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The electronic band structure in the epitaxial Fe/MgO/GaAs�001� tunnel junction has been studied
by x-ray and ultraviolet photoelectron spectroscopy measurements. The Schottky barrier height
�SBH� of Fe on MgO/GaAs heterostructure is determined to be 3.3±0.1 eV, which sets the Fe
Fermi level at about 0.3 eV above the GaAs valence band maximum. This SBH is also exactly the
same as that measured from Fe on MgO monocrystal. After Fe deposition, no band bending change
is observed in MgO and GaAs underlayers. On the contrary, Au and Al depositions led to clear
variation of the band bending in both MgO and GaAs layers. This effect is analyzed as a fingerprint
of defect states at the MgO/GaAs interface. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2361273�

Significant research effort has been devoted to study the
spin injection from a transition metal into semiconductors
due to the large panel of potential applications in the field of
sensors, logical devices, or memories.1 It is now appreciated
that the use of a tunnel barrier between the ferromagnetic
metallic electrode and the semiconductor can lead to high
efficiency spin injection.2,3 Recently, a CoFe/MgO�001� tun-
nel injector has been used for room-temperature �RT� highly
spin-polarized current injection into GaAs.4 Due to its rela-
tive ease of preparation and thermal stability,4,5 the
CoFe/MgO/GaAs�001� solid state spin injector appears as a
very promising candidate for future spintronic applications.
To completely understand tunnel spin injection in the
Fe/MgO/GaAs system, the electronic band structure of
this model system should be first precisely known. In this
letter, a combined x-ray and ultraviolet photoelectron spec-
troscopy �XPS and UPS� study is used to determine the
band-structure lineup of the Fe/MgO/GaAs�001� hetero-
structure. The Schottky barrier height �SBH� at the Fe/MgO
interface and the band bending in the MgO barrier are espe-
cially measured.

The epitaxial Fe/MgO/GaAs�001� samples were grown
by molecular beam epitaxy. Details about the preparation of
the MgO/GaAs�001� samples can be found elsewhere.6

Briefly, 3 nm thick MgO�001� layers were grown on Si
n-doped �4�1016 cm−3� GaAs As�2�4� surface at RT by
evaporation of high purity MgO powder. After MgO growth,
the samples were annealed under ultrahigh vacuum �UHV� at
600 °C for 20 min. Finally, a 2 nm thick Fe�001� layer was
epitaxially grown at RT on the annealed MgO/GaAs hetero-
structure. Mg K� �1253.6 eV� was used as the x-ray source
and He I �21.2 eV� resonance line provided the UPS source
for photoemission experiments. The total energy resolu-
tions were about 800 and 100 meV for XPS and UPS,
respectively.

Figure 1 schematically shows the energy level diagram
of the Fe/MgO/GaAs system. In our previous work, we
precisely determined by XPS a valence band offset

�VBO� �EV=4.2±0.1 eV and a conduction band offset
�EC=2.2±0.1 eV at the MgO/GaAs�001� interface.6 As
XPS measurements are slightly averaged in depth, band
bending in the MgO layer could induce a systematic error in
our measurements. To check this point, we have grown MgO
with different thicknesses �2, 3, and 4 nm� on GaAs. It was
found that O2s and Ga3d core level positions of these
samples do not change �variation smaller than ±0.05 eV�,
which proves that the MgO layer is almost in flatband
conditions.

In this letter, the SBH is measured on the
Fe/MgO/GaAs�001� metal/insulator/semiconductor �MIS�
sample. To determine the SBH �BS of Fe on MgO �the Fe
Fermi level �FL� position with respect to the MgO conduc-
tion band minimum�, the MgO O2s core level position is
used as a reference peak:

�BS = Eg
MgO + �EO2s

MgO − EVBM
MgO � − �EFC, �1�

where Eg
MgO is MgO band gap and �EFC= �EO2s

MgO−EF� is the
energy difference between the MgO O2s core level and the
Fe FL which is measured from the MIS sample. Since the
energy difference of O2s to MgO valence band maximum

a�Author to whom correspondence should be addressed; electronic mail:
pascal.turban@univ-rennes1.fr FIG. 1. Schematic energy level diagram of Fe/MgO/GaAs heterostructure.
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�VBM� �EO2s
MgO−EVBM

MgO � has already been carefully determined
to be 18.06 eV,6 the SBH �BS can be deduced from the
measurement of �EFC.

Figure 2 shows XPS spectra of O2s and Ga3d core lev-
els and Fe FLs for different samples, respectively, 3 nm
MgO/GaAs before Fe deposition, 3 nm MgO/GaAs after
2 nm Fe deposition, and 2 nm Fe deposited on an
UHV-cleaved MgO monocrystal. The Fe thickness �2 nm� is
thick enough to achieve the percolation of the Fe islands and
to observe a bulklike Fe valence band character. The Fe FL
position is taken at the maximum slope of the rising edge of
the primary valence electrons. In addition, the Fe FL position
of the sample on MgO monocrystal is aligned to that of the
MIS sample to be able to compare their O2s positions. It is
interesting to note that their O2s core levels are located ex-
actly at the same position. As a result, the distance �EFC is
measured to be 22.55±0.05 eV. Substitution of the Eg

MgO

�7.83 eV�,7 �EO2s
MgO−EVBM

MgO �, and �EFC values into Eq. �1� re-
sults in the SBH of Fe on MgO:

�BS = 7.83 + 18.06 − 22.55 � 3.3 ± 0.1 eV. �2�

The SBH value is found to be the same for Fe on
MgO/GaAs as for Fe on MgO monocrystal. Combining with
the result of MgO/GaAs valence band offset, it is found that
the Fe Fermi level lies about 0.3 eV above the GaAs VBM.

In Fig. 2, it is also found that the O2s and Ga3d peak
positions nearly do not change before and after Fe deposi-
tion. If the 3 nm MgO layer grown on GaAs presents a very
high density of localized defects, the Fe Fermi level could be
pinned by those defect states, so that the O2s position would
not change after Fe deposition. To clarify this point, 2 nm
thick Au and Al layers were grown on the MgO/GaAs het-
erostructure to compare with the Fe case �Pauling’s elec-
tronegativity: Al 1.61, Fe 1.83, and Au 2.54�. Figure 3 shows
the O2s and Ga3d core levels and metal Fermi level spectra
recorded by XPS and UPS He I, respectively. The three met-

als’ FLs are found to be exactly at the same position as the
system FL. Compared with the case of Fe, the O2s and Ga3d
core levels demonstrate clear shifts: towards lower binding
energy after Au deposition and towards higher binding en-
ergy after Al deposition. The O2s core level position shifts
much more than that of Ga3d, so that the distance between
O2s and Ga3d core levels changes after different metal depo-
sitions. The clear shift of O2s position after Au and Al depo-
sitions indicates that the defect density at the metal/MgO
interface is too low to pin the Fermi level; this position
shows a clear trend with the metals’ electronegativities as
will be discussed below. In addition, the shift of Ga3d core
levels also indicates that the Fermi level is not totally pinned
on the defect states at the MgO/GaAs interface.

Figure 4 presents the band bending diagrams for these

FIG. 2. XPS spectra of O2s and Ga3d core levels and Fe Fermi levels for
different stacks: 3 nm MgO/GaAs�001�, 2 nm Fe/3 nm MgO/GaAs�001�,
and 2 nm Fe/MgO�001� monocrystals.

FIG. 3. XPS spectra of O2s and Ga3d core levels for 2 nm Au, 2 nm Fe,
and 2 nm Al on MgO/GaAs heterostructures. The metal Fermi levels were
measured by UPS He I.

FIG. 4. �Color online� Band bending diagrams for three kinds of MIS struc-
tures: Au, Fe, and Al on MgO/GaAs�001�.
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three MIS structures deduced from the position of O2s and
Ga3d core levels. We assumed that the band offsets at the
MgO/GaAs interface are fixed and that the band bending in
MgO is linear. From the Ga3d position, the position of MgO
VBM at the MgO/GaAs interface can be deduced through
the MgO/GaAs VBO. In addition, the MgO VBM position at
the metal/MgO interface can be obtained from the O2s po-
sition measured in the MIS sample.8 Finally, in the case of
Au, there exists a large band bending in the MgO layer, and
the potential variation across the MgO layer is about 0.5 eV.
After Fe deposition, the MgO layer remains in flatband con-
ditions, while in the case of Al, the band bending in the MgO
layer is inverted with a potential drop of about 0.4 eV. The
SBHs of metals on MgO are also measured �Al: 2.8 eV, Fe:
3.3 eV, and Au: 4.0 eV�.8 These values are in a good agree-
ment with SBH measured on metals deposited on MgO
monocrystal.9

In order to understand the physical mechanisms govern-
ing band alignments in these MIS structures, one needs first
to consider the pinning of the FL position at the MgO/GaAs
interface before metal deposition. With the MgO deposition
conditions used in this study, the system FL is pinned
0.27 eV above GaAs VBM after MgO growth and annealing.
This FL position implies a depleted and slightly inverted
zone in GaAs �estimated to 7.5�1011 positive charges per
cm2 in GaAs� and a corresponding opposite negative charge
on the MgO side, located on acceptor levels in the oxide
band gap. These acceptor levels may originate from interfa-
cial structural defects due to the highly mismatched epitaxial
MgO growth on GaAs or from reactivity at the MgO/GaAs
interface as well. On the other hand, the FL position at the
metal/MgO interface is governed by the physics of Schottky
barrier formation:10 the SBH values increase quasilinearly as
expected with the increase of metal electronegativities. An
exhaustive discussion of the Schottky barrier formation
mechanisms10,11 on MgO including quantitative analysis of
the SBH dependence versus metal electronegativities will be
published elsewhere.9

Finally, the formation of the complete MIS structure im-
plies that the FLs at the MgO/GaAs and metal/MgO inter-
faces equalize at thermal equilibrium. This equalization is
possible thanks to charge transfer in the structure creating the
necessary dipoles equilibrating the FLs. In the case of Fe, no
charge transfer is needed since the FL positions at the
MgO/GaAs and Fe/MgO interfaces almost match. On the
contrary, in the case of Al, electrons are transferred from the
metal side towards both the acceptor states in MgO band gap

and GaAs, thus reducing the band bending in the semicon-
ductor. In the case of Au, the charge transfer is inverted and
electrons are transferred from both MgO acceptor states and
GaAs towards the metallic film, thus increasing the band
bending in the semiconductor. Such metal-overlayer-induced
charge transfer has also been observed in metal/SiO2/Si
systems.12 Assuming purely interfacial defects, an optical di-
electric constant of 3.18 for MgO and a constant density of
the defect states, a classical capacitor model can be used to
estimate the acceptor’s defect state density close to the Fermi
level at the MgO/GaAs interface. The obtained rough value
is 1�1013 states/cm2 eV. Such a high defect density should
be considerably reduced before future transport applications.

To conclude, we have determined the band structure
lineup of Fe/MgO/GaAs�001� heterostructure by XPS and
UPS. The SBH of Fe on MgO/GaAs is determined to be
3.3±0.1 eV, which sets the Fe Fermi level about 0.3 eV
above GaAs VBM. The modification of this band lineup by
deposition of Al and Au allows us to demonstrate the pres-
ence of a large defect state density at the MgO/GaAs�001�
interface.

This work was supported by the National French Pro-
gram PNANO �MOMES project�.

1I. Žutić, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 �2004�.
2A. Fert and H. Jaffrès, Phys. Rev. B 64, 184420 �2001�.
3E. I. Rashba, Phys. Rev. B 62, R16267 �2000�.
4X. Jiang, R. Wang, R. M. Shelby, R. M. Macfarlane, S. R. Bank, J. S.
Harris, and S. S. P. Parkin, Phys. Rev. Lett. 94, 056601 �2005�.

5R. Wang, X. Jiang, R. M. Shelby, R. M. Macfarlane, S. S. P. Parkin, S. R.
Bank, and J. S. Harris, Appl. Phys. Lett. 86, 052901 �2005�.

6Y. Lu, J. C. Le Breton, P. Turban, B. Lépine, P. Schieffer, and G. Jézéquel,
Appl. Phys. Lett. 88, 042108 �2006�.

7R. C. Whited, C. J. Flaten, and W. C. Walker, Solid State Commun. 13,
1903 �1973�.

8In principle, the O2s position measured in the MIS sample is not just the
position at the metal/MgO interface because the XPS measurement is
averaged in depth. In the cases of Au and Al, the values of the potential
variation and the SBHs should be corrected due to the strong band bending
in the ultrathin MgO layer. Unfortunately, since we do not know the exact
band bending profile induced by charged defects in the MgO layer, the
results presented here have not been corrected.

9Y. Lu, K. C. Assi, B. Arnaud, J. C. Le Breton, P. Turban, B. Lépine, P.
Schieffer, S. Lebègue, and G. Jézéquel �unpublished�.

10W. Mönch, Electronic Properties of Semiconductor Interfaces �Springer,
Berlin, 2004�, p. 131.

11D. A. Muller, D. A. Shashkov, R. Benedek, L. H. Yang, J. Silcox, and D.
N. Seidman, Phys. Rev. Lett. 80, 4741 �1998�.

12H. Öfner, R. Hofmann, J. Kraft, F. P. Netzer, J. J. Paggel, and K. Horn,
Phys. Rev. B 50, 15120 �1994�.

152106-3 Lu et al. Appl. Phys. Lett. 89, 152106 �2006�

Downloaded 22 Jun 2007 to 192.54.144.229. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


