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ABSTRACT: Electrode interface is a key element in controlling the macroscopic
electrical properties of the ferroelectric capacitors based on thin films. In the case of
epitaxial ferroelectrics, the electrode interface is essential in controlling the leakage
current and the polarization switching, two important elements in the read/write
processes of nonvolatile memories. However, the relation between the polarization
bound charges and the electronic properties of the electrode interfaces is not yet well
understood. Here we show that polarization charges are controlling the height of the
potential barriers at the electrode interfaces in the case of Pb(Zr,Ti)O3 and BaTiO3
epitaxial films. The results suggest that the height is set to a value allowing rapid
compensation of the depolarization field during the polarization switching, being
almost independent of the metals used for electrodes. This general behavior open a
new perspective in engineering interface properties and designing new devices based
on epitaxial ferroelectrics.
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1. INTRODUCTION

Ferroelectric materials are used in nonvolatile memories, as well
as in other applications, under the form of capacitors.1,2 The
metal−ferroelectric−metal (MFM) structure thus includes the
two electrode−ferroelectric interfaces, which can have a
significant impact on the macroscopic electrical properties, as
shown in recent studies.3−8 Although it is accepted that the
electrode interface may have influence on some of the specific
quantities of the MFM structures such as polarization value,
dielectric constant (dead layer models), leakage current, or the
generated photovoltage, quite a few efforts have been dedicated
to finding out if there is a connection between the bound
polarization charges located near the interface and the
electronic properties of the interface (e.g., the height of the
potential barrier).9−13 Only recently it was shown that the band
bending at the electrode interface is dependent on the
polarization orientation.14,15 Also, the height of the Schottky-
type potential barrier at the electrode−ferroelectric interface
was determined from XPS studies, with values well above 1 eV
both for electrons and holes.16−18 However, these results do
not agree with the values obtained from the macroscopic
current−voltage (I−V) measurements, which are considerably
lower than the one determined from XPS investigations (in the
0.2−0.8 eV range).19−21

Understanding the formation of the electrode interface and
the relation between the polarization charges and the electronic
properties of the interface is critical in controlling the
polarization switching and the magnitude of the leakage
current. These two are important elements in the read/write
processes in nonvolatile memories.2 The relation between

polarization and electrode interface is better studied using good
quality epitaxial ferroelectrics, avoiding in this way the
deleterious effects of the grain boundaries (large extrinsic
contribution to the dielectric constant, back-switching effect,
low carrier mobility, etc.).22−24 In the ferroelectric capacitors
based on high-quality epitaxial films the hysteresis loop is
rectangular.25 This can be attributed to the absence of the
pinning centers for the ferroelectric domains, associated with
grain boundaries, but also to a very efficient mechanism for the
screening of the depolarization field during the switching
process. The last one may be related to the height of the
potential barriers at the electrode interfaces, which seems to be
influenced by the magnitude and orientation of the ferroelectric
polarization.26−28

Here we show that the ferroelectric polarization is actually
controlling the height of the potential barrier in the case of
epitaxial lead zirconate-titanate (PZT) and BaTiO3 (BTO) thin
films. This is happening around room temperature and on a
limited voltage range, where the work function difference
between the metal electrode and the ferroelectric seems to not
count in the height of the potential barrier. The estimated
values from I−V measurements are low in general, between 0.1
and 0.3 eV for both ferroelectric materials. Tentatively it is
assumed that the polarization charges set the potential barriers
to heights allowing rapid compensation of the depolarization
field during the switching process, leading to rectangular
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hysteresis loops and sharp peaks in the capacitance−voltage
(C−V) measurements. The microscopic analysis performed by
X-ray photoelectron spectroscopy (XPS) and by high
resolution transmission electron microscopy (HR-TEM)
reveals interesting facts regarding the formation of the
electrode-ferroelectric interface such as the Fermi level position,
structure of the metal electrode, band-bending at the interface,
etc. The image emerging from this study is that the epitaxial
ferroelectric capacitor is almost intrinsic in the bulk and has the
bound polarization charges and the compensation charges
located in thin regions near electrode interfaces. The results of
our study can be considered as an experimental evidence of the
interface theorem stating that insulating interfaces are required
to see a polarization difference as an interface charge.29,30

3. EXPERIMENTAL SECTION
Growth of the Films. The method used for the growth of the

films was pulsed laser deposition (PLD) using a KrF laser (wavelength
248 nm, 700 mJ energy, and 10 Hz repetition rate), in a deposition
chamber foreseen with a 4 targets carrousel and a substrate holder that
can be heated up to 1000 °C. The depositions were performed on
single-crystal SrTiO3 (STO) substrates with (001) orientation, with a
miscut angle of lower than 0.50. To obtain epitaxial PZT films, the
surface of the STO (100) substrate was cleaned in hydrofluoric acid
(HF) buffer solution and then annealed in air at 1000 °C for 2 h.
Smooth terraces of one unit cell step were obtained in this way. A SRO
epitaxial buffer layer with a thickness of around 20 nm has been
deposited on STO, this acting as a bottom electrode and also as an
excellent template for the heteroepitaxial growth of high-quality
ferroelectric perovskites. The bottom electrode was deposited at a
substrate temperature of 700 °C, in a background atmosphere of 0.133
mbar oxygen, with a laser fluence of 2 J/cm2 and a repetition rate of 5
Hz. The PZT ferroelectric thin film with Zr/Ti ratio of 20/80 was

deposited at 575 °C, 0.2 mbar oxygen atmosphere, with a laser fluence
of 2 J/cm2 and a repetition rate of 5 Hz. After deposition the BTO
layer was annealed at 575 °C in oxygen atmosphere at 1 bar, for 1 h, to
compensate the oxygen vacancies. The BTO ferroelectric layer was
deposited at 700 °C, 0.14 mbar oxygen atmosphere, with a laser
fluence of 1.5 J/cm2 and a repetition rate of 5 Hz. After deposition the
PZT layer was annealed at 700 °C in oxygen atmosphere at 1 bar, for 1
h, to compensate the oxygen vacancies.

Fabrication of the MFM Structures. Several metals were used as
top electrodes for electrical measurements, namely SRO, Pt, Cu, Au,
and Al. The SRO was deposited by PLD at room temperature, while
Pt, Cu, Au and Al were deposited by radio frequency (RF) sputtering.
The deposition was performed through a shadow mask leaving
contacts with area of 100 × 100 μm2. One has to mention that a mild
etching at about 200 °C for 15 min was used prior the metal
deposition in order to remove the possible contaminant layer existing
on the surface. The purpose was to have an as clean as possible surface.
Evaporated electrodes processed in the same conditions as for XPS
experiments (see below) were tested but these proved to have a very
poor adherence to the ferroelectric layer, making them unsuitable for
electrical measurements (see TEM image S19 in the Supporting
Information).

Electrical Measurements. A complex setup was used for
measurements, comprising off: a Lakeshore cryoprober model CPX-
VF, a Keithley electrometer model 6517 (for I−V characteristics), a
ferroelectric tester model TF2000 from aixACCT (for hysteresis
loops), and an impedance analyzer model HP 4194A (for C−V and C-
f characteristics). Hysteresis measurements were performed using a
triangular voltage wave with 1 kHz frequency. The C−V measure-
ments were performed using an a.c. small signal of 0.1 V amplitude and
100 kHz frequency. I−V measurements were performed using
hysteresis type measurements (zero-(+Vmax)-zero-(−Vmax)-zero).
Only the sweeping down part from Vmax to zero was considered for
estimating the potential barriers because this did not contain a parasitic
contribution from polarization switching.31

Figure 1. (a) Hysteresis loops, at room temperature, for PZT layer with top Cu, Au, Pt, and SRO as top contacts; (b) hysteresis loops at 150 K for
BTO layer with top SRO and Cu contacts; (c) C−V characteristics for PZT with top Cu, Au, Pt, SRO, and Al contacts; (d) dielectric constants, for
different top metal electrodes, calculated from the capacitance measured at voltages where the ferroelectric polarization is saturated. In the
Supporting Information can be found hysteresis loops for other top metals, the procedure for the estimation of the ferroelectric polarization from the
current hysteresis in the case of BTO layer (eliminating the leakage contribution) and C−V characteristics for the BTO.
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Structural characterization. The crystal structure and epitaxial
relationships were investigated by high resolution X-ray diffraction
(HR-XRD) using a Bruker D8 Advance diffractometer in parallel beam
setting. The measurements were performed in coplanar geometry with
horizontal sample stage, using monochromatized Cu−Kα1 radiation
(λ = 1.5406 Å). High-resolution transmission electron microscopy
(HR-TEM) analysis was also performed to evaluate the epitaxial
quality of the films deposited on STO substrate and to investigate the
electrode−ferroelectric interfaces at microscopic level. The inves-
tigations were performed with a model JEM-ARM200F microscope
from JEOL.
XPS Investigations. X-ray photoelectron spectroscopy was

performed in an analysis chamber (Specs GmbH, Germany) by
using a monochromatized Al Kα1 X-ray source (1486.74 eV) with 350
W anode power. Electrons are analyzed by a 150 mm radius Phoibos
electron analyzer operating in large area mode with pass energy of 30
eV, in normal emission. The estimated overall energy resolution (Ag
3d5/2 level on a sputter-annealed foil) in these conditions is of ∼0.85
eV total full width at half-maximum (fwhm), including the
experimental broadening of the energy analyzer and core hole
lifetimes. A flood gun with acceleration voltage of 1 eV and electron
current of 0.1 mA was employed to ensure the sample neutralization.
Several test experiments were performed before starting the real
experiment by varying the X-ray power and the flood gun parameters,
in order to identify a region of the parameter space where reproducible
binding energies are obtained (i.e., where the charging effects are fully
compensated), by taking as a guideline the C 1s energy of inherent
contaminants, which must be obtained at 284.60 ± 0.05 eV.
Au, Pt and Cu were deposited at room temperature, close to normal

incidence, in a molecular beam epitaxy (MBE) chamber (Specs), in
vacuum connected to the analysis chamber (forming altogether a
surface science cluster), from a properly outgassed Knudsen cell at a
rate of 2.7 ± 0.2 Å/min., as calibrated with a quartz thickness monitor.
In the following, we shall refer these thicknesses as “nominal
coverages”, with respect to the bulk metals, whose parameters were
used in the electronics of the thickness monitor during the calibration
procedure. All ultrahigh vacuum chambers operate in low 1 × 10−10

mbar vacuum range. The pressure during Au or Cu evaporation was
also in the 1 × 10−10 mbar vacuum range.

3. RESULTS AND DISCUSSIONS
The samples were grown by pulsed laser deposition (PLD) on
single-crystalline SrTiO3 (001) oriented substrates with a buffer
layer of SrRuO3 (SRO) as bottom electrode. The structural
quality of the ferroelectric films was investigated by X-ray
diffraction (XRD) and HR-TEM. Both methods proved the
epitaxial quality of the bottom SRO electrode and of the
ferroelectric layer (see Figures S1 and S3 in the Supporting
Information). The thickness of the PZT and BTO films was of
300 nm as estimated from HR-TEM. Several materials were
used as top contacts on the same ferroelectric film (see Figure
S2 in the Supporting Information): two metals with different
work functions (Φ) but with the same electronic configuration
on the d shell (Au, ΦAu = 5.1 eV;32 Cu, ΦCu = 4.65 eV32), a
metal without d-shell (Al, ΦAl = 4.3 eV32), a metal with
incomplete d-shell and large workfunction (Pt, ΦPt = 5.65
eV32), and one conductive oxide (SRO, ΦSRO = 4.7−4.9 eV33).
In all cases, the area of the top contact was of 100 × 100 μm2.
3.1. Electrical Measurements. The macroscopic electric

measurements included hysteresis loop (P−E), capacitance−
voltage (C−V) and current−voltage (I−V) characteristics.
Examples of hysteresis loops and C−V characteristics are
shown in Figure 1 (see also Figures S4−S9 from the
Supporting Information). It was found that: the polarization
values are about 90 μC/cm2 for PZT and about 25 μC/cm2 for
BTO; the coercive voltage is about 1.5 V at room temperature
for BTO, and about 3 V for PZT; the values for the dielectric

constant are about two times larger for BTO compared to PZT.
During the hysteresis measurements at room temperature, it
was observed that the leakage current is significantly larger in
BTO compared to PZT, inflating the loop (see Figure S5 in the
Supporting Information). Therefore, measurements for BTO
were repeated at lower temperatures, with better results for the
current hysteresis although the leakage contribution remains
important (see Figure 1b, with details in the Supporting
Information). The values of the dielectric constant shown in
Figure 1d were calculated from the capacitance measured at a
voltage outside the switching range for the polarization, where
this is assumed to be saturated according to the hysteresis loops
shown in panels a and b in Figure 1.
The hysteresis measurements reveal the fact that the

polarization value is about the same, being independent of
the material used as top contact. This is an expected result
considering that the ferroelectric polarization is a property of
the ferroelectric film and should not depend on the metals used
as electrodes. Only the contribution of the leakage current to
the hysteresis loop seems to be dependent on the top electrode.
In the case of the PZT (see Figure 1a) the loops present similar
shapes and shifts along the voltage axis. The last result suggests
the presence of an internal electric field whose direction points
toward the top electrode (upward polarization) and does not
change with the metal used for the top contact. This is
contradictory with the fact that Au and Pt have work functions
(Au, 5.1 eV; Pt, 5.65 eV32) higher than SRO (4.7−4.9 eV,
dependent on the oxygen content33), whereas Cu has a work
function (4.65 eV32) slightly lower than SRO. If the internal
electric field were given only by the work function difference
between the top and bottom electrodes, then it should have
changed its orientation when Cu is replaced with Au or Pt as
top contact. Therefore, the internal electric field has other
origins, such as stress gradient, or a gradient in the oxygen
content from the bottom electrode interface to the top one, as
suggested by preliminary scanning TEM (STEM) studies
performed on the cross-section of the ferroelectric layer (see
the Supporting Information, last paragraph).
As mentioned above, in the case of BTO the hysteresis loops

at room temperature are severely affected by the leakage
current on the negative polarity, except the case of the
symmetric SRO-BTO-SRO structure. Better hysteresis loops
were obtained at lower temperatures. The polarization value
could be determined from the current hysteresis by integrating
the switching peak on the positive polarity, after extracting the
leakage current contribution (see eq SE1 in the Supporting
Information). The values are about the same, in the 21−25 μC/
cm2 range. As regarding the imprint, it was found that at least
for top Pt and SRO electrodes it has the same orientation as in
the case of PZT, suggesting similar origin.
The hysteresis loop for the case of the top Al contact requires

significantly higher voltages to reverse the polarization,
suggesting the presence of a layer of oxidized aluminum
(possible Al2O3) at the interface. The higher voltages imply also
a larger contribution from the part of the leakage current (see
Figure S4 in the Supporting Information). However, the
estimated polarization is in the same range as for the other
metals used for top contacts.
The influence of the top electrode interface is also evident in

the case of the C−V characteristics. The dielectric constants
calculated from the capacitance values measured at voltage
where the polarization is saturated (see Figure 1d) are different
for different materials used as top contacts, implying that the
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related dielectric constant is not a property of the ferroelectric
layer but of the overall MFM structure. Regarding the values,
one can see that: in the case of the PZT the spread is lower
than in the case of the BTO; the average value for the PZT is
about 143, whereas that for BTO is about 300; for Al, the value
of the obtained dielectric constant is lower, suggesting again the
presence of a thin oxidized aluminum layer with low capacity at
the interface (see also Figure S7 in the Supporting
Information).
The I−V measurements at different temperatures were used

to estimate the height of the potential barrier at the two
electrode interfaces by assuming that the charge transport
through the MFM structure is governed by the Schottky-
Simmons equation, and that the MFM structure can be
assimilated with a back-to-back connection of two Schottky
diodes associated to the electrode interfaces (see Equation SE2
in the Supporting Information).34 Similar procedures were used
to analyze the leakage current mechanisms in other ferroelectric
materials.35,36 This means on one hand that the charge
injection is controlled by the interface through the potential
barrier and the drift-diffusion is controlled by the bulk through
the charge carrier mobility, and on the other hand that no
matter the polarity of the applied voltage one of the electrode
interfaces will be reverse biased and will limit the current. An
example for the application of the Schottky−Simmons
formalism to extract the height of the potential barrier is
shown in Figure 2a−c for the symmetric MFM structure SRO-
PZT-SRO (more details in Supporting Information paragraph
I−V characteristics). First, the ln(J/T3/2) ∼ 1000/T depend-
ence is represented for several voltages, and the apparent
potential barrier is extracted from the slope. Then, the apparent
potential barriers are represented as function of V1/2. The
dependence must be linear and from the intercept at origin the
height of the potential barrier at zero volts is extracted. The
results obtained for the materials used as top contacts are
presented in the Table 1.
The striking result is that, except top Al contacts, the values

obtained for the potential barriers at room temperature are
about the same, within 0.1 and 0.3 eV, both for PZT and BTO,
no matter the material used for top contact. The result is
puzzling considering that the work function difference between
Pt and Cu is of 1 eV. Only in the case of top Al the potential
barriers are higher, of about 0.4 eV in the case of PZT and
about 0.8−0.9 eV in the case of BTO layer. This result also
support the presence of a thin layer of aluminum oxide at the
top electrode interface, with insulating properties (similar to
metal-insulating-semiconductor MIS diodes37).
Another striking result is the fact that the height of the

potential barrier does not depend on the polarity of the applied
voltage. We remind here that all the top contacts are deposited
on the same ferroelectric film, with the same SRO bottom
electrode. Assuming a back-to-back connection of two Schottky
diodes, one would expect that for one polarity the height of the
potential barrier remains the same, being associated to the
bottom SRO−ferroelectric interface, which does not change,
whereas for the opposite polarity, the height will change, being
associated with the top electrode−ferroelectric interface. This is
not the case, as long as for top Al on BTO the height of the
potential barrier is significantly increasing for both polarities.
The increased barrier at the top interface can be explained by
the presence of the thin oxidized aluminum layer. However, the
increased barrier at the bottom interface can be explained only
accepting that the ferroelectric polarization is inducing

“symmetry” in the structure, reflected also in the macroscopic
electrical properties (see the C−V characteristic and hysteresis
loop for top Al on BTO in the Supporting Information).

3.2. Microscopic Analysis. 3.2.1. XPS Investigations. To
gain more insight regarding the formation of the electrode−

Figure 2. Example of the procedure used to extract the height of the
potential barrier from the I−V measurements applied for a SRO-PZT-
SRO capacitor: (a) the I−V characteristics at different temperatures;
(b) the ln(J/T3/2) ∼ 1000/T representation derived from the
Schottky−Simmons equation (positive polarity); (c) the V1/2

dependence of the effective potential barrier used to extract the
potential barrier at zero volts.
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ferroelectric interface X-ray photoelectron spectroscopy (XPS)
was used, by following a methodology recently published.38−40

Cu, Au, and Pt layers were deposited by molecular beam
epitaxy on the surface of the ferroelectric film, which was
previously heated in the analysis chamber at 400 °C in ultrahigh
vacuum (UHV, 1 × 10−9 to 1 × 10−10 mbar), in order to
remove the surface contaminants, especially carbon (see details
in the Supporting Information). It was found that, after the
annealing in UHV, the C content on the surface is less than
one-quarter of an atomic layer. This was considered good
enough for metal deposition. Also, a slight progressive n doping
is visible through the increase in the EF − EV difference with
heating39 in the valence band region. However, the overall
surface composition is not much affected by this annealing
process.40 The deposition was sequential, starting with 2 Å and
ending with a thickness of 10 nm. After each metal deposition,
the XPS spectra were recorded. It was possible in this way to
monitor the shift of the binding energies for the core level
electrons of Pb 4f, Ti 2p, Zr 3d, and O 1s in the case of PZT,
and Ba 3d, Ba 4d, Ti 2p, and O 1s in the case of BTO. For 10
nm thickness of the metal electrode, the signals from the
ferroelectric material’s atoms were strongly attenuated for Cu
and Pt deposition, but were still visible for Au deposition. This
suggests that the ferroelectric layer was completely covered by
Cu and Pt, but uncompletely covered by Au.38 Figure 3
presents shifts of the main components originating from the
ferroelectric film for all samples investigated, together with the
dependence of the levels provided by the metal film (Au 4f, Cu
2p, and Pt 4f). The corresponding XPS spectra, together with
their simulation with several components are presented in the
Supporting Information.
The XPS investigation of the low binding energy region

(valence band) has revealed that the position of the Fermi level
is close to midgap (see details in the Supporting Information).
One has to mention that the position of the Fermi level before
and after the metal deposition does not differ. This is because
all the time the sample was kept at the same potential with the
rest of the experimental setup. The difference between the
Fermi level and the maximum of the valence band is of about
1.6−1.9 eV for PZT and BTO, both having a band gap of about
3.5−3.9 eV.41−43 The results are consistent with the values of
1.6−1.8 eV reported for Cu, Pt and Ag deposited on PZT.18

and with the values reported for Au38 films deposited on PZT
without thermal treatment, i.e. when a contamination layer is
present on the ferroelectric layer before metal deposition. This
result can be explained assuming that either the investigated
ferroelectrics are almost intrinsic, or that the Fermi level is
pinned near midgap by some deep trapping level. We affirm
here that the Fermi level should be near mid gap in a MFM
structure based on epitaxial ferroelectric films because the bulk
of the film is totally depleted of free charges (intrinsic
behavior), and these free charges accumulates in a thin region
near electrode interfaces to compensate the bound polarization
charges. Using the C−V characteristics in the same way as for a

metal-ferroelectric Schottky diode we can make an estimate of
the free carrier concentrations in PZT and BTO layers, using
the dielectric constants determined from the capacitance
measurements. The results are in the range (8−10) × 1023

m−3 for BTO and (4−10) × 1024 m−3 for PZT (see eq SE3 and
Figure S12 in the Supporting Information). The above free
charge concentrations can be converted in surface charge
densities, knowing that the film thickness is 300 nm. It results
that this charge can compensate maximum 5 μC/cm2 in BTO
and 40 μC/cm2 in PZT films. The amount of polarization
charges that can be compensated by the free charges that are
present in the ferroelectric films is well below the polarization
estimated from the hysteresis measurements in the case of the
BTO or PZT films. It results that no free charges are present in
the bulk of the film, in agreement with the close to mid gap
position of the Fermi level. The fact that the Fermi level is not
exactly mid gap can be due to the fact that structural defects are
still present in the film (vacancies, dislocations) although the
structure is of good epitaxial quality. These defects introduce
energy levels in the forbidden band, slightly affecting the
position of the Fermi level.
Regarding Figure 3, one can be surprised that the shifts are

similar for both PZT and BTO layers, namely to higher values
in the case of Au (∼0.2 eV for PZT; ∼0.4 eV for BTO),
suggesting a downward band-bending at the Au−-ferroelectric
interface, and to lower values in the case of Cu (∼0.3 eV for
PZT; ∼0.06 eV for BTO), suggesting an upward band-bending
at the Cu−ferroelectric interface. Considering these results one
can say that Au forms nonrectifying ohmic-like contacts for
electrons,44 whereas Cu forms rectifying-like contacts. The
results are not entirely in agreement with those obtained from
macroscopic I−V measurements because a potential barrier was
determined for Au also. The results obtained for Pt are similar
to those obtained in the case of Au (higher binding energies,
with about 0.7−0.8 eV, see the Supporting Information).
One can observe that the binding energies of the core levels

before depositing the metal layer are not exactly the same for all
samples (see Figure 3). For example, the binding energy for Ti
2p main component is 459.0, 458.2, and 457.7 eV for Cu, Au,
and Pt, respectively. In ref 16. it is mentioned that the binding
energies are dependent on the polarization orientations, with
values of 458.8 eV for P+ (outward polarization) and 457.6 eV
for P− (inward polarization). The value for P0 (zero
macroscopic polarization) is in between. The P0 state can be
obtained either by forming domains with opposite orientations
of out-of-plane polarization or by having in-plane polarization.
The values in Figure 3 are in exactly the same range as in ref 16.
This fact suggests that the three samples are not in the same
polarization state. It appears that the Cu was deposited on a
sample having mostly P+ orientation, Au was deposited on a
sample having mostly P0 orientation, whereas Pt was deposited
on a sample having mostly P− orientation. The different
polarization states may be due to various reasons: the different
amount of the structural defects (especially vacancies); the

Table 1. Height of Potential Barriers (in eV, at room temperature) for the SRO, Pt, Cu, Al, and Au Top Contacts, and for the
Two Polarities of the Applied Voltage on the Top Electrode, along with work functions (in eV)

PZT BTO

SRO Pt Cu Al Au SRO Pt Cu Al Au

ΦB
0 (eV) positive polarity 0.14 ∼0.1 0.11 0.38 0.26 0.21 0.22 0.19 0.92 0.31

ΦB
0 (eV) negative polarity 0.17 0.16 0.11 0.3 0.22 0.19 0.23 0.79

work function 4.7−4.9 5.65 4.65 4.28 5.1 4.7−4.9 5.65 4.65 4.28 5.1
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quality of the STO substrate, with impact on the strain in the
deposited layers; the time elapsed from the sample preparation
to their introduction in UHV.40 As long as no electric field is

applied to setup a certain direction of polarization, the
polarization state can be different even the history of the
samples is about the same. Furthermore, the polarization state

Figure 3. Core level shifts of the major components obtained by simulation for (a) Cu/PZT/SRO, (b) Au/PZT/SRO, (c) Pt/PZT/SRO, (d) Cu/
BTO/SRO, and (e) Au/BTO/SRO.
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may change during the metal deposition by MBE.45 In any case,
the binding energies after metal deposition are the same within
the experimental errors (∼0.1 eV): 458.7 eV for Cu; 458.5 eV
for Au, and 458.5 for Pt. This fact suggests that the polarization
state of the three samples after metal deposition is almost the
same. This can be explained by the fact that the top metal layer
is short-circuiting the ferroelectric layer thus the compensation
charges cancel each other at the two interfaces.45 The result is a
state with dominant P0 orientation, with only small areas having
out-of-plane polarization.
Finally, the Schottky barrier for electrons was estimated from

the XPS measurements. The obtained values are, in the case of
the PZT layer, 1.4 eV for Cu, 1.6 eV for Au, and 1.65 eV for Pt;
in the case of the BTO layer, 1.6 eV for Cu and 1.5 eV for Au.
These values are not very different, considering the work
function difference of about 1 eV between Cu and Pt, and are in
good agreement with previous reports.18 However, they are
much larger than the values obtained from the I−V
measurements. This aspect will be commented in the
Discussion section.
3.2.2. HR-TEM Investigations. Complementary to XPS

investigations the HR-TEM was used to further analyze the
interface between the Cu, Au, Pt electrodes and the
ferroelectric layer, on the same samples prepared in MBE
chamber and used for XPS. One has to mention from the
beginning that, during the TEM sample preparation, it was
observed that the metal layers deposited by MBE method on
the PZT surface are not adherent. Special care was needed to
obtain good samples for TEM investigation although excess C
contamination compared to XPS results could not be avoided
during the sample preparation (see also the Supporting
Information, Figure S19, and the related text for Cu on PZT).
The TEM analysis reveals the fact that Au deposited by MBE

is forming nanoparticles on the surface of the ferroelectric layer
(see Figure 4). Therefore, the 10 nm thick Au layer is not
continuous, in line with the persistence of Au signal observed
by XPS after 10 nm Au deposition, and a thin parasitic layer

seems to form at the interface with the ferroelectric. This can be
due to the poor adherence of the MBE deposited Au on the
surface of the PZT layer. The small dielectric gap can induce a
potential barrier46,47 although the higher binding energies
detected by XPS suggest downward band bending correspond-
ing to nonrectifying contacts. On the other hand, Cu seems to
form a continuous layer. The chemical analysis performed in
the scanning TEM mode has revealed the presence of an
oxidized Cu layer at the interface, as shown in Figure 5 for the
case of PZT (more details in the Supporting Information).
That would explain the rectifying behavior of the Cu-
ferroelectric interface. The results of the TEM analysis for Pt
are similar to those obtained in the case of Au.

3.3. Discussion. The experimental results of the macro-
scopic electrical measurements and of the microscopic
investigations performed by XPS and HR-TEM convey toward
the same conclusion: the overall behavior of the electrode-
ferroelectric interface is about the same no matter the
ferroelectric material. Furthermore, the electronic properties
of the electrode interface seem to be almost independent of the
materials used for electrodes and on the voltage polarity. We
remind here the bottom electrode was in all cases SRO.
Materials with very different properties were used as top
contacts. Nevertheless, the overall behavior of the ferroelectric
capacitor remains fairly symmetric although the top and bottom
electrodes are very asymmetric.
The results can be explained only accepting that the bound

charge associated to ferroelectric polarization is setting up the
band-bending and the height of the potential barrier at the
electrode-ferroelectric interface. The work function is not
important in this case, only the magnitude of ferroelectric
polarization is important and the quality of the interface.
The discrepancy between the values of the potential barriers

estimated from the XPS measurements and those estimated
from the I−V characteristics may be only apparent. First, one
have to mention that the I−V measurement is a dynamic one,
having all the time an electric field applied on the sample in

Figure 4. (a) Low-magnification TEM image of the Au/PZT/SRO/STO sampl; (b) HRTEM image at the Au-PZT interface; (c) low-magnification
TEM image of the Au/BTO/SRO/STO sample; (d) HRTEM image at the Au-BTO interface.
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order to maintain a certain out-of-plain direction of polar-
ization. The I−V curves are obtained when voltages are
decreased in absolute values, once sufficient voltage is applied
in order to polarize the ferroelectric layer. Therefore, electrons
are injected into the layer by the electrode set at negative
voltage, and this yields a displacement of the Fermi level toward
the conduction band. Each I−V branch is measured once the
sample is “saturated” with electrons. On the other hand, XPS is
a static measurement, with no electric field applied on the
sample, and leading at the end (after metal deposition) to a
dominant P0 polarization state (almost no out-of-plane
macroscopic polarization present).45 Second, the XPS
estimations assume that the standard band calculations used
for metal-semiconductor contacts are valid also in the case of
ferroelectrics, neglecting the influence of the polarization bound

charges although it is accepted that these can affect the band-
bending at the surface/interface.14,15 However, the position of
the Fermi level extracted from XPS investigations is supporting
the idea that the electronic properties of the ferroelectric
capacitor, including the electrode interfaces, are controlled by
the polarization charges. Assuming an ideal ferroelectric layer,
with a polarization oriented perpendicular to the electrode
interfaces then it is clear that all the free charges existing in the
film will go toward the interfaces to compensate the
depolarization field (see Figure 6a).
The bound polarization charges located just near the

interfaces are requiring compensation charges of opposite
sign.48 The compensation charges are coming from the
ferroelectric film or from the electrodes, forming a cloud just
near the interface.46,47 The overall charge density in the MFM

Figure 5. (a) High-resolution HAADF-STEM image of the interface between the epitaxial PZT layer and the Cu layer used as outer electrode; (b)
low-magnification HAADF-STEM image used for acquisition of the spectrum image around the Cu-PZT interface (denoted area); (c) EEL spectrum
extracted from the whole area of the spectrum image showing the Cu L3, 2, O K, Ti L3,2, and C K edges; (d) EEL spectrum extracted from a narrow
area inside the Cu layer; (e) composite RGB image showing the spatial distribution of Cu, Ti, and C inside the area denoted “spectrum image”; (f)
plot of the Cu and O content along the arrow crossing the Cu layer on the composite RGB elemental map.
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structure will be zero. This is the situation of an intrinsic wide
gap semiconductor with negligible density of intrinsic carriers at
room temperature. At the interface where the bound charges
are negative the energy bands will be bend upward as for
depletion of electrons and accumulation of holes.38 At the other
interface the energy bands will be bend downward, as for
electron accumulation and holes depletion (see Figure 6a).
Similar band bending is present if contacts are added to the
ferroelectric layer, with the mention that a nonzero internal
electric field is present although no external field is applied on
the MFM structure.49 When an electric field is applied on the
MFM structure, preserving the polarization orientation (see
Figure 6c), then electrons will be pushed from the right contact,
through the ferroelectric film, toward the left interface with
negative bound charges. The right contact acts as an ohmic
contact44 injecting electrons into the film. The electron
accumulation at the left contact can alter the positive
compensation charges, destabilizing the polarization. To
prevent this, the electrons had to overcome the upward band
bending noted as ΦB. This is in fact the “apparent potential
barrier” determined from the I−V measurements. One can say
that the polarization is “adjusting” the height of this barrier in
such a way that its orientation is not affected. The upward shift
of the Fermi level throughout the structure (see Figure 6c) is

only suggesting the n-type doping induced by the external
electric field injecting electrons at the right contact.
If the applied electric field is in opposite direction to the

polarization then the compensation charges will be pulled from
the interfaces into the external circuit. This situation is favored
by the band bending shown in Figure 6b. The polarization
becomes unstable and, at the coercive field, it will switch. The
switch will be accompanied by a change in band bending,
upward becoming downward and vice versa. The change in
band bending will block the flow of charge into the ferroelectric
film stabilizing the new orientation of polarization parallel to
the applied electric field. One has to note that the
compensation charges are already available in the circuit
when the switching take place, explaining the rapid switching
and the rectangular shape of the hysteresis loop. Any defect
altering the flow of charge during switching will delay the
compensation, leading to back-switching effects due to the
incomplete annihilation of the depolarization field.46,47 There-
fore, one can conclude that slightly rectifying contacts, with
properties controlled by the bound polarization charges are
required to stabilize the polarization orientation and to obtain
rectangular hysteresis loops. If both contacts would be ohmic,
then no orientation of polarization would be stable because the
free charges will flow freely through the circuit, making
impossible the compensation of the depolarization field. This is
a strong experimental support for the Vanderbilt’s surface/
interface theorem.29 Referring to Figure 6, this is only
qualitative representation trying to reconcile the results of the
I−V measurements and XPS investigation. Detailed theoretical
models have to be developed in order to accurately simulate the
band-bending in correlation with the experimental I−V and
XPS results. An eventual decrease in the band bending
associated with the ferroelectric polarization due to excess
charge carriers near metal interfaces might also be taken into
account, although the estimated carrier densities from C−V
characteristics are 2−3 orders of magnitude lower than the
charge density, which was computed by Landau−Ginsburg−
Devonshire theory to yield significant decrease of the
permanent ferroelectric polarization.48 Nevertheless, eventual
significant charge accumulation at metal interfaces will result in
a further reduction of the band bending represented in Figure
6b.
Some attempts to study the effect of the different metals as

electrodes on ferroelectric layers with polycrystalline structure
were made.50−52 However, in terms of the leakage current, it
seems that the conduction mechanisms can be significantly
different from those reported for ferroelectric layers of epitaxial
quality. This is understandable if one consider that, because of
its the polycrystalline nature, the bulk of the film may take the
control over the macroscopic electrical properties, making the
effect of the electrode interfaces almost negligible.53,54

3. CONCLUSIONS

The fact that the same behavior is obtained on two different
ferroelectric materials, using the same metals as electrodes
support the conclusion that the polarization control of the
electronic properties of the electrode interfaces is a general
phenomena. It may depend, however, on the thickness of the
ferroelectric film. If the film is too thin then the two interfaces
may interact, leading to totally different electrical properties at
macroscopic level such as collapse of the dielectric constant,
increased leakage current due to tunneling effects, etc.55,56

Figure 6. Schematic of the MFM structure. The upper panel presents
a sketch of the film, with bound (blue) and compensation (red)
charges for a given orientation of the spontaneous polarization P, in
the ideal case when the total electric field and the total electric charges
in the structure should be zero. (a) Band diagram for the given
orientation of polarization and without applied electric field, in the
ideal case when the sample is insulated and not connected to ground
on both sides; (b) band diagram without an applied voltage, but for
both sides of the film held at the same potential (grounded); (c) the
case with an applied electric field ϵ. Notations are as follows: EC,
conduction band edge; EF, Fermi level; Ev, valence band edge; e,
electron; ΦB, the “apparent” Schottky barrier determined from the
experimental I−V measurements.
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We think that the above results bring completely new
knowledge about the formation of the electrode interfaces on
surfaces carrying sheets of bound charges like in the case of
ferroelectrics. The results can be of interest not only for the
peoples who work in the field of ferroelectric materials and
related applications but also for peoples working on polar
materials in general (e.g., polar semiconductors like ZnO, GaN,
or electrets).57,58 Knowing how to control the properties of the
electrode interfaces can be a valuable tool in the development
of the new devices for nonvolatile memories based on field
effect, tunneling junctions (combination of tunneling magneto-
resistance and electro-resistance), or on resistive switching, and
involving either inorganic or organic/polymer materials with
ferroelectric properties.59−64
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