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The variation in the surface potential as a function of the ferroelectric polarization of micron scale
domains in a thin epitaxial film of Pb(Zr 45Ti( 5,)O5 is measured using mirror electron microscopy.
Domains were written using piezoforce microscopy. The surface potential for each polarization was
deduced from the mirror to low energy electron microscopy transition in the local reflectivity curve.
The effect of extrinsic screening of the fixed polarization charge at the ferroelectric surface is
demonstrated. The results are compared with density functional theory calculations. © 2010

American Institute of Physics. [doi:10.1063/1.3523359]

At a boundary of a ferroelectric (FE) material, the
atomic polarization induces a surface charge o given by o

=f’~ﬁ, where P is the polarization vector and 7 is the unit
vector normal to the surface. This surface charge creates a
depolarizing electric field pointing opposite to the field gen-
erated by the internal FE polarization. It may be screened by
charge carriers or defects in the bulk or by external charges
from adsorbate species. In nanoscale films, the charge state
of a FE surface can dominate the film properties even in
deeper layers and impose ultimate limits on polarization and
thickness."

Screening of the fixed polarization charge at the surface
will result in a change in the surface potential modulating
the surface properties. Li et al. showed polarization depen-
dency for reactive sticking coefficients on BTO and
Pb(Zr 45 Tiy50)O03 (PZT).” The authors also demonstrated
that the effect of molecular adsorption was to attenuate but
not fully screen the potential differences between the differ-
ently poled regions. Fong et al. showed that OH adsorption
stabilizes monodomain state in epitaxial PbTiO4 films.?
Near-field techniques such as piezoforce or scanning surface
potential microscopy can probe such modifications.”

Detrimental tip-surface interactions inherent to scanning
probe microscopy may be avoided by using an alternative
approach mirror electron microscopy (MEM),” which allows
full-field imaging of the surface topography and potential6
and has recently been applied to FE domains.” By using re-
flected electrons, MEM minimizes possible surface charging
and low energy electron induced oxygen desorption.8 There-
fore, we have chosen to probe the transition from the mirror
reflection of the electrons to the back scattering regime, com-
monly referred to as the MEM-LEEM (low energy electron
microscopy) transition. MEM is highly sensitive to the local
variations of the surface potential, as small differences in the
latter determine large differences in the electron reﬂectivity.9
Thus, the energy of the MEM-LEEM transition provides an
accurate nondestructive map of the charge state or screening
of the surface of FE domains.
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A (001)-oriented PZT layer was grown by high pressure
sputtering on conducting SrRuO; (SRO) back electrode
which itself is deposited on SrTiO5(001) single crystal sub-
strate. The PZT stoichiometry was chosen near the morpho-
tropic phase boundary to assure a maximum piezoelectric
response.10 The layer thickness of 30 nm is below the thresh-
old for strain relaxation, ensuring a low defect density and a
high polarization normal to the sample plane. The PZT layer
was covered with a platinum mask with open fields to facili-
tate the location of the FE domains. In addition, the mask
provides energy calibration of the photoemission spectra
with respect to the Pt 4f peaks and the Fermi level.

The sample was polarity-patterned in the open fields of
the Pt mask by piezoforce microscopy (PEM), first by a writ-
ing step with a conductive tip held at a dc bias voltage,
followed by a reading step applying a smaller voltage for the
piezoresponse pickup. Both steps have been performed with-
out any alteration of the surface checked by PFM topography
images (not shown). The outer square of 10X 10 wum was
written by a positive bias of +5 V creating a negative image
charge below the surface and thus a P~ state (inward directed
polarization). The polarity of an inner 5X 5 um square was
reversed by a —5 V bias (P*). The exterior, i.e., unwritten
sample area, exhibits a net positive polarity probably due to
a FE imprint in the film after growth and cooling to room
temperature.

The experiments hereafter reported were carried out us-
ing the SPELEEM microscope11 installed on the Nanospec-
troscopy beam line at the ELETTRA synchrotron laboratory
in Trieste.'” The SPELEEM is a multimethod spectromicros-
copy that combines x-ray photoelectron emission micros-
copy (XPEEM) with LEEM and MEM."

The poled PZT pattern was studied before and after
cleaning of the surface contamination. Cleaning was
achieved by in situ annealing in oxygen. The most efficient
conditions were found to be O, partial pressure of 4.8
X 107 mbar at 400 °C for several hours. Lower oxygen
partial pressures had a little effect on the surface contamina-
tion. The surface contamination was monitored in the PEEM
by the O and C 1s core levels and the valence band with
photon energies of 700 and 312 eV, respectively. The spectra

© 2010 American Institute of Physics
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FIG. 1. (Color online) [(a)-(c)] O 1s, valence band, and C 1s photoemission
spectra averaged over the field of view before (light gray) and after (black)
annealing in oxygen. (d) XPEEM C 1s map of as-received PZT across a
field of view of 15 um for P* (triangles) and P~ (circles) domains.

averaged over the field of view containing the P*/P~ written
domain structure are shown in Figs. 1(a)-1(c).

Before annealing, the O 1s spectrum has a strong contri-
bution at a binding energy of ~2 eV higher than the com-
ponent due to oxygen in the PZT lattice. This is most prob-
ably due to chemisorption of CO, at an on-top surface
oxygen site.”'* There is a correspondingly strong C 1s sig-
nal. The valence band is dominated by the O 2p levels but
also shows a significant density of states up to the Fermi
level, again a characteristic of the presence of surface car-
bon. There is evidence for a higher carbon signal on the P~
polarized domain than on the P* and the unwritten areas
[Fig. 1(d)]. After annealing, the high binding energy compo-
nent in the O 1s spectrum attributed to a carbonate-like state
disappears as does the C 1s signal, indicating that the oxygen
annealing has removed the carbon-based contamination. The
valence band after cleaning is close to that expected for clean
PZT. A gap clearly shows up between 0 and 2.6 eV below the
Fermi level, confirming that the contamination of the PZT
surface, responsible for gap states, has been eliminated.

Figure 2(a) compiles images from the clean sample ob-
tained over the MEM-LEEM transition. There is a clear con-
trast inversion with kinetic energy, indicating a polarization
dependent surface potential.

Figures 2(b) and 2(c) show the reflectivity curves ex-
tracted from the regions of interest marked in the inset of
Fig. 2(c). The polarity of the different domains clearly influ-
ences the energy of the MEM-LEEM transition. For each
polarity, two regions of interest were defined in order to
avoid spurious intensity effects and the average curve of the
two regions is plotted. The squares are aligned perpendicular
to the analyzer dispersive direction to avoid any energy shift
or broadening. All images have been normalized with respect
to the flat field to eliminate contributions due to inhomoge-
neities in the detection system. The MEM-LEEM transitions
as obtained from the midpoint of the decrease in the reflec-
tivity curves are reported in Table I.

For the as-received surface, the spread in the energy of
the MEM-LEEM transition as a function of the FE domain
polarization is less than 60 meV between the P* and P~
domains. This indicates that the fixed polarization charge has
been screened. The core level and valence spectra suggest
that extrinsic screening due to surface contamination domi-
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FIG. 2. (Color online) (a) Images of the PFM-written FE domains for ki-
netic energy across the MEM-LEEM transition (from left to right: 0.8, 1.45,
1.85, and 2.45 eV). The inner square is P*, the outer is P~, and the unwritten
PZT film has an imprint FE polarization. Local electron reflectivity curves
extracted from the regions of interest in the inset (b) before and (c) after in
situ surface annealing in oxygen.

nates. After cleaning, the dispersion in surface potential val-
ues increases to 90 meV. Furthermore, there is a clear dis-
tinction in the energy of the MEM-LEEM transition between
P* and P~ written domains. The transition for the unwritten
area in the field of view is extremely close to that of the P*
domain confirming the PFM observation that the thin PZT
film has a positive FE imprint, already observed for epitaxial
PZT on SRO." The fact that the effect of cleaning is stronger
on the P~ domain is consistent with our observation of a
heterogeneous carbon distribution.

We compare our results to density functional theory
(DFT) calculations in the generalized gradient
approximation.16 The results were obtained using the full po-
tential linearized augmented 7plane wave method as imple-
mented in the FLEUR code.' X-ray photoelectron spectros-
copy (not shown) confirms that the PZT is mainly PbO
terminated. The surface was simulated by a PbO terminated
nine-layer PbTiO; film embedded in vacuum with the polar-
ization perpendicular to the surface stabilized by an external

TABLE I. Energy of MEM-LEEM transition as measured from the reflec-
tivity curves of Fig. 2.

MEM-LEEM transition

(eV)
Contaminated Clean
Pt 1.38 1.37
P~ 1.43 1.46
Unwritten 1.37 1.37
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FIG. 3. (Color online) (a) O 2p and Pb partial density of states calculated for
a nine layer slab of polarized PTO with the predicted P*/P~ offset. (b)
Schematic of slabs showing the possible intrinsic (black + or —) and ex-
trinsic (white + or — on gray adsorbates) screening charge of the fixed
polarization charge (white + or — in ferroelectric).

electric field. The results for the O and Pb projected density
of states for the top and bottom sides of the slab (P* and P~
terminations, respectively) are shown in Fig. 3(a). The theory
predicts that the conduction band (CB) for the P* surface is
0.5 eV higher than that for the P~ surface. At constant elec-
tron affinity, this should translate into a similar work function
difference, as already observed."® An electron approaching
the surface from outside the sample will therefore encounter
a similar potential barrier but from the vacuum side. The P*
surface should exert a greater attractive potential than the P~
surface. Thus, the MEM-LEEM transition should occur at a
lower start voltage for a P* surface than for a P~ surface. We
measure a difference of 0.1 eV in the MEM-LEEM transi-
tion. Since the theoretical slab is screened only by an exter-
nal electric field, the calculations rather provide upper limits
to the photoionization thresholds. They do not include extrin-
sic (adsorbate) or intrinsic (charge carriers in the PZT)
screening, shown in a schematic band bending model in Fig.
3(b). The former qualitatively explains the narrow spread of
the transition energy in Fig. 2(b). The latter may explain the
smaller difference between the experimental MEM-LEEM
transitions and the CB offset estimated from the DFT calcu-
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lations. However, we only observed diffuse low energy elec-
tron diffraction patterns on the clean surface, thus the small
magnitude of the polarization dependent shift in the MEM-
LEEM transition compared to theory may also be due to
surface disorder.

We have measured the MEM-LEEM transition as a func-
tion of the FE polarization of PFM written domains in PZT.
A clear difference in surface potential is observed between
P* and P~ domains. The screening effect of surface contami-
nation is demonstrated. The results are explained within the
framework of a qualitative model based on consideration of
the image charge potential and are supported by DFT calcu-
lations.
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