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Heterointerfaces of correlated electron oxides provide a good laboratory to explore novel electronic states
induced by the coupling among spin, charge, and orbital degrees of freedom. For the detail understanding of
the complex interface states, it is indispensable to elucidate the interface band profiles of correlated electron
materials. Here we report the band profiles of Mott-insulator /Nb:SrTiO3 heterojunctions revealed by optical-
spectroscopic and transport measurements. Photocurrent action spectra indicate the existence of the band
bending and band discontinuity similar to the rigid-band interface and we construct a band lineup of Mott
insulators based on the rigid-band picture. We also estimate the width of the depletion layer in a Mott insulator
by investigating thickness dependence of photocurrent amplitude.
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There have been growing interests on heterointerfaces of
complex oxides triggered by marked advances in the tech-
nique of the thin-film growth. The most distinctive feature of
the complex oxides from conventional materials such as
semiconductors �doped-band-insulators� is a wide variety of
electronic phases induced by the inherent strong electron cor-
relation. After pioneering works by Ohtomo et al.1 and Oka-
moto and Millis2 a lot of experimental observations and the-
oretical predictions have revealed the unprecedented
interface electronic states in oxide heterojunctions. The oxide
heterointerface is also attractive from the view point of ap-
plication to novel storage or photovoltaic devices. For engi-
neering the interface electronic states as well as designing
possible devices, the basic knowledge on band profiles of the
correlated electron interface is indispensable.

To establish the band lineup, which maps out the relative
positions of the energy bands for constituent materials, is
prerequisite for predicting the interface band profile. Once
the band lineup is known, one can model the band profile
and charge distribution at the interface of materials with a
given doping level, assuming an ideal junction of rigid-band
materials.3 This is also the case for interfaces of correlated
electron materials, although the electron correlation may
modify the interface band structure.4,5 Therefore, to clarify
the origin of the complex feature of the correlated interface,
it is extremely useful to analyze the interface band profile on
the basis of rigid-band model. Then, one may be able to
explore the differences, i.e., the effects of electron correla-
tion, from the interface of conventional semiconductors.
Here we report interface band profiles of Mott-insulator/
doped-band-insulator heterojunctions and a band lineup of
Mott insulators revealed by photocurrent action and absorp-
tion spectroscopies as well as transport measurements. It was
found out that the interface band structures of the Mott

insulators are well approximated by the rigid-band picture in
the light doping regime. Although the one-electron rigid-
band picture has been already used as an assumption to
model the interface band structure of complex oxides relying
on only transport data in previous reports, we derived this
conclusion without any assumptions but by combining opti-
cal and transport measurements in this study. The effect of
strong electron correlation shows up as a short diffusion
length of minority carriers.

The compounds investigated here are prototypical Mott
insulators—La2CuO4 �LCO�, Sm2CuO4 �SCO�, LaMnO3

�LMO�, and SrMnO3 �SMO�, which are well known as par-
ent compounds of high-Tc-superconducting cuprates or
colossal-magnetoresistive manganites. All of them are typi-
cal Mott insulators with antiferromagnetic orders in their
ground states. LCO and LMO are p-type Mott insulators,
where a slight amount of inherent defects or an intentional
band filling control can generate majority hole carriers,
whereas SCO and SMO are n-type Mott insulators. These
Mott insulators were grown on Nb 0.02 at. % doped SrTiO3

�Nb:STO� which is an electron-doped band insulator to con-
struct p-N or n-N Mott-insulator/doped-band-insulator het-
erojunctions. Hereafter we abbreviate Nb:STO layer as N
layer and Mott-insulators layer as p or n layer. Such hetero-
junctions have been known to show a highly rectifying
behavior.6–12 As shown in Fig. 1, all the Mott-insulator/
Nb:STO heterojunctions fabricated in this study similarly
show a clear character of diode with high rectification ratios.
They also show the linearity between the inverse square of
the capacitance �C−2� and the applied voltage �V�, in accord
with the results of former studies. In the scheme of the rigid-
band p-N junction, the capacitance is related to the applied
voltage by
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where Vbi is the built-in voltage, np�nN� and �p��N� are the
carrier density and the dielectric constant in p�N� layer,
respectively.3 We can directly derive the built-in potential
�qVbi� from the intercept point on the voltage axis which
corresponds to the energy difference in the Fermi levels of
contacting materials. Although the formula is rather complex
in n-N junctions, the voltage intercept point is approximated
to be the built-in potential if �nnn��NnN.10 The deduced
built-in potential values are 0.64 eV for LMO, 1.37 eV for
LCO, 1.66 eV for SMO, and 1.16 eV for SCO.

The change in the capacitance mainly comes from the
change in depletion layer thickness in Nb:STO because nN is
about 1�1018 cm−3 and much smaller than the activated
carrier density of usual Mott insulators at room temperature
over 1�1019 cm−3.13 Thus, the linear gradient of the C−2-V
plot reveals that the product of �N and nN is constant along
depth direction in Nb:STO. �Note that there are differences
in the slope of C−2-V plot from sample to sample by a factor
of about 3. This is because the dopant activation ratio in such
a lightly doped STO is critically affected by the crystal qual-
ity and the actual carrier concentration widely varies depend-
ing on an adopted substrate sample�.14 This analysis, how-
ever, gives little information on the interface band profiles of
Mott insulators. We employed photocurrent action spectros-
copy known as a good probe of band structures near buried
interfaces to unveil interface electronic structures of the Mott
insulators.15

Photocurrent action spectra were taken by irradiating a
monochromatic light from a xenon or halogen lamp chopped
at 270 Hz and measuring induced current synchronized with
the chopping frequency with a lockin amplifier. For the mea-
surements, the junctions were patterned into a mesastructure

with an area of 200�200 �m2 on which the incident light
was focused. �Details of the device structure and fabrication
process were given in Ref. 10.� We also measured the ab-
sorption spectra of the Mott insulators to deduce their optical
gaps. The measurement was performed on the films grown
on nondoped STO substrates.

In Fig. 2 are displayed photocurrent action spectra for all
the junctions. The steep increase above 3.2 eV is due to the
onset of interband excitation in Nb:STO. The photoexcited
electrons and holes are spatially separated by the electric
field in the depletion layer of Nb:STO and contribute to the
photocurrent. Below the absorption edge of Nb:STO, the
spectra show differences in their amplitude as well as thresh-
old energy. One prominent feature is that the junctions of
p-type Mott insulators exhibit larger photocurrent and low
threshold energy compared with those of n-type ones.

To clarify the origin of these differences, we compare in
Fig. 3�a� the linear absorption spectra and threshold regions
of the photocurrent action spectra. In the p-N junctions, the
photocurrent starts to appear at the photon energy almost
coincident with the optical gap. This result indicates that the
photoexcited electrons and holes in the Mott insulator near
the interface are spatially separated through diffusion or drift
processes of minority carriers �electrons� across the interface
�length scale of these processes is about 6 nm as discussed
later�. Therefore, one can deduce a band profile of the p-N
junction assuming rigid band as depicted in the left sche-
matic of Fig. 3�b�.

On the contrary, the photocurrent in n-N junctions appears
from a higher energy than the optical gap by 1.55 eV for
SMO and 0.66 eV for SCO. This means that the photocurrent
is not generated even though photons are absorbed in this
energy region. We can explain this feature as follows on the
basis of the band profile of the rigid-band model depicted in
the right schematic of Fig. 3�b�. In n-N junctions, the differ-
ence in the conduction-band position causes a potential bar-
rier for photoexcited electrons in the n layer to flow into the
N layer. Therefore, the photocurrent appears from the photon
energy of the optical gap plus the conduction-band offset.16

The energy of conduction-band offset ��Ec� is related to the
built-in potential as �Ec=qVbi−�n+�N, where �n and �N re-
fer to the position of the Fermi energy relative to the
conduction-band minimum in n and N layer, respectively.
Since �N of the lightly electron-doped STO is negligibly

FIG. 1. �Color online� Current density �J�-voltage �V� �solid line
for left axis� and capacitance �C�-voltage �V� characteristics of
Mott-insulator /Nb:SrTiO3 �Nb:STO� heterojunctions measured at
ambient temperature. Among the four compounds, LMO and LCO
are p-type Mott-insulators and the others, SMO and SCO are n-type
ones. The arrows indicate the voltage-axis intercept points of the
linear extrapolation of C−2-V plot. Their values shown in each panel
in a unit of electron volts represent the built-in potentials of the
junctions.

FIG. 2. �Color online� Photocurrent action spectra normalized
by monochromatic light intensity for Mott-insulator /Nb:SrTiO3

heterojunctions.
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small �40 meV�,17 �n is estimated to be 0.11 eV in SMO and
0.50 eV in SCO.

From these results based on the rigid-band picture, we
deduce the band lineup of the Mott insulators as depicted in
Fig. 4. The Fermi energy of p-type LCO is lower than those
of n-type SCO while that of p-type LMO and n-type SMO
are in the reversed relation. This is consistent with the result
of x-ray photoemission spectroscopy �XPS� performed for
bulk compounds.18,20,22,23 The contrastive relation is due to
the difference in the factor that determines the carrier type of
the Mott insulator. The filling of eg band is the origin of the
opposite carrier type between LMO �d4� and SMO �d3� while
the difference in the crystal structure, the so-called T struc-
ture in LCO and T� structure in SCO, defines their carrier
types.24 The energy differences in the Fermi level between
n-type and p-type Mott insulators ��Enp� deduced from the
present experiments is −1.0 eV in the manganites and 0.2
eV in the cuprates. According to the results of XPS, �Enp is
estimated −0.7�−0.9 eV for the manganite22,23 and 0.3 eV
for the cuprates.18,20 The close agreement between the
present data and the XPS data for bulk crystals signifies that
the rigid-bandlike band profiles depicted in Fig. 3�b� provide
a good approximation to represent the interface band struc-
ture of Mott-insulator/Nb:STO junctions.

Hereafter we estimate the width of depletion layer in a
Mott insulator from the thickness dependence of photocur-
rent amplitude. LMO/Nb:STO films with different thick-

nesses ranging from 2 to 40 nm were prepared and their
photocurrent action spectra were measured in the same way
as described above. The obtained external quantum effi-
ciency of photocurrent generation at photon energies of 2.5
and 3.5 eV are shown in Fig. 5. The quantum efficiency at
2.5 eV has a maximum at around 6 nm while that obtained at
3.5 eV shows a monotonic decrease as LMO thickness in-
creases because the photoexcitation of Nb:STO band gap is
the dominant origin of the photocurrent at this photon energy
and the photon absorption in LMO layer reduces the incident
light reaches to Nb:STO layer. We consider the thickness
dependence at 2.5 eV on the assumption that the efficiency
of the photocurrent generation is proportional to the number
of photons absorbed in the depletion layer plus the neighbor-
ing layer within the width of diffusion length of minority

FIG. 5. �Color online� External quantum efficiency of photocur-
rent generation for LMO/Nb:STO junctions as a function of the
thickness of LMO. Measurements were performed at the photon
energies of 2.5 and 3.5 eV. The solid line in the left panel is a plot
of Eq. �2�, calculated with Wp+Lp fixed to 6 nm and ��	� shown in
Fig. 3. J0 is a fitting parameter.

FIG. 3. �Color online� �a� Absorption spectra �solid line for left
axis� of the Mott insulator thin films and the threshold regions of
the photocurrent action spectra �open circles for right axis� of the
Mott-insulator /Nb:SrTiO3 heterojunctions �right axis�. The optical
gap �Egap� was estimated from linear extrapolation of the absorption
edge as shown by solid arrows and broken lines, respectively. The
threshold energies of the photocurrent action spectra �Eth� are indi-
cated by dashed arrows. �b� Schematic band profiles deduced for
the p-N �left� and n-N �right� junctions composed of Mott insulators
and Nb:STO. Photocurrent can appear when the irradiated photon
energy exceeds the optical gap �Eth=Egap� as shown for p-N junc-
tions. When there are spike and notch in the conduction-band pro-
file at the interface, photon energy has to exceed Egap+�Ec, where
�Ec is the conduction-band offset.

FIG. 4. �Color online� Band lineup of the Mott insulators rela-
tive to the energy level of Nb:SrTiO3 deduced from the built-in
potentials, optical gap, and the threshold energy of the photocurrent
action spectra. Lines in top panel are conduction- and valence-band
edges in the frame work of rigid-band picture. The broken lines are
Fermi level. Since the present method is unable to estimate the
Fermi energy of p-type Mott insulators relative to the valence-band
maximum ��p�, we use the values reported for bulk compounds
�about 0.4 eV both for LMO and LCO �Refs. 18 and 19��. The
bottom panel is the schematic band structure for d and p states of
transition metals and oxygen, respectively, for which filled states
are hatched and Fermi level is shown by broken line. Photoemission
data �Refs. 18–21� are referred for the orbital identity of the con-
duction �or unoccupied� and valence �or occupied� bands of the
Mott insulators. Spin configurations are also shown for 3d orbitals
in Mn and Cu.
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carrier in LMO, which is the so-called effective thickness.
Then, the quantum efficiency is given as a function of the
film thickness d like

J = J0�1 − e−�d��d 
 Wp + Lp� ,

J = J0�e−��d−Wp−Lp� − e−�d��d � Wp + Lp� , �2�

where � is the absorption coefficient of LMO, Wp the width
of depletion layer in LMO, Lp the diffusion length of elec-
tron in LMO, and J0 a constant. We plot the function with a
solid line in Fig. 5 by using the value Wp+Lp fixed to 6 nm
and � shown in Fig. 3�a�. The function well reproduces the
decay of the quantum efficiency with increasing the thick-
ness above 6 nm. Therefore, it is plausible to consider that
the width of depletion layer in LMO is shorter than 6 nm and
minority-carrier diffusion length is also quite short compared
with that in conventional semiconductors that reaches several
hundred micrometers. The reason for the short depletion
width is the large residual carrier density in the Mott insula-
tors while the short diffusion length is caused by the strong
electron correlation which enhances the effective carrier
mass and lowers the electron mobility.

The present results elucidate the validity of the interface
band profiles of Mott insulators within the framework of the
rigid-band picture for this doping regime. The charge redis-
tribution derived by the Fermi-level difference affects a tiny
perturbation on the band alignment of Mott insulators. This
result is quite surprising and somewhat puzzling because it is
commonly believed that the rigid-band picture always fails
to explain the collective responses of Mott insulators. The
present puzzling but usefully simple aspect of the correlated

electron heterointerface will invoke vigorous theoretical ef-
forts hereafter. Of course, an intentional charge modulation
by applying external fields will make obvious the electron
correlation effect in Mott insulators as an interface electronic
reconstruction,6,8,10 where we expect a large field response
and nontrivial electronic states. Even in that case, the genu-
ine band profiles as revealed here will determine whether the
applied field can deplete or accumulate charge carriers at
interface.

In summary, we have investigated interface band profiles
of Mott-insulator /Nb:SrTiO3 p-N or n-N heterojunctions by
using photocurrent action and absorption spectroscopies
combined with transport measurements. Photocurrent action
spectra have revealed the existence of the depletion layer in
p-N junctions and the conduction-band offset in the n-N
junctions, which are well consistent with the band profile
based on the hypothesis that the interface of Mott insulator
keeps a bulklike band structure. The presently established
band lineup of Mott insulators will give a basic guideline to
design or predict functionalities in the heterostructures of
correlated electron materials.
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