PHYSICAL REVIEW MATERIALS 6, 054409 (2022)

Effect of thickness and frequency of applied field on the switching dynamics
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Epitaxial films of multiferroic BiFeO3; (BFO) with different thicknesses are grown on SrRuO; buffered
SrTiO; (001) substrates using the pulsed laser deposition technique. The room-temperature polarization-voltage
(P-V) hysteresis loop, leakage current and average domain size of films with varying thicknesses have been
investigated. The frequency dependence of the coercive voltage and variation of the coercive voltage as a function
of film thickness are ascertained to examine the validity of the Ishibashi-Orihara model and the semi-empirical
Kay-Dunn scaling relationship, respectively. The results demonstrate that at room temperature the BFO films
indeed follow the Ishibashi-Orihara (I-O) model and Kay-Dunn scaling law. The dimensionality of the domains
acquired by piezoresponse force microscopy imaging further validates that found from the I-O model scaling
exponent and is consistent with Kittel’s law regarding dependence of domain width on film thickness. These
combined results elucidate the fundamental properties that govern the switching kinetics of BFO and are relevant
for BFO-based multiferroic materials in next generation logic and memory devices operating over a wide range

of frequencies.
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I. INTRODUCTION

Materials in which ferroelectricity and (anti)ferromagne-
tism coexist are referred to as multiferroic (MF) materials
[1-4]. BiFeOs (BFO), perhaps the most extensively studied
room temperature (RT) multiferroic material [5-7], exhibits
both ferroelectricity as well as antiferromagnetic order with
a small canted magnetic moment and with relatively higher
transition temperatures (Ty ~ 640 K and T¢ ~ 1100 K) [5,8].
Since the initial experimental demonstration of coupling be-
tween antiferromagnetic and ferroelectric domains in BFO
there has been much interest in the possibility of controlling
magnetic properties by application of an electric field [8,9].
Indeed, BFO exhibits promising room-temperature magne-
toelectric properties and is being considered for low energy
nonvolatile magnetoelectric spin orbit (MESO) logic de-
vices [10]. Considering the potential application of BFO in
next-generation devices [7,11,12], we have investigated its
switching dynamics over a wide range of film thickness and
frequency of applied field.

The switching dynamics of ferroelectric (FE) and/or fer-
romagnetic (FM) materials can be probed either in the time
domain (for different frequencies of the applied electric and/or
magnetic field) or as a function of film thickness. Under-
standing these properties are critical for potential applications
in ultrafast switching devices such as FE/FM random access
memory and sensors [13,14]. Since the coercive field is a
function of film thickness and frequency of the applied field,
it is important to understand how the switching mechanism
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depends on these parameters. Devices are normally designed
to operate over a wide range of frequencies; thus, knowledge
of the frequency dependence of coercive field is crucial for
optimizing their response. Experiments to determine the dy-
namic hysteresis loops are generally performed by applying a
sinusoidal or triangular external field with varying amplitude
or frequency. There have been several studies of the amplitude
and frequency dependence of the FM hysteresis loops, some
dating back one hundred years or more [15,16]. The power
law for frequency-dependent coercive field is followed by FM
[13,17] as well as FE materials [18]. There have been only
a few recent theoretical and experimental papers to systemat-
ically study the frequency-dependent ferroelectric properties
such as the coercive voltage and polarization [14,18-26]. For
ferromagnets and ferroelectrics, the coercivity increases with
frequency of applied field due to analogous physical phenom-
ena. Correlating known FM domain properties with that of FE
materials enables direct comparison to relatively new and less
explored avenues of FE materials.

Here we present a systematic study of the room tempera-
ture coercive voltage for different thickness BFO films over a
wide-frequency range. The kinetics of switching is governed
primarily by domain wall motion. The domain wall velocity
depends on the frequency of applied field since their move-
ment is impeded by viscous forces as they move in the FE
medium. With application of higher frequency (shorter pulses)
the domain walls move faster, and as a result the viscosity
increases, requiring a higher switching voltage [27]. A phe-
nomenological model describing the frequency dependence of
coercive voltage was developed by Ishibashi and Orihara (I-O
model) based on the Avrami model for kinetics of crystalline
growth [19]. This model assumes that the velocity of the
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domain wall is a function of field strength. In the I-O model,
the mathematical relationship between coercive voltage (V.)
and frequency (f) is given by,

V. o fP (1)
with
B =d/a, 2

where “d” is the effective dimension of switching domains in
the ferroelectric material and « has a value of approximately
6 for sinusoidal and triangular wave signals. The value of “d”
is 1 for domains with straight planar walls parallel to each
other [18]. As the domain walls become curved and develop a
labyrinth structure the value of d decreases following a fractal
dimension [28].

The film thickness also has a significant influence on the
coercive field, domain shape and sizes, and leakage current
of FE thin films. The coercive field determines the operating
voltage for device operation, the polarization determines the
charge storing capacity, while leakage current determines the
device performance, with domain shape and size having con-
trol over all these properties. However, despite the need for
better understanding of how the above-mentioned properties
are influenced by the film thickness, there are only a few
detailed reports on this topic [24,29-31]. It is recognized that
the domain size scales with square root of film thickness for
FM materials, which has also been extended to FE, ferroelas-
tic as well as multiferroic materials [32,33]. The well-known
scaling law of Landau, Lifshitz, and Kittel (LLK) states that
the domain width (w) grows proportionally to the square root
of film thickness (t), i.e. w oc t'/2.

The coercive field and associated switching of any FE ma-
terials involve complex processes that includes the nucleation,
growth, and distribution of domains. The coercive voltage
(V) is a kinetic parameter, and its dependence on thickness
(t) has been phenomenologically explained by the semi-
empirical Kay-Dunn scaling relationship (i.e., V.. o t'/3) over
a wide range of film thickness from a few nanometers to
several micrometers [34]. We have used a FE tester to inves-
tigate the Kay-Dunn law for different thickness BFO films.
However, high leakage current in relatively thinner films (less
than ~70 nm) prevents acquisition of P-V loops. Thus, piezo-
response force microscopy (PFM) technique has been used
to study the scaling behavior for thinner films. It should be
noted that ultrathin films (film thickness < 10nm) do not
follow the Kay-Dunn scaling behavior due to the depolarizing
field, which acts opposite to the applied field. This deviation
arises due to incomplete screening from the electric field of
electrodes. The screening leads to a difference between the
measured and true V. in ultrathin films [35,36].

We have analyzed the domain wall dimension in BFO
using a static method (i.e., PFM) and the findings have
been validated using dynamic method (i.e., the I-O model).
In addition, the thickness dependence of domain width and
coercive voltage have been analyzed to examine the Kittel
law and Kay-Dunn scaling law, respectively. The correlation
between domain wall density and leakage current has also
been demonstrated. These findings are useful to understand
the switching dynamics in BFO and other related ferroic

systems and thereby help design future generation logic and
memory devices that need to be operated over a wide range of
frequencies.

II. EXPERIMENTAL DETAILS

A bismuth ferrite ceramic target was prepared using
a tartaric acid modified sol-gel method for use in film
deposition. Bismuth nitrate [Bi(NO3)3;.5H,0O], iron nitrate
[Fe(NO3)3.9H,0], and tartaric acid were taken with molar
ratio 1.2:1:1 and mixed with 2-methoxy ethanol to produce
a homogeneous mixture. 20% excess bismuth was used to
compensate for Bi loss during target preparation and film
fabrication. This mixture was stirred and heated at a tem-
perature of 150 °C. The mixture in the form of a gel was
then burnt at a temperature of 220 °C and transferred to a
furnace and heated at 600 °C for 5 hours. A 1”7 pellet die
was then used to compact the powder and prepare the target.
Subsequently, the target was heated at 700 °C for 10 hours for
densification. The stoichiometry and surface morphology of
the targets were studied using energy dispersive spectroscopy
(EDS) and scanning electron microscopy (SEM, JEOL 7000).
A commercially acquired high density target (Kojundo Chem-
ical Laboratory Co. Ltd., Japan) was used for deposition of
SrRuO;3; (SRO) films.

Epitaxial BFO thin films were fabricated on SrTiO3(001)
(STO) and SRO buffered STO substrates using ceramic tar-
gets. Pulsed laser deposition (PLD) technique with 248 nm,
KrF excimer laser (10 Hz/1.2 Jcm™2 for BFO and
4 Hz/1.5 J cm~?2 for SRO) was used for the deposition. Both
SRO and BFO films were grown at 700 °C under a background
oxygen pressure of 100 mTorr. The films were cooled down
under the same oxygen pressure at 6 °C/min. The thickness
of SRO bottom layer was maintained at 50 nm for all the
heteroepitaxial structures.

The surface morphology of the films was studied with
atomic force microscopy (AFM, Asylum Research MFP-
3D) in tapping mode and scanning electron microscopy
(SEM). Structural characterization was carried out using x-ray
diffraction (Xpert Pro, Phillips) with Cu-K,, source. The film
thickness and epitaxial quality were determined using x-ray
reflectivity (XRR) and rocking curve measurements, respec-
tively. The compositions of the films were determined by
Rutherford backscattering (RBS) and energy dispersive x-ray
spectroscopy (EDS). The thickness of a ~40 nm BFO//STO
film was established using x-ray reflectivity (XRR) and was
used to calibrate the number of laser pulses employed to
grow thicker films. The thicknesses were reconfirmed using
cross sectional SEM and RBS. Platinum (Pt) electrodes with
thickness 60 nm and diameter 70 um were deposited on top
of the BFO films by DC magnetron sputtering using a shadow
mask to realize capacitor structures (Pt//BFO//SRO). A fer-
roelectric tester (Radiant Tech., Precision Premier II) was
utilized for leakage current measurements and ferroelectric
characterization under ambient conditions. The AFM-based
setup with Pt coated silicon tip having a force constant of
2.8 N/m was used for PFM measurements. The cantilever tip
served as the top electrode whereas SRO served as the bottom
electrode for the PFM measurements.
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FIG. 1. AFM images of 50 nm SRO//STO showing RMS rough-
ness of about 200 pm (left) and 110 nm BFO//SRO//STO with
RMS roughness of about 300 pm (right).

III. RESULTS AND DISCUSSION

The ferroelectric properties critically depend on morphol-
ogy of the bottom electrode as it constitutes the basis of the
capacitor structure that has control over domain shape and
growth pattern of the FE material. During growth process
optimization, the roughness and surface qualities of SRO on
STO and BFO on SRO buffered STO were analyzed using
AFM imaging. Representative AFM images of optimized
SRO grown on STO (left) and BFO grown on SRO buffered
STO (right) are shown in Fig. 1. The AFM images show
that SRO//STO film is of high quality having atomically flat
surface with steps and terraces. Such a high-quality bottom
electrode is desirable for ferro/piezo-electric measurements.
The BFO heterostructure grown on top of SRO also exhibits
atomically flat terraces with a root mean square (RMS) rough-
ness of about 300 pm. For improved FE properties, as well
as better film morphology, the deposition temperature, growth
rate, quality of target material and substrate, and other process
parameters play a crucial role.

Figure 2 shows 6-26 scans near the (002) peak for three
different thickness BFO films grown on SRO buffered STO.
All the diffraction peaks are indexed and the out-of-plane
lattice parameters calculated based on pseudo-cubic notation
are consistent with previously reported values [37]. With

Intensity (arb. units)

26 (degree)

FIG. 2. 6-20 XRD patterns for BFO films with different thick-
nesses grown on SRO//STO. Both BFO and SRO are crystallized as
perovskite with a (001) texture.
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FIG. 3. Random (red) and aligned (black) RBS spectra for a
110 nm BFO//SRO//STO heterostructure.

increasing film thickness, the (001) peaks shift towards higher
angles indicating that the out-of-plane lattice parameter de-
creases. The out-of-plane lattice parameters for 20, 100, and
200 nm films are 4.07 10\, 4.03 A, and 4.01 A, respectively, and
approaches the bulk value of 3.96 A (20 value corresponding
to the bulk BFO is shown by a dashed line in Fig. 2) [5,37].
This is due to the progressively decreasing effect of compres-
sive strain due to relaxation for relatively thicker films.

The composition analysis of BFO grown on SRO buffered
STO has been carried out by Rutherford backscattering spec-
troscopy (RBS). A 2.3-MeV beam of He'™ at normal incident
angle is directed at the sample for the measurements. The
energy distribution and yield of backscattered ions are de-
termined at a scattering angle of 163° using a detector with
energy resolution of 18 keV. The composition and thickness
of the samples are obtained by fitting the experimental spectra
using RBS analysis software SIMNRA [38]. A representa-
tive fit for a 110-nm BFO//SRO heterostructure is shown in
Fig. 3. The peaks can be assigned to Bi, Fe, Ru, and Sr from
the BFO and SRO films and to Sr and Ti for the substrate.
The oxygen peak is not distinct due to its low atomic mass.
The composition analysis shows that the ratio of Bi to Fe is
nearly unity (Bi:Fe = 0.98 £ 0.02) within the experimen-
tal error even though a 20% Bi rich target is used during
the deposition. The thickness measurement is in agreement
with the results obtained by using XRR and cross-sectional
SEM. The RBS channeling xm,, data indicates that the films
have comparable, if not better, crystalline quality compared to
similar films reported in the literature [39]. Defects arise due
to lattice mismatch with the substrate, oxygen and/or cation
deficiency in BFO. BFO-based materials have higher x;, in
RBS channeling [39] as compared to other simpler oxides
[40], therefore, the somewhat higher xui, value in BFO is
reasonable.

The hallmark of ferroelectricity is hysteresis of switchable
polarization with the application of an applied voltage. P-
V hysteresis loops are acquired to analyze the polarization
switching behavior by applying a standard bipolar triangular
waveform with different frequencies and amplitudes. A rep-
resentative set of P-V loops over a wide-frequency range of
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FIG. 4. P-V hysteresis loops for 110 nm BFO film with applied
frequencies of 1—20 kHz.

applied field is shown in Fig. 4. Open loops with abnormally
high polarization values are observed at lower frequencies due
to higher contribution of leakage current caused by applica-
tion of voltage for relatively longer duration. Quantification
of the coercive voltage and saturation polarization using open
loops can be misleading, which has restricted the study of
frequency dependence of V. over a wider range of frequen-
cies. To quantify these parameters, we have done a systematic
analysis of P-V loops over a frequency range in which nearly
closed loops are obtained.

The P-V loops for films under study are essentially closed
in the frequency range of 5 to 50 kHz (signal with relatively
shorter pulses). Smaller electrodes are required to obtain
closed P-V loops at even higher frequencies as the switch-
ing time is proportional to the area of the capacitor [41].
Figure 5 shows that loops measured at high frequencies are
not completely saturated and with somewhat lower remnant
polarization as all the domains may not be switched since
they cannot follow the change in the electric field. However,
the P-V loops measured at lower frequencies are well satu-
rated and exhibit intrinsic value of the remnant polarization.
Consistent with the I-O model, at lower frequencies the loops

60
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FIG. 5. P-V hysteresis loops for a 110-nm BFO film with applied
frequencies of 10-50 kHz.
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FIG. 6. Coercive voltage vs frequency plots for BFO films with
different thicknesses. The solid lines represent power-law fit for the
I-O model.

are narrower with lower V., whereas they broaden at higher
frequencies [19,27].

The coercive voltage at each frequency is determined as
the average using the mean value of V., from both the polar-
ities, V. = (IV_| + |VF])/2, where V_ and V' are negative
and positive V/s obtained from P-V hysteresis loop for 20
different capacitor structures measured in the same sample.
The loops are not symmetric and the numerical values for
V. and V; are not equal due to the use of dissimilar top
and bottom electrodes. To remove artifacts from unsaturated
loops, the maximum amplitude of applied voltage is adjusted
to be nearly twice V.. To investigate the validity of the I-
O model, the frequency dependence of coercive voltage for
different thickness films are plotted as shown in Fig. 6. All ex-
ponents obtained from a power-law fit are in close agreement
with the theoretically predicted value (~0.16) from Eq. (1)
and Eq. (2), corresponding to a “d” value near unity. This
suggests that BFO has highly anisotropic uniaxial ferroelec-
tric behavior where the nucleation is deterministic, indicating
unidirectional domain wall motion over a significant portion
of the switching time [27]. The apparent reduction of the B
value for thinner films suggests that the domains may deviate
from having straight planar walls to being somewhat curved
with decreasing thickness. From energetic point of view, it
is advantageous to have a “d” value of unity rather than
higher value corresponding to bulk materials as the energy
loss caused by hysteresis is directly proportional to to 8 (i.e.,
d/a) [19]. The presence of defects or the clamping effect can
inhibit uniaxial domain (with d = 1) growth and can lead to
domains with fractal dimensions, with “d” value less than 1
and corresponding 8 value less than 0.16. Our 8 values are
very close to the theoretical value for a uniaxial ferroelectric
with sharp square loop, indicating high quality films that is
consistent with the SEM, RBS, and XRD results.

To confirm the dimension inferred from the exponent B
in the I-O model and to explore the thickness dependence
of domain width (the LLK law), we have analyzed in-plane
PFM phase images of the BFO films. There have been several
reports in the literature indicating that the film thickness has a
direct influence on the domain size (width) [28,33,42]. The
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FIG. 7. In-plane phase images for different thickness BFO films
[10 nm (left) and 110 nm (right)]. Both films show uniform striped

domains. The domain wall density decreases whereas width of do-
mains increases with thickness.

domain wall separates two opposite orientation regions of
spontaneous polarization in a FE film. While uniform striped
shape structures are observed for relatively thick BFO film
(=100nm) [42,43], thinner films display labyrinth-shaped
complex and mixed contrast patterns [28,33,44]. The critical
thickness for the change depends on the substrate, electrodes,
and other growth process parameters [32]. Irregularly shaped
domains for thinner films can be characterized by a fractal
dimension. Due to the complex pattern, it is challenging to
quantify their width using only PFM line scans [33,42]. It
has recently been reported that post-annealing of the film
facilitates formation of stripe domain pattern rather than
fractal domains [45]. Indeed, we have observed stripe-like
domains in our films over a wide thickness range after they
are postannealed for one hour at the deposition conditions.
Representative lateral PFM images for two different thickness
films are shown in Fig. 7. Uniaxial striped domain patterns
with uniform shape and sizes are observed for both films with
“d” value near unity, consistent with the exponent obtained
from power-law fit in Fig. 6. This provides direct confirmation
of the dimensionality from PFM images. This uniformity in
domain shape and sizes facilitates the fast switching, squared-
shaped P-V loop with uniform coercive voltage for all the
domains. It is clear from the images in Fig. 7 that the do-
main width varies with thickness, with the thinner film having
smaller domains with higher domain wall density. The do-
main width for different thickness films has been quantified
from the PFM line scans by tallying the number of domains
across a defined straight segment. Figure 8 shows a plot of
the estimated domain width as a function of film thickness.
A power law fit yields an exponent of 0.52 4 0.02, which is
close to the Kittel law value of 0.5 considering the uncertainty.
Some similar analyses reported in the literature have yielded
exponents deviating from 0.5 [28,46]. This deviation may be
related to the irregularity of the domain walls as observed in
the PFM images. In pure FE materials (i.e., nonmultiferroic),
domains are generally smaller than FM domains, however
the FE domains of BFO are noticeably larger, which is con-
sistent with the magneto-electric coupling observed in the
material [28].

Since the domain shape and size evolve with film thick-
ness, the coercive voltage and leakage current also vary
with thickness as these parameters are intimately linked with
the domain configuration. As the operating voltage of a FE
device is usually larger than the coercive voltage, the thickness
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FIG. 8. Plot of domain width as a function of film thickness. The
solid line is a power-law fit described by Kittel’s law.

dependence of V. is very important and it also provides valu-
able informations regarding the switching dynamics. We have
investigated the thickness-dependent room temperature P-V
loops of BFO at different applied frequencies. Representative
P-V loops for different thickness films at 20 kHz are shown
in Fig. 9. It is seen that while the polarization is virtually
independent of film thickness, the V. scales with thickness.
The shape of hysteresis loops for 110-200 nm thickness films
are nearly-square with essentially the same value of saturation
(P,) and remnant polarization (P,). However, the P-V loop for
the 70-nm film overestimates the polarization due to greater
contribution from leakage current.

Due to the large leakage current contribution, it is difficult
to obtain P-V loops at RT for even thinner films. Unsatu-
rated P-V loops are obtained if very short pulses are applied
with our electrode dimensions (~70 pum). The polarization
values and coercive voltage obtained from such loops can be
misleading. To circumvent this problem, PFM technique has
been used to study the scaling behavior for thinner films since
this technique is less sensitive to leakage current [31,44]. The
corresponding switching voltage is determined from the phase
loop obtained by using dual ac resonance tracking (DART)
PFM. Figure 10 shows the plot of V. vs thickness obtained

——70 nm
—— 110 nm
401—— 160 nm
—— 200 nm

Polarization (nC/cm?)
o

6 -4 -2 0 2 4 6
Drive voltage (V)
FIG. 9. P-V hysteresis loops measured at 20 kHz for BFO films

with different thickness. These measurements are performed at room
temperature.
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FIG. 10. Plot of V. vs thickness for BFO films using two dif-
ferent techniques. The solid lines are nonlinear power-law fit to the
observed data described by Kay-Dunn law. The scaling exponents for
both fits yield 0.33. The black line corresponds to coercive voltages
obtained from phase loop using PFM for relatively thinner films
whereas the red one is for thicker films measured at 20 kHz using
a ferroelectric tester.

both from ferroelectric P-V loops and PFM measurements
for different thickness ranges. The exponents obtained from
power law fits for both data sets are in agreement with the
semi-empirical Kay-Dunn law. However, the coercive volt-
ages obtained using PFM technique are systematically higher
than those obtained from P-V hysteresis loops, which is
consistent with previous reports [31,41,43,47]. This can be
explained based on differences in the experimental measure-
ment. The interfacial dead layer formed between the FE layer
and the electrode junction plays an important role. In the PFM
studies, voltage loss at the tip-sample interface can occur due
to the thin layer of air between the tip and FE material, creat-
ing a parasitic capacitance. Also, the work function difference
between cantilever tip and the sputtered Pt electrode can cause
an offset in the switching voltage [31]. We could not grow
films thicker than 200 nm due to experimental limitations.
However, the Kay-Dunn law has previously been verified for
BFO up to film thickness of ~1 yum with measurements at
77 K [29].

For the thickness region in which P-V loops are not ob-
tained due to high leakage current, the existence of nonvolatile
memory of the films has been demonstrated using PFM lithog-
raphy. This is a widely used technique to induce a local FE
polarization reversal in a sample through the application of
a bias voltage larger than the local switching voltage. The
technique has been used to write a complex pattern by ap-
plying a dc bias through the conductive tip without altering
the surface morphology [48]. The same tip is used to read the
written polarization state after removal of the field. We have
written a complex pattern on a 40-nm BFO film by applying
46V dc bias. The retained phase (left) and amplitude (right)
images upon removal of bias voltage is shown in Fig. 11. A
clear contrast between up and down polarization states can be
seen in the phase image indicating 180° phase switching.

The leakage current arising from electronic conduction
under applied bias is a major drawback of BFO for device ap-
plications. Unlike other traditional FE materials, the relatively

FIG. 11. PFM lithograph images of logo of The University of
Alabama written on a 40-nm thick BFO film; phase image (left) and
amplitude image (right) patterned in 2 umx2 um area.

low band gap, propensity for defect formation and presence
of partially filled d-orbitals are the primary sources of leakage
current in BFO [7,43]. It is important to understand how the
leakage current varies with film thickness since it determines
the heating effect and hence the device performance. The leak-
age current mechanism in perovskite-based FE materials can
be explained in two broad categories: FE material-electrode
interface dominated mechanism and bulk-limited conduction
mechanism. The Schottky emission arises from differences
in Fermi levels between the metal electrode and FE film.
Dominant FE material-electrode interface contribution results
in the Fowler-Nordheim tunneling mechanism, which can
contribute at high applied electric fields. On the other hand,
Poole-Frenkel emission, arising due to consecutive hopping of
charges between defect trap centers, and space-charge-limited
current (SCLC) are bulk-limited conduction mechanisms
[37,43,47]. Our measurement stack, i.e., Pt//BFO/SRO struc-
ture, can be regarded as a back-to-back connection of two
Schottky diodes, due to the presence of Schottky potential
barriers at each interface. In Pt//BFO//SRO capacitor struc-
tures, a mixed mechanism (combination of SCLC, Schottky,
and Poole-Frenkel) has been reported [37,47].

We investigated the thickness-dependent leakage current
over a wide range of applied voltage to determine the I-V
characteristics. The corresponding I-V plots are shown in
Fig. 12. Similar to the P-V loops, the leakage current plots
are asymmetric due to the use of dissimilar electrodes. For

107
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107 (——40 nm %N
108|—— 70 nm %
10%—+— 110 nm
10—10__160nm
1011—*—200nm A

5 -4 -3 -2 -1 01 2 3 4 5

Drive voltage (V)

Leakage current (Amps)

FIG. 12. Leakage current measured at room temperature for BFO
films with different thickness.
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films exhibiting closed P-V loops, the leakage currents are
not significantly different. These results are consistent with
the obtained saturated P-V loops and confirm that the mea-
sured polarization is intrinsic. However, for thinner films for
which we are unable to obtain P-V loops, the leakage cur-
rent is very high, with positive and negative branches of the
leakage current being symmetric indicating the dominance of
bulk-limited conduction mechanism and even shorting of the
sample in extreme case. The decrease in leakage current with
increasing film thickness is due to increase in grain size and
decrease in domain wall density as the grain boundaries and
domain walls are considered to be the primary conduction
paths [24,30,49]. The increment in domain wall density for
thinner film as seen in the lateral PFM images in Fig. 7 clearly
supports this assumption. It has been reported that nonuniform
polarization normal to the domain walls generates an electro-
static depolarizing field that may attract the charge carriers
[32]. Moreover, for thicker films, the substrate clamping effect
and effect of dead layer between electrode and film is reduced,
which enhances the dielectric constant and ultimately reduces
the leakage current [24,30].

IV. CONCLUSIONS

Various aspects of the switching dynamics and domain
properties have been analyzed for high quality epitaxial BFO
films as a function of film thickness and frequency of ap-
plied pulses. The dimensionality of domain walls obtained

from PFM (static method) has been corroborated with that
obtained from the I-O model (dynamic method). The domain
width and coercive voltage scaling relationship have been
studied using LLK law and Kay-Dunn law, respectively. With
dominance of structural defects, such a close agreement with
above-mentioned laws would have been unlikely. We also
observe a clear qualitative correlation between domain wall
density and leakage current. Our results clearly demonstrate
the parametrization of the switching dynamics of BFO-based
multiferroic material over a range of frequency and thickness
of films. This study can also be helpful to understand func-
tional relationship between domain properties and their effect
on the switching characteristics in other ferroic systems.
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