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Chapter 7

Towards probing ferroelectric domain walls
by BEEM

Abstract

The possibility of electric-field control of multiple material functionalities offers interest-
ing options across a range of modern technologies. This brings research on multiferroic
BiFeO3 thin films to the forefront in an attempt to engineer and control the various
degrees of freedom using electric field. One of the most fascinating aspects of research
in BiFeO3 is the observation of electrical conductivity at domain walls in an otherwise
insulating film. Owing to the change in structural symmetry at the domain walls, ferro-
magnetism has been proposed to occur in an otherwise antiferromagnetic BiFeO3. How-
ever, challenges remain in probing such phenomena with nanometer spatial resolution
and thus its direct demonstration has remained elusive. Conventional scanning probe
techniques have revealed the local conductivity of domain walls, their strong magnetore-
sistive properties, electric field induced distortion of polarization at the domain walls,
yet the resolution of these studies suffer as a result of the limitation imposed by the size
of the probes. Here we introduce a novel technique based on ballistic electron emission
microscopy which offers the potential to resolve such phenomena at the nanoscale.

7.1 Introduction and Motivation

L
attice, charge, orbital, and spin degrees of freedom determine the fundamental
functional properties of materials in condensed matter physics, and the con-

trol of these degrees of freedom makes up the basis of modern electronic devices.
From the application standpoint, electric fields provide an ideal control parameter,
as electrodes are easily embedded into integrated devices through field-effect de-
vice architectures. However, in order to harness the multifunctional properties and
control their behavior, a medium with coupling between these degrees has to be
established. To this end, multiferroics such as BiFeO3 have recently provoked ex-
tensive scientific interest as these materials exhibit interesting coexistence and cou-
pling between different order parameters and possess the potential to modulate one
through another [1, 2, 3, 4, 5, 6, 7].
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BiFeO3 exhibits large ferroelectric polarization and G-type antiferromagnetism
with high transition temperatures (the Curie temperature is 1103 K, and the Neel
temperature is 673 K), making it appealing for applications in nonvolatile logic and
memory devices. The crystal structure of BiFeO3 can be described as two distorted
perovskite cells connected along their body diagonals. Within such a configura-
tion, the two oxygen octahedra of the neighbor blocks along the [111] direction ro-
tate around the [111] axis in opposite directions by �13:8�, whereas the Fe ions are
shifted by 0.135 Å along the same direction away from the oxygen octahedra center
[6]. The large A-site cation with lone-pair electrons (the 6s electrons of Bi) serves as
the origin of structural distortions and corresponding ferroelectricity, whereas the
half-filled d orbitals of small B-site Fe cations give rise to the magnetic ordering.
Electrostatically, the bound charges at the surface of the ferroelectric material lead
to the existence of an internal electric field opposite to the spontaneous polariza-
tion. As the dimensions of the sample are reduced, this so-called depolarizing field
can become strong enough to completely suppress the polarization. In such a sit-
uation, the most energetically favorable way to compensate the depolarizing field
is the formation of periodic ferroelectric domains with different polarization states.
However, stray fields originating from the formation of domain walls significantly
contribute to the total energy of the system, and the configuration of the polydomain
state therefore depends on the depolarizing fields of the original unscreened system.

Interest in BiFeO3 attracted research on domains and domain walls as it’s fer-
roelectric nature is directly dependent on the nucleation and growth of domains.
Furthermore, as the sample dimensions shrink the resulting volume fraction of do-
main walls considerably increase. The ferroelectric polarization can point along any
of the four diagonals of the perovskite unit cell, with two antiparallel polarities for
each direction: hence there are eight different polar domains in BiFeO3. Separating
adjacent domains, there are three possible types of ferroelectric domain walls, which
are usually labeled according to the angle formed between the polarization vectors
on either side of the wall. When only one component of the diagonal polarization
is reversed then the polar vectors form an angle of approximately 71� and the do-
main wall that separates the two polarizations is called a 71� wall. When two polar
components are reversed, it is a 109� wall, and when all three components of the
polarization are reversed it is a 180� wall.

One of the most interesting aspect of studies on a bismuth ferrite as a multi-
ferroic has to do with the changes in electronic structure as a function of crystal
orientation, particularly at domain walls. The ferroelectric domains in thin films
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Figure 7.1: Crystal structure and order parameters of multiferroic BiFeO3. (a) (001)-oriented
BiFeO3 crystal structure with an upward out-of-plane polarization component. The ferroelec-
tric polarization is indicated by yellow, green, and blue arrows, whereas the corresponding
antiferromagnetic plane is represented by shaded planes. (b) Formation of a weak ferro-
magnetic moment. (c) 180�, (d ) 109�, and (e) 71� polarization switching achieved with the
application of an external electric field. (f) Band structure of BiFeO3.

are insulator-like, whereas enhanced conductivity is observed on the domain walls.
The observed conductivity correlates with structurally driven changes in both the
electrostatic potential and the local electronic structure, which shows a decrease in
the band gap at the domain wall [8]. To probe the atomistic mechanisms involved, it
is highly essential to figure out the structural and electric behaviors of domain walls
on the atomic scale, which is known little up to date. Previously, such studies were
performed by conventional conductive atomic force microscopy (c-AFM), but these
measurements might be overestimated due to the limitation of instrument resolu-
tion since the width of domain-walls in BiFeO3 were later found to be atomically
sharp as 1-2 nm, determined by high resolution transmission electron microscopy
(HRTEM) [15]. Meanwhile, owing to increased perturbations in the Fe-O-Fe bond
angles at the domain walls, a ferromagnetic state is proposed to occur locally at the
domain walls [10]. Clearly, a direct detection of such a local phenomena is governed
by the probe properties.

In this regard, we employ a new variant of the conventional technique of ballis-
tic electron emission microscopy (BEEM) as a novel route to resolve such features
at a nanoscale. The conventional device design with BiFeO3 (as used in Chapter 6)
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poses a challenge in selectively changing the ferroelectric polarization and measure
the electronic transport as a result of it. Here we propose a new device design where
we use the semiconducting property of BiFeO3 (rendered by the oxygen vacancies)
to collect the BEEM transmission across its interface with Au. The BiFeO3 thin films
can be regarded as n-type semiconductor due to the naturally produced oxygen va-
cancies that act as donor impurities. Figure 7.1 (f) shows the band structure of a
stoichiometric BiFeO3 film, where the band gap is found to be 2.8 eV. The oxygen
vacancies with different oxidation states mainly lie 0.6 eV below the conduction
band edge [14, 15]. Now any local change in the ferroelectric polarization of semi-
conducting BiFeO3 effectively changes the electrostatic potential at a metal-BiFeO3

interface thereby altering the Schottky barrier height (SBH). When such a location
is probed for BEEM transmission, an uniform change in the BEEM current magni-
tude enables a direct mapping of the differently polarized regions of the underlying
BiFeO3 film. Owing to the high spatial resolution of BEEM, the ferroelectric domain
wall could be easily located allowing further local scale magnetoelectric studies at
the ferroelectric domain walls.

7.2 Growth and fabrication

BiFeO3 thin films of thicknesses 80 nm were grown by pulsed laser deposition on
a TiO2 terminated SrTiO3 substrates, covered by 10 nm of SrRuO3 buffer electrode
layer. The BiFeO3 films were grown at 670� C in 0.30 mbar of oxygen pressure with
an optimum energy density of 2 J/cm2 on the BiFeO3 target. The target-to-substrate
separation was kept at 58 mm, and with a pulse repetition rate of 0.5 Hz, an average
deposition rate of 20 nm/h was obtained. High-pressure reflection high-energy elec-
tron diffraction (RHEED) was used to monitor the growth speed and crystallinity of
the SrRuO3/BiFeO3 films in-situ. The principle of operation is explained in chapter
2. We observe that the growth topography is far smoother for the low miscut angle
substrate. The as grown films are self-polarized with polarization pointing down
(into the substrate); indicating that only four of the eight domains are present [11].
This preferential poling commonly occurs in ferroelectric thin films and arises from
the preferential termination during growth [12].

In order to investigate the effect of polarization on electronic transport, we probed
the BiFeO3 films using the out-of-plane piezo-force microscopy (PFM), with a metal-
lic Co-Cr coated tip of an atomic force microscope (AFM). We locally switch the out-
of-plane component of the polarization up, such that the positive bound charges
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Figure 7.2: (a, b) AFM topography image of the 80 nm BiFeO3 grown on TiO2 terminated
SrTiO3 capped with a 10 nm SrRuO3 film. Surface roughnes sof BiFeO3 grown on high miscut
angle substrate is ten times higher than (a). (c) Out-of-plane piezo-force microscopy (PFM)
phase image showing the as-grown down-polarized state of (a). A square of polarization
(lighter contrast) has been written by applying a voltage of 5 V to the sample. The polarization
state in inner square is up. (d) Conductive AFM (c-AFM) image of the same area of the
film showing enhanced currents at the up-polarized area compared to the as-grown state.
The TUNA amplifier is saturated in the up-polarized domains. (e) I-V curves measured at
different loactions both in- and outside the written region.

are induced at the top interface. This should alter the barrier height between the
metallic tip and the BiFeO3 film, thereby influencing the electronic transport across
it. Indeed when the conduction maps of the regions are measured and mapped us-
ing TUNA amplifier, a much larger conduction level is observed in the up-polarized
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Figure 7.3: Alternate BEEM geometry utilizing the leaky BiFeO3 film as a semiconductor.
The BEEM current is collected in the BiFeO3 film. The local energy band line-up across the
Au/BiFeO3 film depends on the ferroelectric polarization state of BiFeO3.

regions. The I-V curves measured at different locations on both up- and down- po-
larized domains are indicated in Figure 7.2. This is consistent with the studies we
performed in Chapter 6, where the different polarization states BiFeO3 films were
captured by different barrier heights across its interface with Au. Our findings are
also consistent with studies done by Farokhipoor et al. in similar samples grown on
SrRuO3-buffered SrTiO3. [16]

The modified device design necessitated the BiFeO3 be used as a collector of
BEEM current, unlike the conventional devices which used a semiconducting sub-
strate (typically Nb:SrTiO3). Additionally, this arrangement relaxes the restriction
on choosing any substrate for the growth of thin films thereby allowing several vari-
ants like lattice mismatch and growth conditions to influence the electrical proper-
ties of the semiconducting thin film and thus study their electronic transport cor-
relations. In a complex device with many different layers, this design allows us to
selectively study the electronic structure of a pristine M-S buried interface in the
heterostructure, which was not possible in the earlier case. In order to facilitate the
ferroelectric polarization of BiFeO3 thin film influence the charge transport across
it, a thin metallic film was required to be grown, thereby forming a Schottky bar-
rier device. The device junction areas are defined and electrically isolated from each
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other on same sample using a set of patterning steps. Thus, first the device areas for
depositing 10 nm of Au of area 100x150 �m2 were patterned using standard ultra-
violet (UV) lithography technique. Once patterned, 10 nm of Au is deposited using
electron beam evaporator at a growth rate of 0.5 Å per second to ensure an uniform
growth. Thereafter, a large area contact is grown by depositing Ti (70 nm)/ Au (70
nm) which acts as the Ohmic contact for collecting BEEM current from semiconduct-
ing BiFeO3. A further step of photolithography patterns the deposition of 100 nm
Au on a selected region of the device area, to be used as ohmic metallic top contacts
providing the pathway for the STM currents. Figure 7.3 shows the schematic of a
typical BEEM device. In the process of drawing contacts for BEEM current, suffi-
cient care needs to be taken to avoid piercing the thin BiFeO3 layer.

7.3 Results and discussions

The quality of the metal-semiconductor interface is ascertained first by measuring
the macroscopic I-V characteristics of the diodes. A stringent requirement imposed
by the BEEM technique is that the leakage current of such diodes should be below
10�10 A. For BiFeO3 thin films, an important parameter to determine the leakage
current is the miscut angle of the substrate. A high miscut angle ensures layer by
layer growth, and avoids 2D nucleation on the terraces; the adatom diffusion length
exceeds the terrace width thus ensuring their incorporation into the film only at
the step edges. This results in reducing the number of domain variants thereby de-
creasing the leakage current [13]. In our study, we have mainly studied two samples
of BiFeO3 grown on different miscut angles of the substrate. Figure 7.4 shows the
I-V measurements. The M-S interface for BiFeO3 grown on the low miscut angle
substrate shows good rectification effects, and the linear region can be fitted using
thermionic emission model. With its leakage current sufficiently low at 10�10, BEEM
studies could be performed on this device at 300 K itself. Surprisingly for the sam-
ple grown on high miscut angle substrate, leakage current is high at 300 K although
it decreases considerably at 120 K. Such a difference in the electrical characteristics
of the two samples at 300 K (five orders of magnitude) indicate a strong dependence
of the M-S interface microstructure on charge transport in the device (evidenced by
a high r.m.s. roughness). A large surface roughness for the later sample increase
the number of defects which ultimately gives rise to higher leakage current. It is
also observed for the high miscut angle sample that the forward series resistance
increases with decreasing temperature indicative of a degraded interface. This indi-
cates a further deterioration of the polycrystalline Au/BiFeO3 interface. However,
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Figure 7.4: (a) I-V characteristics of Au/BiFeO3 diode, where the BiFeO3 film was grown on
a low miscut angle substrate (0.065�). It shows a reasonably good rectifying diode. The line
is the thermionic emission fit along the linear region of the I-V curve. (b) I-V characteristics
of the Au/BiFeO3 diode grown on a high miscut angle substrate (0.4�). Clearly, owing to the
increased roughness of the BiFeO3 film, the diode shows a leaky behavior. Upon cooling, the
series resistance increases although the leakage current decreases considerably.

the zero bias current is below 10�10 A, which provides a suitable pre-requisite for
BEEM studies on these samples.

Figure 7.5 shows the BEEM transmission at different STM tip positions on the
sample at 300 K. This was possible for the sample where BiFeO3 was grown on a
low miscut angle substrate. The measured BEEM current is plotted with respect
to the applied tip bias, VT . Each displayed spectrum is an average of several 200
measurements taken at the same location. There is a spread in the BEEM current
at different locations, which might be due to local inhomogeneities at the interface
between BiFeO3 and Au. Figure 7.5 (b) shows the square root of the BEEM current
versus the tip bias for one such tip positions, where the linear part has been plot-
ted using the Bell-Kaiser model that is commonly used to ascertain local SBH using
BEEM. A SBH of 1.55�0.03 eV is obtained, which is in close to the expected barrier
height at the Au/BiFeO3 interface (agreement with our previously obtained values
in Chapter 6). A little spread in the obtained SBH is shown in Figure 7.5 (c), indicat-
ing an uniformly grown M-S interface.

Surprisingly for the sample with high miscut angle, the leakage current of the
sample grown is high (10�8) A at zero bias, and thus the sample had to be cooled
down to 120 K for BEEM studies. The experimental results are shown in Figure 7.6,
where we observe an order of magnitude lower BEEM transmission as compared to
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Figure 7.5: (a) BEEM transmission versus tunneling bias at different locations. The BEEM
transmission is observed to be quite uniform across different locations on the device. Each
representative curve is an average of 200 measurements at the same location. (b) The ex-
tracted SBH which shows a similar value as observed for our previous studies (Chapter 6).
(c) Location wise spread in extracted SBH. (d) Energy band alignments at the Au/BiFeO3

interface.

the previous sample. Consequently we observe a lower signal to noise ratio for each
of the spectrum. The extracted SBH is as plotted in Figure 7.6 (b), and the spread is
as represented in 7.6 (c). Local roughness enabling locally different electronic struc-
tures at the M-S interface accounts for this spread in the local SBH. The increased
roughness of the grown BiFeO3 surface is clearly evidenced from the AFM topog-
raphy scan of the grown BiFeO3 film. In case a local region is polarized locally in a
similar sample, it is challenging to ascertain the underlying reason behind such vari-
ations in local SBH and consequently, a smooth BiFeO3 is an absolute pre-requisite
to this study. Although dissimilar, the SBH extracted for the samples provide indi-
cation of the probed Au/BiFeO3 interface in this modified device geometry.

In both the devices measured, an uniform 10 nm Au forms the metallic over-
layer. The hot electron attenuation length in Au is 13 nm [17], thereby indicating
that the interface between polycrystalline Au and BiFeO3 is a major source of scat-
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Figure 7.6: (a) BEEM transmission versus tunneling bias at different locations. The BEEM
transmission is an order of magnitude lower than that observed for the other sample. Each
representative curve is an average of 280 measurements at the same location. The signal
to noise ration suffers severely prohibiting any further analysis of the spectral shape of the
curves above the Schottky barrier. (b) The extracted SBH which shows a similar value as
observed for our previous sample. (c) Location wise spread in extracted SBH.

tering. In BEEM, the ballistic electrons that reach the metal-semiconductor interface
are filtered in energy and momentum space as they cross the interface. Conserva-
tion of energy and transverse momentum laws, which strictly apply for coherent
interfaces, allow transport into the semiconductor from only a fraction of the metal
states. In our case, BiFeO3 is not a conventional semiconductor, and thus location of
the conduction band minimum with respect to the zone center is critical in deciding
the collection efficiency of the BEEM current by the semiconductor. Whereas the
phase space constraints in the metallic overlayer decides which electronic states can
cross the interface, the scattering of these electrons into states with larger transverse
momentum before reaching the interface determines the magnitude of BEEM cur-
rent. Indeed, any mechanism which results in broadening the angular distribution
will act to increase the number of electrons which satisfy the phase-space constraints
and will thereby enhance transmission. In our study, any structural defect scatter-
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ing across the polycrystalline Au and BiFeO3 could thus be understood as the sole
reason behind the strong attenuation of the BEEM signal. This sensitivity to elastic
scattering at the interface encourages further study towards an epitaxial interface
of metal/BiFeO3 interface, albeit the hot electron attenuation length must be larger
than the metallic layer thickness. Nonetheless, the ability to utilize the leaky BiFeO3

(otherwise an insulator) and observe hot electron effects of particular ferroelectric
polarization hot carrier transport opens up another application for BEEM which
shows increasing potential as an interface and film transport characterization tool.

7.4 Conclusions and outlook

In conclusion we invoke the non-invasive technique of BEEM to probe the hot elec-
tron transmission across Au-BiFeO3 thin films which is influenced by the local fer-
roelectric polarization state of BiFeO3. The novel design utilizes the leaky nature
of an otherwise insulating BiFeO3 thin film as a semiconductor to collect the hot
electrons. The principle is proved with studies done on two samples of BiFeO3

which were grown on different miscut angles of substrate. We clearly notice an
increased leakage current primarily emanating from the rough interface between
polycrystalline Au and BiFeO3, thereby suggesting that for this principle to work
an extremely smooth interface between the metal and semiconductor is required.
The BEEM transmissions in our samples were considerably low and the proposed
origin of such high interface scattering of the hot electrons could lie in the non-
conventional nature of semiconducting BiFeO3.

Here we provided a new and natural platform to utilize the leaky nature of such
insulating oxides to work as a semiconductor for exploring charge transport prop-
erties of interfaces at a nanoscale. This technique potentially scores over the con-
ventional scanning probe techniques used so far in the high spatial resolution of
the STM tip. This indicates towards a novel route to study the nanoscopic ferro-
electric domain walls of BiFeO3 thin films; and ascertain the precise origin of such
phenomena thus providing vital control over diverse correlations prevalent in these
materials. Our effort specifically points to the extension of this new principle of
BEEM to pursue the proposed ferromagnetic property at the domain walls in such
multiferroic materials.
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