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An anomalous increase of electric conduction with decreasing temperature was found in the current through
Pb~Ti,Zr!O3 ferroelectric/SrTiO3 epitaxial heterostructures. Comparison with current-voltage characteristics of
other ferroelectric epitaxial heterostructures and the analysis using the band diagram indicate that the current is
tunneling through thep-n junctionformed by Pb~Ti,Zr!O3 and SrTiO3, which have been regarded as insulators
so far.@S0163-1829~98!51910-8#

Tunneling current was predicted by Wilson, Frenkel, and
Joffe 65 years ago.1 It was discovered in a narrow Gep-n
junction (p: hole carrier,n: electron carrier! by Esaki 40
years ago,2 which encouraged the discovery of superconduct-
ing tunneling and the Josephson device. Subsequently, tun-
neling current in various structures such as semiconductor
heterojunctions, metal/insulator/semiconductor, has been
reported.3,4 However, no tunneling current through an oxide
p-n junction has been reported so far.

Conventionally, a ferroelectric is treated as an insulator.
However, a typical ferroelectric like BaTiO3 and PbTiO3 has
a band gap of 3 eV, and recent studies of the leakage current
through it indicate metal/semiconductor properties at the
metal/ferroelectric interface.5 The present paper reports more
drastic evidence for the semiconductivity of ferroelectric.
Namely, a phenomenon reported here suggests two proper-
ties of ferroelectric: evidence of ap-n junction formation by
ferroelectric perovskites, which is possible in principle, and
the observation of a tunneling current throughall-oxide
semiconductor p-n junction. Thep-n junction formation in
ferroelectric heterostructures opens a possibility of develop-
ing a class of semiconductor heterostructures and also ferro-
electrically tunablep-n junctions, in addition to a ferroelec-
tric field effect transistor.6 Additionally, semiconductivity of
ferroelectric has an important implication on the mechanism
for suppressing the finite-size effect of ferroelectricity.7

The principal result of the present paper is an anomalous
increase of the reverse-bias current with decreasing tempera-
ture (T) in Fig. 1~a!. We attribute this to the tunneling
through the p-n junction of PbZr0.5Ti0.5O3/Nb-doped
SrTiO3, as discussed below.

Five types of heterostructures were grown for the
current dc-voltage (IV) measurement: PZT/STON,
PZT/LCO, PLZT/STON, PLZT/LCO, and PLZT10/
LCO, where LCO, STON, PZT, PLZT, and
PLZT10 represents La1.99Sr0.01CuO4, SrTiO3:Nb
0.5 wt %, PbZr0.5Ti0.5O3, Pb0.95La0.05Zr0.2Ti0.8O3 and
Pb0.9La0.1Zr0.2Ti0.8O3, respectively. LCO films were grown
on SrTiO3~STO!, and STON was the substrate. The thickness
of all Pb-ferroelectric layers~except for PLZT10! and LCO
was approximately 200 nm and 100 nm, respectively.

PZT films are reported to have an acceptor densityNA of
1017– 1018 cm23, and its Fermi level is close to the valence
band edge.8 The effect of La doping to PZT is established

experimentally to compensate the hole carriers and increase
the resistivity.9 LCO films and STON substrates are esti-
mated to have an acceptor density of 131019 cm23 and a
donor densityND of 531019 cm23, respectively.

The x-rayu/2u scan and the x-ray pole figure diffractom-
etry showed three-dimensional alignment of the layers and
the substrates in the heterostructures. The lattice mismatch
betweena axes of PZT and STON is 2.8%, and PZT was

FIG. 1. Temperature (T) dependence ofIV hystereses of PZT/
STON ~a! and PZT/LCO~b!. The arrows indicates the direction of
scan.
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mostly@001# oriented with a mixture of@100# orientation. No
secondary phases were detected by the depth profile using
secondary ion mass spectroscopy, auger electron spectros-
copy and x-ray diffractometry. The top and bottom elec-
trodes are Au films (1 mm2) on the ferroelectric and Ag, Al,
or In films (10– 50 mm2) on STON and LCO, respectively.
Figure 2 shows an example of the polarization hysteresis
loop of PZT/STON. One cycle ofIV curve was measured
approximately in 7 min, with the voltage polarity being de-
fined at the top metal electrode. Between 4 K and RT~room
temperature! the resistance of STON substrate and LCO
films alone were lower by over 104 than the total resistance
of the diode.10

In the T dependence ofIV curves of Au/PZT/STON in
Fig. 1~a!, a diodelike current is evident at positive bias ex-
hibiting conductivity enhancement above 270 K and de-
creases with reducingT. On the other hand, the current
grows at negative bias with reducingT. A pair of IV curves
near 300 K before and after theIV measurements at lowT
are almost identical, indicating no irreversible change during
the measurement. This phenomenon was observed reproduc-
ibly and consistently in other PZT/STON samples and
PLZT/STON.

On the contrary, no anomalous behavior was observed in
Au/PLZT/LCO and Au/PLZT10/LCO. In Figs. 1~b! and 3,
diodelike current was observed at negative bias exhibiting
conductivity enhancement at 290 K and decreased with re-
ducingT. Diodelike current was suppressed at 84 K for the
bias scan amplitude of63 V. However,IV characteristics
similar to those at 290 K reemerged at 84 K, by increasing
the bias scan amplitude up to65 V ~Fig. 3!. These observa-
tions and the resistance of LCO films measured separately
eliminate the resistance increase of the bulk conduction in
LCO and of the contact at LCO surface as an origin of the
disappearance of current at lowT.

The other sources of the resistance are the conduction
through PZT, the contact resistance of Au/PZT and the junc-
tion resistance of PZT/STON or PZT/LCO. Therefore, the
difference ofIV curves in Figs. 1~a! and 1~b! exists in the
difference between the PZT/STON and PZT/LCO junctions.

Indeed, the polarity of the forward bias in the present

heterostructures is always positive for STON bottom elec-
trode and negative for LCO bottom electrode at RT. This
polarity dependence was confirmed in several other combi-
nations of ferroelectric and the perovskite conductors.11 IV is
determined by the most resistive part in the current path.

The band diagram based on the work function difference
like Fig. 4~a! was able to explain consistentlyIV curves of
various heterostructures above RT.11 For example, we as-
sume ap-n junction at PZT/STON interface. All the polarity
dependences observed so far are explained by noting the
magnitude of the band bending, i.e., the built-in potential at
the ferroelectric surfaces. In PZT/STON, the reverse-bias
current is determined by ap-n PZT/STON junction, because
its built-in potential exceeds that of the Au/PZT contact@Fig.

FIG. 2. Polarization (P)-voltage (E) hysteresis of PZT/STON
at 1 kHz at RT. No resistance compensation was performed. The
symbol1 indicates the position forE5P50.

FIG. 3. T dependence ofIV hysteresis of PLZT10/LCO
@~•••! 290 K, ~---! 230 K, ~—! 84 K#. The inset shows anIV hys-
teresis at 84 K with the maximum voltage scale of65 V.

FIG. 4. Band diagrams of Au/PZT/STON at RT~a! and at lowT
~b! and theT dependence of the voltage for reaching the current
densities of 3 nA/mm2 and 30 nA/mm2 ~c!. The difference be-
tween the band diagrams~solid lines! at low T and at RT is the
reduction ofjV and jC at low T. The dashed lines in~b! show a
band diagram for a stablePs('240 mC cm22) that yields fF

!fS'3 V according to the procedure described in Ref. 7, and the
total depletion width is calculated to be 5 nm for«55. In ~c!, for a
current of 30 nA/mm2, voltages at both increasing~----•----! and
decreasing~—d—! magnitudes are plotted. The lines -•-•-•- are the
best fittings to the data.
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4~a!#. Similarly, the built-in potential at PZT/LCOp-p junc-
tion is less than that at Au/PZT. Therefore, the reverse bias
of Au/PZT/LCO corresponds to the reverse-bias polarity of
the Au/PZT.12

If the tunneling current is not dominant in the total cur-
rent, the resistances at these interfaces mainly determine the
overall resistance and increase asT decreases. Furthermore,
the quantum paraelectricity below 40 K induces the large
increase of the dielectric constant« of STON at low T,13

which widens the depletion layer at PZT/STON junction
with decreasingT. This enhances the resistance at PZT/
STON.

The tunneling current through Au/PZT becomes impor-
tant at lowT. The ratio of the tunneling current to the ther-
mionic emission current through metal/semiconductor con-
tact increases with reducingT and increasing doping.
However, the total current does not increase at least with
decreasingT.14 The change of the depletion layer width
through the change of« of PZT is negligible, due to the high
Curie temperature of PZT.

Therefore, the only cause of the increasing current density
with decreasingT is searched at the PZT/STON interface.
One source is a possible change of the built-in potential in-
duced by the phase transition of a tetragonal PZT into a
rhombohedral PZT, which is observed in bulk material near
300 K. However, the increase of the reverse current contin-
ued, at least, to 60 K. Furthermore, theT dependence of the
current in PLZT/STON was similar to PZT/STON, while no
phase transition of PLZT is expected near 300 K.

The band diagram of PZT/STON at RT at zero bias in
Fig. 4~a! suggests a possibility of the tunneling current at
reverse bias. Even for«55 of STON and PZT,15 the deple-
tion layer width is estimated to be approximately 30 nm
(NA51018 cm23);100 nm (NA51017 cm23) and is very
wide, as compared with those of ordinary tunnel junctions.
However, the various experiments and analyses discussed
above and the below suggest that tunneling is the most plau-
sible conduction mechanism for Fig. 1~a!. First, the replot of
Fig. 1~a!, i.e., Fig. 5, demonstrates that the Fowler-
Nordheim-type tunneling fits the results satisfactorily forV
,0.

For tunneling through ap-n junction, the reduction of the
doping density, i.e., the increase of the band offset sup-
presses tunneling. The La substitution into Pb of PZT
~PLZT! reduces the hole concentration as mentioned above,
which implies the increase of the band offsetjV of PLZT in
a rigid-band model. Indeed, the current at the reverse bias
was drastically reduced in allT, while it still showed an
increasing reverse current with decreasingT ~Fig. 6!. This
result is difficult to explain by direct tunneling and other
conduction mechanisms.

For the tunneling current to grow with decreasingT, a
certain effect must overcome the increase of the depletion
layer width or other sources of the resistance increase. Figure
4~b! shows the answer. The band offsetjV is given by
kBT ln NV /NA , where kB : Boltzmann constant,NV}T3/2:
effective density state of the valence band. Therefore,jV is
approximately proportional toT between 58 and 300 K. The
tunneling probability is mainly determined by the relative
position of the top of the PZT valence band and the bottom
of the STON conduction band. Therefore, the bias voltage

dependence of tunneling current is a function ofV2jV
2jC (jC5kBT lnNC/ND, where NC;NV is the effective
density of states of the conduction band!. This implies that
the voltage for reaching a given density varies withT to
satisfy V2jV2jC5constant'V 2akBT (kBT is measured
in volts, e.g.,kBT526 mV for T5300 K!. Figure 4~c! shows
the voltage for reaching 3 nA/mm2 and 30 nA/mm2 and
confirms the linear dependence onT.

Assuming tentatively NV51021 cm23 for PZT and
STON, we havejV57kBT– 9kBT andjC53kBT and, there-
fore, a510– 12. The fitting to the data in Fig. 4~c! yields a
514.2 for 3 nA/mm2 and a 511.6 for 30 nA/mm2. The
agreement is satisfactory.16

FIG. 5. Replot of a part of Fig. 1~a!. For V,0, Fowler-
Nordheim tunneling plots ofIV data~a! are slightly better than log
I plots ~b!. For V.0, Schottky plots were the most suitable among
the various plots such as Poole-Frenkel, space charge limited,
Fowler-Nordheim tunneling, logI , and others.

FIG. 6. Temperature dependence ofIV hysteresis of PLZT/
STON ~a! and its blowup view~b!. The PLZT film has the same
thickness as the film PZT in Fig. 1~a!.
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These analyses are valid also when the spontaneous po-
larization PS and the charged traps modify the electronic
state near the interface. As shown by dashed curves in Fig.
4~b!, a finite PS can possibly reduce the depletion layer
width in PZT ~Ref. 7! which seemed too thick for tunneling
through thep-n junction. If this explanation is correct, the
tunneling current is controllable by the switching ofPS .

In conclusion, an anomalous increase of the current den-
sity with decreasingT was found in Au/PZT/STON, which
was not observed in Au/PZT/LCO. This difference was at-
tributed to the PZT/STONp-n junction and the PZT/LCO
p-p junction. The examination of the tunneling through Au/
PZT, IV characteristics,T dependence indicates the anoma-

lous current is due to the tunneling through the PZT/STON
p-n junction that is possibly influenced byPS . The analyses
suggest that increase of the doping density can enhance the
tunneling current and realize the negative resistance. Further-
more, the tunnel diode can be tunable byPS , which is in
progress. Thep-n junction formation by ferroelectric per-
ovskites can be extended to ap-n junction formation by
other perovskites like manganese perovskite oxides and
high-Tc superconductors.
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