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X-ray and ultraviolet photoemission spectroscopy �XPS and UPS� experiments were performed in
order to study the energy level alignment and electronic structure at Co/AlOx/pentacene interfaces
as a function of the aluminum oxide �AlOx� tunnel barrier thickness and the oxidation state of Co.
XPS was used to determine the oxygen exposure for the optimum oxidation of 6, 8, and 10 Å thin
layers of Al deposited on Co. The Fermi level �FL� position in the band gap of AlOx depends on the
oxidation state of the underlying Co and on the thickness of the tunnel barrier. The energy level
alignment at Co/AlOx interfaces is consistent with an interfacial dipole, its magnitude being
sensitive to the oxidation of Co, and band bending phenomena in the thin AlOx tunnel barrier. UPS
experiments revealed no chemical interaction at Co/AlOx/pentacene interface in contrast with
hybridization effects found at Co/pentacene interface. The vacuum level of pentacene aligns with
that of AlOx, following the position of AlOx energy levels with respect to FL. The hole injection
barrier was found to increase with the thickness of the tunnel barrier and to decrease with the
oxidation of Co at a fixed thickness of the AlOx layer. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2721885�

I. INTRODUCTION

Organic spintronics is a new branch of the field of mo-
lecular electronics and deals with the injection and detection
of spin polarized carriers in organic semiconductors by
means of spin valve devices. Injection and detection of spins
is realized by a pair of ferromagnetic electrodes, whose mag-
netization can be controlled independently, whereas the
transport and manipulation of spins is realized in the organic
semiconductor placed in between the two ferromagnets. Or-
ganic spin valve behavior was reported for sexithienyl �T6�
�Ref. 1� and 8-hydroxy-quinoline aluminum �Alq3�.2 With
one of the highest hole mobilities among organic
semiconductors,3 pentacene appears to be a good candidate
to investigate spin transport properties. However, all electri-
cal spin injection and detection in semiconductors �organic
or inorganic� using ferromagnetic metals �such as Co� suffer
from a common problem: the conductivity mismatch
problem.4 Theoretical predictions suggest that the problem
can be solved by the insertion of thin tunnel barriers �e.g.,
aluminum oxide� in between the ferromagnetic metal and the
semiconductor.4,5 Depending on the conductivity of the or-
ganic material, tuning of the tunnel barrier resistance by tun-
ing its thickness is generally required. Whether �and how�
the tunnel barrier influences the energy levels alignment
scheme at Co/AlOx/pentacene interfaces is not known. To
date, there are no studies �photoemission or transport� re-
garding the carrier injection barriers at Co/AlOx/pentacene

interfaces. The insertion of thin insulating layers of LiF in
between the organic semiconductor and the metal contacts
has shown to improve the performance of organic LEDs.6–8

The effect was explained by the modification of the carrier
injection barriers, information inferred from photoemission
experiments.9–13

In this article we report on the interfacial energy level
alignment between Co and pentacene in the case of insertion
of a thin aluminum oxide �AlOx� tunnel barrier in between.
The tunnel barriers were fabricated by depositing thin layers
of Al �6, 8, and 10 Å� on Co thin films followed by thermal
oxidation at room temperature. The oxidation state of Al and
the oxygen exposures for which the Al layers are optimally
oxidized were obtained from x-ray photoemission spectros-
copy �XPS� measurements. The dependence of the binding
energy �BE� and full width at half maximum �FWHM� of the
Al core levels �Al 2p and Al 2s� with respect to the oxidation
state of Co hint at an interface dipole sensitive to the oxida-
tion state of the interfacial Co layer. The position of the top
of the valence band of AlOx, with respect to the Fermi level,
extracted from ultraviolet photoemission spectroscopy �UPS�
measurements, varies as a function of the thickness of the
tunnel barrier, consistent with band bending phenomena in
the AlOx layer. At AlOx/pentacene interfaces the interfacial
dipole is negligible. Our results show that the hole injection
barrier increases with the thickness of AlOx and decreases
with the oxidation of Co at a constant AlOx thickness. This
enables tuning of the device performance by controlling thea�Electronic mail: m.popinciuc@rug.nl
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thickness of the tunnel barrier. The hybridization effects
present at the Co/pentacene interface are suppressed by the
insertion of the AlOx tunnel barrier.

II. EXPERIMENT

The preparation of the samples and the photoemission
experiments were performed in situ in an interconnected ul-
trahigh vacuum system. In the preparation chamber Co, Al,
and pentacene were evaporated in background pressures
�3�10−9 mbar. Co and Al were evaporated using Radak
type I cells from alumina crucibles onto oxidized silicon sub-
strates which were liquid nitrogen cooled in order to assure a
smooth surface and a closed Al layer. Pentacene, purified by
vacuum sublimation and degassed before the experiments for
a few hours, was deposited in a stepwise manner at room
temperature from a homemade, resistively heated, glass cru-
cible at a rate of 2.5 Å/min. All deposition thicknesses were
monitored with crystal microbalances calibrated by atomic
force microscopy or surface profilometry. The aluminum lay-
ers were oxidized by exposing the sample in steps to oxygen
�99.5%� at room temperature. The photoemission experi-
ments were performed at room temperature immediately af-
ter the oxygen exposure or the pentacene deposition step.
The analysis chamber, base pressure of �2�10−10 mbar, is
equipped with a nonmonochromatic Al K� x-ray source
�1486.6 eV� and a nonmonochromatic He discharge lamp
�UV light of 21.2 eV�. The photoelectrons were analyzed
with a hemispherical analyzer from Vacuum Generators. The
incoming light and the analyzer are at 35° with respect to the
sample surface normal. The resolution of the spectra was 1.5
eV for XPS and 0.15 eV for UPS. The UPS measurements
were performed with a −4 V bias applied to the sample in
order to enable the measurement of the secondary electrons
cutoff.

III. RESULTS AND DISCUSSION

A. Al oxidation monitored by XPS and UPS

The tunnel barriers were derived by oxidizing 6, 8, and
10 Å Al, respectively. This was realized by evaporation of Al
followed by exposure to oxygen in steps. After each expo-
sure step XPS spectra were recorded in order to determine
the optimum oxidation conditions. The oxygen exposure is
expressed in langmuir �L�, 1 L=1.33�10−6 mbar s. Similar
spectra were taken for all samples. A few spectra in the re-
gion of Al 2p and Co 2p1/2 core levels are presented in Fig.
1 for the 6 Å sample.

The energy levels of Al shift toward higher BE as the Al
metal undergoes oxidation; that is, the chemical state of Al
changes from Al0 in neutral Al metal to Al3+ in Al2O3.14 In
the beginning of the oxidation process Al is present in a
mixture of pure and oxidized Al. Even the as-deposited Al is
partly oxidized due to the evaporation onto the liquid nitro-
gen cooled substrate, which increases the sticking coefficient
of the residual gases. This is reflected in the width of Al 2p
�see the bottom spectrum of Fig. 1�a�� and the presence of
oxygen in the spectra �not shown�. The resolution of our
spectrometer did not allow clear separation of the two energy
levels, one of pure Al and one of oxidized Al, so fitting of the

data was done assuming only one Gaussian function and a
Shirley-type background.14 We will show later that, in spite
of this restriction, we are able to determine the optimum
oxidation conditions without any doubt. The BE and FWHM
of Al 2p and Al 2s energy levels were tracked as a function
of total oxygen exposure; the results obtained from fitting are
shown in Fig. 2 for Al 2p level of all samples. At low oxygen
exposures the FWHM of Al 2p level is larger with respect to
a pure or completely oxidized Al layer owing to the mixture
of pure and oxidized Al. After a certain oxygen exposure the
FWHM saturates, consistent with the existence of only one
oxidation state of Al. Further oxygen exposure does not
change the chemical state of Al; therefore, we consider that
the optimum oxidation is when FWHM saturation starts, that

FIG. 1. A few XPS spectra of 6 Å Al metal on Co at different oxygen
exposure doses �the numbers represent the total oxygen exposure expressed
in langmuir and are valid for all the traces, from bottom to top�. �a� Al 2p
and �b� Co 2p1/2 regions. Note the shift of Al 2p energy level, the broaden-
ing of Co 2p1/2, and the appearance of oxidized cobalt levels �Co+x� with
increasing the oxygen exposure dose.

FIG. 2. The BE �squares, left axis� and FWHM �circles, right axis� of Al 2p
energy level as a function of oxygen exposure for �from top to down� 6, 8,
and 10 Å Al on Co. The vertical dashed lines represent the oxygen expo-
sures of the three samples �6 Å Al� for which the pentacene energy level
alignment was measured by UPS; see Sec. III C.
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is 140, 0.9�106, and 1010 L for the 6, 8, and 10 Å Al layers,
respectively. Beyond this point, the underlying Co starts to
oxidize, that is, Co 2p energy levels broaden as oxidized Co
�Co+x� energy levels develop in the spectra; see Fig. 1�b�. In
a separate experiment we exposed a clean Co surface to oxy-
gen and found that Co readily oxidizes �spectra not shown�.
This is in contrast with the late appearance of cobalt oxide
�CoOx� signs in the case the deposition of the 6 Å Al layer,
suggesting a good coverage of the surface by the Al layer.
Roughly, the saturation in FWHM corresponds with a peak
in BE for the Al energy levels, which we interpret as an extra
indication that the underlying Co layer starts to oxidize.

Figure 3 summarizes the XPS results of Al core levels of
the AlOx tunnel barriers as a function of thickness of the
initial Al layer �d�. In all plots presented in this article we
will represent the variable thickness of AlOx by the initial
thickness of Al from which the tunnel barrier was derived. To
obtain the thickness of the oxide barrier, d should be multi-
plied by a factor of �1.2 assuming the bulk densities of Al
and �-Al2O3. In Fig. 3�a� we present the binding energy shift
of the levels with respect to d. Within less than a tenth of the
experimental resolution the Al core levels have a constant
binding energy. The FWHM of Al 2p and Al 2s �average
values taking all the points in the saturation region� is shown
in Fig. 3�b�. Within the error bars, which represent the stan-
dard deviation, the FWHM is constant.

The following phenomena may take place at the Co/
AlOx interface: formation of interfacial dipole, chemistry
�pinning�, screening effects, band bending, intermixing of Al
with Co, and charging. We can exclude charging effects in
XPS from the following two reasons. First, charging should
broaden the energy levels with increasing the insulating layer
thickness, whereas we found FWHM to be constant. Second,
charging should be more severe with the appearance of the
CoOx layer in between Co and AlOx and should shift the
energy levels of Al toward higher energies, which is actually
the opposite of what we observed. This is in agreement with
previous reports which showed that charging does not occur
in aluminum oxide layers thinner than 25 Å.15,16 Intermixing
of Al and Co species cannot play a major role for the follow-
ing reason. Very likely, the intermixed AlOx layer would
have a different FWHM compared with a pure one due to
nonuniformities in the chemical environment. In fact, the
FWHM should peak at the point where the probed layer con-
sists of equal quantities of intermixed Co-AlOx and pure
AlOx layers. Our data show a constant FWHM �within the

error bars�, therefore pointing to a uniform chemical environ-
ment and to a sharp Co/AlOx interface. This is also consis-
tent with the late appearance of Co oxidation signs, which
points to a good coverage and small intermixing of Al with
Co. Screening effects, due to close proximity of the Co
metal, do not have a significant contribution since the Al
levels shift toward lower BEs with the appearance of CoOx
layer �which increases the distance between Co metal and
AlOx�, contrary to what would be expected if metal screen-
ing played a major role. Different FL positions with respect
to a common VL of Co and AlOx lead to an interfacial dipole
at Co/AlOx interface, whose magnitude is affected by the
interfacial states present at Co/AlOx interface. With the ap-
pearance of a thin CoOx layer in between Co and AlOx, the
nature of these interfacial states is changed and a change in
the magnitude of the interfacial dipole is expected to occur,
in agreement with the change �decrease� of the BE of Al core
levels.

UPS spectra of optimum oxidized layers were also re-
corded; see Fig. 4�a�. We identify the broad feature around
6.5 eV as corresponding to the valence band of aluminum
oxide. The position of the top of the valence band �denoted
as VB� with respect to FL as a function of oxidation state of
Co and as a function of the initial Al layer thickness �d� is
shown in Figs. 4�b� and 4�c�. As already discussed, at the
Co/AlOx interface an interfacial dipole exists and its magni-
tude is sensitive to the oxidation state of the underlying Co.
The UPS data also show a decrease in the binding energy of
the VB with oxidizing Co, in agreement with the XPS mea-
surements �see Fig. 2�. As a function of d, an increase in BE
of the VB is observed in UPS in contrast with the XPS mea-
surements. A possible explanation is a stronger differential
charging in the UPS measurements, which we cannot com-
pletely exclude. However, literature data on thin aluminum
oxide layers grown on various metals16–19 showed an in-
crease of the Al core levels binding energies with increasing
the thickness of the oxide as well. Thin insulating layers of
LiF deposited on metals behave similarly.10,20 The shift to-

FIG. 3. �a� Binding energy shift and �b� FWHM of Al 2p �squares� and
Al 2s �circles� as a function of the initial Al layer thickness.

FIG. 4. �a� UPS spectra of the optimum oxidized Al layers showing the top
of valence band of AlOx �VB�. �b� The BE of VB �BEVB� as a function of
the oxidation of Co for the 6 Å sample �see the text�. �c� BE of VB of AlOx
as a function of initial thickness of the Al layer, d.
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ward higher binding energies of the energy levels of the in-
sulating layer with increasing the insulator thickness was in-
terpreted in most cases in terms of interfacial dipole,
Schottky barrier formation, and band bending in the thin in-
sulating layer. Taking into account the discussion of the XPS
data in the previous paragraph, we believe that the energy
level alignment at Co/AlOx interface is due to Schottky bar-
rier formation and band bending in the AlOx layer.

B. Energetics of Co/AlOx/pentacene and Co/pentacene
interfaces

In this section we present the results on the energetics of
the Co/AlOx/pentacene interfaces. A comparison is made
with the clean contact case, Co/pentacene. Pentacene was
deposited in steps on the Co/AlOx substrates and UPS spec-
tra were taken after each deposition step. In this way, we
were able to map out the energy level alignment and the
magnitude of the hole injection barrier as a function of pen-
tacene thickness.

In the clean contact case between pentacene and Co,
there is a high degree of interaction.21,22 Due to hybridization
of the highest molecular orbital �HOMO� of pentacene with
the reactive Co 3d band, the BE of the HOMO level was
found to be higher for the interfacial layer �submonolayer
coverage of pentacene� in comparison with the two mono-
layer ��30 Å� coverage situation. This is illustrated in Fig.
5�b�, where we present the measured UPS spectra in the
region of HOMO for a few thicknesses of pentacene. In the
case of insertion of AlOx tunnel barrier in between Co and

pentacene there is no chemical interaction, as the BE of the
HOMO level stays approximately the same for the interfacial
layer compared with a thicker film; see Fig. 5�d�. Note that in
the clean contact case at 5 Å pentacene coverage the HOMO
level is not detectable, whereas when the tunnel barrier is
inserted the HOMO level becomes visible. This behavior
was consistent in all samples employing an AlOx tunnel bar-
rier, indicating no chemical activity for Co/AlOx/pentacene
system compared with Co/pentacene, in agreement with
measurements on the Al/AlOx/pentacene system.23 The hole
injection barrier �the distance between leading edge of
HOMO and the FL� amounts to 0.96 eV for Co/pentacene
interface, whereas for Co/AlOx �6 Å�/pentacene the barrier
height is 0.60 eV for the tunnel barrier derived from oxidiz-
ing 6 Å Al. At the Co/pentacene interface we found an inter-
facial dipole of 1.05 eV, whereas for the Co/AlOx
�6 Å�/pentacene system we found an interfacial dipole of
0.67 eV at the Co/AlOx interface and vacuum level align-
ment at the AlOx/pentacene interface. A vacuum alignment
situation was reported also for SiO2/pentacene and LiF/
pentacene interfaces.20,24

C. Energy level alignment at Co/AlOx/pentacene
interfaces

In this section we will discuss the variation of the hole
injection barrier ��h� as a function of the oxidation state of
the underlying Co �for the 6 Å Al samples� and as a function
of the thickness of the tunnel barrier �the optimum oxidized
6, 8, and 10 Å Al layers�. The energy level alignment was
determined for each of the samples. All samples show a simi-
lar behavior; that is, VL alignment of pentacene with the
AlOx tunnel barrier and constant HOMO binding energy
with increasing thickness of pentacene, consistent with no
interfacial chemical reaction between pentacene and AlOx as
previously discussed.

From the organic spin valve device point of view it is of
importance that Co is not oxidized at the interface with the
AlOx tunnel barrier. In order to investigate to what extent the
oxidation of the Co underlayer influences the hole injection
barrier at Co/AlOx/pentacene interface, we prepared three
similar samples �same 6 Å thickness of Al� and performed
UPS measurements. The difference between the samples was
the oxygen dose at which the Al layer was exposed. The
oxygen exposure conditions for the three samples are indi-
cated in Fig. 2�a� by the vertical dashed lines. The samples
were denoted as: optimum oxidized AlOx�1�, slightly over-
oxidized AlOx�2�, and over-oxidized AlOx�3� with corre-
sponding exposures of 140, 1400, and 1�1010 L. For the
optimum oxidized 6 Å Al sample the hole injection barrier is
smaller than in the clean contact case between Co and pen-
tacene, and decreases even more with the oxidation of Co. In
Fig. 6�a� we plotted the variation of �h together with the
binding energy shifts of VL �at Co/AlOx interface� and
Al 2p, Al 2s, for the three samples. The variable thickness
samples show that �h increases with the oxide thickness and
amounts to 0.60, 0.65, and 0.85 eV for the 6, 8, and 10 Å Al

FIG. 5. �a�, �b� UPS spectra of pentacene deposited on Co in the region of
secondary electron cutoff and Fermi level, respectively. �c�, �d� UPS spectra
in the case of insertion of an optimum oxidized 6 Å Al layer between Co
and pentacene. The dashed lines are a guide to the eyes and represent the FL
and the evolution of HOMO level with increasing pentacene coverage.
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layers, respectively. In Fig. 6�b� we plotted the variation of
�h, BE of VL �at Co/AlOx interface�, and BE of the VB of
AlOx as a function of d.

The hole injection barrier, that is the HOMO level, fol-
lows the energy levels of AlOx �Al 2p, Al 2s, VB� in all
cases. The difference between samples is the position of the
FL at the interface, i.e., the work function of the substrate,
determined by the oxidation of Co and/or the thickness of
AlOx. A vacuum level alignment situation �the Schottky-
Mott limit� was found at all interfaces between Co/AlOx
substrates and pentacene; the band alignment scheme is not
determined by the position of the FL in the band gap of the
aluminum oxide tunnel barrier. In view of recent efforts to
describe the interface energetics of organic semiconductors
with various substrates,25,26 the Co/AlOx/pentacene inter-
faces are characterized as weakly interacting. The charge
transfer between Co and pentacene through the �transparent�
AlOx barrier, due to the electrochemical potential equilibra-
tion, does not have a major contribution in determining the
energy levels alignment at the Co/AlOx/pentacene interface,
i.e., the interfacial slope parameter is unity.

IV. CONCLUSIONS

The evolution of Al energy levels, in thin AlOx tunnel
barriers, as a function of the oxidation of the underlying Co
and as a function of the aluminum oxide thickness, was in-
terpreted as due to a combination of two factors: interfacial
dipole and band bending. The energetics of Co/AlOx inter-
face determines the band offsets and the magnitude of the
interfacial dipole, which decreases with the oxidation of Co.
The vacuum levels of pentacene and Co/AlOx substrates
were found to align, a situation which corresponds to the
Schottky-Mott limit. Charge transfer through the thin tunnel
barrier �due to electrochemical potential equilibration� does
not a play a significant role in determining the energy level
alignment scheme. The hole injection barrier decreases with
the oxidation of the bottom Co layer and increases with the
thickness of aluminum oxide, following the shift of Al en-
ergy levels with respect to FL. This demonstrates that the
carrier injection barriers �holes and electrons� can be tuned
by varying the oxide barrier thickness. Moreover, we showed
that with the insertion of a thin AlOx tunnel barrier �the 6 Å
Al case� the hole injection barrier decreases by �0.35 eV

compared with the clean contact case, and an improvement
in the efficiency of injecting holes is expected to occur in
electrical devices. The contact resistance of Co/AlOx/
pentacene devices is expected to increase with the tunnel
barrier thickness due to the following reasons. First, as the
aluminum oxide becomes thicker, fewer carriers are able to
tunnel through; second, at the same time, the carriers expe-
rience a higher injection barrier. Since the magnitude of the
hole injection barrier is important in the modeling of the spin
valves, the information gained from our experiments will
help to successfully model and design organic spin valves
employing Co, AlOx tunnel barriers and pentacene.
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oxidation of the underlying Co. �b� The variation of �h and binding energy
shifts of VL �at the Co/AlOx interface� and VB as a function of the initial Al
layer thickness, d. The hole injection barrier increases as a function of d.
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