
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/52002446

Self-doping and partial oxidation of metal-on-organic interfaces for organic

semiconductor devices studied by chemical analysis techniques

Article  in  Journal of Applied Physics · December 2008

DOI: 10.1063/1.3018716

CITATIONS

40
READS

403

10 authors, including:

Michael Thomschke

Apple Inc.

34 PUBLICATIONS   1,645 CITATIONS   

SEE PROFILE

Selina Olthof

University of Cologne

109 PUBLICATIONS   5,342 CITATIONS   

SEE PROFILE

Karsten Walzer

Heliatek GmbH

88 PUBLICATIONS   9,541 CITATIONS   

SEE PROFILE

Dirk Kuckling

Paderborn University

218 PUBLICATIONS   6,176 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Dirk Kuckling on 04 June 2014.

The user has requested enhancement of the downloaded file.

Pictiva EX2010 
Samsung v Pictiva 

IPR2024-01094

https://www.researchgate.net/publication/52002446_Self-doping_and_partial_oxidation_of_metal-on-organic_interfaces_for_organic_semiconductor_devices_studied_by_chemical_analysis_techniques?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/52002446_Self-doping_and_partial_oxidation_of_metal-on-organic_interfaces_for_organic_semiconductor_devices_studied_by_chemical_analysis_techniques?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Thomschke?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Thomschke?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Apple_Inc?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Michael-Thomschke?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Selina-Olthof?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Selina-Olthof?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Cologne?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Selina-Olthof?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Karsten-Walzer?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Karsten-Walzer?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Heliatek_GmbH?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Karsten-Walzer?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dirk-Kuckling?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dirk-Kuckling?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dirk-Kuckling?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Dirk-Kuckling?enrichId=rgreq-1029f6e8c3177bc42e334dbedb22f5ea-XXX&enrichSource=Y292ZXJQYWdlOzUyMDAyNDQ2O0FTOjEwNDIxMjI2NDM5MDY3MkAxNDAxODU3NTQ4NjU0&el=1_x_10&_esc=publicationCoverPdf


Self-doping and partial oxidation of metal-on-organic interfaces for organic
semiconductor devices studied by chemical analysis techniques
Sebastian Scholz, Qiang Huang, Michael Thomschke, Selina Olthof, Philipp Sebastian et al. 
 
Citation: J. Appl. Phys. 104, 104502 (2008); doi: 10.1063/1.3018716 
View online: http://dx.doi.org/10.1063/1.3018716 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v104/i10 
Published by the AIP Publishing LLC. 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 22 Sep 2013 to 183.129.198.245. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions

Pictiva EX2010 
Samsung v Pictiva 

IPR2024-01094

http://jap.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/976372967/x01/AIP-PT/Hiden_JAPcoverPg_091813/1640x440_-_23874-BANNER-AD-1640-x-440px_-_USA.jpg/6c527a6a7131454a5049734141754f37?x
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Sebastian Scholz&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Qiang Huang&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Michael Thomschke&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Selina Olthof&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Philipp Sebastian&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3018716?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v104/i10?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Self-doping and partial oxidation of metal-on-organic interfaces for organic
semiconductor devices studied by chemical analysis techniques
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Germany
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The performance of organic electronic devices, such as organic light emitting diodes, transistors, or
organic solar cells, depends critically on the chemical composition of the metal/organic and organic/
metal interfaces which inject or extract charges into or from the device. By combining a number of
techniques, such as x-ray photoemission spectroscopy �XPS� sputter depth profiling, XPS itself,
secondary ion mass spectrometry, and laser desorption/ionization time-of-flight mass spectrometry,
we investigate the reasons for differences in charge injection from metallic bottom and top contacts
into either preferentially hole or preferentially electron transporting materials. We find that the
deposition of metal onto organic semiconductors creates an organic-inorganic mixed interlayer in
between the organic bulk material and the metal. In the case of electron injection, this interlayer acts
as highly doped injection layer, while for hole injection, no significant improvement is visible. In
addition to the self-doping, some cathode materials form partially oxidized metal-on-organic
interfaces caused by oxygen in the residual gas. Depending on the evaporation conditions, the
oxygen content varies. The effect of the oxygen incorporation, the origin, and the binding behavior
in between the metal-on-organic interlayer is investigated and discussed. In contrast, organic
materials evaporated on top of metals create an abrupt interface, where no self-doping effect is
observed. © 2008 American Institute of Physics. �DOI: 10.1063/1.3018716�

I. INTRODUCTION

Devices based on organic semiconductors have recently
gained considerable interest due to advantageous properties
such as large area, low cost, and flexibility. Organic light
emitting diodes �OLEDs� are currently intensively investi-
gated due to their application possibilities in displays and
lighting. A key point in many OLED applications is flexibil-
ity in terms of emission direction and electrode configura-
tion. For instance, the adaptation to n-channel amorphous
silicon thin film transistors as driver electronics for active
matrix displays requires the inversion of conventional OLED
stacks such that electrons may be injected from the bottom
contact into a n-type organic semiconductor. Since silicon
backplanes are usually opaque, the OLEDs need to be top
emitting, i.e., one needs inverted top emitting OLEDs to be
developed.1 Efficiencies of inverted top emitting OLEDs and
electron injection from the bottom can be improved by using
highly reflective metals or alloys with low work function as
cathodes.2–4 The performance of OLEDs may be further en-
hanced by using an efficient charge injection layer or even a

highly doped charge transporting layer, which may, e.g., con-
sist of an electron transporting host material coevaporated
with an electron donating material as a dopant.5

Nevertheless, inverted OLEDs show a significant drop of
efficiency as compared to conventional OLEDs. This phe-
nomenon is widely known but the reasons are still not suffi-
ciently explained.3,4 Even the use of additional injection lay-
ers �e.g., 1 nm of LiF� does not overcome the asymmetric
injection behavior of electrons from the top and bottom elec-
trodes in an organic device.6 One of the key topics for en-
hancing the performance of inverted top emitting OLEDs is
the improvement of charge injection from transparent indium
tin oxide �ITO�1,4,7 or other top contact anodes �e.g., semi-
transparent metal8,9� without destroying the underlying or-
ganic layer during electrode deposition. It is known that low
work function cathode materials such as Ca, Mg, or the al-
kaline metals improve electron injection into electron trans-
porting layers �ETLs�. This is due to the good match of their
work functions with the lowest unoccupied molecular orbital
level of the ETL.10,11 On the other hand, the low ionization
potential causes a high reactivity of these metals, leading to
oxidation processes even during the vacuum evaporation
process. The origin and the role of such an oxidic interlayer
are still under discussion. Some groups detected oxygen on
top of the processed metal-on-organic interfaces, mainly with
x-ray photoemission spectroscopy �XPS�12,13 or photolumi-
nescence measurements, e.g., by detecting photoactivated
Ag2O.14 Oxygen containing organic compounds were found
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sebastian.scholz@iapp.de.

b�Present address: Novaled AG, Tatzberg 49, 01307 Dresden, Germany.
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born, Germany.
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as oxygen sources at organic/metal interfaces.15–17 Additional
work was done to show the influence of different metals on
organic materials by investigating interface dipoles and
Fermi level alignment by ultraviolet photoemission spectros-
copy �UPS� measurements and the chemical shift of XPS
core level signals as a function of the reactivity and the cov-
erage of different metals.13,18,19 Nevertheless, these results
confirm the theory of improved electron injection into or-
ganic material even with highly reactive metals.13,15,20 For
example, several groups showed improved charge injection
into organic devices by using a thin �1 nm� Al2O3 interlayer
between ETL and cathode.21,22 In the light of possible reac-
tions by evaporating “hot” metals onto organic material, the
resulting metal-on-organic interfaces need to be investigated.
Beyond OLED development, this is of general interest also
for organic field effect transistors,23,24 organic memory
devices,25 and organic solar cells �OSCs�.26,27 Such a pen-
etration of hot atoms into an underlying organic layer and the
formation of additional gap states in the organic material
were already briefly discussed by Rand et al. for OSCs.27 A
similar formation of gap states is observed by the diffusion
of deposited Li down to 80 nm into an underlying organic
material.28 This behavior may occur similarly during the
deposition of a layer sequence organic/LiF/Al, where the
evaporation of the metal will cause a chemical reaction �of�
in the underlying LiF, resulting in a diffusion of Li into the
organic.6,29

In this paper, we focus on metal/organic and organic/
metal interfaces at different single carrier devices, i.e., or-
ganic devices carrying exclusively either holes or electrons.
We prove that metal atoms penetrate the organic layers dur-
ing evaporation and act as electron donating dopants �Fig. 1�.
We use laser desorption/ionization time-of-flight mass spec-
trometry �LDI-TOF-MS� �Ref. 30� as a mass selective
method, depth profiling XPS, and depth profiling secondary
ion mass spectrometry �SIMS�, as well as XPS and UPS as
surface-sensitive analysis tools. We find different compounds
consisting of acceptor-donor complexes, which are created at
the metal-on-organic interfaces. These metal-organic com-
plexes may be formed in the presence of penetrating atoms.31

If this is the case, atoms “dope” the topmost organic layer of
a device. We will show that such complexes are not formed
when depositing organic material onto metal surfaces.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Sample structures A–R and T–Z �see Table I� were pre-
pared in an ultrahigh vacuum �UHV� multichamber evapora-
tion tool �BesTec GmbH� without breaking the vacuum dur-
ing processing, while sample S was made in a UHV single-
chamber evaporation tool �Kurt J. Lesker�. While samples
A–R were produced at a constant base pressure of
10−8 mbar, the base pressure for metal evaporation was var-
ied for samples S–Z �see Table I�. Commercial ITO and mo-
lybdenum tantalum �MoTa� substrates were used, which
were cleaned subsequently in acetone and ethanol using an
ultrasonic bath, dried under a stream of nitrogen, and after-
ward treated in ozone plasma. A similar wet cleaning process
without the ozone plasma cleaning was performed for the
LDI targets �material: Fe�. The amorphous silver foil
�MaTeck� �used for the UPS samples O and P� was sputter
cleaned in UHV prior organic thin film deposition.

The evaporation rate for all organic materials was
0.3 Å /s, a value commonly used for organic device prepa-
ration. The metal evaporation rate �Al, Ag, and Au� was set
to 1–2 Å /s. The following set of materials — all of them
prototypic for state-of-the-art OLEDs32–35 — was studied in
this work: Cs, 4,7-diphenyl-1,10-phenanthroline �BPhen�,
1,3,5-tris�N-phenylbenzimidazol-2-yl�benzene �TPBi�, tris�2-
phenylpyridine�iridium �Ir�ppy�3�, tris�1-phenylisoquinoline�
iridium�III� �Ir�piq�3�, 4 ,4�-bis��1-naphthyl�phenylamino�-
1 ,1�-biphenyl �NPD�, tris�8-hydroxyquinolinato�-aluminum
�Alq3�, 2 ,2�7,7�-tetrakis�N ,N-diphenylamino�-9 ,9�-Spiro-
bifluorene �Spiro-TAD�, 4 ,4� ,4�-tris�carbazol-9-yl�-
triphenylamine �TCTA�, iridium�III� bis�2-methyldibenzo-
�f,h�quinoxaline��acetylacetonate� �Ir�MDQ�2�acac��, N ,N ,
N� ,N�-tetrakis�4-methoxyphenyl�-benzidine �MeO-TPD�,
and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
�F4-TCNQ�. For the chemical structures see Fig. 2.

B. Measurements

Samples A–F, Q, and R, as well as X–Z were measured
completely under inert conditions, while all other samples
need to be handled in air �less than 5 min� for inserting them
into the vacuum chambers of the different analysis tools. The
LDI-TOF-MS spectra were collected as described
elsewhere.30,36 SIMS measurements were performed with
Cs+ ions in a device equipped with a quadrupole mass-to-
charge analyzer �PHI 6800, Physical Electronics� at a typical
primary beam current of 80 nA. The sputtered area is
0.49 mm2, while the measurement area is 0.09 mm2 at the
center of the sputter crater. XPS depth profiling was done at
a PHI 5600 CI instrument, equipped with a hemispherical
analyzer with an acceptance diameter of 800 �m, working
at pass energy of 29 eV. For excitation, nonmonochromated
Mg K� x rays �350 W� were used. Depth sputtering was
accomplished by using Ar+ ions with an energy of 3.5 keV at
a scan area of 4 mm2. UPS measurements were performed

FIG. 1. Schematic view of organic-on-metal and metal-on-organic inter-
faces. Note that the organic-on-metal interface remains abrupt, while the
metal-on-organic interface creates a doped interlayer with �hollow symbols�
or without possible oxygen incorporation.

104502-2 Scholz et al. J. Appl. Phys. 104, 104502 �2008�
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using a hemispherical electron spectrometer Phoibos 100
�Specs� equipped with a He I �21.22 eV� discharge lamp. To
collect the secondary electrons, a bias of −8 V was applied
and the achieved energy resolution is 150 meV. The vacuum
conditions in the metal evaporation chamber were checked
with a residual gas analyzer from Pfeiffer Vacuum �QSM
PTM25253�.

III. RESULTS AND DISCUSSION

A. Self-doping of metal atoms in organic layers

Using the doping concept of organic charge transport
layers, the emission zone in OLEDs can be adjusted for an
optimal micro-optical light outcoupling for certain wave-
lengths by simply varying the transport layer thicknesses
without changing the electrical behavior of the device.37 Us-
ing this option, we show in Fig. 3 the device characteristics
of a conventional �sample A� and an inverted �sample B� top
emitting OLED. The charge carrier transport layers were op-
timized in both cases for optimum light extraction.8 Com-
pared to noninverted devices, inverted OLEDs show a de-
creased current density and a decreased luminance at a given
voltage. Thus, the main difference must be caused by differ-

ent metal/organic and organic/metal interfaces, either by im-
proved hole injection from the bottom and/or electron injec-
tion from the top contact of the device.

To understand this difference, we processed the so-called
single carrier devices with metal–n-type–
intrinsic–n-type–metal structures for electron injection
�samples C and D� and metal–p-type–intrinsic–p-type–metal
structures for hole injection �samples E and F�. The current-
voltage �J-V� characteristics of these devices are displayed in
Fig. 4, where the electron only devices C and D clearly show
a suppressed electron injection from the bottom contact, as
compared to the enhanced electron injection through the top
side, resulting in an asymmetric �J-V� curve. Despite the
Cs-doped BPhen layers as electron injection layers, the cur-
rent density is more than one order of magnitude higher for
electron injection from the top contact than from the
bottom.32

A different behavior is observed for hole transport mate-
rials, where the holes are well injected both from the bottom
and the top contacts, which is also seen in Fig. 4. This is not
surprising because it is well known that p-doping overcomes
the main problem of hole injection from the anode

TABLE I. Layer structures of samples A–Z. Layer thickness in nm. Doping: 8 wt% for Ir�ppy�3 and 10 wt%
for the Ir�MDQ�2�acac� emitters, 4 mol% for F4-TCNQ.

Sample Device Layer structure

A pin OLED
�noninverted�

Glass/Ag ��80� /MeO-TPD:F4-TCNQ �45�/Spiro-TAD
�10� /TCTA:Ir�ppy�3 �5� /TPBI: Ir�ppy�3 �10�/BPhen
�10�/BPhen:Cs �25�/Ag �15�

B nip OLED
�inverted�

Glass/Ag ��80�/BPhen:Cs �40�/BPhen
�10� /TPBI: Ir�ppy�3 �10� /TCTA:Ir�ppy�3�5�/Spiro-TAD
�10� /MeO-TPD:F4-TCNQ �30�/Ag �15�

C �and D� e only device
with Al or Ag

ITO/Al �or Ag� �15�/BPhen:Cs �15�/BPhen�100�/
BPhen:Cs �15�/Al �or Ag� �50�

E �and F� h only device with Ag or Au ITO/Ag �or Au� �20� /MeO-TPD:F4-TCNQ �10�/
MeO-TPD �200� /MeO-TPD:F4-TCNQ�10�/Ag �or Au�
�40�

G �and H� LDI sample Fe target/Al �or Ag� �15�/BPhen �20�
I �and J� LDI sample Fe target/BPhen �20�/Al �or Ag� �15�
K �and M� LDI sample Fe target/MeO-TPD �or Spiro-TAD� �20 nm�/Ag �15�
L �and N� LDI sample Fe target/Ag �15�/MeO-TPD �or Spiro-TAD� �20�
O UPS sample Ag foil/BPhen:Cs �15�/Ag �5�
P UPS sample Ag foil/BPhen:Cs �5�
Q nip OLED w/o Ag interlayer MoTa/Ag �30�/BPhen:Cs �50�/BPhen

�10.8� /NPD:Ir�MDQ�2�acac� �20�/Spiro-TAD
�10� /MeO-TPD:F4-TCNQ �35�/Ag �15�

R nip OLED with Ag interlayer MoTa/Ag �30�/BPhen:Cs �2�/Ag �1.5�/BPhen:Cs �2�/Ag
�1�/BPhen:Cs �46�/BPhen �10.8� /NPD:Ir�MDQ�2�acac�
�20�/Spiro-TAD �10� /MeO-TPD:F4-TCNQ �35�/Ag �15�

S OLED
SIMS sample

Glass/ITO/p-side �Ref. 35� �100�/Spiro-TAD
�10� /NPD:Ir�piq�3 �20�/BPhen �10�/BPhen:Cs �80�/Al
�100� �metal chamber pressure: 10−7 mbar�

T �and U� XPS sample Glass/BPhen �or BPhen:Cs� �80�/Al �80� �metal chamber
pressure: 10−8 mbar�

V XPS sample Glass/BPhen �80�/Al �80� �metal chamber pressure:
10−6 mbar�

W LDI sample Fe target/BPhen �20�/Al �15� �metal chamber pressure:
10−6 mbar�

X; Y; Z Intrinsic Alq3 ITO/Alq3 �100�/Al �100� �metal chamber pressure: X,
1.8�10−7 mbar; Y, 3.3�10−6 mbar, Z:
4.6�10−6 mbar�
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material.3,8 We exclude internal asymmetries in between the
n-type–intrinsic and intrinsic–n-type interfaces due to the
short time delay �less than 5 min� between depositing these
layers. The asymmetric behavior, observed on the ETL/metal
interfaces in Fig. 4, may be explained as follows: due to
metal evaporation, hot atoms penetrate the organic surface24

and may therefore form a mixed interlayer at the topmost
tens of angstroms of the organic materials. This means for
the interface to the ETL that an additional amount of electron
donating material acts as a thin, highly doped injection layer
at the organic/metal interface. Wang et al.38 demonstrated
this behavior of Al as a dopant for ETLs. They also observed
that doping of a hole transporting layer �HTL� with electron
donating metal atoms causes a hindered injection of holes
into the HTL, which demonstrates the hole blocking behav-
ior of Al doping in between HTLs.19,38 In contrast, the
organic-on-metal interfaces of any organic devices remain
abrupt, both for HTLs and ETLs, so a self-doping effect
cannot take place.

To prove the theory of self-doping, which is also men-
tioned in other publications,27,39 we used the LDI-TOF-MS
method to analyze the different interfaces and to detect such
acceptor-donor complexes, especially in the test structures
G–J �Table I�, which contain the organic semiconductor
BPhen, well known as good complexing agent for metals and
therefore well suitable for acceptor-donor interactions with
penetrated metal atoms.40,41 As shown in Figs. 5�c� and 5�d�
at the metal-on-organic interfaces, a clear creation of metal-
BPhen adducts is observed, caused by the “free” atoms pen-
etrating the organic layer. Al-on-BPhen sample �Fig. 5�c��
shows besides the main signal — protonated BPhen �mass-
to-charge ratio of 333.1 amu� — the Al adduct ion
�2BPhen+Al�+ �at m /z=692.8 amu�, where Al forms a com-
plex with two undestroyed BPhen molecules simply by
donor-acceptor interaction. A similar effect is seen at the Ag-
on-BPhen interface �Fig. 5�d��, where — besides the BPhen
oligomers — the metal-organic donor-acceptor adducts
�BPhen+Ag�+ �m /z=438.9 amu� and �2BPhen+Ag�+ �m /z
=770.6 amu� are the dominant signals. The additionally ob-

FIG. 2. Chemical structures of the organic materials
with their acronyms and monoisotopic masses in g/mol.

FIG. 3. J-V and L-V characteristics of samples A and B. The noninverted
top emitting diode A shows a higher current and a higher luminance at a
given voltage than the inverted sample B. The insets show schemes of the
layer structures of samples A and B.

FIG. 4. J-V characteristics of the electron only devices C �with Al top and
bottom contacts� and D �with Ag contacts� and of the hole only devices E
�Ag contacts� and F �Au contacts�.
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served BPhen oligomers were created by photochemical re-
actions during the LDI process, as shown elsewhere.30 It is
quite interesting to see that Al does not form complexes with
the single BPhen molecule. This is reasonable because Al
appears in the ionized state as a threefold charged ion. Nev-
ertheless, both contact metals show similar electron injection
behaviors into the underlying ETL �Fig. 4�. In Figs. 5�a� and
5�b� samples G and H are presented, where the organic ma-
terial is evaporated on top of either Al or Ag. The spectra
show only the formation of BPhen related ions, especially
�BPhen+H�+ at 333.1 amu, its dimer �2BPhen-2H+H�+ at
662.8 amu and the trimer at 994.6 amu.

It is important to note that BPhen does not form metal
adducts with the Al layer underneath upon laser light expo-
sure �sample G�. Similar results are seen at the BPhen-on-Ag
interface �sample H�, where the metal adduct ion intensity is
very low. The slight adduct ion generation is due to the pho-
toelectric properties of Ag, which enables the metal to donate
electrons very easily under light exposure, which is why the
organic molecules may form a minor amount of donor-
acceptor complexes with Ag. Therefore, weak signals of the

Ag-BPhen adduct at m /z=439 amu and the adduct
�2BPhen+Ag�+ at 770.6 amu are seen besides the main
BPhen ions �Fig. 5�b��.

To look for similar effects in other material arrange-
ments, we investigated metal/organic layer systems with
MeO-TPD, Spiro-TAD, and silver. The two hole transporting
materials did not show complexation with the metal atoms.
Therefore, the detection of metal-organic adducts cannot be
used as a proof of metal incorporation into underlying HTLs.
In contrast to the metal-BPhen interfaces, the free atoms do
not undergo complexation and therefore they are not bound
and are separately detectable as metal ions. In Fig. 6, the LDI
spectra of the metal/organic and organic/metal interfaces for
MeO-TPD �samples K and L� and Spiro-TAD �samples M
and N� are shown. The labeled signals are the Ag ions
�m /z=107 and 109 amu�, MeO-TPD �m /z=608 amu�, and
Spiro-TAD �m /z=984.8 amu� and the typical fragments of
the organic semiconductors.30 In Figs. 6�a� and 6�c�, the sig-
nal intensities of Ag are clearly visible when Ag is evapo-
rated on top of the organic materials. In contrast, the LDI
spectra of the organic-on-Ag samples �Figs. 6�b� and 6�d��

FIG. 5. LDI-TOF-MS spectra of �a� sample G: BPhen
�332.1 g/mol� on Al �27 g/mol�, �b� sample H: BPhen
on Ag �107 g/mol�, �c� sample I: Al on BPhen, and �d�
sample J: Ag on BPhen. The samples were taken in the
positive detection mode at 200 �J /pulse and show the
major generation of the BPhen-metal adducts for the
metal-on-organic samples, where the metal adducts,
seen on the organic-on-metal samples are negligible.

FIG. 6. LDI-TOF-MS spectra of �a� sample K: Ag
�107 g/mol� on MeO-TPD �608 g/mol�, �b� sample L:
MeO-TPD on Ag, �c� sample M: Ag on Spiro-TAD
�984 g/mol�, and �d� sample N: Spiro-TAD on Ag. Note
the intensities for Ag ions in the metal on organic spec-
tra. The spectra were taken in the positive detection
mode with 160 �J /pulse laser intensity.
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did not show a clear Ag ion signal. In Fig. 7 the signal
intensities of the 107Ag ions are displayed versus the laser
intensities. It is clearly seen that due to the existence of free
atoms, the ion intensities are increased for the metal-on-
organic interfaces. For comparison, the 107Ag ion signal at
180 �J /pulse is five times higher for the Ag-on-MeO-TPD
sample K than for the inverted sample L and eight times
higher for sample M �Ag on Spiro-TAD� compared to
sample N.

To verify our results, we used UPS to look in detail at
the interfaces between silver and the Cs-doped BPhen layer.
As it is depicted in Fig. 8, sample P �BPhen:Cs on Ag� shows
two significant gap states at 2.1 and 0.7 eV, which are caused
by the Cs doping of BPhen. Similar gap states are known
from Li-doped bathocuproine layers.28 The highest occupied
molecular orbital cutoff of BPhen is clearly seen at 4.15 eV.
In contrast, sample O �Ag-on-BPhen:Cs� shows the suppres-
sion of the gap state induced by Cs doping and the appear-
ance of a single gap state at 1.9 eV. We attribute this gap
state to a doping behavior caused by the penetration of Ag
atoms into the organic.

To take advantage of this additional doping, we made an
inverted OLED with a Cs- and Ag-doped ETL on top of the
bottom contact. This additional doping was done by altering
the Cs-doped BPhen layer with thin �1.5 and 1 nm� inter-
layers of Ag �see sample R in Table I�. The idea behind is to
dope the BPhen:Cs layer with penetrating Ag atoms. Figure
9 shows the J-V and the L-V characteristics of samples R and
Q, where sample Q is an inverted OLED similar to sample R
but with a conventionally Cs-doped ETL. In this case,
sample Q serves as a reference sample to R. Due to the use
of the additional doping with Ag, the J-V and L-V character-
istics of sample R show a slight enhancement, as compared
to sample Q.

These data allow us to conclude that metal atoms pen-
etrate an underlying organic surface during the evaporation
procedure and the penetration causes a doping with electron
donating metal atoms. This doping slightly enhances the
electron injection from the top metal contact into an electron
transporting organic layer but cannot overcome the worse
performance of the J-L-V characteristic of an inverted
OLED.

B. Oxidation processes at metal-on-organic
interfaces

In addition to the self-doping effect of the metal atom
penetration, a process of partial oxidation on metal-on-
organic interfaces can be observed. To study this topic in
detail, we used SIMS and dynamic XPS depth profiling on
especially processed samples. In contrast to the samples that
were investigated regarding the self-doping behavior, a cer-
tain concentration of metal oxide in metal-on-organic inter-
faces can be detected in different organic semiconductor de-
vices. From Fig. 10, where the positive and the negative
SIMS ion spectra of sample S are displayed �see Table I�, it
is visible that a certain amount of oxygen is detectable. Due
to slight changes in the Cs+ ion primary beam current, the
sputter times of the negative and the positive spectra differ
from each other. In the negative ion spectra in Fig. 10�a�, the
ion intensities of �12C�−, �14N�−, and �18O�− are plotted ver-
sus the experimental sputter time. The increased oxygen ion
intensity is clearly visible at the aluminum surface, in the
aluminum/BPhen interface, and in the ITO �in Fig. 10 the

FIG. 7. Signal intensities of the 107Ag ion. Spectra were taken at different
laser intensities displaying the detection of the more pronounced free silver
atoms on the metal-on-organic interfaces �open symbols� compared to their
corresponding organic-on-metal samples �filled symbols�.

FIG. 8. UPS measurements at the interfaces of samples O and P. The inset
shows a closer look to the gap state formation in the BPhen layer due to Cs
doping �sample P� and for Ag doping �sample O�.

FIG. 9. J-V and L-V characteristics of samples Q and R, where sample R
contains a Cs- and Ag-doped ETL. The device structures are seen in Table I.
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approximate locations of the heterointerfaces are indicated
by lines�. Due to surface impurities, the ion signal intensities
of the first sputtered nanometers have to be neglected. We
will therefore concentrate on the increased oxygen concen-
tration between the ETL BPhen and the aluminum metal
cathode.

Even in Fig. 10�b�, where the positive ions �27Al�+ �or
�C2H3�+� �12C�+, �28Si�+ �or �AlH�+�, �115In�+, and �120Sn�+

are displayed, the increased aluminum and silicon ion inten-
sities on the metal/organic interface attract attention. Below
we will discuss how aluminum is bound in between metal/
organic interfaces and we will show that the oxide creates a
more undefined AlxOy species than the thermally stable
Al2O3. Due to this partial oxidation and the corresponding
increased electron accepting behavior of the oxygen contain-
ing compounds, the intensity of the Al ion is simultaneously
increased. This is clearly visible for the before-mentioned
metal-on-organic interface in Fig. 10�b�. The increased ion
intensity for �28Si�+ �black stars in Fig. 10�b�� on the metal/
organic interface corresponds to the increased generation of
�AlH�+ ions, which have the same mass-to-charge ratio of 28
amu. One can see a similar behavior of such enhanced ion
intensity on the organic/ITO interface in Fig. 10�b� for the
�27Al�+ ions �bold squares�. Different carbon hydrogen spe-
cies �such as �C2H3�+ with m /z=27 amu� were created dur-
ing the sputter process, simultaneously seen as a kind of Al
background in the organic part of the OLED.

Important questions are the concentration and the origin
of the oxygen content at the metal/organic interfaces. The
oxygen concentration can be determined with the help of
dynamic XPS depth profiling �see Fig. 11�. Standard hetero-
structures �samples T and U� processed in the evaporation
tool with a base pressure of 10−8 mbar show nearly no oxy-
gen incorporation at the metal-on-organic interface �see Figs.
11�b� and 11�c��. Sample V, processed at 10−6 mbar, reveals
a significant oxygen concentration of about 10 at% at the
interface �Fig. 11�d��.

Due to the fact that sample V �Fig. 11�d�� shows no clear
oxygen profile, we looked at another sample, in this case a
full OLED stack �sample S�, which was processed in a single

vacuum chamber with multiple evaporation sources and a
base pressure of around 10−7 mbar. The XPS depth profile of
sample S �Fig. 11�a�� shows a significant oxygen concentra-
tion of about 10 at% in between the cathode and the organic
interlayer, while in the remaining organic stack and the bulk
cathode material no further oxygen is visible.

Oxygen inclusion was discussed in several literature re-
ports. In Refs. 15–17 metals were evaporated on top of oxy-
gen containing organic compounds. These materials were
mentioned as possible oxygen sources for the identified oxi-
dation on the metal/organic interfaces. To avoid such an in-
trinsic oxide contamination, we used BPhen �chemical for-
mula: C24H16N2� instead of oxygen containing compounds.
This leads us to the question, where the oxygen comes from
and which processing step is responsible for it. To answer
these questions, some possible explanations are as follows.
�1� Due to the evaporation of the metal from small pieces,
the metal oxide covering the metal evaporates first and
causes the increase in the oxygen content at the interface. �2�
A residual partial pressure of oxygen and water inside the
vacuum system reacts with the metal vapor. �3� The oxygen
originates from the Cs source, where Cs is evaporated from
oxygen containing cesium salt.

To find the right explanation, we look back to the series
of metal-on-BPhen samples T �Cs doped� and U �undoped�
which were processed and investigated with dynamic XPS.
The results of these samples show that Cs doping has no
significant influence on the oxidation behavior at the inter-
face �Fig. 11�b��. The Al-on-BPhen:Cs interface of sample T
is nearly oxygen free, which means that the oxygen does not
originate from the Cs salt or from a Cs oxide formed by a
reaction between Cs and another oxygen source. Further-
more, sample U, without Cs doping and processed at a cham-
ber base pressure of 10−8 mbar as well, shows no significant
oxygen content on the interface. This points out that oxygen
is not originating from a metal oxide, which may cover the
metal sticks used for the metal evaporation. In contrast to
these results, sample V, evaporated at a base pressure of
around 10−6 mbar, shows a significant increase in the oxy-
gen concentration. The reason is the origin of oxygen in the

FIG. 10. SIMS measurements of the OLED sample S in
negative �a� and positive �b� detection mode. The sput-
ter time represents the sputter depth from the top Al
contact to the ITO ground contact. The sputter time in
the two graphs differs due to changes in the sputter ion
current. The estimated heterointerfaces are displayed by
lines. Note the increased intensities of oxygen and the
aluminum ion signals at the metal-on-organic interface.
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residual partial pressure within the vacuum chamber. A rough
estimation yields: a vacuum chamber at 10−6 mbar usually
contains a residual oxygen partial pressure of about
2�10−7 mbar. To prove this, we analyzed our vacuum con-
dition in the metal evaporation chamber with a residual gas
analyzer. Even at a total base pressure of 5�10−8 mbar,
where we do not expect oxygen incorporation into the
samples, we measured indeed a low oxygen partial pressure
of about 1.2�10−9 mbar but a quite high content of water
�1.8�10−8 mbar�. This implies that the amount of oxygen
insertion into a metal-on-organic interlayer depends on the
oxygen and water partial pressures in the vacuum chamber.

When looking for possible AlxOy compounds, LDI-
TOF-MS was used to explain the binding behavior of the
oxygen located at the metal-on-organic interface �Fig. 12�.
Sample W was processed at a metal chamber base pressure
of about 10−6 mbar. Besides the dominant signals
�Al�+ at m /z=27 amu, �BPhen+H�+ at m /z=333 amu,
�BPhen+Al�+ at m /z=359 amu, and �2Bphen+Al�+ at
m /z=691.7 amu, several oxidized species are detectable.
From the group of the partially oxidized AlxOy, the ions
�AlO�+ �m /z=43.3 amu� and �Al2O�+ �m /z=70.4 amu�
are visible. Further, the aluminum clusters �Al2�+

�m /z=54.4 amu� and �Al3�+ �m /z=81.4 amu� and the
oxidized metal-organic complexes �BPhen+AlO�+

�m /z=376.0 amu� and �2Bphen+AlO�+ �m /z=709.2 amu�
are visible.

FIG. 12. LDI-TOF-MS spectra of the Al-on-BPhen sample W processed at
10−6 mbar of the metal chamber base pressure. Note the different aluminum
oxide species in the lower mass region �a� and the different aluminum-
oxide-BPhen adducts in �b� and �c�.

FIG. 11. XPS depth profiles �a� of an OLED �sample S� well pronounced: the oxygen incorporation at the metal-on-organic interface with an atomic
concentration of 10�2%. �b� XPS depth profile of sample T, where aluminum was evaporated on Cs-doped BPhen layer at 10−8 mbar, �c� Al on intrinsic
BPhen grown at 10−8 mbar �sample U�, and �d� sample V, where Al is deposited at 10−6 mbar; note that a small fraction of oxygen is found on the
metal-on-organic interface of sample V, while the interfaces of samples T and U remains oxygen-free.
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Looking at the XPS depth profile of sample S �Fig.
11�a�� where the oxygen is located at the metal-on-organic
interface, it is very likely that the oxygen containing inter-
layer is created during the first seconds of aluminum evapo-
ration. The “hot gas” of aluminum atoms reacts with the
residual partial pressure of oxygen in the evaporation cham-
ber. After a certain time of metal evaporation, the partial
pressure of oxygen decreases, so that aluminum is evapo-
rated as pure metal. Due to the effect that the reaction di-
rectly relates to the pressure and therefore to the amount of
oxygen in a vacuum chamber, the distance between a metal
evaporator and the sample is crucial for the oxygen incorpo-
ration. In contrast to Refs. 21 and 22, where Al2O3 �1 nm�
was used as interlayer, we did not observe an improved
charge injection due to the insertion of an oxygen-rich inter-
layer. In Fig. 13 the J-V characteristics of samples X–Z,
where the metal is evaporated at different vacuum conditions
�pressure�, show a clear dependence on the oxygen content at
the metal-on-organic interface. The higher the pressure in the
evaporation tool, the higher the amount of oxygen at the
interface, resulting in a decreased current density. The cur-
rent jump �at 1.8 and −2.9 V for device X� and the negative
differential resistance known from Alq3 devices disappear in
the presence of an oxidized interface.42,43

IV. CONCLUSIONS

Using the example of inverted and noninverted OLEDs
and their corresponding hole and electron only devices, we
studied the differences between charge injection from top
and bottom metallic electrodes into organic materials. It is
obvious that electrons are better injected from the top contact
than from the bottom into the electron transporting organic
material. A reason for this is the self-doping effect during the
metal evaporation on top of an organic layer. This behavior
was proven by LDI-TOF-MS and UPS, where formation of
metal-organic complexes between Al and the ETL BPhen
was found. Additionally, a major generation of free atoms in
HTLs was observed in contrast to their corresponding

organic-on-metal samples. While the penetration of metal at-
oms also occurs on HTLs, the self-doping effect has no sig-
nificant influence on the devices.

By means of SIMS and XPS depth profiling, metal-on-
organic interfaces were analyzed. Some samples showed a
partial oxidation of the metals at the metal-on-organic inter-
face. The incorporated oxygen originates from a rest partial
pressure of oxygen and water in the evaporation tool creating
oxidized aluminum of different stoichiometries. LDI-
TOF-MS was used to analyze the composition of the
oxygen-rich metal-on-organic interfaces, revealing a com-
plex behavior of different bound compounds.
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