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Single-phase epitaxial Nb doped BiFeO3 (BFNO) films have been grown on diverse oriented-SrTiO3
substrates by pulsed laser deposition. The orientation dependent surface potential distributions arising
from combination of the screen and polarization charges on the BFNO surfaces were characterized
by Kelvin probe force microscopy combining with corresponding domain structures investigation
using piezoresponse force microscopy. The relationship between surface potential and potential
barrier was quantitatively analyzed through tuning the substrate orientation. The present study
indicates that data stability and storage density can be controlled via engineering the substrate
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4705405]
orientations. V

Multiferroic materials have attracted a considerable
number of attentions in recent years because of their potential applications in multifunctional devices, such as the
spintronics, multistate data storage, and magnetic filter.1
Lead-free BiFeO3 (BFO) is the only emerged single phase
multiferroic material at room temperature due to its rhombohedrally distorted perovskite structure. The surface charges
(electrons and holes) injected to the ferroelectric surface
would influence the data storage density and further impact
the bit readout, signal reliability, and stability.2 It is an
emerging task to quantitatively determine surface charges
densities as well as their exact contributions to the physical
properties. To date, scanning probe microscopy techniques
such as piezoresponse force microscopy (PFM) and Kelvin
probe force microscopy (KPFM) have been extensively used
for imaging and determining the local domain structure and
electric properties of materials.3 The quantitative analysis of
the interplay between the surface charges and applied voltage biases has been carried out for the PbTiO3 thin films.4
However, for multiferroic BFO, reports are rare on the
charge dynamics and the origin of the surface potential on
a set of poling process and dependence of the substrate
orientation.
In this work, we use Nb dopants to reduce the leakage
current in BFO and focus on the surface potential variation in
epitaxial Nb modified BFO thin films (BFNO) by tuning substrate orientations among (001), (110), and (111) directions. The
magnitude of the surface potential in BiFe0.98Nb0.02O3 (BFNO)
is dependent on its substrate orientation and is correlated with
corresponding domain structure. Furthermore, the screen charge
transfer effects by discharging are investigated, and the possible
mechanisms have been discussed systematically.
Nb 2 at. % doped BFO thin films of 200 nm thickness
with composition of BFNO were grown on SrRuO3 (SRO,
50 nm) coated (100), (110), and (111) single crystal SrTiO3
a)
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(STO) substrates using pulsed laser deposition. Details of the
fabrication process of the thin films have been described
elsewhere.5 Structure and epitaxial growth behavior of the
films were examined by x-ray diffraction (XRD) and pole
figure measurement. Pt top electrodes with a diameter of
100 lm were sputtered on the surface of the films for electrical testing. The domain structure and surface potential of
BFNO were characterized using a PFM and KPFM on a
commercial Asylum MPF-3D atomic force microscopy
(AFM) with Pt/Ir-coated Si tips (spring constant 2 N/m and
resonant frequency 70 kHz). A series of DC voltage biases
was applied to the BFNO films at low speed of 0.5 Hz in contact mode atomic force microscopy. PFM images were monitored under an AC voltage of 1 V at 310 kHz while KPFM
images were recorded under an AC voltage of 1 V and DC
voltage of 3 V at 71 kHz. The macroscopic ferroelectric and
dielectric properties were also determined using a Radiant
precision workstation and an impendence analyzer.
Figure 1 shows the XRD patterns of BFNO deposited on
SRO-coated STO substrates, which only reveal the (00 l)
(l ¼ 1, 2, 3), (kk0) (k ¼ 1, 2), and (111) peaks corresponding to
the substrates without any other impurity phases. The values of
the interplanar spacing of the films are dh001i ¼ 4.006 Å,
dh011i ¼ 2.819 Å, and dh111i ¼ 2.393 Å and corresponding to
the pseudocubic out-of plane lattice parameters of 4.006,
3.987, and 4.115 Å for (001), (110), and (111)-oriented BFNO,
respectively. These values are larger than that of pure BFO
(3.96 Å) due to the in-plane compressive strain induced by the
substrate and the smaller ionic radius of Fe3þ (0.0645 nm) ions
than that of Nb5þ (0.069 nm) ions.6 The in-plane epitaxial
arrangement of the films was studied using the pole figure
measurement at a fixed 2h scans of (110) reflections of the
STO substrate, as shown in the insets of Fig. 1, indicating
a “cube-on-cube” epitaxial growth of the BFNO films on
SRO/STO substrates.
The ferroelectric properties were determined via PFM by
simultaneously measuring the surface topography and the piezoresponse information as shown in Fig. 2. In the distorted
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FIG. 1. X-ray diffraction patterns of BFNO on SRO/STO substrates with
different orientations. The insets show the pole figure plots of the corresponding BFNO (110) diffraction.

rhombohedral BFNO thin films, the polarization direction
would be likely close to h111i. The surface topographies of
the BFNO films grown on (001), (011), and (111)-oriented
STO substrates are shown in Figs. 2(a), 2(d), and 2(g).
According to the Winterbottom construction,7 the equilibrium
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shape of the BFNO films as a function of the substrate orientation could be confirmed as below: (1) For (001) orientation,
BFNO follows a layer-by layer growth along the lowest
energy {001} surfaces, (2) for (011) orientation, BFNO shows
stripe growth modes on a (110) orientation, and (3) for (111)
orientation, BFNO forms islands characterized with three
{100} surfaces. The resolved piezoresponse amplitude images
of BFNO are shown in Figs. 2(b), 2(e), and 2(h). The BFNO
films show piezoelectrically inactive regions as a function of
the substrate orientations under applying a 1 V amplitude voltage, predicting that the piezoelectricity property is increased
with varying the orientation from (001) to (111). The PFM
phase images are shown in Figs. 2(c), 2(f), and 2(i), indicating
that the ferroelectric polarization points dominantly downward to the SRO layer due to the self-poling effect. It is
believed that the characteristics of the domains and domain
walls directly impact the ferroelectric switching behavior.8
The role of the strain relaxor to the SRO layer is minimal and
the less conductive 71 domain walls rather than 109 walls
due to the thicker (>20 nm) SRO bottom electrode.9 The
(111)-oriented BFNO film is along the polarization vector, as
shown in Fig. 2(i), therefore, the image appears with no ferroelastic phase.
Figures 3(a)–3(c) show the out-of plane PFM phase
images after a series of DC bias applied to the epitaxial
(001), (011), and (111)-oriented BFNO, respectively. Prior
to examining the surface potential behavior of poled states,
we measured the surface potential of unpoled area for all
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FIG. 2. (a), (d), (g) AFM images (2  2 lm2), (b), (e), (h) out-of-plane piezoresponse (OP-PFM) amplitude images, and (g), (h), (i) OP-PFM phase images on
(001), (011), and (111) BFNO thin films, respectively. Brown (dark) and white (bright) on the piezoresponse image correspond to positive (downward) and
negative (upward) domains.
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FIG. 3. (a-c) Out-of-plane PFM (10 10
lm2) phase images and (d-f) KPFM
(10  10 lm2) surface potential distribution of the area scanned with the applied
biases from 10 to þ10 V with a 2 V
step to the cantilever tips for (001),
(011), and (111) orientated substrates,
respectively. (g) Surface potential line
profiles obtained from (d-f). (h) Writing
bias dependence of the surface potential
as a function of substrate orientations.
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films, where there was no clear orientation dependent relationship and all the surface potentials stayed in the vicinity
of about 0.2 V. Thus, we concentrated on the surface
potential behavior on poled area. Eleven 7.0  0.5 lm2 rectangular areas were scanned by a contact mode with a DC
bias ranging from þ10 to 10 V with a 2 V step to the cantilever tip from “A” to “B” as denoted in Fig. 3(a). Films are
almost entirely downward polarized in the as-grown state
with the exception of small upward pointing domains due to
electrostatic relaxation10 and self-poling effect as a consequence of the bottom electrode.11 Furthermore, sharp piezoelectric responses with complete reversible switching were
recorded from þ10 V for (001)-oriented and þ8 V for the
(011) and (111)-oriented BFNO thin films, respectively, indicating that the coercive voltage is larger for (001)-oriented
(10 V) than that of the other two orientations (8 V). Figures 3(d)–3(f) indicate that KPFM images scanned immediately over the biased areas with an AC voltage of 1 V at
71 kHz to record the potential distribution on BFNO. The
white and black rectangular areas indicate that the positive
and negative surface potential compared with the unbiased
surfaces, whereas the gray areas suggest that magnitudes of
ferroelectric polarization and screened surface charges are
analogous.2 Using the DC bias, the charges are injected to the
BFNO surfaces from the conductive tip and screen the polarization charges of the oriented dipoles.12
The surface potential line profiles as a function of
substrate orientation and the applied biases are shown in
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Figs. 3(g) and 3(h), respectively. The initial absolute surface
potential values of positive biases are much larger than that
of negative ones and are about twice for all orientations. The
asymmetry of the surface potential behaviors can stem from
the presence of an internal built-in electric field near the
multiferroic/electrode interface, different screen charge of
as-grown rate, and different amounts of trap sites.13,14 Meanwhile, with increasing positive voltage, more holes are
injected, and we get saturated screen charges at about 8 V.
Further increasing the positively biased voltage to þ10 V,
the amplitude of surface potentials decreases gradually due
to the overscreen charges.4 For the negative biased regions,
negative surface potentials are obtained due to electrons trapping effect.2 With increasing the DC biases to 8 V, the
highest surface potential was observed for all films, which
attribute to the negative screen charges that are dominant
over the positive polarization charges. The surface potential
saturated as increasing the applied biases would associate
with the Coulombic repulsion between screen charges.14 As
shown in Fig. 3(h), the surface potential kept negative to
0.05 V, which was less than that of the reported ferroelectric
PbZr0.53Ti0.47O3 (1.0 V)15 and BiFe0.95Ca0.05O3 (0.5 V).2
This reduced bias suggests that electron trapping is much
easier in the BFNO films.
The relationship between surface potential and substrate
orientation is extracted and observed from the profile of the
potential as shown in Fig. 3(g). The polarization orientations
could be tuned by the substrate orientations.11 Meanwhile,
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whereas those of (011), (111)-oriented films show a relatively
small decrease, which is due to the high potential barriers,
small amount of overscreen charges, and reduction of trapped
electrons.2,4 Figure 4(d) shows the macroscopic ferroelectric
hysteresis loops for (001), (011), and (111)-oriented BFNO
films, corresponding to spontaneous polarizations of 65, 79,
and 99 lC/cm2, respectively, which are near the ones previously reported for epitaxial BFO films, and results suggest
that the BFNO films have an orientation-dependent surface
charge density. Even though the resultant surface potential of
þ8 V shows similar behavior with that of 8 V, the underlying screening phenomena are completely different due to the
different switching behaviors under þ8 V for different orientations. Since there is no polarization charge compensation in
the (001)-oriented BFNO film due to rare domain switching
under þ8 V, we calculated the overscreen charge after charge
compensation (“overcharge”) at þ10 V for all films as an
instance. The initially measured surface potential values for
BFNO are 102, 63, and 73 mV at þ10 V bias (over the coercive voltage) for (001), (011), and (111) orientations, respectively. The amount of surface charge density could be
calculated by r ¼ e0 er Vd , where V is the surface potential and
d is the thickness of the films.19 The dielectric constant as a
function of substrate orientations measured at room temperature are 109, 88, and 75 for (001), (011), and (111)-oriented
BFO films, respectively, thus the charge densities of the area
calculated for þ10 V are 0.049, 0.025, and 0.024 lC/cm2.
Thus, the overcharge is about 0.075, 0.032, and 0.024% of
that of the compensating charge for (001), (011), and (111)oriented BFNO films, respectively, indicating that the surface charge can be trapped by the polarization dipole orientation, and the (111) is the easiest pole direction while (001)
oriented-film contains the largest trapped charges. Meanwhile, the orientation dependent remanent polarizations and

the leakage current of epitaxial Pt-BFO-SRO capacitors films
is interface-limited Schottky thermionic emission and
strongly dependent on the orientation of the substrate.16 The
charges are injected into deep inside the films by the increase
of the Schottky-type tunneling current,15 and the amount of
the surface charges could be evaluated from the Schottky
qﬃﬃﬃﬃﬃﬃﬃﬃﬃ

q
qE
current17 J ¼ AT 2 exp  UkTb  kT
4pe0 er , where A is the
Richardson constant, Ub is Schottky energy barrier to access
the empty conduction-band states of BFNO, E is the electric
field, e0 is the permittivity of free space, and er is the dielectric constant. The true potential barrier for BFO films at zero
bias Ub is 0.60, 0.77, and 0.93 eV for (001), (011), and (111)
orientations, respectively.16 It can be clearly observed that
the height of the surface potential is dependent on the substrate orientations and polarization charges induced potential
barrier and consequently on the orientation of BFNO. The
higher the potential barrier is in the film, the lower the surface potential left on the surface, suggesting that the surface
potential is hindered due to the potential barrier appearing at
the electrode interfaces, and the injected charges were also
suppressed.
To study the role of the trapped electrons and holes
effect on the surface potential as a function of orientation,
the charge trapping and discharge experiments were performed using a contact mode scan with a grounded tip on the
same poling areas for desired times.4 The mobile screen
charges on the BFNO films surfaces would be swept to the
grounded tip since the potential difference between the tip
and the surface screen charge.2,18 Figures 4(a)–4(c) show the
surface potential profiles scanned by the ground tip from
(001), (011), and (111)-oriented substrates, respectively. For
the biased regions, the absolute amplitude of surface potential rapidly decreased for (001)-oriented film after discharge,
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FIG. 4. (a-c) KPFM surface potential
line profiles on (001), (011), and (111)
BFNO thin films, respectively. (d) Hysteresis loops of (001), (011), and (111)
oriented BFNO thin films.
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the potential barriers indicate that the polarization dipoles
interact with the injected charges and further impact on the
relative amounts of polarization charges and injected charges,
respectively. Therefore, the screening phenomena show orientation dependent behavior. The screening phenomena under
8 V (coercive field) can be more complicated, and the overcharge for 8 V may not be representative to show the largest
trapped charges due to the variation of polarization charges.
In summary, we investigated the orientation dependent
surface potential in the epitaxial Nb doped BFO films. The
surface potential distributions originated from the screen and
polarization charges on the epitaxial BFNO surfaces were
characterized by KPFM, combining with the domain structures measured using PFM. The surface potential can be
manipulated by tuning the substrate orientation and related
with the polarization dipole orientation. These engineered
epitaxial BFNO films with tunable surface charges via
manipulating the substrate orientations have potential applications in nanoscale multiferroic devices.
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