-
ing the occupied states of a given system. In this kind of ex-
periment electrons, so-called photoelectrons, from occupied 
states are excited above the vacuum level (EV) and can thus 
escape the sample. In a PES experiment the sample is irradi-
ated by monochromatic light with a photon energy h  under 
UHV conditions with a pressure in the range of 10-10 mbar 
and photoelectrons are emitted. In this way it is possible to 
perform core level spectroscopy when a core level electron is 
excited and valence band spectroscopy by exciting valence 
band electrons, respectively (see Fig. 1, left hand side). At 
this, X-rays are most commonly used to excite high binding 
energy core level electrons (X-ray photoemission spectros-
copy, XPS) and He discharge lamps providing vacuum ul-
traviolet radiation to emit electrons from the valence band 
region (Ultraviolet photoemission spectroscopy, UPS). In a 
first approximation, the measured kinetic energy (EKin) of the 
excited photoelectron allows the determination of its binding 
energy (EB) via the simple equation: 

 
E

Kin
= h E

B spec            (1) 

where h  displays the photon energy and spec is a spec-
trometer specific constant, the work function of the spec-
trometer. Only photoelectrons whose kinetic energy is higher 
than the work function sample of the sample can escape from 
the surface. Fig. (1) illustrates this effect. In a real PES ex-
periment the photoelectron has to enter the analyzer where 
its kinetic energy EKin is measured. Therefore, it has to over-

come the contact potential spec - sample as depicted on the 
right hand side of Fig. (1). As displayed in Fig. (1) the Fermi 
levels of the sample and the spectrometer are aligned in 
thermodynamic equilibrium. If one subtracts ( spec - sample) 
from Eq. 1 the formula remains the same but with spec in-
stead of sample. In consequence Eq. 2 can be applied for 
E'Kin: 

 
E'

Kin
= h E

B spec
= E

Kin spec sample( )
        (2) 

Taking into account spec as a constant for the experi-
mental setup the binding energy EB of electronic states of 
any conductive sample can be monitored regardless of 

sample. Simply speaking, the distribution of kinetic energies 
of the excited photoelectrons corresponds directly to the 
electronic density of states in the sample.  

As described above, only photoelectrons with a EKin 
higher than the work function of the sample can escape from 
the surface. In consequence, the work function of the sample 
can be determined by using UPS. Typical UPS spectra for a 
metallic substrate (top curve, example: Ag) and for OSC 
(bottom curve, example: OSC -6T) are depicted in Fig. (2). 
Two energies are definitively responsible for the width w 
and the energy position of the spectrum. The first energy, the 
so-called Fermi energy EF = EB = 0 eV of the metal substrate 
defines the zero position of the binding energy axis. The 
Fermi energy is characterized by electrons, which escape 
from the sample with the lowest binding energy (highest 
EKin). The width w of the UPS-spectrum results from the 
energy difference between the Fermi energy and the high 
binding energy electron cutoff (HBEC). The energy position 
of the HBEC corresponds to photoelectrons, which are 

barely able to leave the sample with 
 
E

Kin
0 eV. These sec-

ondary electrons stem from within the sample scattered elec-
trons. As visible from Fig. (1) in a real PES experiment all 
photoelectrons with a kinetic energy in the range 

 
E

Kin
<

spec sample( ) cannot be monitored. In order to 

overcome this potential barrier and to distinguish between 
the analyzer and the sample HBEC a bias voltage of a few 
volts (typically 3-9 eV) has to be applied to the sample. 

The procedure to determine the features such as the en-
ergy position of the HBEC, of the hole injection barrier as 
well as of the Fermi level is illustrated in Fig. (3). The posi-
tion of the HBEC is defined as the highest binding energy of 
the monitored photoelectrons. Its energy position can be de-
termined by linear extrapolation to the binding energy axis 
(ref. Fig. (3) panel (a)). The energy position of the highest 
occupied molecular orbital (HOMO) of the OSC is generally 
referred by its low energy onset. This onset can be used to 
determine the barrier for hole injection HIB by performing a 
linear extrapolation of the low binding energy edge of the 
HOMO feature as shown in Fig. (3) in panel (b). The deter-
mination of the Fermi level of a metal differs from the de-
termination of the UPS feature position including the posi-
tion of the HBEC and the HOMO onset. They can be real-
ized following Fig. (3) panel (c). For a metal the measured 
Fermi level is expected to obey Fermi statistics. Therefore, 
the Fermi level is defined to occur as the point where the 
energy level is half occupied, i.e., the midpoint of the leading 
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edge of the spectrum, as depicted in Fig. (3) panel (c). The 
relevant parameters in the context of OSC/electrode inter-
faces such as the substrate and the OSC work function Sub 
and Org, the interface dipole , the hole injection barrier 

HIB as well as the ionization potential of the organic semi-
conductor IP can be easily estimated from the UPS spectra as 
illustrated in Fig. (2). In correspondence to Fig. (2) the rela-
tions to determine the interface parameters  Sub and Org, , 

HIB, and IP are 

 

Sub
,

Org
= h w = h E

B,HBEC
E

F

= HBEC
Org

HBEC
Sub

HIB
= E

B,HOMO
E

F

IP =
Org

+
HIB

.

         (3) 

The reviewed experiments [107] have been carried out 
using a commercial PHI 5600 spectrometer, which is 
equipped with two light sources providing photons with en-
ergy of 1486.6 eV from a monochromatized Al K  source 
for XPS and photons from a Helium lamp with energy of 
21.21 eV for UPS experiments. All UPS measurements have 
been done by applying a sample bias of -5 V to obtain the 
correct, sample determined, HBEC. 

The recorded spectra were corrected for the contributions 
of He satellite radiation. The total energy resolution of the 
spectrometer was determined by analyzing the width of the 
Fermi edge of a metallic substrate (for example: Au, Pd or 
Ag) to be about 350 meV (XPS) and 100 meV (UPS), re-
spectively. The binding energy scale was aligned by measur-
ing the Fermi edge and the respective metallic substrate 
emission feature (for example: Au4f7/2). In a preparation 

chamber (base pressure:  1 2 10
10 mbar), which is directly 

attached to the spectrometer system thin films of the used 
organic semiconductors with different film thicknesses have 
been prepared by in-situ thermal evaporation with a typical 
evaporation rate between 1 Å/min. and 2.5 Å/min. on the 
respective substrate. Subsequently, the films were transferred 

to the analyzer chamber (base pressure:  1 10
10 ) without 

breaking the vacuum and characterized taking a full range 
XPS spectrum. The number of impurities in the films was 
very small and below the detection limits of the XPS due to 
the UHV conditions during the preparation process of the 
organic films. To estimate the thickness of every individual 
organic overlayer we have monitored the attenuation of the 
intensity of the respective substrate peak due to the organic 
film. Considering the procedure of Seah and Dench [41] we 
have calculated the mean free path of the electron in the dif-
ferent organic materials. We point out that this procedure to 
determine the thickness of the organic layers is only correct 
for a layer-by-layer growth. If the organic films does not 
grow uniformly this method underestimates the film thick-
ness. The thickness of the contamination layer on ex-situ 
treated substrate surfaces were estimated by analyzing the 
attenuation of the intensity of the characteristic substrate 
peak of an in-situ cleaned substrate in comparison to the 
characteristic substrate peak of a contaminated substrate. The 
quantification of the thickness was carried out using the 
mean free path according to Seah and Dench [41]. We esti-
mate the error of this thickness determination to be 0.5 nm. 
In Fig. (6 & 7), and Fig. (9) we have additionally included 
the LUMO (lowest unoccupied molecular orbital) position 
which reflects the barrier for electron injection. The LUMO 
position has has been obtained taking into account the exci-
ton binding energy Eb in CuPc (copper(II)-phthalocyanine) 
of 0.6 eV and in -6T ( -sexithiophene) of 0.4 eV [42] and 
the onset of the electron-hole excitation Eeh of about 1.5 eV 
(CuPc) [43] and 2.2 eV ( -6T) [44]. These values provide 

 

Fig. (2). Schematic determination of the interface parameters at 
OSC/electrode interfaces using ultraviolet photoemission spectros-
copy. Example: -6T/Ag interface (Adopted from Ref. [21, 40]). 

 

Fig. (3). Determination of the features of an UPS spectra, including 
the high binding energy cutoff (HBEC) (panel (a)), the onset of the 
highest molecular orbital (HOMO) of an OSC (panel (b)), and the 
position of the Fermi level of a metal (panel (c)) (After Ref. [27, 
40]). 
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the band gap Eg = Eb + Eeh and thus the energy distance of 
the HOMO and LUMO onsets. 

III. INFLUENCE OF CONTACT CONTAMINATIONS 

ON THE ENERGY LEVEL ALIGNMENT OF OSC/  
METAL INTERFACES 

Already in 1995 S. Narioka et al. [28] have published a 
work on the influence of oxygen on the injection barriers at 
interfaces between the OSC ZnTPP (5,10,15,20-zinctetra- 
phenylporphyrin) and various metals (Au, Ag, Al, Mg) using 
ultraviolet photoemission spectroscopy. The under UHV 
conditions prepared interfaces shows a similarity of the spec-
tral shape indicating the absence of changes in the electronic 
structure of ZnTPP in contact to the different metal sub-
strates. Contrary to the spectral shape the peak position de-
pends significantly on the metal substrate. For all four inter-
faces the electronic energy levels of the OSC ZnTPP align to 
the vacuum level of the metal substrate. At this, a constant 
energy shift of the vacuum level across the interfaces could 

be observed. After the exposure to  1 10
9 L oxygen (p = 4 

Torr, t = 5 min) the shape of the spectral features show no 
significant change compared to that in UHV measurements. 
This suggests weak interaction between ZnTPP and oxygen. 
Due to the exposure to oxygen the valence band structures of 
ZnTPP are shifted relative to the Fermi level of the metal 
substrates with a different extend and direction depending on 
the metal substrate. After the exposure to oxygen of the 
ZnTPP/metal systems a shift of the energy levels in close 
relation with the change of the metal substrate work function 
by O2 have been found. 

C. Shen and co-workers [29] addressed the effect of an 
oxid layer on the electrode surface on the example of a 
Mg:Ag/Alq3/Mg:Ag structure in 1999. Mg:Ag/Alq3/Mg:Ag 
were fabricated and characterized under UHV conditions 
using X-ray photoemission spectroscopy and I-V measure-
ments, with and without exposure of the bottom electrode to 
an atmosphere of nitrogen including a substantial amount of 
oxygen and water vapour. Prior to the exposure of the bot-
tom contact to the atmosphere no trace of oxygen could be 
detected and the Mg2p and Mg2s core level spectra, respec-
tively, exhibits only structures which are characteristic for 
metallic magnesium. After the exposure a large O1s doublet 
is observed as an indication for the formation of magnesium 
hydroxide and magnesium oxid. Also the core level excita-
tion of the Mg substrate underlines the formation of a mag-
nesium oxide layer with an estimated thickness of  1.5±0.5  
nm. The additionally performed I-V measurements show for 
the structures prepared under UHV conditions a symmetric I-
V characteristic compared to a clear asymmetric behavior 
due to the formation of a Mg oxide layer on the bottom elec-
trode following ambient exposure. 

A. Kahn and co-workers used UPS and I-V measure-
ments to investigate the injection barrier for hole and the 
injection characteristic for OSC in contact to clean and con-
taminated electrode surfaces as depicted in Fig. (4 and 5) for 
the OSC -NPD (N,N'-diphenyl-N,N'-bis(1-naphthyl)-1,1'-
biphenyl-4,4'-diamine) [30] and Alq3 [26, 31] in contact to 
Au, with and without the exposure to ambient conditions. 
For both systems the contaminated Au electrode surface was 
prepared by exposure of an atomically clean, under UHV 

conditions prepared Au surface for a few minutes to ambient 
conditions. Performed AES (Auger electron spectroscopy) 
measurements reveal a contamination layer of carbon oxy-
gen with a thickness of 0.5-1 monolayer. Furthermore, no 
sign of any contamination is detected on the clean Au sub-
strate surface. As a consequence the work function of the 
exposed Au surface (  = 4.7 – 5.0 eV) is strongly reduced 
with respect to that of the in-situ prepared, clean electrode 
surface  = 5.3 – 5.4 eV. Additionally significant variations 
of the work function of contaminated Au surfaces have been 
observed ranging from 4.7 eV to 5.1 eV, whereas the work 
function of the in-situ prepared Au surfaces vary only be-
tween 5.3 eV and 5.4 eV. The UPS measurements show that 
the barrier for hole injection is reduced for the interfaces 
with the contaminated low work function Au substrate in 
comparison to the clean, high work function Au electrode. 
The additionally performed I-V measurements confirm this 
unexpected result for the barriers [26, 30]. 

 

Fig. (5). Energy level alignment of interfaces of thin vacuum 
evaporated Alq3 films and Au. On the left hand side (panel (a)) the 
interface energeticss for the interface Alq3/clean Au and on the 
right hand side (panel (b)) for the interface Alq3/contaminated Au 
is depicted, as determined using UPS. With "Cont." the on the sur-
face present contamination layer due to the ex-situ treatment of the 
electrode surface is denoted (Adopted from Ref. [26, 31]). 

In order to explore and determine the effect of contact 
contaminations on the energetics of realistic OSC/metal in-
terfaces in more detail, we carried out a systematic combined 
X-ray and ultraviolet photoemission spectroscopy study of 
interfaces between the OSC -6T and various polycrystalline 
metal substrates (Au, Ag, Pd, and Pt), whereby the metal 
work function changes by more than 1 eV [32, 45, 46]. Due 

 

Fig. (4). Interface energeticss for (a) -NPD/clean Au and (b) -
NPD /contaminated Au, as determined by UPS. With Cont. the on 
the surface present contamination layer due to the ex-situ treatment 
of the electrode surface is denoted (Adopted from Ref. 30). 
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to the wide fact, that thiophene-based OSC are widely used 
in the preparation of organic electronic devices (e.g. OFETs 
[9-11], organic spintronic devises [47, 48]) -6T is a good 
representative of this material class. In order to obtain atomi-
cally clean (ideal) metal surfaces the polycrystalline sub-
strates were in-situ cleaned by several cycles of Ar+-
sputtering [21, 49]. Prior to the in-situ cleaning the metal 
substrates was rinsed with ethanol. To probe contaminated 
(realistic) metal contacts, we have treated the polycrystalline 
metal substrates in an ultrasonic bath with acetone for 15 
min. and additional rinsing with ethanol for 1 min. before 
putting the substrates into the UHV chamber. XPS meas-
urements of ex-situ cleaned substrates reveal obviously a 
contamination layer on top of the substrate surfaces consist-
ing of carbon (75%), oxygen (20%), and nitrogen (5%). The 
thickness of the contamination is estimated to be about 1-2 
nm. Whereas the in-situ cleaning of the substrate results in a 
contamination free, atomically clean surface. Significant 
differences can be also observed in the UPS spectra for ex-
situ and in-situ cleaned substrates. For all ex-situ cleaned 
metal substrates a featureless valence band and a significant 
decrease in the work function with respect to that of the 
atomically clean surfaces were observed due to the present 
contamination layer. The investigated interfaces between -
6T and in-situ cleaned Au, Ag, Pd, and Pt substrates are il-
lustrated in Fig. (6). They all show a substantial hole injec-
tion barrier from 0.6 eV for the -6T /Pd system up to 1.8 
eV for the 6T/Ag interface. Furthermore, the interfaces are 
characterized by a large interface dipole -0.7 eV to -1.5 eV. 
In the literature several contributions to the interface dipole 
are discussed [16, 17, 21, 22, 50, 51]. The interface dipole at 
OSC/metal interfaces can be attributed for example to: (i) a 
reduction of the metal work function upon the adsorption of 
the OSC molecules19, [52-56], (ii) chemical interactions 
between the OSC molecules and the metal surface, and (iii) 
an induced density of states, which defines the charge neu-
trality level (CNL) of the OSC, while there is a tendency to 
align the Fermi level of the metal and the CNL of the OSC. 
In particular, for the -6T /Ag interface [45] the additional 
feature in the former energy gap of OSC at 1.4 eV binding 
energy suggest the formation of an interface related elec-
tronic level due to chemical interaction, a negative charge 
transfer from silver to the OSC. These interface states can 
pin the interface Fermi level and in this way predominantly 
define the interface energeticss. For the interface -6T -
6T/Au [49, 57] chemical interactions between the sulphur 
site of -6T and gold have been demonstrated by T. 
Schwieger et al. Also for the interface between -6T and Pd 
a chemical reaction between the -6T molecules and the 
substrate during the formation of a monolayer of at-lying -
6T is evident from the XPS and UPS measurements [46]. 
More insight in the importance of the strength of chemical 
interactions at OSC/metal interfaces can be gained by com-
parison of the -6T /Pd [46] and the -6T /Au [49, 57] sys-
tem. UPS measurements reveal for both interfaces an inter-
face dipole of -1.2 eV. In contrast to this similarity, the hole 
injection barrier for the -6T/Au interface is increased by 0.5 
eV with respect to the -6T/Pd system. In spite of the fact, 
that the electrode materials Pd and Au have a very similar 
work function they show different electronic properties at the 
interface to the OSC -6T, which can be explained by the 
consequence of the strength of the chemical interaction be-

tween the OSC and the metal surface at the interface. Rela-
tively small chemical interactions take place at the interface 
between -6T and Au. Such a weak-interacting interface can 
be described within the model of induced density of interface 
states (IDIS) [50, 58-65]. In the context of the IDIS-model 
for weak-interacting OSC/metal interfaces, the interface di-
pole as well as the injection barrier for holes is related to the 
tendency at OSC/metal interfaces to align the charge neutral-
ity level (CNL) of the OSC and the meal work function. This 
is driven by a finite density of states, which is induced in the 
gap of the OSC by weak interactions and determines the po-
sition of the CNL. The tendency of the CNL to align with the 
metal work function is screened by the induced density of 
states. Contrary to the -6T/Au system, at the -6T/Pd inter-
face the chemical interactions, which can be observed in the 
way of interface states most likely pin the Fermi level at the 
interface and thus they predominantly determine the inter-
face energeticss for this system.  

The comparison of Fig. (6 and 7) give us a wealth of im-
portant and unexpected information about the effect of con-
tact contaminations on the interface characteristics. In all 
cases a decrease of the interface dipole and the hole injection 
barrier is observed. This is in agreement with what has been 
reported for different OSC in contact to Au [26, 30, 31]. For 
the different systems the reduction of these two parameters 
considerably varies. Although for the interfaces with Ag and 
Au the variation for the interface dipole and the hole injec-
tion barrier is substantial, for the -6T/Pt and -6T/Pd sys-
tem mainly a reduction of the interface dipole can be ob-
served accompanied by relatively small decrease in the bar-
rier for hole injection. 

The reduction of the interface dipole is predominantly 
ascribed to the reduction of the metal surface dipole (the so-
called Push-Back effect) [16, 19, 22] due to the presence on 
the contamination layer on top of the ex-situ cleaned sub-
strate surfaces. This parallels the reduction of the metal work 
function upon the adsorption of rare gases56. The observed 

 

Fig. (6). Interface energeticss for the interfaces of the OSC -6T in 
contact to in-situ cleaned, atomically clean metal substrate surfaces 
(Au, Ag, Pd, and Pt) as obtained by ultraviolet photoemission spec-
troscopy [Adopted from Ref. 32, 45, 66]. The difference in the 
ionization energy of about 0.7 eV for the different substrates is due 
to different molecular orientations of the molecules as discussed in 
the literature (see Ref. [67-69]). 
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chemical interactions and the charge transfer at the interfaces 
of -6T in contact to Ag, Pd, and Pt quite likely also con-
tribute to the interface dipole. For contaminated interfaces a 
finite interface dipole remains in all four cases. This means 
that the contamination does not electronically decouple the 

-6T molecules and the substrate surface. From Fig. (7) it is 
evident that for the interfaces using contaminated contacts 
the hole injection barrier is almost independent from the un-
derlying metal (within an error of 0.2 eV). Because of the 
used ex-situ cleaning procedure or the exposure of the sub-
strate to ambient conditions, it is not important which metal 
one chooses for the injection of hole due to very similar in-
terface electronic properties. Consequently, the position of 
the Fermi level becomes independent of the underlying metal 
substrate, that is, the metals become indistinguishable or 
faceless. 

Thus, contact contaminations of the electrodes essentially 
affect the interface energeticss in particular the electrode 
work function, the interface dipole, and the hole injection 
barrier [28-30, 32, 66] and therefore the performance of or-
ganic electronic devices [29, 30]. These new insights in the 
interface energetics at so-called realistic OSC/metal inter-
faces can help in the future to better design and optimize 
organic electronic devices. 

IV. INTERFACES RELEVANT FOR ORGANIC SPIN-
TRONIC DEVICES 

In the last years different pioneering experimental works 
[47, 70] suggested that OSCs can also be useful as a major 
opportunity for application in the growing field of organic 
spin electronics [48], also referred to as organic spintronic. 
Organic spintronics represents the synopsis of OSC material 
for the transport and the control of spinpolarized informa-
tion. OSC mainly consists of light elements leading to a 
weak spin-orbit coupling. Despite the presence of nuclear 
spins, the hyperfine interaction in organic materials is also 
weak48. Therefore, OSC are believed to have a large spin 
diffusion length S and a long spin relaxation time [71, 72] 
showing the great potential of OSC for their use in organic 

spintronic devices. For the injection and the detection of 
spin-polarized electrons in an OSC, a ferromagnetic (FM) 
electrode with a substantial degree of electron spin-
polarization of the electrons in the conduction band is re-
quired. Possible FM electrode materials, which are used in 
organic spintronic devices, are lanthanum strontium mangan-
ite oxides (La0.7Sr0.3MnO3, LSMO) and Co. LSMO represent 
an attractive rare-earth compound which is characterized by 
a nearly 100 % spin-polarization of the charge carriers at 
room temperature [73]. Consequently, in many organic spin-
tronic devices LSMO films are used as injector for spin-
polarized electrons [47, 70, 74, 75], and the electronic struc-
ture of La0:7Sr0:3MnO3 thin films for spintronic application 
has been studied in detail [76]. Also Co is a commonly used 
electrode material for the injection and detection of spin-
polarized charge carriers in organic spintronic devices [70, 
77-79] due to its high bulk spin-polarization of about 45 % 
[48, 80, 81]. A lot of activity is presently going on to inject 
spin-polarized currents in OSC [47, 70, 75, 77-80, 82-84].  

By today only a few studies on interfacial properties of 
spintronic relevant contact materials (e.g. La0.7Sr0.3MnO3, 
Co, and Fe) and different organic semiconductors have been 
published using PES. In this context of organic spintronic 
interfaces several OSC/electrode systems have been studied 
under different points of view: (i) interfaces between differ-
ent OSCs and LSMO [85-88], Co [80, 86, 88-91], and Fe 
[91,92] to obtain information about the charge transport 
across such interfaces, (ii) the effect of surface contamina-
tions that often exists during device fabrication on the energy 
level alignment of organic spintronic relevant interfaces [33, 
34, 66, 87], and (iii) the role of a thin tunnel barrier of Al2O3 
between the OSCs and a Co contact [34, 88, 89] to overcome 
the conductivity mismatch problem. 

To address the effect of a contamination layer at the elec-
trode surface for organic spintronic devices we used com-
bined X-ray and ultraviolet photoemission spectroscopy to 
investigate the resulting interface energeticss for CuPc/  
LSMO and -6T/LSMO interfaces prior and after the expo-
sure to ambient conditions [33, 87, 93]. Clean LSMO contact 
surfaces have been prepared by annealing in an oxygen at-
mosphere after a pre-treatment with acetone. The contami-
nated LSMO substrates have been cleaned with an acetone 
treatment after the LSMO films have been exposed to ambi-
ent conditions representing a cleaning procedure which is 
also applied in the fabrication of organic spintronic devices 
using LSMO as bottom electrodes [47, 70, 74, 75, 83]. For 
further details of the applied in-situ and ex-situ cleaning pro-
cedures we refer the reader to previous publications [33, 87]. 
From the top panels, the presence of a surface contamination 
layer on top of the LSMO films after the ex-situ treatment is 
clearly evident from the behaviour of the C1s and the O1s 
excitation feature. In Fig. (8) the C1s and O1s core level 
spectra measured from a LSMO surface for an ex-situ clean-
ing procedure (top panels) and after applying the in-situ an-
nealing treatment (bottom panels) are depicted. From the 
core level analysis a contamination layer consisting of car-
bon (74%) and oxygen (26%) is identified for the ex-situ 
cleaned samples. Upon applying the in-situ annealing proce-
dure in an oxygen atmosphere, the features in the C1s and 
O1s core level excitations, respectively, resulting from the 
contamination layer at the LSMO surface have vanished. 

 

Fig. (7). Schematic energy level diagrams for the interfaces of the 
OSC -6T in contact to ex-situ cleaned, contaminated metal sub-
strate surfaces (Au, Ag, Pd, and Pt) as obtained by ultraviolet pho-
toemission spectroscopy. With "Cont." the on the surface present 
contamination layer due to the ex-situ treatment of the electrode 
surface is denoted (Adopted from Ref. 32, 66). 
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This indicates that the contaminations due to carbon, carbon-
ates as well as adsorbed water species are indeed removed.  

In Fig. (9) the positions of the molecular levels at CuPc 
and -6T interfaces with atomically clean and contaminated 
LSMO surfaces are shown. The work function of the air ex-
posed and ex-situ cleaned, contaminated LSMO surface is 
significantly reduced (4.0-4.2 eV) with respect to the that of 
the in-situ treated, clean surface (4.8-4.9 eV). The reduction 
of the work function of this potential electrode material for 
organic spintronic devices due to the presence of the con-
tamination layer at ex-situ cleaned, contaminated surfaces 
emphasizes the vital importance of the preparation condi-
tions on the interface energeticss in organic spintronic de-
vices. In terms of interface energeticss, the most striking 
cleaning-procedure induced observation is the systematic 
variation of the energy level alignment as a function of this 
surfaces contamination. When the contact surface is con-
taminated both interfaces to the OSCs CuPc and -6T show 
significantly enhanced barriers for the hole injection across 
the corresponding OSC/contaminated LSMO contact, 
whereas the barrier for electron injection is lowered with 
respect to the OSC/clean LSMO interfaces. In a recent publi-
cation F. Li et al. [94] applied different ex-situ cleaning pro-
cedures to La0.7Sr0.3MnO3 surfaces to remove the surface 
contaminations and to increase the oxygen stoichiometry at 
the LSMO surface, i.e. ultrasonic treatment in organic sol-
vents, LSMO heated in the so-called TL1 solution [95]. The 
work function studied with ultraviolet photoemission spec-
troscopy for LSMO substrates treated by the TL1 solution 
varies between 4.6 – 4.9 eV depending on the treatment 
time. The LSMO work function and as consequence the in-
terface energeticss at such interfaces considerably depends 
on the LSMO pre-treatment, i.e. whether there is still a con-
tamination layer present at the LSMO surface. 

The fabrication of a thin tunnel barrier is often important 
to overcome the so-called conductivity mismatch [48, 96] 
between the FM electrode and the OSC spacer, which is a 
problem in OSC spintronic devices [96, 97]. The insertion of 
a thin tunnel barrier of Al2O3 as a large resistance in between 
the FM electrode and the OSC has been successfully applied 
in organic spintronic devices [78, 79]. The influence of such 
a thin Al2O3 buffer layer on the interface electronic proper-
ties of interfaces between the OSC Alq3 and a Co electrode 

has been studied by means of photoemission spectroscopy by 
Y. Q. Zhan et al. [86, 98]. 

Y. Q. Zhan and co-workers investigated in 2008 [86] the 
interfacial properties at Alq3/Co interfaces. They observed an 
interfacial dipole of -1.5 eV. By using the optical gap of 2.8 
eV [99] or the HOMO-LUMO distance directly measured by 
STS (scanning tunneling spectroscopy) of 2.96 eV [100] to 
estimate the HOMO-LUMO gap, the barrier for electron 
injection is much smaller than for the injection of holes. For 
this reason the dominant charge carriers in Co/Alq3/LSMO 
spin valve devices should be electrons. Additionally per-
formed XPS measurements demonstrate the penetration of 
Alq3 films with Co atoms when Co is deposited on top of the 
OCS. A chemical reaction between the Co atoms and the 
phenoxide part of Alq3 molecules and near the interface have 
been observed. And in 2009 Y. Q. Zhan and co-workers [98] 
investigated the electronic structure of the Co/Al2O3/Alq3 
interface using photoemission spectroscopy (XPS,UPS) and 
observed a strong interface dipole of -1.3 eV, which leads to 
a reduction of the injection barrier for electrons and an in-
crease in the hole injection barrier. The core level excitations 
O1s and Co2p indicate that the insertion of the thin tunnel 
barrier of Al2O3 separates the Alq3 thin film and Co elec-
trode and prevent a chemical reaction between them. The 
interface energetics of the Co/Al2O3/Alq3 was studied using 
UPS and a work function for the bare, as-deposited Co films 
was estimated to be 5 eV. The work function of the inverted 
structure, Alq3/Al2O3/Co [106-108] is 3.7 eV resulting in an 
interfacial dipole of -1.3 eV for the Co/Al2O3/Alq3 interface, 
which leads to an increase in the hole injection barrier and 
decrease in the barrier for electron injection. This interface 
dipole is similar to that which has been observed for the 
Co/Alq3 interface [86]. Additionally performed XMCD (X-
ray magnetic dichroism) measurements demonstrate that a 
thin tunnel barrier of Al2O3 between of the OSC and the Co 
electrode leads to better magnetic ordering at the interface. 
This suggests a better performance of organic spintronic de-
vices with such a thin tunnel barrier used to overcome the 

 

Fig. (8). O1s (panel (a)) and the C1s (panel (b)) core level excita-
tion from an ex-situ (top panels) and an in-situ (bottom panels) 
treated LSMO surface (Adopted from Ref. 93). 

 

Fig. (9). Schematic energy level diagrams of the OSC CuPc and -
6T in contact to ex-situ (panel a) and in-situ pre-treated (panel b) 
La0.7Sr0.3MnO3 contacts [(Adopted from Ref. 33, 40, 87)]. 
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conductivity mismatch. Y. Q. Zhan and co-workers [86, 98] 
could show that the observed interface energeticss with an 
inserted Al2O3 bu_er layer is consistent with the results from 
V. Dediu et al. [78] and T.S. Santos et al. [79]. For the OSC 
rubrene Shim et al. [72] reported in 2008 a large spin diffu-
sion length of 13.3 nm in amorphous rubrene, showing the 
great potential of OSC for organic spintronic devices. The 
OSC rubrene and pentacene are also characterized by large 
charge carrier mobilities, for organic standards. For rubrene 
high hole mobilities in the range of 15-20 cm2/Vs were re-
ported for high-purity single crystals [101]. Also pentacene 
exhibits high charge carrier mobilities from typical 0.4-1 
cm2/Vs for thin film transistors (TFTs) made from good 
quality pentacene films [102] to 35 cm2/Vs for high-purity 
single-crystals [103]. Consequently, rubrene and pentacene 
are promising candidates for future electronic devices as well 
as for the investigation of spin transport properties. The 
choice of Co as electrode material comes from the fact that 
Co is a commonly used ferromagnetic source for the injection 
as well as detection of spin-polarized electrons in spintronic 
devices [70, 78, 79] with a bulk spin-polarization of around 
45 % [48, 80, 81]. A common problem for spin injection and 
detection using a ferromagnetic metal (such as Co) electrode 
is the so-called conductivity mismatch [48, 96, 97]. As al-
ready mentioned the fabrication of a tunnel barrier, Al2O3, is 
important to overcome the conductivity mismatch between 
the metal electrodes and a semiconductor spacer, which is a 
problem in semiconductor spintronic devices [96, 97]. 

We studied the interface electronic properties of ex-situ, 
acetone cleaned Co and Al2O3/Co contacts to the OSC pen-
tacene and rubrene by combined X-ray and ultraviolet pho-
toemission spectroscopy [34] to investigate the influence of 
the applied ex-situ cleaning procedure on the energy level 
alignment. By using the ex-situ, acetone cleaning procedure 
a contamination layer, which consists of carbon and oxygen 
still remains on top of the Co and Al2O3/Co films. The Co2p, 
C1s, and O1s core level excitations of the ex-situ cleaned Co 
contacts indicate that the contaminations on top of ex-situ 
cleaned Co surfaces results in a native cobalt oxide layer. 
From the performed core level measurements (Co2p, Al2p) 
in dependence of the thickness of the OSC overlayer it is 
evident that the contamination layer is closed and prevents 
chemical reactions between the substrates and pentacene and 
rubrene, respectively. In Fig. (10) the schematic energy level 
diagrams of contaminated interfaces between Co and 
Al2O3/Co electrodes and the OSC pentacene and rubrene are 
summarized. For ex-situ cleaned Co contacts a substantially 
reduced work function of 4.3 eV was determined with re-
spect to the work function of atomically clean, polycrystal-
line Co surfaces (5.0-5.1 eV) [86, 89, 90, 98, 104]. In the 
case of ex-situ cleaned Al2O3/Co surfaces a work function 
ranging from 3.1 eV to 3.5 eV was measured. In contrast to 
the interfaces of the OSC pentacene to clean Al2O3/Co and 
clean Co contacts [89, 105] an increase of the hole injection 
barrier for the 3 nm thick Al2O3 tunnel barrier was observed. 
For all investigated interfaces a very small, short range inter-
face dipole was observed suggesting that the interface dipole 
is hardly influenced by the introduction of the thin tunnel 
barrier of Al2O3. Furthermore it is expected for OSC spin-
tronic devices from the very high hole injection barrier that 
only little charge carriers will be able to tunnel trough the 
interface. 

SUMMARY 

During the last decades there has been considerable pro-
gress as regards the understanding of OSC/electrode inter-
faces. In this review the influence of remaining contamina-
tion on the substrate surface due to the applied cleaning pro-
cedure on the energy level alignment of OSC/electrode inter-
faces has been addressed. Contact contaminations of the 
electrodes essentially affect the interface energeticss in par-
ticular the interface parameters electrode work function, in-
terface dipole, and hole injection barrier and therefore the 
performance of organic electronic devices. These new in-
sights in the interface energeticss at so-called realistic 
OSC/metal interfaces can help in the future to better design 
and optimize organic electronic devices such as OLEDs, 
OFETS, and OPVs. The reviewed investigations of the inter-
face energeticss of interfaces relevant for organic spintronic 
devices, and in particular the effect of contamination layer 
induced changes in the energy level alignment of such inter-
faces lead to a significant progress in the understanding of 
the interfacial properties of organic spintronic relevant inter-
faces. 

They represent one step toward the description of spin 
transport in organic spintronic devices. This represents es-
sential information of the use of OSCs in organic spintronic 
devices. 
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Fig. (10). Comparison of the electronic structure of vacuum depos-
ited pentacene thin films on top ex-situ cleaned Co and Al2O3 elec-
trode surfaces (panels a and b). Panel c depicts the energy level 
alignment for the contaminated rubrene/Al2O3/Co interface, as 
determined by UPS (Adopted from Ref. 34). 
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