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Conducting atomic force microscopy images of bulk semiconducting BaTiO3 surfaces show clear
stripe domain contrast. High local conductance correlates with strong out-of-plane polarization
(mapped independently using piezoresponse force microscopy), and current-voltage characteristics
are consistent with dipole-induced alterations in Schottky barriers at the metallic tip-ferroelectric
interface. Indeed, analyzing current-voltage data in terms of established Schottky barrier models
allows relative variations in the surface polarization, and hence the local domain structure, to be
determined. Fitting also reveals the signature of surface-related depolarizing fields concentrated
near domain walls. Domain information obtained from mapping local conductance appears to be
more surface-sensitive than that from piezoresponse force microscopy. In the right materials systems, local current mapping could therefore represent a useful complementary technique for evaluC 2015 AIP Publishing LLC.
ating polarization and local electric fields with nanoscale resolution. V
[http://dx.doi.org/10.1063/1.4934833]

Since their invention, differences in the physical principles underlying image formation in Scanning Tunneling and
Atomic Force Microscopies (STM and AFM)1,2 have
resulted in preconceived notions about the material characteristics that each technique can probe: transport behavior
and electronic structure have been the traditional preserve of
STM, while AFM has been almost exclusively associated
with monitoring variations in tip-sample interaction forces.
Perhaps this is why the simple realization that conducting
AFM (cAFM) tips could also be used to monitor spatial variations in sample conductivity has been remarkably slow to
emerge. Yet, cAFM has been found to be particularly useful
in certain circumstances: for example, in identifying minority conducting phases embedded in an insulating matrix3 as
demonstrated by the recent discovery of conducting domain
walls in ferroelectrics and multiferroics.4–9 Here, STM is
completely unsuitable, as the vast majority of the sample is
insulating.
The magnitudes of local currents measured using cAFM
are affected by both the transport characteristics of the material under investigation and the nature of the tip-sample contact. Schottky barriers are often expected; indeed, current
variations can sometimes have little to do with differences in
inherent sample conductivity, being dominated instead by
localized alterations in barrier potentials.10–15 A striking
illustration is in giant tunneling electroresistance (TER),
where changes in the interfacial tunneling barrier height,
caused by variations in electrical polarization in different ferroelectric domains, can result in an alteration of the measured resistance of up to 75 000%.11 Non-volatile binary
memory and memristors based on this remarkable effect
have been suggested.14,15 While the absolute contrast, in
measured currents as a function of ferroelectric polarization
orientation, is maximized in ultrathin films, it is also present
when performing cAFM on bulk samples and becomes
0003-6951/2015/107(17)/172905/5/$30.00

obvious when the conductivity of the bulk material is sufficiently high. This has been demonstrated in HoMnO315 and
will be further illustrated here.
In this paper, we show that cAFM contrast on polished
surfaces of bulk semiconducting BaTiO3 is strongly related
to the out-of-plane polarization, inferred from piezoresponse
force microscopy (PFM). Local current-voltage transport
characteristics are consistent with the existence of Schottky
barriers and established models can be used to extract parameters proportional to the out-of-plane component of polarization in different domains. There is even evidence that the
cAFM signal contains information concerning the depolarizing fields around the surface traces of domain walls. As
might be expected, the polarization detected through cAFM
is strongly surface sensitive (more so than PFM). This illustrates the potential for cAFM in the nanoscale mapping of
polarization, as well as the resistive switching potential of
ferroelectric semiconductors, even in bulk.
Throughout this study, doped barium titanate ceramic
samples, used in commercial Positive Temperature Coefficient
of Resistance (PTCR) devices (Amphenol YS5139 and
YS6942), were examined. Quantitative energy dispersive x-ray
characterization was performed and indicated the following
compositions: (Ba0.8560.01Ca0.15060.002)Ti0.9360.1O3 (YS5139)
and
(Ba0.6860.02Ca0.11560.002Pb0.16160.003)Ti0.9260.02O3
(YS6942). The ceramics were found to be chemically homogeneous, save for slight stoichiometric variations across
a few unit cells adjacent to grain boundaries. The ceramics
have a relatively low bulk resistivity at room temperature
(typically 101–102 X cm), but this increases dramatically,
by up to 4 orders of magnitude, on heating through the ferroelectric Curie temperature (see Figure 1(a) for the bulk
resistance-temperature variation in the two ceramics studied
here). This phenomenon is thought to arise from the way in
which polarization can locally reduce the resistivity of grain

107, 172905-1

C 2015 AIP Publishing LLC
V

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
143.117.54.60 On: Tue, 27 Oct 2015 14:49:13

172905-2

Douglas et al.

Appl. Phys. Lett. 107, 172905 (2015)

FIG. 1. Macroscopic measurement of the resistance variation with temperature in the semiconducting BaTiO3 ceramics examined in this study (a). Imaging of
a chemically–mechanically polished ceramic surface shows slight topographic variation (b) which correlates strongly with both ferroelectric domain information from vertical piezoresponse force microscopy (PFM; represented here as Rcosh, or amplitude multiplied by the cosine of the phase (c)) and local currents
measured using conducting atomic force microscopy (cAFM (d)). The line sections (e), taken from each SPM image in the direction shown by the green dashed
line in (b), reiterate these correlations. A quantitative analysis, in which the PFM phase information at each pixel is renormalized to be either þ1 (for positive
phase) or 1 (for negative phase) and then multiplied by the value of current measured at that pixel, shows explicitly that high current in the stripe domains
correlates with out-of-plane polarization (f). DS 1 and DS 2 are the two domain states, with opposite senses of polarization perpendicular to the polished surface (DS 1: into-the plane; DS 2: out-of-the-plane).

boundaries. The samples of ceramic were cut and chemically–mechanically polished using an alkaline alumina suspension, and their local characteristics were investigated using
a number of different scanning probe microscopy (SPM)
techniques. All SPM was performed on a Dimension 3100
AFM at room temperature, using Pt/Ir coated silicon tips
(Nanosensors). Atomic Force Microscopy (AFM) was performed in tapping mode, Piezoresponse Force Microscopy
(PFM) was performed at 20 kHz in contact, and an extended
TUNA module was used for cAFM using dc voltage, again
in contact mode. AFM showed the resulting surfaces to be
smooth (Figure 1(b)), save for slight topographic variations
associated with preferential etching of different domain variants; the link between domain orientation and topography
was made obvious when the vertical PFM maps (displayed
as the amplitude multiplied by the cosine of the phase,
Rcosh, in Figure 1(c)) and AFM images were compared. As
can also be seen in Figure 1(d), cAFM often produced current contrast that reflected both the domain structure and
surface topography images. This was not due to topographic
cross-talk: the absolute differences in height between the
adjacent domains was of the order of nanometers and,
within each domain, the RMS surface roughness was usually subnanometre.
The correlation between AFM, PFM, and cAFM data has
been further illustrated, in qualitative terms, in Figure 1(e).
Here, the domains with slightly elevated surface topography
can be seen to correlate with out-of-plane (rather than into the
plane) vertical polarization components and enhanced local
currents. Qualitatively, the link between polarization and

current can be understood as a result of the proximity of the
positive end of the electrical dipole to the tip-ferroelectric
interface: it should locally lower electron energy states,
decreasing the expected Schottky barrier height and increasing observed conduction.15 For a more robust quantitative
analysis of the correlation between the polar orientation and
the local current, the phase information obtained from the
vertical PFM was normalized such that in-phase piezoresponse (indicating that the vertical component of polarization
is out-of-the-plane) was assigned a value of þ1 and out-ofphase piezoresponse (indicating that the vertical component
of polarization is into-the-plane) a value of 1. At every
pixel, in the images in Figures 1(c) and 1(d), the measured
local current was multiplied by this normalized value of the
PFM phase (61) and the resulting positive and negative current value distributions plotted in Figure 1(f) (and fitted to
Lorentzian functions). While the two distributions do have
overlap, it is clear that, on the whole, the currents expected in
pixels with polarization oriented out-of-the-plane are larger
than those oriented into-the plane.
To investigate further, we used the cAFM to take a series of current-voltage (I-V) measurements across the width
of another set of two stripe domains. The resulting I-V curves
as a function of position are shown in Figure 2. To see the
extent to which such I-V behavior can provide information
on the local out-of-plane polarization, we employed a
Schottky barrier analysis.
Quantitatively, the effects of dipole orientation on barrier height, and consequently on current densities as a function of applied voltage, have already been considered by

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
143.117.54.60 On: Tue, 27 Oct 2015 14:49:13

172905-3

Douglas et al.

Appl. Phys. Lett. 107, 172905 (2015)

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
   2

1
2q7 Nef f
J
ln
¼ 2 2
pﬃﬃﬃﬃﬃﬃﬃﬃ V þ Vbi0 2
K
k T 4pe0 eop e0 es
þ

FIG. 2. Current was measured as a function of voltage (I-V) using cAFM at
a series of 50 points with a separation of 15 nm across a pair of stripe
domains. Representative I-V curves for each domain are shown in (a) and
(b) and all 50 curves have been combined to generate a surface plot (c) of
current as a function of both spatial position and applied voltage.

Pintilie and Alexe16,17 among others. Under thermionic
emission conditions, probably relevant at room temperature,
the current density (J) across the Schottky barrier is traditionally described by the following equation:
q

q

J ¼ A T 2 ekT/b ekTD/b ;

(1)

where A* is the Richardson constant, T is the temperature, q
is the electron charge, k is the Boltzmann constant, /b is the
potential barrier in the absence of applied voltage (V) or
ferroelectric polarization components perpendicular to the
tip-surface interface (P), and D/b is the alteration in the
potential barrier due to V and P. According to literature,16,17
D/b can be given as

q3
P:
k2 T 2 4pe20 eop es

(4)

Here, the intercept is directly indicative of the out-of-plane
polarization.
To test the validity of this linear expression and how it
could be used to probe local out-of-plane polarization from
cAFM mapping, we applied it to I-V data from Figure 2. As
1
a proxy for Equation (4), (lnI)2 was plotted against jVj =2. In
general, this should not be a linear function, unless V  V0 bi.
The difficulty is that V0 bi is not known, and, in any case, it
varies as a function of the local out-of-plane polarization.
We have, therefore, taken the pragmatic approach of identi1
fying the linear portions of the plots of (lnI)2 against jVj =2
and, by virtue of their linearity, concluded that within
these specific regions the V  V0 bi condition is satisfied.
1
Approximately linear regions in (lnI)2 against jVj =2 for
each domain are plotted in Figures 3(a) and 3(b).
Across the I-V measurements taken, the gradients of
these plots varied, but they did show distinctly different distributions for each domain (Figure 3(c)). Taking the mean
value of the gradient for each domain as representative
of those associated with the polarizations within each domain, extrapolated intercept values for (lnI)2 at V ¼ 0 were
extracted for all of the I-V measurements taken. These intercept values, which should be indicative of local polarization
(Equation 4), are plotted in Figure 3(d) as a function of position. Several points can be noted: first, the domain determined to have larger positive (out-of-the plane) polarization,
from analysis of currents only, is also the more conducting
domain, consistent with the correlations between cAFM and

(
)1=2

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 
 1=2
2qNef f 
q
P
0
D/b ¼
V þ Vbi
þ
; (2)
e0 es
4pe0 eop
e0 es
where e0 is the permittivity of vacuum, eop and es are the relative permittivities of the ferroelectric at high (optical) and
low (static) frequencies, respectively, Neff is the effective
density of charge in the depletion region, and V 0 bi is the
apparent built-in potential, which is given by
Vbi0 ¼ Vbi þ

P
d;
e0 es

(3)

where d is the distance between the polarization surface
charge and the physical interface with the electrode and is
typically of the order of the unit cell length.
At a constant temperature, the combined terms
q
A T 2 ekT /b can be given as a constant (K) (although in some
circumstances the Richardson constant is known to vary),18
and Equations (1) and (2) can be combined to generate the
following expression in which ½lnðKJ Þ2 is a linear function of
1

ðV þ Vbi0 Þ2 :

FIG. 3. Values of (lnI)2 were plotted as a function of jVj =2 for each domain
mapped in Figure 2, and the linear regions are presented in (a) and (b).
Gradients of these linear regions were clearly bimodal (c) reflecting the very
different conduction behavior in the two domains. With reference to standard models for thermionic Schottky emission, variations in the extrapolated
intercept values (at V ¼ 0) from these linear plots should directly reflect spatial variations in polarization (d).
1
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FIG. 4. Schematic illustrations of cross-sections of two domains with different out of plane polarizations (a) showing how the depolarizing field (Ed),
which occurs around the intersection of the domain wall and the free surface
of the ferroelectric (marked by a black dot), can either augment the field from
the cAFM tip (Etip) on one side of the domain wall (b) or diminish it on the
other side (c); Etot is the total electric field at the tip-sample contact point.

PFM data noted previously. The treatment therefore seems
to have some value. Second, there is a distinct and unusual
feature close to the domain wall, where the extracted polarization appears to be enhanced on one side of the wall and
suppressed on the other. We do not believe that this is related
to polarization variations. Rather, we suspect that it reflects
local depolarizing fields, which occur at ferroelectric free
surfaces adjacent to domain walls (Figure 4). These depolarizing fields are such that they act in the same sense as
the applied voltage from the cAFM tip on one side of the domain wall (the side with higher out-of-plane polarization,
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Figure 4(b)) and in the opposite sense on the other side
(Figure 4(c)). They also increase in magnitude as the domain
wall is approached. It seems, therefore, that the augmentation and diminution of field from the tip is also expressed in
the intercept value of the linear (lnI)2  V1/2 plots and so
both polarization and local depolarizing fields might both be
directly detected using cAFM. The direct measurement of
local depolarizing fields is not widely described in literature,
and we believe that this finding has significance.
Certainly, cAFM could be extremely useful as a complementary technique to PFM for mapping ferroelectric semiconductors. After all, cAFM information on out-of-plane
polarization does not suffer the same cross-talk issues found
in PFM between cantilever “flexure” (induced by in-plane
polarization parallel to the cantilever axis) and genuine outof-plane tip movement.19 Moreover, our mapping suggests
that cAFM is more a surface sensitive probe than PFM. Field
distribution under the PFM tip is assumed to decay across
roughly hundreds of nm, while the tip surface contact in
cAFM represents a much narrower region being probed. In
Figure 5, the AFM topography illustrates the pattern of the
domains at the surface, resulting from a slight preferential
etching during polishing, as mentioned above. The cAFM
domain maps correlate very well with the topography.
However, the domain distribution that would be inferred
from the PFM map of the same area is somewhat different.
Presumably, the remnant of the polished grain at the sample
surface is very thin and the PFM is sampling a larger signal
from domain states from a different grain beneath.
In summary, by investigating polished semiconducting
BaTiO3 ceramics, using scanning probe microscopy, we
have demonstrated that contrast in conducting AFM is sensitive to the out-of-plane component of the ferroelectric polarization. This is consistent with the effect that polarization is
expected to have on the Schottky barrier at the tip-sample
interface. We have analyzed current-voltage behavior at a series of points across two adjacent stripe domains and, at each
point, graphically determined a parameter, which is expected
to vary with the local out-of-plane polarization. Mapping
this parameter as a function of position showed not only the
relative change in out-of-plane polarization that might be
expected but also an apparent signature of the depolarizing
fields close to the domain wall. The usefulness of transport
measurements, using an AFM tip in contact with the surface,
for inferring electrostatic information about the ferroelectric
polarization and depolarizing fields has been therefore
clearly demonstrated.
FIG. 5. In most sets of images, topography, piezoresponse, and measured current were strongly correlated. However,
in some areas, the PFM domain maps
((c), displayed as amplitude only) differed from both the topography (a) and
cAFM information (b) (area inside the
green dashed lines in (c)). These differences are suspected to be due to the
very different sampling depths associated with PFM electrostatic fields and
the Schottky barriers that dictate current in cAFM.
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