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A single ferroelectric Schottky diode was obtained on a SrRuO3-Pb�Zr0.2Ti0.8�O3-Ta �SRO-PZT20/80-Ta�
structure in which the SRO-PZT20/80 interface is the rectifying contact and the PZT20/80-Ta interface be-
haves as a quasiohmic contact. Both the capacitance-voltage �C-V� and the current-voltage �I-V� characteristics
show the memory effect due to the ferroelectric polarization. However, retention studies had revealed that only
the “down” orientation of ferroelectric polarization is stable in time �polarization oriented from top to bottom
contact�. The analysis of the experimental results suggests that the PZT20/80 is n type and that the stable
orientation of polarization is related to the presence of a depletion region at the SRO-PZT20/80 Schottky
interface.
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I. INTRODUCTION

Among functional materials the ferroelectric compounds
with perovskite structure are subject of intensive study due to
their wide range of properties �dielectric, ferroelectric, piezo-
electric, pyroelectric, and nonlinear optical properties� which
makes them very attractive for numerous applications such
as nonvolatile memories, microwave devices, infrared detec-
tors, piezoelectric transducers, microactuators and nanoac-
tuators, displays, etc.1–3 For many years these materials were
used mainly in form of bulk ceramics or polycrystalline films
making difficult their integration in microelectronics.4,5 At-
tempts were made to use ferroelectric films as gate oxide on
silicon �Si� in order to develop ferroelectric field-effect tran-
sistors for memory applications but the poor quality of the
ferroelectric-Si interface prevented the large scale production
of these devices.6,7 The coexistence of semiconductor and
ferroelectric properties in some perovskite compounds to-
gether with the recent advance of chemical-physical deposi-
tion techniques, such as pulsed laser deposition �PLD� or
metal-organic chemical-vapor deposition, had offered the
possibility to grow high-quality epitaxial ferroelectric films
and opened the gate toward the manufacturing of “ferroelec-
tronic” components.8–11 These are electronic components,
such as diodes or transistors, in which the active material is a
semiconductor with ferroelectric properties. In this context, a
first step would be the manufacturing of a true ferroelectric
Schottky diode. In a paper from 1994 Bloom et al.12 claimed
that they have realized and characterized such a diode, con-
sisting of a 200 nm PbTiO3 epitaxial layer with an Au
Schottky contact on one side and a La0.5Sr0.5CoO3 ohmic
contact on the other side. However, the current-voltage �I-V�
characteristic based on which they have concluded that the
structure is a ferroelectric Schottky diode does not show the
expected rectifying behavior. Also, the presence of a surpris-
ingly symmetric hysteresis loop does not support the exis-
tence of a Schottky diode which is known to be a highly
asymmetric device. Much more recently, Choi et al.13 re-
ported on a switchable ferroelectric diode made of BiFeO3
crystal with symmetric Au electrode. Although the shape of
the I-V characteristic is very similar to a diode, the conclu-
sion that the observed rectifyinglike behavior is a bulk effect

raises serious question marks whether the structure can be
considered a diode, in the true sense of the concept, or not.
Both in the case of p-n junctions and metal-semiconductor
Schottky diodes, the characteristic features are the presence
of an interface and the presence of a depleted region near this
interface. The unique phenomenon in a diode is that the
width of the depletion region can be controlled through the
applied voltage. This is visible both in the I-V and
capacitance-voltage �C-V� characteristics, giving the rectify-
ing behavior of the current flowing through the interface, and
the voltage dependence of the capacitance. Therefore, the
structure presented by Choi et al. is not a diode and the
rectifyinglike I-V characteristic may be the effect of a non-
homogeneous distribution of traps correlated with different
densities of interface states at the two BiFeO3-Au interfaces.
At best it can be considered a back-to-back connection of
two Schottky BiFeO3-Au diodes, with asymmetric I-V char-
acteristics, which are significantly affected by the properties
of the bulk if there are important amounts of structural de-
fects affecting the mobility of the injected charge carriers.

In this paper, a ferroelectric Schottky diode is presented.
The single ferroelectric Schottky diode was obtained using
high-quality epitaxial PZT films grown on SrRuO3 /SrTiO3
�SRO/STO� substrates. Both the I-V and C-V characteristics
are specific for a diode, presenting also the characteristic
hysteresis due to polarization switching.

II. EXPERIMENTS AND RESULTS

A. Film deposition and characterization methods

The Pb�Zr0.2Ti0.8�O3 �PZT20/80� layer was grown by
PLD on single-crystal �001�-oriented STO substrates. First, a
bottom SRO electrode was epitaxially grown by PLD, then
PZT20/80 films with thickness in the 100–200 nm range
were deposited.11,14 The top tantalum �Ta� electrodes of
70�70 �m2 were deposited by radio-frequency sputtering
through a shadow mask. The Ta contact was preferred be-
cause, according to recent reports, has the potential to form
ohmic contacts with tetragonal PZT.15

The electrical characterization comprises hysteresis, I-V,
and C-V measurements at various temperatures between 200
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and 450 K. The measurements were performed in a cryostat
with liquid-He circulation by using a Keithley 6517 elec-
trometer and a HP 4194A impedance/gain analyzer. Hyster-
esis loops were also recorded using a TF2000 ferroelectric
analyzer �AixAcct�. The short-circuit current of the photo-
voltaic effect was measured using the same Keithley elec-
trometer, in conjunction with a grating monochromator oper-
ating in the 200–1100 nm wavelength range.

B. Electrical measurements

Typical hysteresis loops at room temperature �RT�, for
polarization and current, are presented in Fig. 1. The both
loops were obtained by using a triangular voltage with a
frequency of 1 kHz. The I-V loop recorded during hysteresis
measurement does not show the expected current peaks as-
sociated with polarization reversal. It might be that the
switching peaks are hidden by the large leakage current ob-
tained for the negative bias polarity. However, an indication
for the polarization switching is the hysteresis observed on
the negative side of the I-V characteristic. The I-V character-
istic presents a strong rectifying behavior very similar to a
Schottky diode.

The C-V characteristic shown in Fig. 2 just confirms the
Schottky-type behavior of the SRO-PZT-Ta structure. The
C-V measurement was performed at 100 kHz. It appears that
for positive polarity the diode is reverse biased, as the ca-
pacitance decreases with increasing the voltage. For negative
polarity, the capacitance increases up to a certain voltage

then, quite abruptly, becomes negative when the neutral vol-
ume reaches the electrode. This is equivalent to the situation
when the depletion region is no longer present. Therefore,
the structure is no longer a capacitor with capacitance value
controlled by the applied voltage but transforms into a resis-
tor. This explains both, the negative capacitance of the C-V
characteristic and the high currents in the I-V hysteresis
when negative voltages are applied �see Fig. 1�. Furthermore,
the capacitance values are affected by the presence of the
polarization charges in the depleted region and are different
for the two orientations of the ferroelectric polarization.

The dc I-V characteristics are shown in Fig. 3. These were
measured with a delay time of 10 s, which proved to be long
enough for a stable reading of the current. Again, these are
typical characteristics for a single Schottky diode. For the
positive polarity the diode is reverse biased while for nega-
tive polarity is forward biased. The rectification factor at
room temperature, taken as the ratio between current at
−1 V forward bias and +1 V reverse bias is about 410.

The presence of a photovoltaic effect was evidenced in
this SRO-PZT-Ta heterostructure with Schottky diodelike be-
havior. The spectral distribution of the short-circuit current
was recorded after setting the polarization orientation “up” or
“down” by the application of a suitable dc poling field. The
results are shown in Fig. 4. It can be observed that the spec-
tral distributions for the two directions of the polarization are
identical, contrary to the results reported in the case of a
normal ferroelectric capacitor.16,17 This behavior suggests

FIG. 1. Hysteresis loops for SRO-PZT-Ta structures with 100
nm thickness of the PZT layer.

FIG. 2. Typical C-V characteristic for SRO-PZT-Ta structure.

FIG. 3. �Color online� I-V characteristics for SRO-PZT-Ta struc-
tures with 100 nm thickness of the PZT layer.

FIG. 4. �Color online� Spectral distributions for the short-circuit
current of the photovoltaic effect in the case of the SRO-PZT ferro-
electric Schottky diode.
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that only one direction of the polarization is stable in the
SRO-PZT-Ta structure. This aspect will be discussed in more
detail later. It is worth to mention that the short-circuit pho-
tocurrent was recorded from the top Ta contact. According to
Ref. 16, the sign of the photocurrent should be positive for
down orientation. However, the sign is negative, which is
possible if the current is, in fact, generated not at the top
PZT-Ta interface but at the bottom PZT-SRO interface. Thus,
the ferroelectric Schottky diode is located at the SRO-PZT
interface. These results support the hypothesis that the origin
of the photovoltaic effect in ferroelectric thin films is related
to the presence of Schottky contacts and not to the bulk
photovoltaic effect observed in ferroelectric ceramics and
crystals.16

According to the results presented above one can con-
clude that the SRO-PZT-Ta structure behaves like a single
Schottky diode. Although there are hints that the Schottky
diode behavior is related to the SRO-PZT interface, this fact
is not straightforward. Therefore we have performed a com-
parison with a symmetric SRO-PZT-SRO structure grown in
the same conditions and of the same structural quality. The
results of the electrical measurements �hysteresis, C-V, and
I-V characteristics� are presented in Fig. 5. As can be ob-
served in Fig. 5�a�, the polarization and current hysteresis
loops are symmetric, and the C-V characteristic shown in
Fig. 5�b� has the usual butterfly shape, specific for ferroelec-
tric capacitors. The dc I-V characteristic is also symmetric
�see Fig. 5�c��.

Comparing the results of the symmetric SRO-PZT-SRO
structure with those of the asymmetric SRO-PZT-Ta struc-
ture, we can clearly conclude that the asymmetry is due to
the replacement of the top SRO electrode with Ta. Further-
more, in order to show that the PZT-Ta contact is ohmic, we

have performed some I-V measurements in coplanar configu-
ration between to neighboring top Ta contacts. The result is
shown in Fig. 6. The obtained characteristic is linear with a
confidence factor higher than 99%. The very small nonlin-
earities and hysteresis observed in the characteristic are re-
lated to the ferroelectric polarization. Without further details,
we can conclude that the Ta-PZT contact behaves as ohmic
and that the Schottky diodelike behavior is related to the
bottom SRO-PZT interface. Considering the magnitude of
the current in Fig. 6, one can conclude that the PZT layer is
behaving more as a semiconductor than as a dielectric. Thus,
in the particular case of epitaxial PZT layers, the ferroelectric
polarization cannot be measured when the contacts are
ohmic, due to the high leakage currents. The polarization is
however, measurable when Schottky contacts are used. A

FIG. 5. �Color online� �a� Hysteresis; �b� C-V characteristic; and �c� I-V characteristic in the case of a symmetric epitaxial SRO-PZT-SRO
structure with a thickness of the PZT film of about 200 nm.

FIG. 6. The I-V characteristic obtained by performing I-V mea-
surement in coplanar configuration between two neighboring top Ta
contacts. The straight line is the linear fit with a confidence factor of
0.99397.
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symmetric SRO-PZT-SRO structure behaves as a back-to-
back connection of two Schottky diodes with a leaky ferro-
electric in between. If the Schottky contacts are of very good
quality we can obtain a nice, rectangular hysteresis, as shown
in Fig. 5�a�. If one of the Schottky contacts is replaced with
an ohmic one, then the hysteresis is inflated by the leakage
current and the polarization switching, although present in
the PZT layer, is no longer visible �see Fig. 1� These results
are a strong support for Vanderbilt’s interface theorem stating
that insulating interfaces are needed in order to measure the
polarization.18

III. DISCUSSIONS

The results presented in the previous section lead us to
conclude that the PZT-Ta contact is ohmic and that the ob-
served Schottky diodelike behavior is related to the PZT-
SRO interface. This finding is in agreement with previous
reports regarding the presence of a potential barrier of about
0.8–0.9 eV at the SRO-PZT contact.19,20Assuming that there
is a Schottky diode formed at the SRO-PZT interface, then
the results of the C-V and I-V measurements suggests that
the PZT is of n type. We remind that the voltage polarity was
applied on the top contact. Thus, when the bias polarity on
top contact is positive, then the bottom Schottky diode is
reverse biased only if the PZT acts as n-type semiconductor.

The fact that the epitaxial PZT film behaves like n-type
semiconductor is somehow surprising, considering that the
defect chemistry support the idea of a p-type doping.1,21,22

According to the literature there could be two possible ex-
planations for the n-type conductivity. One was suggested by
Scott1 as being the high mobility of the electrons in the PZT
compared with the holes mobility. The second could be re-
lated to the fact that the epitaxial films are grown by PLD
method at high temperature and relatively low oxygen pres-
sure �100–200 mTorr�, very different growth conditions com-
pared to polycrystalline films deposited by spin coating in air
and crystallized by thermal annealing in air or oxygen atmo-
sphere. There are reports claiming n-type conductivity in
PZT films grown in low oxygen pressure,23 due to a higher
probability for the formation of oxygen vacancies acting as
donors. When the amount of oxygen vacancies overcompen-
sate the initial p-type doping, due to acceptor impurities
coming from the target employed for PLD �Mn, Fe�, the
conduction will change to n type.

The magnitude of the potential barrier can be obtained
from the temperature dependence of the dc I-V characteris-
tics in the reverse bias range. There are two equations that
can be used for calculating the reverse current density in the
case of the thermionic emission. If the electron mean-free
path is equal or higher than the film thickness then the
Richardson-Schottky equation applies for the current density.
If the mean-free path is smaller than the film thickness, then
the Simmons equation applies as the drift diffusion controls
the current density.1,24–26 The electron mean-free path was
estimated to be around 20 nm for our epitaxial PZT films,
therefore the Simmons equation26 was further used for the
extraction of the potential barrier’s height at the SRO-PZT
interface. Following the same procedure as in Ref. 20 a value

of about 0.8 eV was obtained for the potential barrier at zero
bias, comparable to the value of 0.83 eV reported by Stoli-
chnov et al.19 for the SRO-PZT interface.

Regarding the C-V measurements presented in Fig. 2, the
observed hysteresis can be explained based on the following
equation:9

C =� q�0�stNef f

2�V + Vbi �
P

�0�st
�� . �1�

C is the capacitance per unit area �specific capacitance�, q is
the electron charge, �0 is the permittivity of vacuum, �st is
the static dielectric constant, Nef f is the effective density of
charge in the space charge region of the Schottky diode, Vbi
is the built-in potential in the absence of polarization, P is
the ferroelectric polarization, and � is the distance between
the polarization sheet of charge and the physical metal-
ferroelectric interface. The + /− sign correspond to the two
orientations of polarization. It can be seen that, depending on
the polarization orientation, the capacitance can have differ-
ent values, especially at low voltages. As the voltage in-
creases the polarization term becomes negligible and the ca-
pacitance values become similar, as shown in Fig. 2 for the
positive part.

As known, the C-V characteristic for a Schottky diode can
be used to extract some information about the free carrier
concentration.27 Equation �1� can be represented as

1

C2 =
2

q�0�stn�T��V − �Vbi �
P

�0�st
��	 . �2�

The free carrier concentration n�T� at temperature T can be
extracted from the slope of 1 /C2-V representation if the
static dielectric constant at the same temperature is known.
The 1 /C2-V results for three temperatures �200, 300, and 450
K� are given in Fig. 7.

A first observation is that the sweep up and sweep down
are not identical as should be for a nonferroelectric Schottky
diode. We can presume that this is the effect of the ferroelec-
tric polarization, which change orientation during the C-V
measurement. The numbers on the graphs are the slopes and
they can be used to estimate the product �stn�T�. We prefer to
estimate this product as we do not have reliable information
regarding the temperature variation in the true static dielec-
tric constant of the epitaxial PZT film. The temperature de-
pendence of the �stn�T� product is presented in Fig. 8 and the
values for the three temperatures mentioned in relation with
Fig. 7 are shown in Table I.

Some comments can be made, concerning the results
shown in Fig. 7 and Table I: �1� when the positive voltage on
top Ta contact is large the Schottky diode is reverse biased
and the depletion region extends far from the SRO-PZT in-
terface. In this case we can consider the numbers for the
sweep up �small slope� and sweep down as proportional with
the free carrier concentration in what it is usually named “the
neutral volume” of the Schottky diode.28 It can be seen that
this concentration does not vary too much with the tempera-
ture. Considering for the static dielectric constant a value
around 100 between 200 and 450 K, it results that the free
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carrier concentration in the bulk of the PZT film is around
1018 cm−3. �2� An increased “hysteresis” between the sweep
up and sweep down can be observed in the voltage range
where the Schottky diode is reverse biased. This hysteresis
can be attributed to the presence of some deep traps. The
defect centers are inactive at low temperatures, when the
hysteresis is negligible and the �stn�T� product is about the
same for the sweep up and sweep down. It means that the
trapped carriers are frozen and they cannot affect the density
of the free carriers n�T�. The deep traps become active at
higher temperatures, when they start to release the trapped
carriers in the conduction band of PZT. This will lead to a
larger density of free carriers for sweep down. This can be
explained by the sequence of the C-V measurements starting
always with sweep up from the maximum negative voltage.
This means that the Schottky diode is forward biased at the

beginning and electrons are injected in the depletion region,
some of them being trapped. When the diode becomes re-
verse biased the trapped electrons starts to be released. How-
ever, this is possible only at high temperature and/or after
long waiting time,27 The sweep down starts then from the
maximum positive voltage when the diode is reverse biased.
In this case no electrons are injected into the depleted region
and the density of the free carriers does not vary much with
the temperature. The values given in Table I support these
explanations. �3� The numbers obtained for sweep up �high
slope� are significantly lower than the others. We remind that
in this case the diode starts as forward biased and the polar-
ization charge near the bottom SRO-PZT interface is nega-
tive. This means that the free electrons will be rejected from
the interface, which will lead to a lower density of free car-
riers near the interface with SRO contact. Therefore, the con-
centration of the free carriers in the interface region is about
one order of magnitude lower than in the bulk of the PZT
film.

TABLE I. The values of the �stn�T� product extracted from the
slope of the C-V characteristic and the built-in potential Vbi at dif-
ferent temperatures.

Temperature
�K�

�stn�T�
��1026 m−3�

Vbi

�V�

Sweep up
�high slope�

Sweep up
�small slope�

Sweep
down

Sweep up
�high slope�

200 1.04 8.9 9.5 2.6

300 1.44 7.6 9.8 1.6

450 2.61 7.3 9.4 1.3

FIG. 7. The 1 /C2-V representation for three different temperatures: �a� 200 K; �b� 300 K; and �c� 450 K. The �stn�T� product was
calculated from the slopes of these representations.

FIG. 8. �Color online� The temperature dependence of the
�stn�T� product.

FERROELECTRIC SCHOTTKY DIODE BEHAVIOR FROM A… PHYSICAL REVIEW B 82, 085319 �2010�

085319-5



As mentioned above, the C-V measurement was always
performed starting with the diode in forward bias and the
ferroelectric polarization in up direction �oriented toward the
top contact�. The applied field preserves the polarization ori-
entation and the forward biasing during sweep up until the
applied voltage becomes comparable with the built-in poten-
tial �
−1 V� of the Schottky SRO-PZT diode. At this volt-
age the diode will turn from forward to reverse biased.

When the diode becomes reverse biased a depletion re-
gion starts to form and a finite capacitance can be measured.
The capacitance decreases as the voltage increases and the
depletion region widens. The fact that the slope changes
abruptly just around 0 V during the sweep up could be re-
lated to the polarization reversal, which leads to a change in
the concentration of free carriers near the interface. Before
the switching the polarization is up and the corresponding
charge near the SRO-PZT interface is negative. This charge
will reject the electrons from the interface region leading to a
lower density of free carriers. After the switching, the polar-
ization is down and the corresponding charge at the SRO-
PZT interface becomes positive. It will attract electrons for
compensation, increasing the free electron density in the in-
terface region. This state will last for almost all the sweep
down, until the polarization switches up again at negative
voltages.

Returning to Fig. 8, it can be seen that the �stn�T� product
has a maximum around 100 K. This is visible for the
sweep-up part of the C-V characteristics, both for the high-
slope part �when the polarization is up and the electrons are
repelled from the SRO-PZT interface� and for the small-
slope part �when the polarization is down and the electrons
are attracted to the SRO-PZT interface�. For the sweep-down
part of the C-V characteristic, the �stn�T� product is practi-
cally independent of temperature. This behavior needs some
comments: �1� assuming that the dielectric constant �st has a
monotonically increase with temperature it appears that the
concentration of the free carriers is decreasing as the tem-
perature is increased, which would be uncommon for a semi-
conductor. On the other hand, the ferroelectric polarization
decreases with temperature, requesting thus less charge for
compensation, including a lower concentration of free carri-
ers into the PZT film. Apparently, the polarization is govern-
ing the electronic properties of the PZT. In any case, the
intimate link between polarization, leakage, and electronic
properties cannot be neglected and needs further studies. �2�
The maxim of the �stn product is present only for sweep-up
part of the C-V characteristic, without influence from polar-
ization orientation. This fact suggests that the maximum is
related to some trapping-detrapping phenomena at one of the
interfaces, most probably at the SRO-PZT interface. When
sweep up starts the SRO-PZT Schottky contact is forward
biased, thus a high current is injected into the PZT film,
filling all the traps. When the SRO-PZT interface turns to
reverse bias, the band bending in the interface region
changes. Therefore, some of the filled traps are brought
above the Fermi level and have to be emptied of the trapped
carriers. The emission from the traps is temperature depen-
dent, thus a maximum may occur at some temperature, simi-
lar to the ones observed in the thermally stimulated currents
method.29 During the sweep-down part of the C-V character-

istic, the SRO-PZT interface is already reverse biased, thus
the filling pulse is missing and the emission from the traps is
no longer visible.

As for the standard metal-semiconductor Schottky con-
tacts, an apparent built-in potential Vbi� =Vbi�

P
�0�st

� can be
extracted from Eq. �2�. The obtained values are also given in
Table I. At RT the Vbi� is well above the usual values for
semiconductors. As recently shown, the built-in potential is
reduced when the polarization charge has the same sign as
the fixed charge in the depletion region and is increased
when the two charges are of opposite sign.9 The last case is
valid up to the voltage when the SRO-PZT contact goes from
forward to reverse bias. In this case the polarization charge at
the interface is still negative �polarization still up� while the
charge in the depleted region of a n-type semiconductor is
always positive. Therefore, the built-in potential is higher
than normal.

For the sweep down, the polarization is down up to the
negative coercive voltage. The polarization charge at the
SRO-PZT interface will be positive, as it is the normal
charge in the depletion region of a n-type semiconductor.
This can lead to a significant decrease in the apparent-
built-in potential and even to an apparent change in the sign.
This is equivalent with an accumulation of electrons at the
SRO-PZT interface, due to the positive polarization charge,
although the contact is reverse biased. At some negative volt-
age the contact becomes forward biased, the depletion region
disappears and the current increases dramatically, masking
the polarization switching.

An estimation of the depletion region at zero voltage can
be also made, as in the case of semiconductors.27 In our case,
a value of about 45 nm is obtained by using the intrinsic
dielectric constant of PZT.30

Figure 2 shows that the ferroelectric Schottky diode has
different values of capacitance for the two orientations of the
ferroelectric polarization. For example, at a voltage of −1 V
applied on the top contact the diode capacitance is about 45
pF for the down direction of polarization and about 61 pF for
the up direction. Such a behavior would be extremely advan-
tageous for memory applications because it would be much
easier to have capacitors of different values for different ori-
entations of polarization, for example, high capacitance �cor-
responding to bit 1� for one orientation and low capacitance
�corresponding to bit 0� for the opposite one. The problem is
to evaluate how stable is the information written in this way.
Some experiments were performed in order to assess the re-
tention characteristic for ferroelectric Schottky diode consid-
ered as the simplest memory cell. First, the polarization was
set for down direction by applying a dc voltage of +2 V on
the top Ta contact, then the poling voltage was removed and
the capacitance at −1 V was measured at different time in-
tervals up to 30 min. It was found that the measured value is
stable around 45 pF. Second, the polarization was set up by
applying −2 V on the top contact and the capacitance at
−1 V was measured at the same time intervals as for oppo-
site orientation. It was found that in approximately 5 min the
capacitance value drop from about 60 pF to about 45 pF and
then remains stable. This result suggests that the up orienta-
tion of polarization is not stable in time, the polarization
preferring the down orientation. Even though it was set up by
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an external field, the polarization reversed its orientation af-
ter the field was removed. This behavior can be explained
based on the schematic band diagrams presented in Fig. 9.
The first diagram, Fig. 9�a�, shows the situation of a normal
Schottky diode, in the absence of ferroelectric polarization.
W0 stands for the width of the depleted region in the case of
zero voltage applied on the diode. Wf and Wr are the width of
the depleted region for forward bias and reverse bias, respec-
tively. Figure 9�b� presents the situation of the Schottky di-
ode when the ferroelectric polarization is present and it is
down oriented. As mentioned above, this means that a posi-
tive polarization sheet of charge +QP is located near the in-
terface, in the depleted region. Electrons are attracted to
compensate the polarization charge, which is similar to the
forward biasing. Therefore, although no external voltage is
applied on the Schottky diode, the band bending will change
upward due to the presence of the ferroelectric polarization
oriented down. This orientation is stable because, for com-
pensation, electrons are injected from the electrode, an abun-
dant reservoir of electrons, into the PZT film. Figure 9�c�
shows what it is happening with the band bending when the
polarization is up. In this case the polarization charge is
negative and will reject the electrons from the interface re-
gion leading to a larger depleted volume, similar to the re-
verse biasing. Therefore, the band bending will increase
downward due to up oriented polarization. However, this ori-
entation is not stable because the electrons needed for com-

pensation are injected from the PZT film into the electrode.
This means to inject more negative charge in a metal film
already full of negative charge. This is not possible in the
absence of an external applied voltage. Moreover, injection
of electrons from PZT into the SRO film will make the bot-
tom electrode more negatively charged than the top Ta con-

(a)

(b)

(c)

FIG. 9. Schematic band diagrams for: �a� Schottky diode with
no ferroelectric polarization; �b� Schottky diode with down polar-
ization; and �c� Schottky diode with up polarization.

(a)

(c)

(b)

FIG. 10. �Color online� �a� Area poled up, including part of Ta
contact and part of bare surface, just after poling with a dc voltage
of 13 V applied on the bottom SRO electrode; �b� same area
scanned after approximately 30 min; �c� same area scanned after 70
min from poling. In the �c� photo it can be observed that on the Ta
electrode the polarization is no longer oriented up while on the bare
surface is no significant change.

FERROELECTRIC SCHOTTKY DIODE BEHAVIOR FROM A… PHYSICAL REVIEW B 82, 085319 �2010�

085319-7



tact. An electric field will buildup, of opposite orientation to
the up polarization. In conclusion, the up orientation is not
stable and the polarization will start to turn down as soon as
the poling voltage is removed.

We have checked this interpretation for the polarization
behavior by performing some piezoelectric force microscopy
�PFM� measurements on the bare surface and on the Ta elec-
trode. The PFM scanning has revealed that the as-grown
sample is with polarization down. To monitor the time sta-
bility of the opposite orientation we have poled up an area
including part of a Ta electrode as well as bare surface near
the electrode. After removing the poling voltage we have
scanned the same area from time to time. We have found that
on the bare surface nothing changed after 70 min from pol-
ing while on the Ta electrode most of the up polarization
switched down after only few minutes from poling �see Fig.
10�. The performed PFM measurements are thus supporting
the interpretation of an unstable up orientation for the polar-
ization in the SRO-PZT-Ta diodelike structure. The fact that
on the bare surface the up polarization is stable could be due
to the fact that the PZT-air interface is insulating due to the
presence of some potential barrier18 while in the case of the

PZT-Ta contact no potential barrier is present and the contact
is ohmic.

IV. CONCLUSIONS

In summary, we have realized and characterized a ferro-
electric Schottky diode. This allowed us to extract informa-
tion about the properties of the SRO-PZT interface, as well
as about the properties of the PZT film itself. It can be a first
step toward further electronic devices made of ferroelectric
materials and opens new perspectives regarding memory de-
vices.
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