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We investigate the effect of the nature of the substrate and the bottom interface on the out-of-plane
polarization orientation of ultrathin (10-nm) lead zirconate titanate (PZT) thin films of (001) orientation
by photoelectron spectroscopy of samples without surface contamination. The substrate nature is varied
between insulator (strontium titanate, STO) and semiconductor (Nb-doped STO, STON) and finally to a
metal with a work function lower than that of PZT (strontium ruthenate, SRO). Outward polarization is
obtained for PZT/STON(001) and inward polarization is obtained for PZT/STO(001) and PZT/SRO(001).
Explanations are given for all these typical cases, the main elements being charge accumulation for com-
pensation of the depolarization field, self-doping of PZT films, and the interface electric field driving the
orientation of the polarization of the ferroelectric films. We find p-type self-doping is correlated with
the inward polarization, and the driving field is formed between a negatively charged region with nega-
tively ionized acceptors near the interface with the substrate and the p-type degenerate region with holes
accumulated inside, toward the surface. This mechanism may be reversed under the assumption of n-type
self-doping, positively ionized donors near the interface, and accumulated electrons toward the surface in
the case of an interface with a substrate with a higher work function, being in line with recent data (PZT/Pt
or BaTiO3/SRO).
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I. INTRODUCTION

In recent years there have been considerable advances in
the field of ferroelectric single crystals and thin ferroelec-
tric films grown epitaxially on different substrates. Before
thinking about applications of ferroelectrics in the field of
nonvolatile memories [1], piezoelectric devices [2], gas
sensors [3,4], catalysis [5–9], photocatalysis [10,11], or
photovoltaic applications [12,13], including selectivity for
molecular adsorbates [8,14,15] or interfaces with graphene
[16,17] for memristors, one should try to elucidate the
mechanisms causing the establishment of out-of-plane
polarization states. For an ultrathin ferroelectric layer with
polarization P ≈ 1 cm−2 and dielectric constant around
100, the depolarization field is on the order of 109 V m−1,
several orders of magnitude higher than coercive fields in
usual ferroelectrics of about 107 V m−1 [18,19]. This field
is oriented antiparallel to the polarization and would imply
the destruction of the single-domain out-of-plane polariza-
tion state, unless inside the ferroelectric thin film a charge-
compensation mechanism intervenes [20,21]. Ferroelectric
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materials are wide-band-gap semiconductors, but by con-
venient doping they may provide sufficient charge carriers
to compensate the depolarization field [19]. Alternatively,
charge carriers may be provided by the bottom electrode
if the ferroelectric material is synthesized on a metal with
convenient lattice matching; for example, SrRuO3 (SRO)
(001) or Pt(001) for Pb(Zr,Ti)O3 (PZT) [19]. Also, for
electrical measurements the ferroelectric layers are sand-
wiched between metals, and image charges may be cre-
ated in the metals also to compensate the depolarization
field. Figure 1 presents a summary of possible mecha-
nisms of charge compensation, either intrinsic [Fig. 1(a)]
or extrinsic [Fig. 1(b)].

Alternatively, free ferroelectric surfaces exposed to
ambient conditions attract contaminant molecules from the
environment [14,15] and compensation charges may be
created inside this contaminating layer (i.e., outside the fer-
roelectric) [7,11]. It is then of prime importance to work in
the absence of contaminants to see exactly which is the
intrinsically stable ferroelectric state.

The field of ordered ferroelectric ultrathin layers with
well-defined polarization has grown exponentially in
recent years. Here we present a systematic study of
the orientation of out-of-plane polarization in ultrathin
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(a) (b)

FIG. 1. Establishment of sheets of compensating charges, the electronic-potential-energy dependence V(x) across a ferroelectric
thin film with polarization P oriented out of the plane, and principle of investigation of the polarization state by core-level X-ray
photoelectron spectroscopy. (a) The case of a free material. Charge sheets, which may be mobile charge carriers or ionized impurities,
are located near the surface to compensate the fixed charges due to ferroelectric polarization, represented as red + and − signs on
the surfaces. The depolarization field Edepol manifests itself only in restricted regions between the surface and the charge sheets. This
produces potential-energy variations near the surfaces that manifest themselves in variation of surface core-level positions, as measured
by X-ray photoelectron spectroscopy. (b) The case of a material with metal contacts or with adsorbed contamination layers. In this
case, it may happen that the compensating-charge sheets are formed outside the ferroelectric material itself. By X-ray photoelectron
spectroscopy, core levels from the substrate may not show any variation in binding energies, but instead core levels from the outer
material may show shifts opposed to those of core levels from the material in case (a), for the same polarization, because in this case
the nonvanishing field outside the material Eext is opposed to the depolarization field.

ferroelectric (PZT) films grown on different substrates. We
start first with the presentation of experimental results, and
then we build models to explain the polarization orien-
tation in all cases: insulating, semiconducting, or metal
substrates. An influence of the substrate properties (work
function, conduction properties, dielectric constant) on the
orientation of the polarization is supposed nowadays by
several noticeable scientists in the field, yet experimental
evidence is rather scarce, with some exceptions [22,23].
The possible outcomes of such a study are of high interest
for many applications, including the following:

(a) Catalysis: ferroelectric surfaces with different out-
of-plane polarizations P(±) have different oxidation (P(−))
or reduction (P(+)) activities.

(b) Photocatalysis: in addition to the catalytic proper-
ties, the surface depolarization field is effective in increas-
ing charge separation and thus inhibiting recombination.

(c) Photovoltaics: again, for use of ferroelectrics in
photovoltaic applications, one needs to identify surface or
interface regions with electric fields able to cause charge
separation, which emerge from our data and from the
models we propose.

(d) Ferroelectric-based electronics: since the orienta-
tion of the polarization imprint depends on the doping
or charge state of the substrate, one may modify the
polarization state of the memory element via the substrate.

(e) Pyroelectric detectors: the efficiency of these ele-
ments is highly dependent on the ability to synthesize
single-domain states.

For instance, in the case of PZT synthesized on
SRO(001), working in ultraclean conditions yielded films
with polarization oriented inward—that is, from the ferro-
electric toward the metal substrate (P(−)) [8,24]—while for
PZT synthesized on Pt(001) the polarization was oriented
outward (P(+)) [17]. PZT on (La,Sr)MnO3 (LSMO) also
exhibited inward built-in polarization [24]. In the presence
of contaminants [i.e., under air, without ultrahigh-vacuum
(UHV) conditions], the 20 nm-thick films reported in Ref.
[8] presented P(+) polarization. The “self-doping” mech-
anism discussed in Ref. [19] to generate enough charge
carriers for ultrathin films such that the compensating-
charge surface density becomes comparable to the value
of the polarization should work for both p-type and n-
type doping; however, the easiest way to dope an oxide
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is n-type doping, by creation of oxygen vacancies. Never-
theless, the above observation with different polarization
states when ferroelectric layers are synthesized on differ-
ent metals suggests that the setup of the polarization during
the synthesis of the thin film might be related to the work
function difference between the metal and the ferroelectric
semiconductor.

A few years ago a remarkable work related the ori-
entation of the polarization to atomic details of inter-
face formation; namely, if a ferroelectric perovskite
A(1)B(1)O3 is grown on a perovskite substrate A(2)B(2)O3,
structures such as . . . /A(2)O/B(2)O2/A(1)O/B(1)O2/. . . and
. . . /B(2)O2/A(2)O/B(1)O2/A(1)O/. . . should yield opposite
polarization orientation owing to “interfacial valence mis-
match” [25]. This work reported mainly BiFeO3 (BFO)
grown on LSMO, but similar effects were obtained also
for BFO/SRO, BFO grown on Nb-doped SrTiO3 (STON)
(001), and PZT/LSMO, the last case being at variance with
results from Ref. [24]. However, no comments were pro-
vided in Ref. [25] about the surface cleanness, especially
during the a posteriori testing of ferroelectric properties.
Supposing, however, that the control of the overall ferro-
electric polarization is governed by the stacking valence
mismatch, the question arising is whether there are also
some other interface aspects governing the orientation of
the polarization, especially when such accurate stacking
control at the single-atomic-layer level is not achievable.

Another recent work on ultrathin films of Pb(Mg1/3
Nb2/3)O3-PbTiO3 (PMN-PT) relaxor ferroelectrics repor-
ted P(+) orientation of PMN-PT when it is grown on a half
metal with a higher work function (La0.7Sr0.3MnO3), and
P(−) orientation when it is grown on STON and SRO, both
having a lower work function [22]. The explanation took
into account the formation of an interface dipole associ-
ated with the Schottky barrier, oriented from the substrate
toward PMN-PT in the case of a substrate with a higher
work function (�sub > �PMN−PT), where the interface is
formed by electron migration from the semiconductor
(PMN-PT) to the metal, together with formation of an
electron-depleted layer that may extend over the whole
thickness of the semiconductor. This interface dipole fur-
ther yields the outward polarization of the whole PMN-PT.
In the case of a substrate with a lower work function
(�sub < �PMN−PT), the interface dipole would consist of
electron accumulation inside PMN-PT and electron deple-
tion inside the substrate, with the interface dipole oriented
from PMN-PT toward the substrate, and, as a consequence,
the final orientation of the polarization is inward. It is,
however, difficult to imagine how the interface dipole,
produced by mobile-charge accumulation, may yield a fur-
ther polarization of the material in the same direction.
Rather, the interface electric field is oriented inward in the
first case (�sub > �PMN−PT) and outward in the second
case (�sub < �PMN−PT). This should yield polarization
of the material with the dipoles oriented parallel to the

interface field, such that the depolarization field would
cancel the field generated by mobile-charge accumulation
(i.e., exactly the opposite of what is observed). For an
interface dipole to polarize further the upper layers, one
should take into account the field generated outside the
region of the interface (i.e., to consider any other possi-
ble charge accumulation away from the barrier region, near
the surface of the ferroelectric). In this paper, we try to ana-
lyze such data and give a quantitative explanation of this
phenomenon.

Still not well studied is the ferroelectric polarization
when a ferroelectric thin film is synthesized on another
semiconductor or even on an insulator, such as PZT on
SrTiO3 (STO) (001) or PZT on STON, with the excep-
tion of Ref. [22] for PMN-PT/STON and Refs. [26–28] for
PbTiO3/STO. In such cases, we should not expect a consis-
tent contribution from the substrate in terms of compensat-
ing charge carriers and then the “self-doping” mechanisms
should prevail. Recently, it was reported that for thick
layers (more than 200 nm), the depolarization field with
less-effective compensation for PZT grown on relatively-
low-doped STON (0.5% Nb) yields the formation of 180°
domains, with a strong decrease of its pyroelectric coeffi-
cient [23]. The problem in such cases is to find a method
to capture the polarization of the material, since electrical
measurements implying metal contacts are excluded. Also,
piezoresponse force microscopy (PFM) based on poling in
a controlled way different areas of the surface and by a pos-
teriori comparison of the PFM phase from unpoled regions
with phases of the poled regions with known orientations
[22] will scarcely work, since the necessary voltages are
too elevated (one needs to apply a voltage to the film and
substrate instead of the film only, and there are 5–6 orders
of magnitude between the respective thicknesses, so for the
same poling film one needs considerably higher voltages).

Fortunately, another method, X-ray photoelectron spec-
troscopy (XPS) is able to yield the surface polarization
of free ferroelectric thin films [8,19,29–32] and of their
interfaces with metals [18,33–38]. This method supposes
a rigid shift of core levels of near-surface atoms, according
to the shift manifested by the incomplete compensation of
the depolarization field near the surface (see Fig. 1). There
are also some limitations of this method, especially when
surfaces are contaminated or electrodes are deposited on
top; in this case, an extrinsic mechanism could hinder the
intrinsic one, and evaluation with core levels from the fer-
roelectric material itself is less sensitive to the orientation
of the polarization (see, e.g., Ref. [39]). XPS provides also
compositions with surface sensitivity [29,30,34–36] and
is a typical UHV technique; thus, the study of ferroelec-
tric polarization of thin films without any back electrode
is undertaken mainly by use this method, on the basis of
extensive previous validations [8,15,17–19,29–38].

Consistent efforts were made during recent years regard-
ing ab initio theoretical investigations of ferroelectric thin
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films and of their interfaces. There is a clear interplay
of detailed atomic structures (strain, octahedral rotations,
stoichiometry changes) on the macroscopic properties of
these materials [40], and even the nature of the termina-
tion films at interfaces have been shown to play a role
in determining the orientation of the polarization [41,42],
in line with the findings from Ref. [25]. Theoretical [43]
and experimental [26–28] work pointed to the existence of
ferroelectricity for ultrathin layers, starting with thickness
corresponding to about three unit cells, about 1.2 nm.

In this paper, we present a systematic investigation by
XPS of atomically clean PZT ultrathin layers (10 nm
thickness), synthesized on insulators (STO), n-doped semi-
conductors (STON, with different Nb concentrations) and
SRO (work function lower than that of PZT). All substrates
are (001)-oriented single crystals exhibiting an in-plane
lattice constant on the order of 3.9 Å, thus inducing a com-
pressive in-plane strain and favoring the tetragonal distor-
tion of PZT layers [44]. We conclude that the results cannot
be ascribed to a single mechanism (e.g., the orientation of
the interface field in setting the polarization), but they can
be assessed by a wide variety of other phenomena, such
as self-doping, charge migration, and electric fields at the
interface. For instance, in Ref. [45], the outward polariza-
tion for Pt/BTO/STON is explained by a higher asymmetry
in the band alignment for the inward-polarized state, which
implies that in this case the depolarization field exceeds
the coercive field. We give an explanation based solely
on electronic grounds, which estimates band bendings and
interface fields for the heterostructures in question, with
contribution from quantum chemistry or density-functional
theory. Similar explanations were given for tunneling elec-
troresistance phenomena in Ref. [46]. We hope that, in
spite of the inherent simplifications of such a macro-
scopic continuous model, a consistent picture will emerge
about the role of the bottom interface in the direction of
the out-of-plane polarization, and that such information
will be of prime importance for foreseen applications in
microelectronics, sensors, photovoltaics, or catalysis.

II. EXPERIMENTAL SECTION

Ten-nanometer-thick PZT samples are deposited by
pulsed-laser deposition (PLD) using a KrF laser (wave-
length 248 nm, repetition rate 5 Hz, pulse 0.7 J × 20 ns,
laser fluence 2 J/cm2) on STO(001), STON (0.05% Nb)
(001), STON (0.5% Nb) (001), and SRO/STO(001) sin-
gle crystals starting with PZT commercial targets enriched
in PbO. PZT is deposited on Pt(001) with use of the
same parameters; the complete procedure is described in
Refs. [17,47]. The synthesis occurs at about 850 K. XPS
is performed in an analysis chamber equipped with a
150-mm hemispherical electron-energy analyzer (Phoibos)
with Al Kα1 monochromatic radiation (1486.74 eV). Sam-
ple neutralization is achieved with a flood gun operating

at 1-eV electron energy and 100-µA electron current.
Previous studies have reported the use of a flood gun
[15,19,30–33,48]; its operating voltage and current are
chosen after several series of calibration for its possible
influence on core-level positions. The analyzer operated in
fixed-transmission mode with pass energy of 20 eV; the
estimated combined (source plus analyzer) resolution is
about 0.750 ± 0.025 eV. The energy is calibrated repeat-
edly with the Au 4f 7/2 core level (83.81 eV) with use of
separate thick Au depositions. After the introduction into
the XPS chamber, the samples are measured with no other
treatments. After the first measurement, the samples are
annealed in UHV, up to a temperature T ≈ 400 °C, and after
that a second annealing is performed at T ≈ 400 °C in an
O2 atmosphere (0.005 Pa), following Refs. [8,49]. After
the second annealing in an oxygen atmosphere, the sam-
ples exhibit negligible carbon contamination; see Fig. S5
in Supplemental Material (SOM) [50]. The base pressure
during the measurements is around 10−7 Pa. C 1s spectra
are recorded at the beginning and at the end of each mea-
surement cycle for each sample and do not show noticeable
differences.

In Supplemental Material [50] we present X-ray diffrac-
tion data obtained on these films before the XPS anal-
ysis, exhibiting the synthesis of highly strained tetrago-
nal films, epitaxially grown on all substrates (Figs. S1-1
and S1-2 in Supplemental Material [50]). Atomic force
microscopy (AFM; Sec. S2 from the Supplemental Mate-
rial [50]) shows an atomically flat film, while PFM (Sec.
S2 from the Supplemental Material [50]), when films
could be out-of-plane poled, points to outward polariza-
tion, especially for PZT/SRO and PZT/STON (Fig. S2-
2 in Supplemental Material [50]). This is an apparent
contradiction for PZT/SRO, since XPS data for an ultr-
aclean film reveal inward polarization, while PFM in air
shows outward polarization. The contaminated PZT/SRO
film also shows outward polarization by shifts of XPS
spectra toward higher binding energy (see Fig. S4 in
Supplemental Material [50]). The same was the found
for PZT/SRO films with greater thickness (20 nm) ana-
lyzed in Ref. [8]. For the moment, let us assume that
this difference is mainly due to the contaminated or
uncontaminated nature of the surface. Toward the end
of this work, we will given an explanation for this phe-
nomenon.

In Sec. S3 in Supplemental Material [50], we present
low-energy-electron-diffraction (LEED) patterns for the
cases where such patterns could be obtained (owing to the
conduction properties of the substrate) for PZT/SRO and
PZT/STON (0.5% Nb). More LEED data for films of dif-
ferent thicknesses, for both SRO and LSMO substrates,
are discussed in Ref. [51]. For this work, we use the fact
that films of good quality, certified by X-ray diffraction
and by high-resolution (Sec. S1 from the Supplemental
Material [50]) transmission electron microscopy [18,19]
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could be prepared in ultrahigh vacuum without surface
contamination and with ordered surfaces.

In Sec. S4 in Supplemental Material [50] we present
XPS spectra for all samples, as introduced, after the first
annealing in ultrahigh vacuum and after annealing in
5 mPa O2. The C 1s spectra are shown in Fig. S5 in Sup-
plemental Material [50]. There is no noticeable C 1s signal
after annealing in oxygen. The noise level of these spec-
tra is about 50 counts/s. From the analysis of the other
spectra, an integral intensity of about 3000 (counts/s) eV
is inferred for a one-monolayer signal, after normalization
by XPS atomic sensitivity factors [52]. This implies a bare
integral intensity of about 750 (counts/s) eV for C 1s by
use of the atomic sensitivity factor of 0.25 for C 1s. By
use of a linewidth of about 1 eV for a single component,
the lower limit of carbon contamination of about 7% of a
monolayer may be derived.

III. X-RAY PHOTOELECTRON SPECTROSCOPY

XPS spectra recorded for ultraclean samples, after the
removal of any visible carbon contamination (i.e., carbon
contamination below about 7% of a monolayer) are illus-
trated in Fig. 2. XPS spectra for as-introduced samples
and for an intermediate stage of cleaning are presented
in Sec. S4 from the Supplemental Material [50], while C
1s spectra are presented in Sec. S1 from the Supplemen-
tal Material [50]. The spectra are deconvoluted with use of
Voigt functions (Lorentzian and Gaussian widths) with a
distinct inelastic background for each component [53,54].
A minimum number of components is used to obtain a con-
venient fit. As demonstrated also in Ref. [34], when excited
with Al Kα, a Pb Auger M5N2N2 feature is superposed on
the Ti 2p region, and this is taken into consideration by a
broad singlet line.

As outlined in Sec. I, the polarization state of a thin fer-
roelectric layer can be characterized by the chemical shift
of the core levels, as detected by XPS [8,15,19,29–33].
Table I presents the binding energies and the significant
atomic ratios obtained from the deconvolutions, along with
the interpretation of the polarization state based on these
values. At most, three components are needed to simu-
late well the experimental data, which can be ascribed to
different out-of-plane polarization states: P(+) (i.e., out-
ward), P(0) (i.e., in plane or no polarization at all), or
P(−) (i.e., inward). One polarization state dominates in all
cases, and the binding energies of components with dom-
inant intensity are also outlined in Table I. We mention
also the dominant polarization state for each sample in
Table I. In the case of STON substrates, the polarization is
P(+), whereas in Ref. [22], inward polarization (P(−)) was
reported by PFM investigations.

The atomic concentration ratios presented in Table I
are computed from the sums of integral intensities, by
use of XPS atomic sensitivity factors [52]. The Zr-to-Ti

(a) (b)

(c) (d)

FIG. 2. Core-level X-ray photoelectron spectra for (a) Pb 4f, (b)
Zr 3d, (c) Ti 2p, and (d) O 1s recorded for PZT/STO, PZT/STON
(0.05% Nb), PZT/STON (0.5% Nb), and PZT/SRO/STO after
annealing for 3 h first in ultrahigh vacuum, then in 5-mPa
O2 atmosphere. The spectra are deconvoluted with Voigt pro-
files; see the text for more details. Higher binding energies
correspond to outward polarization P(+), and lower binding ener-
gies correspond to inward polarization P(−); see Fig. 1 for an
explanation.

concentration ratios are close to the target composition,
and the oxygen stoichiometry is reasonable; the Pb-to-Zr-
plus-Ti concentration ratios are considerably lower than
unity (below 0.7). Most probably, photoelectron-inelastic-
mean-free-path and with photoelectron-diffraction effects
contribute to this deviation. Nevertheless, for PZT/STON
the ratios are close to each other, 0.69 ± 0.02. The
Pb-to-Zr-plus-Ti concentration ratios for PZT/STO and
PZT/SRO are considerably lower than for PZT/STON
(0.61 and 0.45, respectively). Thus, one may infer that in
these films, at least in the last 2–3-nm outer layers, there is
a Pb deficit, pointing to a p-type doping of these samples.

We discuss now the different components (separated by
about 1.0 ± 0.2 eV) occurring in all Pb, Zr, Ti, and O spec-
tra. These components are present in all spectra, no matter
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TABLE I. Main parameters obtained from XPS of the samples whose spectra are presented in Fig. 1. Relevant atomic concentration
ratios together with binding energies of the components obtained by deconvolution, normalized with respect to the major component
(bold) for all cases. The last line represents the proposed polarization detected by XPS.

Parameter PZT/STO (001)
PZT/STON(001)

(0.05% Nb)
PZT/STON(001)

(0.5% Nb)
PZT/SRO/
STO(001)

[Pb]:[Zr + Ti] 0.61 0.71 0.67 0.45
[Zr]:[Zr + Ti] 0.21 0.20 0.22 0.20
[O]:[Zr + Ti] 2.81 2.83 3.05 2.83
Pb 4f 7/2 (c1) (eV); relative amplitude 137.20; 1.00 136.83; 0.01 137.16; 0.03 137.79; 1.00
Pb 4f 7/2 (c2) (eV); relative amplitude 138.15; 0.16 138.45; 1.00 138.26; 1.00 138.72; 0.21
Pb 4f 7/2 (c3) (eV); relative amplitude (131.85) 139.51; 0.11 139.23; 0.20 . . .
Zr 3d5/2 (c1) (eV); relative amplitude 180.54; 1.00 181.77; 1.00 181.65; 1.00 181.14; 0.79
Zr 3d5/2 (c2) (eV); relative amplitude 181.37; 0.77 182.63; 0.95 182.51; 0.77 182.00; 1.00
Ti 2p3/2 (c1) (eV); relative amplitude . . . 457.04; 0.01 456.96; 0.02 . . .
Ti 2p3/2 (c2) (eV); relative amplitude 457.46; 1.00 458.73; 1.00 458.56; 1.00 458.05; 1.00
Ti 2p3/2 (c3) (eV); relative amplitude 458.57; 0.13 459.75; 0.14 459.63; 0.18 459.06; 0.19
O 1s (c1) (eV); relative amplitude . . . 528.69; 0.03 528.42; 0.02 . . .
O 1s (c2) (eV); relative amplitude 528.85; 1.00 530.14; 1.00 529.95; 1.00 529.35; 1.00
O 1s (c3) (eV); relative amplitude 529.57; 0.34 530.90; 0.44 530.82; 0.37 530.12; 0.66
O 1s (c4) (eV); relative amplitude 530.50; 0.06 532.05; 0.06 531.97; 0.06 531.15; 0.10
Polarization P(−) P(+) P(+) P(−)

whether the polarization is inward or outward. The effect
of the polarization is a rigid shift of all components. Thus,
the presence of two components is rather connected to the
existence of two kind of atoms for each species rather
than to polarization effects, at variance with the attempt
to explain Ba 3d in Ref. [45]. This could be quite easily
an effect of “surface reconstruction,” different positions for
surface atoms as compared with atoms from deeper layers.
The fact that two components with almost equal intensity
are seen for Zr implies, for example, that some Zr atoms
are displaced in the perovskite ABO3 unit cell and others
are not; according to Refs. [45,55] their dynamical (Callen)
charge should be different, owing to different hybridiza-
tions with neighboring atoms. Indeed, the atomic diameter
of Zr (about 3.1 Å) is close to the value of the diagonal
of the unit cell (about 6.9 Å) minus twice the radius of Pb
(3.6 Å), while the atomic diameter of Ti (2.8 Å) is con-
siderably lower. As a consequence, one may conceive that
Ti atoms have higher mobility, while some Zr atoms are
displaced and some remain in centrosymmetric positions.
Thus, Ti from the bulk has one major component, while Zr
has two components with comparable amplitudes. Ti from
the surface may have a lower rumpling, manifesting itself
as the additional component with larger binding energy. In
a similar way, Pb, for example, may have as a second-order
neighbor a moving Zr (or a Ti) or a nonmoving Zr; if about
half of the Zr atoms are not moving, the ratio between Pb
with a neighboring centrosymmetric Zr and Pb with neigh-
boring noncentrosymmetric Zr or Ti is about 1:9 to 1:11. It
is also to be noted that in Ref. [8] only one component was
sufficient for Ti and Zr, whereas Pb has a high-binding-
energy component due to the PbO surface layer with
incomplete oxygen coordination (these films were PbO

terminated). Also, these films were thicker (20 nm); there-
fore, the outer layers that are investigated are supposed to
be more relaxed, allowing, for example, all Zr atoms to
be displaced. In Ref. [50], also for 50-nm PZT/SRO and
100-nm PZT/LSMO, Ti and Zr were fitted with one com-
ponent only, and, again, one may infer that these layers are
relaxed, and all Ti and Zr cations are noncentrosymmetric.
In the actual data, fitting Zr and Ti spectra with only one
component did not provide reasonable results.

The attribution of the O 1s components, in this sce-
nario, is as follows: The main component is attributed to
bulk oxygen in the ferroelectric state; that is, belonging to
unit cells with noncentrosymmetric B cations (Ti or Zr).
The second component may be attributed to oxygen from
the BO2 surface layers, with reduced rumpling and thus
atomic positions close to the centrosymmetric positions.
The relative amplitude of this surface layer to the bulk
component is approximately exp(c/λ) – 1 ≈ 0.18, where c
is the lattice constant along the [001] direction (about 2 Å)
and λ is the inelastic mean free path (about 12 Å for a
kinetic energy of about 960 eV). The real ratio is higher,
which means that there are also other contributions to this
component. One possible contribution of similar binding
energy would be oxygen coordinated to Zr atoms in cen-
trosymmetric positions in the bulk. If one considers, again,
similar probabilities for Zr to be centrosymmetric or non-
centrosymmetric, simple statistical considerations of the
possible coordination of oxygen in a BO2 plane (B being
Ti, Zr centrosymmetric or Zr noncentrosymmetric) yields
a probability of oxygen having at least one centrosym-
metric Zr neighbor of 0.3442 (if the probability that B is
Zr is 0.2). With inelastic mean free path effects—that is,
by use of an attenuation factor exp(−c/λ)—the relative
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weight of this component to the main component becomes
about 0.25. With both origins taken together for this com-
ponent, it should be 0.18 + 0.25 ≈ 0.43 of the main com-
ponent, which is close to the average value for all cases
in Table I. If we take into account also the real ratio
between the Zr highest- and lowest-binding-energy com-
ponents, the total ratio of the second component to the
first one becomes approximately 0.36, 0.41, 0.36, and 0.51
for PZT/STO, PZT/STON (0.05% Nb), PZT/STON (0.5%
Nb), and PZT/SRO, values closer to the ones in Table I.

The third O 1s component, which is about 0.1–0.17 of
the second one, may be ascribed to some oxygen from the
last atomic layer (e.g., oxygen with more than one neigh-
boring Zr atom). The attribution of O 1s components may
be subject to some ambiguities, since one may easily com-
pute that by adoption of the hypothesis of a ferroelectric
bulk with two kind of Zr atoms and a surface layer with no
rumpling, about 20 components are needed to account for
all possible neighboring configurations of oxygen. Using
so many components in the fit of course cannot yield
reasonable results.

In any case, the above attribution of O 1s features is just
a first sketch. The main purpose of our commenting on the
different components obtained for XPS spectra of all ele-
ments is to evidence that these different components may
be attributed to chemical, neighboring, or surface effects,
without explicit use of charge accumulation or polariza-
tion. The effect of the polarization is a rigid shift of all
core levels toward higher or lower binding energy, and the
fact that this affects almost equally all components from all
elements may be related to the extent of this band bending,
which is considerably larger than the inelastic mean free
path, about 16 Å for Pb 4f [34].

IV. DISCUSSION

To understand the processes that drive the stabilization
of the out-of-plane polarization as function of the sub-
strate, one needs to consider several physical parameters
that can influence this process. Table II presents the rel-
evant parameters of PZT and all substrates to understand
interface band bending. In the following, we discuss every
case to understand the information obtained from the XPS
data.

It is important to note that the deposition temperature
(about 850 K) corresponds to a transition from ferroelectric
to paraelectric for films of about 7-nm thickness [26], the
transition temperature becoming higher with greater film
thicknesses [26,69]. Thus, thicker PZT films are grown
in the ferroelectric state, whereas for the setting of the
orientation of the polarization, one may reasonably start
with films in the paraelectric state (or centrosymmetric
state). The ferroelectric state is established by increase
of the film thickness and/or lowering of the temperature,

but in any case at some early stage a thin paraelectric
(centrosymmetric) film exists.

A. General aspects

A naive model supposes that when a ferroelectric semi-
conductor with a given work function is interfaced with
another material with a different work function, the inter-
face field will be oriented from the material with the lower
work function toward the material with the higher work
function. Suppose now that this interface field governs the
orientation of the polarization, as supposed, for example,
in Ref. [22]. In this case, PZT deposited on SRO (a metal
with a lower work function) would develop an interface
field oriented toward the PZT (i.e., outward), while PZT
deposited on a metal with a higher work function (e.g.,
Pt) would develop an inward polarization. The data from
Table I and Refs. [8,17,24,39,51,70,71] point to the oppo-
site situation; see Fig. 3. Hence, this crude model must be
refined by our taking into account charge transfer, self-
doping [19], static charges created by ionized impurities,
and variation of the work function with doping.

According to the previous sections and the existing liter-
ature on polarization orientation of thin ferroelectric films,
the following basic assumptions are in order:

(a) All layers investigated in this work are strained to
the lattice constant of the substrate (STO or STON). This
is visible from the X-ray diffraction pattern (see Section
S1 in Supplemental Material [50]) and also from recent
reports [19]. Samples prepared in the same setup, by use
of the same recipe, with thicknesses in the range from 5
to 250 nm, show that in-plane lattice relaxation starts by
a film thickness of about 20 nm. Previous work reported
the threshold for in-plane lattice relaxation as being around
30 nm for PbZr0.48Ti0.52O3 [49]. Thus, a considerable
tetragonal distortion of the unit cell is inherent to the epi-
taxial growth of the actual 10-nm-thick films, and the only
question is what is the orientation of the polarization.

(b) The setting of the polarization orientation might be
governed by the interface field with the substrate, which
should exceed a value on the order of the coercive field.
The coercive field is not a material constant; instead, for
thin films it varies significantly. According to Ref. [19],
the coercive field for 20-nm-thick PZT films is on the order
of (5–7) × 107 V m−1. It could be even higher for 10-nm-
thick films. Suppose a centrosymmetric phase grows on
a given substrate. When the interface field produced by
charge transfer or accumulation (resulting in band bend-
ing) exceeds the coercive field, one supposes that the
material will be poled in the direction of this interface field.
This model is at variance with the naive model proposed
in Ref. [22]. In this model, the interface dipole induces a
polarization oriented in the same direction. It is not clear
what the mechanism would be to align the polarization
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TABLE II. Relevant parameters of PZT and of all substrates used in this work needed to quantify the interface band bending: band
gaps, dielectric constants, and work functions.

Parameter PZT STO intrinsic STON SRO

Band gap Eg (eV) 3.4 [56] 3.25 (indirect); 3.75 3.25 (indirect); 3.75 . . .
(direct) [57] (direct)

Dielectric constant εr 30–100 [51,59–62] 300 [58] >300 ∞ (metal)
Work function � (eV) 5.1–5.3 [18]5.35 [63]5.37–5.53

[64]5.8 [[65,66]}
4.2 [67] <4.2 4.7–4.9

[18,22,68]5.21
[64]

orientation of the growing “polar nanoregions” parallel
to the orientation of the interface dipole, since dipole-
dipole interaction, in directions perpendicular to the dipole
axes, tend to induce antiparallel orientation of interacting
dipoles. Instead, what is important in this region is the
“depolarization field” associated with the interface dipole,
which is oriented antiparallel to this dipole.

(c) Thin films of ferroelectric materials undergo a “self-
doping” to produce enough charge carriers to build up
sheets of mobile charges that compensate the depolar-
ization field in the volume of the field (Fig. 1). In Ref.
[19], n-type self-doping was discussed, while in the actual
case it seems that PZT/STO and PZT/SRO/STO (espe-
cially the latter) exhibit p-type self-doping manifested
by the presence of Pb vacancies. Films exhibiting p-type
doping exhibit also inward polarization, while surface-
contaminated films from Ref. [19] exhibited n-type self-
doping (oxygen vacancies) together with outward polariza-
tion. In the following, we assume that these charge sheets
may be constituted also by ionized impurities; that is, even
in the case of a single type of doping (n or p), mobile
charge carriers may be accumulated at one extremity of the
film, while ionized impurities of opposite sign may accu-
mulate at the other extremity (see Fig. 1). In the case of
the presence of a conductive or strongly doped material at
one extremity (the substrate of the ferroelectric film), com-
pensating charges needed at this extremity may be located
also in this material. For compensating charges created in
the ferroelectric material by defects, if εdef is the energy
needed for the creation of a defect in the material and N def

is the density of these defects, the ferroelectric state (plus
defects created) is stabler than the unpoled state without
defects if its energy density is lower; that is,

�w = − P2

2ε(T)
+ εdefNdef < 0, (1)

where ε(T) is the (temperature-dependent) permittivity of
the material. From here it follows there is an upper limit
for the defect density, which for PZT at room temperature
(polarization P ≈ 1 cm−2) may be estimated as

Ndef <
P2

2ε(T)εdef

≈ 1
2 × 8.8 × 10−12 × (60–150) × 3 × 1.6 × 10−19

≈ (0.8–2.0) × 1027 m−3, (2)

with 60–150 being estimates of the PZT dielectric constant
at room temperature [21,51], and 3 eV being an estimate
of εdef, valid both for oxygen vacancies (VO) in the O-poor
limit, or lead vacancies (VPb) near the valence band maxi-
mum in the O-rich limit [71]. The above inequality may be
combined with the approximate density of unit cells (about
1.625 × 1028 m−3) to yield a maximum of 5.0%–12.5%
defects per unit cell, on average. This is rather a large
value in terms of doping, but is in line with the findings in
Table I. An interesting evaluation may continue by stipu-
lating the order of magnitude of the polarization is equal to

FIG. 3. Overview of the cases investigated in terms of work-function differences between the substrate and the ferroelectric film,
and also as a function of the conduction properties of the substrate. The cases with yellow background and red text are from this
work and previous work, as follows: PZT (� = 5.3 eV)/SRO (� = 4.9 eV) [8,24] PZT (� = 5.3 eV)/LSMO (� = 5.2 eV), inward
polarization [24,39,51]; PbTiO3/DyScO3 with a similar work function, resulting polarization modulated [70]; BTO (� = 4.8 eV)/SRO
(� = 4.9 eV), outward polarization [71]; PZT (� = 5.3 eV)/Pt (� = 5.65 eV), outward polarization [17].
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the surface density of compensating charges P ≈ eNdefL,
L being the thickness of the film and e the elementary
charge. The lower limit for the film thickness to still show
ferroelectricity may then be written as

L >
2ε(T)εdef

eP
≈ 3.2–7.9 nm, (3)

by use of the above values. This is close to the lower
limit where an out-of-plane polarization is observed in our
experiments, typically PZT/SRO/STO(001); nevertheless,
even lower thickness (1.2–2.0 nm) in PbTiO3/STO(001)
films still showing ferroelectricity at room temperature has
been reported [26,27].

(d) The interface field is computed in each semicon-
ducting material by solving of the Poisson equation, where
the inner potential is manifested by band bending: the
minimum of the conduction band EC, the maximum of
the valence band EV, and the donor or acceptor levels
ED or EA will be affected by the inner potential for elec-
trons –eφ(x), where φ(x) is the electrostatic potential. The
Poisson equation containing, in order, contributions from
electrons in the conduction band, negatively ionized accep-
tors, holes in the valence band, and positively ionized
donors is written as

d2φ

dx2 = e
ε

{
NCF1/2

(
EF − EC + eφ

kBT

)

+ NA

1 + 2 exp[(EA − EF − eφ)/kBT]

−NVF1/2

(
EV − EF − eφ

kBT

)

− ND

1 + 2 exp[(EF − ED + eφ)/kBT]

}
, (4)

where

F1/2(x) = 2√
π

∫ ∞

0

y1/2dy
1 + exp(y − x)

≈
{

ex,x < −2,
4

3
√

π
x3/2,x > 5 ,

(5)
is the Fermi integral, and

NC,V =
(

2πm∗
e,hkBT

h2

)3/2

, (6)

are densities of states in the conduction band and the
valence band, respectively (m*e,h are effective masses of
electrons and holes, respectively, h is the Planck constant,
kB is the Boltzmann constant, T is the temperature). ND
and NA are densities of donors and acceptors. Eq. (4) may
be solved numerically and, in some cases, also analytically
to yield the shape of the inner potential. However, for the
next purposes of this study, which rely on the evaluation

of the interface field, a considerable simplification may be
considered. Let us write Eq. (4) in a condensed way:

d2φ

dx2 = f (φ(x)), (7)

where f is a simple, integrable function [sum of exponen-
tials or power-law functions, Eq. (5)]. By multiplying both
sides by the derivative of the potential and integrating the
expression from 0 to L, L being the thickness of the film,
one obtains

d2φ

dx2 · dφ

dx
= f (φ(x)) · dφ

dx
, (8)

(
dφ

dx

)2

L
−

(
dφ

dx

)2

0
= 2

∫ φ(L)

φ(0)

f (φ)dφ

= 2F(φ(L)) − 2F(φ(0)), (9)

where F is the primitive function of f. Now, for all films
investigated below we suppose that the electric field at
the outer surface (x = L) vanishes (in the absence of the
ferroelectric polarization), and we choose also the poten-
tial at the outer surface as a reference, such that φ(L) = 0,
(dφ/dx)L = 0. In these conditions, one obtains a simple
expression for the electric field ε at the interface:

(
dφ

dx

)2

0
= ε2(0) = 2F(φ(0)) − 2F(0), (10)

This is an immediate connection between the field at the
origin and the potential drop on the sample φ(0).

(e) The next step is to evaluate the position of EA and
ED in PZT and STON. According to Ref. [72], in PbTiO3
there are two types of oxygen vacancies (donors), situ-
ated 0.06 and 0.3 eV below the conduction band. Also
according to Ref. [72], lead vacancies implies an accep-
tor level quite close to EV. We assume that in PZT with a
Ti-to-Zr ratio of approximately 4:1 the situation is close to
that of PbTiO3. We also need to estimate the position of
the Nb-donor-impurity level in STON. Here there were no
available data in the literature; but is we use an excitonic
model [73], the position of this level should be m∗/(εr

2m0)

times the Rydberg energy (≈13.6 eV) below EC. Owing to
the large value of the dielectric constant in STO, εr ≈ 300
[57], the position of the Nb-donor-impurity level is also
fairly close to EC. Thus, the problem is simplified consid-
erably, at least in a first approximation: Nb impurities in
STON and oxygen vacancies in n-type PZT lie close to the
minimum of the conduction band, while lead vacancies in
p-type PZT lie close to the maximum of the valence band.
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B. Interface between intrinsic PZT and STON

STON has a lower work function than PZT, and thus
electrons migrate from STON to PZT, leaving a region of
spatial charge formed by positively ionized donors. The
Fermi level is close to EC (or ED) in the bulk of STON,
and near the interface the bands are shifted upward, leav-
ing most donors ionized. A similar situation occurs in the
case of a p-doped material with a higher work function and
acceptor level close to the maximum of the valence band,
which transfers holes through the interface and remains
with a sheet of negatively ionized acceptors. We write the
solutions for both cases, knowing that for STON we must
retain the n-type case. The Poisson equation has a simple
solution:

φ(x) = ±eNA,D

2ε
(x − x0)

2, (11)

for x ≤ x0, with the plus sign for acceptors and the minus
sign for donors. For x > x0, φ(x) = 0. The depth of the
depleted region may be immediately computed from the
interface band bending:

x0 =
(

2ε|φ(0)|
eNA,D

)1/2

, (12)

The dependence of the electric field is obtained by deriva-
tion of Eq. (11):

ε(x) = ∓eNA,D

ε
(x − x0), (13)

and the electric field at the origin (in this material) is
written as

ε(0) = ±
(

2NA,De|φ(0)|
ε

)1/2

. (14)

In an intrinsic semiconductor (PZT in this case) subject to
charge injection, the Poisson equation is written as follows:

d2φ

dx2 = e
ε

[
NC exp

(
EF − EC + eφ

kBT

)

−NV exp
(

EV − EF − eφ
kBT

)]
= 2en0

ε
sinh

(
eφ
kBT

)
,

(15)

where the carrier density of the intrinsic semiconductor n0
is introduced. With the notation

v = eφ
kBT

, l0 =
(

εkBT
e2n0

)1/2

, x′ = x
l0

, L′ = L
l0

,

(16)
the Poisson equation becomes simply

d2v

dx′2 = 2 sinh v, (17)

and the field at the origin is connected to the total potential
drop on the film [Eq. (10)], which in this case becomes

ε(0) = ±2
[

n0kBT
ε

( cosh v(0) − 1)

]1/2

. (18)

If STON (material 1, work function �1) is interfaced with
intrinsic PZT (material 2, work function �2), the interface
fields in these materials are written as

ε1(0) =
(

2NDkBT
ε1

ϕ1

)1/2

=
[

2NDkBT
ε1

(ϕ − ϕ2)

]1/2

,

(19)

ε2(0) = 2
[

n0kBT
ε2

(cosh ϕ2 − 1)

]1/2

, (20)

where ϕ1 and ϕ2 are potential-energy drops on both mate-
rials (in the unit of kBT), ϕ1 + ϕ2 = ϕ, with

ϕ = �2 − �1

kBT
. (21)

See Fig. 4. The electric displacement is continuous at the
interface (or, equivalently, the system is neutral):

ε1ε1(0) = ε2ε2(0). (22)

A transcendental equation for the potential-energy drop on
PZT follows:

ε1ND

2ε2n0
(ϕ − ϕ2) = cosh ϕ2 − 1. (23)

This equation is solved numerically for εr,1 = 300, εr,2 =
150, for different values of n0 and ND. Finally, the interface
field in PZT may be evaluated as

ε2(0) = (2NDε1kBT)1/2

ε2
(ϕ − ϕ2)

1/2, (24)

and the results are given in Fig. 5. We represent also the
donor densities corresponding to the two Nb concentra-
tions investigated in the previous section, and derive that
the interface field in both cases exceeds the coercive field
(5–7) × 107 V m−1. Thus, it is reasonable to suppose that
this interface field suffices to induce the polarization ori-
ented from STON toward PZT (i.e., outward polarization)
of the PZT film near the interface region. For lower doping
levels, the interface field is simply not enough to induce
outward polarization. The case of PZT interfaced with
intrinsic STO is discussed in the next subsection.
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(a)

(b)

electron–hole+

FIG. 4. (a) Band bending at the inter-
face between STON and intrinsic (i)
PZT. χ is the electron affinity, � is the
work function, and γ is the ionization
energy. (b) Charge distribution, interface
fields, and setting of the polarization.
Ionized impurities are represented as full
circles, while mobile charge carriers are
schematized as wave packets.

C. Interface between PZT and intrinsic STO

In this case, if intrinsic PZT is synthesized on intrinsic
STO, no charge transfer will occur and the interface should
be extremely abrupt. In practice, the synthesized material,
which, in its intrinsic state, already has a work function
higher than the work function of the substrate (5.3 eV ver-
sus 4.2 eV), undergoes a doping such as to allow charge
transfer toward the substrate, yielding a smoothing of the
energy bands. This is p-type doping, and even a consis-
tent doping (the Pb content decreases by 14%, according
to Table I). The first question to be analyzed is what is the
work function of a (strongly) doped material with respect

FIG. 5. The electric field in intrinsic PZT at the interface with
STON as a function on the doping level in STON. The verti-
cal green lines represent the two Nb doping levels investigated
in this work. Solutions for different values of the carrier den-
sity in PZT (n0) are concentrated in the narrow red region for
1018 m−3 ≤ n0 ≤ 1024 m−3.

to that of the intrinsic material? Three different cases are
outlined in Sec. S6 from the Supplemental Material [50]:
(a) It could be that the work function of the doped mate-
rials is identical with that of the intrinsic material, and
in this case the electron affinities vary considerably with
doping. In this case p-n diodes would simply not work.
(b) The opposite case is that of similar electron affinities,
independent of doping, with the work function varying
considerably from n-type doping to intrinsic material, then
to p-type doping. (c) A more reasonable scenario is that
neither of the above hypotheses is true, but the real situa-
tion lies somewhere in between: for example, the relative
variations of work functions and affinities have opposite
sign, �� +�χ = 0. This was confirmed, for example, for
silicon, where large n- or p-type doping induces shifts in
the work function (larger for p-type doping) of about one
quarter of the band gap (0.3 eV) [74]. Note also that sce-
nario (b) from Fig. S6, in the case of PZT, would imply a
shift of half of the band gap, with a quite low work function
(in the range of 3.6 eV) for heavily-n-doped material. Such
a low work function for a common perovskite material
would have drawn the attention of the thermionic emis-
sion community, but results are rather poor [75]. Hence,
we start the evaluations regarding barriers and band bend-
ing between doped PZT and other materials by considering
that the change in work function from heavily-n-doped
to heavily-p-doped PZT is roughly half of the band gap;
hence, if for the intrinsic material �i

PZT ≈ 5.3 eV, then
�n

PZT ≈ 4.45 eV, and �
p
PZT ≈ 6.15 eV.

Using the above value for p-type PZT, we schematize
the band alignment between STO and p-doped PZT in
Fig. 6(a). One may immediately see that there is a dis-
continuity in the valence band at the interface, and that
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(a)

(d)

(c)

(b)

electron–hole+

FIG. 6. Band alignment between STO
and p-type PZT. (a) Band alignment
obtained by use of a work function of
6.15 eV for p-type PZT and 4.2 eV
for STO, together with the position
of acceptors (Pb vacancies) close to
the valence-band maximum in PZT. (b)
Valence-band readjustment by taking
into account the “common anion rule”
(CAR). The bold gray curve represents
the rigid shift of the previous valence
band by the interface misfit energy γ 2
– γ 1. In this case, further from the inter-
face, PZT becomes degenerate, and the
Poisson equation in this region yields
a decreasing potential energy from the
interface (black curve). The real situ-
ation, represented by the red curve in
(c) lies between the two previous cases.
(d) Charge distribution, interface fields,
and setting of the polarization. Ionized
impurities are represented as full col-
ored circles, neutral impurities are rep-
resented as empty circles, and mobile
charge carriers are schematized as wave
packets.

electrons are allowed to tunnel through this barrier. (Later
we estimate the order of magnitude of the width of the
depleted region to be in the range of a few nanometers;
therefore, this “kink” region is considerably less extended.)
An empirical rule introduced four decades ago [76,77],
known as the “common anion rule,” assumes that the
valence band should be adjusted such as to be continuous
across the interface, since states building up valence bands
have a similar origin, O 2p orbitals in this case. Thus, one
expects in the zeroth approximation that the band align-
ment will be “readjusted” by a rigid shift toward higher
energies in PZT so as to compensate the kink occurring
at the interface in the valence band. This is schematized
in Fig. 6(b) by the bold gray line. But, in this case, the
Fermi energy will be placed inside the valence band, by
an amount (0.4 eV) exceeding largely the thermal energy
(0.025 eV). In this case, one has to investigate the Poisson
equation in a degenerate semiconductor:

d2v

dx2 = e2NV

εkBT
[F1/2(v) − F1/2(v0)]

≈ 4e2NV

3
√

πεkBT
(v3/2 − v0

3/2) = v3/2 − v0
3/2

lV2 , (25)

where

v(x) = EV − EF − eφ(x)
kBT

, v0 = EV − EF

kBT
. (26)

Approximating, as argued above, v0 ≈ 0, the solution has
the form

v(x) = v(0)[
1 + (v(0)1/4/2

√
5lV)x

]4 , (27)

and the electric field for x > x0 is given by

ε(x) = −kBT
elV

[
4
5
v(x)5/2 − 2v0

3/2v(x)
]1/2

≈ − 2kBT

elV
√

5
v(x)5/4. (28)

In this case, relevant for the setting of the polarization in
the outside region of the PZT film is the electric field at
x0; see Fig. 6(b). The potential energy here is approxi-
mately the offset �γ = γ 2 – γ 1, the difference between the
ionization energies of both materials. The total charge con-
servation of the heterostructure may be written as [(i) holes
injected into STO] + [(ii) ionized acceptors in the deple-
tion region x < x0] + [(iii) holes injected in the degenerate
region x ≥ x0] = 0. For (i) and (ii), we use the formalism
developed in Sec. IVB; for (iii), we use Eq. (28) multiplied
by the permittivity of PZT, and assume a vanishing field at
the surface of PZT, in the absence of polarization. In total
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[(i) + (iii) = – (ii)]

2(ε1n0kBT)1/2(cosh ϕ1 − 1)1/2

+ 4√
15

√
π

(ε2NVkBT)1/2
(

�γ

kBT

)5/4

= [2ε2NAkBT(ϕ − ϕ1)]1/2, (29)

where n0 is the charge-carrier density in intrinsic STO, NV
is the density of states in the valence band in PZT, ϕkBT is
the difference between the work functions (known), see Eq.
(21), and ϕ1kBT is the potential-energy drop on STO. ϕ1 is
derived from the above transcendental equation (it ranges
from 25.67 for n0 = 1018 m−3 to 12.11 for n0 = 1018 m−3),
NV being estimated by use of the free-electron mass in Eq.
(6) to be 2.4 × 1025 m−3, the dielectric constants being
considered to be 150 and 300 for PZT and STO, respec-
tively, and NA = 1.5625 × 1027 m−3, corresponding to 0.1
vacancies per formula unit. The thickness of the depleted
region in PZT is derived as

x0 =
[

2ε2kBT
e2NA

(ϕ − ϕ1)

]1/2

. (30)

This yields 3.8–4.2 nm for the above input values; this is
less than the thickness of the layer (10 nm); hence, the
proposed model has no inconsistency from this point of
view. The maximum electric field at the interface between
the depleted region and the degenerate region of PZT is
written as

ε2(x0) = − 4√
15

√
π

(
NVkBT

ε2

)1/2(
�γ

kBT

)5/4

, (31)

and this is independent of the STO parameters (carrier den-
sity and dielectric constant). This yields –1.8 × 108 V m−1,
and its modulus greatly exceeds the coercive field, yielding
inward polarization. By looking at the qualitative picture
in Fig. 6(c), we see the maximum field will be a frac-
tion (about 0.5) from the above computed value ε2(x0),
but it will still be larger than the estimated coercive field,
5–7 × 107 V m−1. Hence, we think we offer a reasonable
scenario for the realization of the inward polarization for
PZT/STO.

D. Interface between PZT and SRO

SRO has a lower work function than PZT (4.8–4.9 eV).
Thus, the first mechanism one may think about is charge
injection (electrons) from SRO to PZT. Next, we con-
sider that the metal reaction to this charge accumulation in
the semiconductor is reasonably described by the forma-
tion of image charges inside it. In Fig. 7(a) this situation
is schematized by our assuming an antisymmetric poten-
tial variation inside the semiconductor and in the metal.

In this case, electron excess in the semiconductor cor-
responds to electron deficit in the metal, manifested by
the band bending of the bottom of the valence band,
yielding a lower electron density near the interface with
respect to the neutral metal. For the metal we assume
that the Poisson equation (4) is not entirely correct, since
for an ideal metal the dielectric constant is nearly infin-
ity. A perfect metal would generate images of individual
charges from the semiconductor, and thus also image
dipoles of the polarized semiconductor, not taking into
account the ferroelectric polarization, but just the polar-
izability effects [78]. Thus, in this ideal case the region
of the metal near the interface may be viewed as an
extension of the ionic semiconductor, through the intro-
duction of these image charges; also the dielectric con-
stant will be equal to that of the semiconductor. Thus, in
the region of the metal we suppose that the charge den-
sity is antisymmetric with respect to the interface, the
electric field is symmetric, and the potential, again, is
antisymmetric.

In a more sophisticated model, one may introduce the
Thomas-Fermi (TF) length, which takes into account the
polarization of the free-electron gas:

rTF =
√

ε0

e2g(εF)
×

(
=

√
2ε0εF

3e2n
for the free-electron gas model

)
,

(32)

where εF is the electron kinetic energy at the Fermi
level, n the electron density, and g(ε) the density of
states. For the formation of image charges, the TF
screening length means the perturbation of the electron
gas around a point charge, where the local potential
behaves as a screened Coulomb potential, proportional to
exp(−r/rTF)/r. That is, well-localized charges are “blurred”
by the electron gas on a spatial scale rTF, which is
below 1 Å for most metals (interesting diffraction-like
phenomena may occur from simple electrostatics, but
it is clear that on this scale quantum effects prevail).
Anyway, for larger scales (above 1 Å) all considera-
tions related to the formation of image charges are valid,
especially since the Thomas-Fermi screening length is
below the typical ionic radius of a ionized impurity and
also less than interionic separations in the semiconductor
material.

All these arguments suggest that it is sufficient to
solve the Poisson equation in the semiconductor region by
assuming that half of the total band bending ϕkBT/2 is the
potential-energy drop in the semiconductor. Applying Eq.
(18) for charge injected into an intrinsic semiconductor, we
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(a)

(c)(b)

electron–

electron–

hole+

hole+

FIG. 7. Interface of SRO with PZT.
(a) The case of an interface between
intrinsic (i) PZT with a metal with
a lower work function. Electrons are
injected from the metal inside the semi-
conductor, leaving positive charge in the
metal, which may be accounted for in
an image-charge model. The band bend-
ing in PZT is half of the difference of
the two work functions. (b) The case of
p-type self-doping of PZT and hole pro-
motion from PZT into SRO and toward
the surface. (c) A scheme of the pro-
posed mechanism, with the same color
codes as in Fig. 5 and 6.

obtain

ε2(0) = 2
{

n0kBT
ε2

[
cosh

(ϕ

2

)
− 1

]}1/2

= 1.35 × (105 − 108) Vm−1

for n0 = (1018 − 1024) m−3, (33)

where ϕ is the difference between work functions, in
the unit of thermal energy kBT (about 16). In princi-
ple, for relatively high equilibrium charge density in
PZT (1023–1024 m−3), the electric field, oriented outward,
would be sufficient to polarize the ferroelectric in this
direction.

Obviously, this is not the case in the present study, nor
was it in previous studies with ferroelectrics on metals
with a lower work function [8,24,49]. Moreover, the fact
that in the case of interfaces with a metal with a higher
work function (Pt), the polarization is oriented outward
[17,65] reinforces the hypothesis of a mechanism driven
by the near-interface field. From the above analysis, a
reasonable supposition is that the charge-carrier density
inside (intrinsic) PZT is lower than about 1023 m−3 and,
if some other interface effect might occur to promote a
stable polarization, the heterostructure follows this route.
In the following we detail also other arguments against
this scenario, although just the experimental facts should
suffice.

From the XPS analysis (Table I) we derive that in this
case p-type self-doping by creation of Pb vacancies is

even stronger than in the case of the PZT/STO inter-
face (more than 0.2 Pb vacancies per formula unit). If
such doping occurs, then holes will be injected into the
metal, leaving a sheet of ionized acceptors near the inter-
face. For a band bending of about 0.675 eV inside PZT
(taking into account that we suppose a work function of
6.15 eV for p-doped PZT) and NV ≈ 1.5625 × 1027 m−3,
corresponding to 0.1 Pb vacancies per formula unit (unit
cell), we obtain using Eq. (14) a quite large interface field
of about 5.1 × 108 V m−1, oriented outward. This would
largely suffice to promote outward polarization but, again,
this is not confirmed experimentally. Thus, we must sup-
plement this hypothesis by considering, as in the case
of the interface with STO, that in some region near the
interface ionized acceptors prevail, but toward the surface
of PZT, the semiconductor is degenerate and the poten-
tial energy decreases toward the surface, yielding a field
oriented inward. This is schematized in Fig. 7(b).

In this model, there is no a priori hypothesis helping one
to derive the delimitation between the depleted region and
the region of degenerate semiconductor (i.e., x0) nor the
potential energy at this point. In the case of the interface
with STO, we use the (empirical) common anion rule and
stipulate that V(x0) =−e�(x0) ≈ γ 2 − γ 1, the difference
between ionization energies. In this case, an additional
hypothesis would be that the overall PZT film is neutral
(i.e., the negative charge of ionized acceptors from the
depletion region is compensated by the positive charge of
holes promoted toward the surface). By using the corre-
sponding terms, Eq. (29), dropping the first term, which
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corresponds to holes injected into STO, and assuming that
the potential-energy drop on PZT is half of the difference
between work functions, the neutrality condition implies

4√
15

√
π

(ε2NVkBT)1/2ϕ2
5/4 = (ε2NAkBTϕ)1/2, (34)

where ϕ2 is the potential energy in x0 in the unit of kBT
[see Fig. 7(b)],

ϕ2 =
(

15
√

π

16
NA

NV
ϕ

)2/5

≈ 24.25, (35)

which corresponds to about 0.6 eV. The delimitation
between the depleted region and the degenerate region is
estimated as

x0 =
(

ε2kBTϕ2

e2NA

)1/2

≈ 1.8 nm. (36)

Finally, the inward-oriented electric field is estimated as
[similarly to Eq. (31)]

ε2(x0) = − 4√
15

√
π

(
NVkBT

ε2

)1/2

ϕ2
5/4

≈ −2.9 × 109 Vm−1. (37)

According to Fig. 7(c), an inward-oriented field of some
109 V m−1 may be still stipulated, still large enough to
drive the polarization in its direction.

This is clearly larger in modulus than the interface fields
produced either by electron injection from SRO toward
intrinsic PZT (up to 1.35 × 108 V m−1) or by the forma-
tion of a depleted layer with negatively ionized acceptors
(up to 5.1 × 108 V m−1). It looks as if when self-doping
occurs this produces from the beginning a large number
of holes so as to cause the part of the film that is not
depleted directly to have degenerate character and, eventu-
ally, to induce inward polarization. The same exercise may
be performed with considerably lower values of ϕ. Even
with ϕ = 1 (i.e., a drop of the potential energy on PZT
equal to the thermal energy), one obtains from Eq. (35)
ϕ2 about 6.5 times the thermal energy, x0 ≈ 0.9 nm, and an
inward-oriented field at x0 of about 5.1 × 108 V m−1. Thus,
one argument for establishing such an unusual situation in
semiconductor physics (a depleted and a degenerate region
coexisting in the same film) is that this results in the eas-
iest establishment of a state with lower energy, which is
the ferroelectric state. But there might also be fundamental
arguments regarding the need to have electrical neutrality
in separated dielectric or semiconducting parts of the het-
erostructure, irrespective of the use of the image-charge
model that would compensate charge accumulated in PZT.

Similar arguments may now be applied, reversed, to
explain the outward polarization when the ferroelectric
film is interfaced with a metal with a higher work func-
tion. In this case, n-type self-doping is expected to occur
(creation of oxygen vacancies), and the bare material is
again nearly degenerate, although there are some oxygen-
vacancy levels deeper in the band gap, EC – ED ≈ 0.06
and 0.3 eV; it is, however, reasonable to take into account
mostly the former ones. Near the interface with the metal,
a depleted region with positively ionized donors is built up,
followed by a degenerate n-type region for the remaining
part of the film, toward the surface.

Note also that this scenario provides charge carriers
and their opposite-sign counterparts (ionized impurities) to
build up the compensating-charge layers, once the polar-
ization is set. Although in the first hypothesis (electron
injection from SRO into intrinsic PZT) also electrons are
found in PZT, there is no positive-charge counterpart in the
material; the only positive-charge counterparts are image
charges in the metal, a hypothesis which is somehow ques-
tionable. In the second hypothesis, with the formation of
only a depleted negative layer near the interface, there is
no other charge that would compensate the depolarization
field, toward the surface of the film. The amount of charge
that may be used for compensation may be estimated from
Eq. (37), assuming that the electric field without ferroelec-
tricity vanishes at the surface, and with multiplication by
the dielectric constant. This yields 1.3 cm−2 for a field
of 109 V m−1. Undoubtedly, once the polarization is set,
new electrostatics is involved that could promote larger
amounts of charge transfer from the substrate, but only
this evaluation yields a sufficient surface charge density
to compensate the strong polarization in PZT of about
0.6–1 cm−2.

One last consideration concerns the presence of con-
tamination layers. From PFM (see Sec. S2 from the Sup-
plemental Material [50]) and also XPS of “dirty” films
(see Sec. S4 from the Supplemental Material [50]), espe-
cially after annealing in UHV, when traces of carbon are
still present on the surface (see Sec. S5 from the Supple-
mental Material [50]), one may derive that the outward
polarization is present on these contaminated surfaces.
That the binding energies from the surface are rather close
to a state with no out-of-plane polarization for the as-
introduced samples, according to Figs. S4(a4)–(d4), may be
interpreted by a model such as that presented in Fig. 1(b);
the core levels from the substrate are close to a “neu-
tral” (or P(0)) state, but the C 1s binding energy from
the adventitious contamination is lower than the accepted
value (284.3 eV versus 284.6–285 eV). This reveals, again,
an outward (P(+)) polarization state in the presence of con-
taminants. The composition of the as-introduced sample,
by not taking into account O 1s levels with binding energy
larger than 531 eV, which are attributed to contaminants
[79], may be written as 0.35 PbO plus PbZr0.23Ti0.77O2.94.
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It is reasonable to find some PbO on the surface, since the
PLD target is a PZT ceramic enriched in lead oxide. On
the other hand, if the surface is disordered, photoelectron-
diffraction and electron-mean-free-path effects are smeared
out. In conclusion, with the exception of excess PbO, the
as-introduced sample is nearly stoichiometric, with a slight
oxygen deficit (i.e., one can reasonably suppose that it is n
doped and, according to the considerations from Sec. IVC,
that its work function is lower than 5.3 eV). Its work func-
tion might be even lower than the work function of the
substrate. In this case (presence of contaminants), the film
undergoes n-type self-doping, and all the considerations
from this subsection are still valid, especially the formation
of a depleted layer near the interface this time consisting of
positively ionized donors, with an outer degenerate n-type
region, toward the surface. This will promote a field ori-
ented outward in PZT to impose this kind of polarization.
Moreover, during the synthesis, the film will undergo n-
type self-doping with the formation of oxygen vacancies.
This is exactly the result discussed in Ref. [8]. Similar out-
ward polarization was reported for ultrathin PbTiO3 films
on STO [27,28], however by a method (metal-oxide chem-
ical vapor deposition), which did not allow the absence of
contaminants [80]. When PZT is synthesized on LSMO,
measurements in the presence of contaminants yield out-
ward polarization [81], while for ultraclean systems the
inward polarization is stabilized (see Fig. 3) [24,51]. All
these data reinforce the belief that organic contaminants
[15] may act as donors, promoting the n-type character of
the film. If such a film is heated in an oxygen atmosphere,
carbon contamination will be consumed, oxygen vacan-
cies will be filled in, and one obtains the intrinsic material
with a work function higher than that of the metal sub-
strate. With further annealing, the PZT will release Pb to
achieve p-type self-doping and allow this time an inward-
oriented polarization. However, this is a simplified picture,
and the influence of contaminant molecules in control-
ling self-doping, interface fields, and polarization deserves
a more extended correlated theoretical and experimental
investigation.

V. CONCLUSION

The orientation of the out-of-plane polarization of a fer-
roelectric thin film clearly depends on the substrate used,
as revealed by XPS. The difference between the work func-
tions of the ferroelectric and the substrate implies that
charge transfer occurs at the interface, and the ferroelec-
tric undergoes a self-doping so as to generate the necessary
charges. The main ingredient of the interpretation is the
ability of the interface field developed between the sub-
strate and the initially unpoled ferroelectric to set the orien-
tation of the polarization (i.e., to exceed the coercive field).
The easiest case to explain is that of a ferroelectric synthe-
sized on a doped semiconductor, more specifically on an

n-doped semiconductor with a lower work function or on
a p-doped semiconductor with a higher work function. An
interface field is created between ionized impurities from
the depleted region in the semiconducting substrate and
charge injected into the intrinsic ferroelectric. This field
drives a polarization oriented from the substrate to the fer-
roelectric film for the first case (n-doped substrate) and in
the opposed direction for the second case. The model we
propose is able to estimate a lower substrate doping limit,
below which the interface field is lower than the coer-
cive field and therefore cannot set the orientation of the
polarization.

When the ferroelectric is synthesized on an insulator
with a lower work function [STO(001)], the ferroelec-
tric needs holes to be transferred, and will progressively
contain negatively ionized acceptors near the interface.
The doping level being elevated, together with consider-
ations on the continuity of the valence band (“common
anion rule”) yields the setup of a degenerate region in
the ferroelectric material toward the surface. The field,
which further induces polarization, is formed between the
depleted region with ionized acceptors and the outer region
with excess holes, pointing toward the substrate.

The most difficult explanation is for the synthesis of
a ferroelectric film on a metal with different work func-
tions. For a metal with a lower work function, qualitative
arguments are brought against a mechanism that would
promote electrons from the metal inside the ferroelectric
semiconductor; this should yield an interface field oriented
outward. Instead, a mechanism similar to the case of an
insulating substrate with a lower work function may be
proposed also in this case, and the metal itself is regarded
just as a “mirror” for charges formed in a semiconduc-
tor. For these heterostructures, an essential role is played
also by the availability of charges of opposite signs at the
extremities of the ferroelectric semiconductor, which after-
ward will compensate the depolarization field. Anyway,
this mechanism, reversed by use of electrons instead of
holes and n-type self-doping instead of p-type self-doping,
might explain the outward polarization when metal sub-
strates with a higher work function are used. Finally, we
give an explanation also of the possible mechanisms induc-
ing outward polarization for PZT/SRO in the presence of
contaminants, but a complete explanation should contain
more details of the surface chemistry of these structures.

Finally, the actual simplified model does not preclude
fine effects related to interface terminations [25,41,42].
Most probably these latter effects will prevail when the
interfaces are engineered at the single-atomic-layer level.
But, for less-defined interfaces where such fine effects
are mediated, a charge-transfer and electrostatic model
might be easier to tackle than detailed ab initio calcula-
tions. More-complicated heterostructures and other inter-
esting phenomena, such as the influence of a ferroelectric
gate on a conduction channel and, in some cases, on
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its metal-to-insulator transitions [82,83], are expected to
be modeled starting with the formalism presented in this
work, applied to heterostructures of increased complexity.
For example, in the case of insufficient interface polariza-
tion field ε(x0), one expects the formation of domains, but
a complete theory of domain formation related to depolar-
ization and interface electrostatics is still expected to be
formulated.
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