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The authors have performed a depth-profile analysis of an all-oxide p-n junction diode n-ZnO/
p-NiO using photoemission spectroscopy combined with Ar-ion sputtering. Systematic core-level
shifts were observed during the gradual removal of the ZnO overlayer, and were interpreted using
a model based on charge conservation. Spatial profile of the potential around the interface was
deduced, including the charge-depletion width of 2.3 nm extending on the ZnO side and the built-in
potential of 0.54 eV. © 2006 American Institute of Physics. �DOI: 10.1063/1.2358858�

Oxides are considered to expand the functions of silicon-
based devices since they show a variety of magnetic, electric,
dielectric, and optical properties. Innovative oxide junction
devices such as transparent field-effect transistors,1–8 UV-
light emitters,9,10 and those using correlated oxides11–18 have
been reported to date. The characteristic width of the charge-
depletion region �CDR� at an oxide junction interface be-
comes as narrow as several nanometers due to the generally
high carrier concentrations in carrier-doped oxides.18 Inves-
tigation of such a narrow CDR is nevertheless of primary
importance since CDRs are the center of the device func-
tions. In this letter, we show a potential profile study of a n
-ZnO/ p-NiO, which is a representative and promising trans-
parent all-oxide p-n junction diode for future oxide
electronics.19 Instead of performing a microscopy around the
atomically abrupt interface between n-ZnO and p-NiO, we
approached the interface by a depth-profile analysis using
x-ray photoemission spectroscopy �XPS� combined with Ar-
ion sputtering �Fig. 1�a��. Since the typical photoelectron es-
cape depth in XPS is a few nanometers,20 depth dependent
analysis with nanometer resolution became possible.21

The epitaxial thin film heterostructure of ZnO�0001� /
NiO:Li�111�/indium tin oxide �ITO��111�/yttria-stabilized
zirconia �YSZ��111� was fabricated as described elsewhere.19

Here, NiO was p-type doped with Li to form LixNi1−xO. ZnO
thickness was 10 nm, derived from the interference fringe.
Atomically flat surface and interface of the sample were con-
firmed by atomic force microscope �AFM: Fig. 1�b�� and
high-resolution transmission electron microscope �HRTEM:
Fig. 1�c�� observations. XPS measurements were performed

using a Scienta SES-100 electron analyzer and an x-ray tube
of Al K� line �h�=1486.6 eV�. The energy resolution was
�800 meV, and the base pressure was better than 2
�10−10 Torr. The voltage stability was better than 5 meV
during the measurements, which enabled us to determine the
energy shifts with an accuracy of �40 meV albeit the rather
low energy resolution of XPS. In situ sample etching was
performed in the preparation chamber equipped with an UL-
VAC USG-3 ion gun and an Ar gas inlet. The energy and the
incidence angle of the Ar-ion beam �defocused� were set to
500 eV and 85° �grazing incidence�, respectively. During the
etching, the sample was moved at �0.5 Hz in the vertical
direction to the incidence beam in order to ensure homoge-
neous etching. All the measurements were performed at
room temperatures.

Figure 1�d� shows a series of core-level XPS spectra
recorded during the removal of the initially 10 nm thick ZnO
overlayer from the ZnO/NiO:Li/ ITO/YSZ sample. The
binding energies are referenced to the electron chemical po-
tential � of the sample, as in usual XPS experiments. In the
initial stage of sputtering �for sputtering time t�30 min�,
one could see signals only from the ZnO overlayer. The line
shapes and the energy positions of the Zn 2p3/2 and O 1s
core-level spectra hardly changed in this stage, which con-
firms the reported chemical robustness of ZnO against Ar-ion
sputtering.22 After t�30 min, Ni 2p3/2 signals from the NiO
underlayer became visible and grew in its intensity, while
that of Zn 2p3/2 gradually disappeared. The O 1s intensity
remained nearly unchanged throughout, since oxygens of
similar densities are present both in the ZnO overlayer and
the NiO underlayer. At t�60 min, we observed an abrupt
termination of the growth of the Ni 2p3/2 core-level intensity.a�Electronic mail: ishida@spring8.or.jp
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We interpreted this point as the complete removal of the ZnO
layer and the exposure of NiO to the vacuum. Then, from the
initial thickness of ZnO and t�60 min, we could accurately
determine the sputtering rate of ZnO to be 0.17 nm/min and
hence the bottom axis of Figs. 1�e� and 1�f�. The exponential
rise of the Ni 2p3/2 intensity for t�60 min was best de-
scribed by the photoelectron escape depth of 1.9 nm, as
shown in the theoretical curve in Fig. 1�e�.23

In Fig. 1�d�, one can also see that the core levels were
shifted toward lower binding energies during the etching,
most notably in the series of the O 1s core-level spectra. The
relative shifts of the core levels are plotted in Fig. 1�f�. The
fitted simulation curves �described below� for the shifts of O
1s and Ni 2p3/2 are also shown. One can clearly see that all
the core levels suddenly started to shift toward lower binding
energies at t�45 min or, in terms of the ZnO thickness d, at
�2.5 nm. The shift continued for further sputtering until the
complete removal of ZnO at t�60 min.

The sudden start of the core-level shifts with the kink at
d�2.5 nm would be understood if we consider the charge
conservation in the CDR as follows. Figure 2�a� schemati-
cally shows the space-charge distributions within the CDR
during the removal of the ZnO overlayer. When part of the
CDR on the ZnO side is removed, the CDR on the NiO side

should also shrink in order to maintain the charge neutrality.
The associated changes in the electric field and electronic
potential are schematically shown in Figs. 2�b� and 2�c�. Af-
ter the exposure of the CDR to the vacuum, that is, for d
� ln, where ln is the initial CDR width on the ZnO side, both
the built-in potentials in ZnO and NiO �denoted as �n and
�p, respectively� start to diminish according to �n,p
=�n,p

0 �d / ln�2. Here, �n
0 and �p

0 are the built-in potentials ini-
tially formed on the ZnO and NiO sides, respectively. There-
fore, as shown in Fig. 2�c�, the potential at the surface and
interface does not change for d� ln but suddenly starts to
follow parabolas for d� ln.

Roughly speaking, the shift of Zn 2p3/2 represents the
variation in the electronic potential at the surface, since the
topmost contribution from the ZnO layer is the largest due to
the surface sensitivity of XPS. Similarly, the Ni 2p3/2 shift
represents the potential variation at the interface, since the
contribution from the interfacial NiO layer is the largest. The
simulated core-level shifts of Zn 2p3/2 and Ni 2p3/2 including
the photoelectron escape depth of 1.9 nm are overlaid in Fig.
1�f�. The best fit was obtained with the parameters �n

0+�p
0

=0.54 V �potential shift at the surface�, �p
0 =0.52 V �poten-

tial shift at the interface�, and ln=2.3 nm. The extra shift of
the O 1s peak compared to Zn 2p3/2 and Ni 2p3/2 is under-
stood as the chemical shift in going from ZnO to NiO:Li.

In Fig. 3, we show the band diagram across the p-n
junction thus deduced. Here, the CDR width on the NiO side,
lp=1�102 nm, was calculated using the relationship
	n�n

0 /	p�p
0 = ln / lp, where 	n=8.59 �Ref. 24� and 	p=11.9

�Ref. 25� are the static dielectric constant ratios of ZnO and
NiO, respectively �see Fig. 2�c��. We have also set the
conduction-band minimum of ZnO and the valence-band
maximum of NiO:Li close to �, since ZnO and NiO:Li are
heavily doped with electrons and holes, respectively. We
adopted the optical gaps of ZnO and NiO of 3.4 and 3.8 eV,
respectively,19 as the band gaps. The built-in potential of
�n

0+�p
0 =0.54 V is in good agreement with the threshold

voltage �0.7 V of the diode rectifying property of n-

FIG. 1. �Color� Depth-profile analysis of the n-ZnO/ p-NiO:Li junction. �a�
Schematic figure of the present experiment. �b� AFM image of a single-
crystalline NiO layer grown on an ITO film. �c� HRTEM image of a cross
section of the ZnO/NiO heterojunction. �d� Variation of the Zn 2p3/2, Ni
2p3/2, and O 1s core-level spectra during Ar-ion sputtering. �e� Variation of
the core-level XPS intensities as a function of sputtering time. �f� Core-level
shifts as a function of sputtering time. Theoretical curves for Zn 2p3/2 and Ni
2p3/2, which include the effect of finite photoelectron escape depth, are
overlaid.

FIG. 2. �Color� Shrink of the CDR of the p-n junction during the removal
process of the ZnO overlayer. �a� Evolution of the charge distribution. �b�
Resulting changes in the electric field distributions. �c� Variation in the
electronic potential at the exposed surface and interface. The area of the
gray triangle in �b� and �c� gives the built-in potential.
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ZnO/ p-NiO.19 The large conduction-band offset of �3 eV is
in line with the large energy difference in electron affinities
of ZnO and NiO.26

The carrier concentration of ZnO and NiO:Li can be
calculated from the derived parameters as Nn�3
�1018 cm−3 and Np�6�1016 cm−3, respectively, through
the relation Nnln=Nplp=2	0 /e��n

0+�p
0� / �ln /	n+ lp /	p�. Here,

	0 and e are the dielectric constant of the vacuum and the
unit charge, respectively. The derived carrier concentration
of ZnO is in reasonable agreement with the initially expected
value of Nn�1�1018 cm−3.19 The narrow CDR width of ln
=2.3 nm on the ZnO side, which corresponds to approxi-
mately five unit cells of ZnO, stems from the high carrier
concentration of ZnO.

So far, spectroscopic studies of the abrupt junction re-
gions with nanometer-to-atomic resolution have been per-
formed using cross-sectional scanning tunneling microscopy
and related techniques on cleaved junction cross sections of
III-V compound semiconductor heterostructures.27–29 Thick-
ness dependence analyses as demonstrated here will provide
another approach in investigating the nanoscale electronic
properties of the junction regions of heterostructures. Since it
is not clear how far the simple semiconductor physics is
applicable to the interfaces of correlated electron
systems,13,16,18 firm understanding of their interfacial elec-
tronic structures would be necessary for further development
of oxide junctions.

In summary, we have performed a depth-profile analysis
of a n-ZnO/ p-NiO junction using core-level XPS combined
with Ar-ion sputtering. During the gradual removal of the
ZnO overlayer, an onset of core-level shifts was observed at
a critical ZnO thickness �2.5 nm. We described this behav-
ior using a model based on charge conservation: the CDR
shrinks from both sides of the junction when one side of the
CDR is mechanically removed. We thus deduced a spatial

profile of the potential around the n-ZnO/ p-NiO interface,
which is similar to the band diagram of a semiconductor
p-n junction. The present work has demonstrated that the
overlayer thickness dependence study can be used as a mea-
sure of the applicability of a semiconductor p-n junction pic-
ture to oxide-junction interfaces.
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FIG. 3. �Color online� Deduced band diagram at the n-ZnO/ p-NiO:Li in-
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ZnO=3.4 eV and Eg
NiO

=3.7 eV, were adopted from the literature �Ref. 19�.
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