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Electric modulation of conduction in multiferroic
Ca-doped BiFeOs films

C.-H. Yang'*, J. Seidel"?, S. Y. Kim3, P. B. Rossen3, P. Yu', M. Gajek, Y. H. Chu?, L. W. Martin?3,
M. B. Holcomb'?, Q. He', P. Maksymovych?®, N. Balke3®, S. V. Kalinin®, A. P. Baddorf>, S. R. Basu3,
M. L. Scullin® and R. Ramesh"%3

Many interesting materials phenomena such as the emergence of high-T. superconductivity in the cuprates and colossal
magnetoresistance in the manganites arise out of a doping-driven competition between energetically similar ground
states. Doped multiferroics present a tantalizing evolution of this generic concept of phase competition. Here, we present
the observation of an electronic conductor-insulator transition by control of band-filling in the model antiferromagnetic
ferroelectric BiFeO3; through Ca doping. Application of electric field enables us to control and manipulate this electronic
transition to the extent that a p-n junction can be created, erased and inverted in this material. A ‘dome-like' feature
in the doping dependence of the ferroelectric transition is observed around a Ca concentration of ~1/8, where a new
pseudo-tetragonal phase appears and the electric modulation of conduction is optimized. Possible mechanisms for the
observed effects are discussed on the basis of the interplay of ionic and electronic conduction. This observation opens the door
to merging magnetoelectrics and magnetoelectronics at room temperature by combining electronic conduction with electric

and magnetic degrees of freedom already present in the multiferroic BiFeOs.

nsulator—conductor transitions have been studied theoretically

and experimentally in a variety of systems'~. Typical control

parameters for these transitions are chemical doping, magnetic
field, pressure, temperature and thickness. From an applications
perspective, electric field is an especially useful control parameter, as
electrodes are easily embedded in integrated devices through capac-
itor and field-effect transistor structures. In addition, electric fields
are an energetically higher perturbation, as compared with tempera-
ture and magnetic field, enough to cause electrostrain®, induce ionic
conduction’, produce ferroelectric-non-ferroelectric transitions in
quantum paraelectric materials and relaxor ferroelectrics®’, change
the electronic state!® and to electrostatically modulate correlated
electron behaviour including high-temperature superconductivity
and colossal magnetoresistance! 2.

Here, we present the quasi-non-volatile and reversible
modulation of electric conduction accompanied by the modulation
of the ferroelectric state in Ca-doped BiFeO; films, using an
electric field as the control parameter. The mechanism of this
modulation in Ca-doped BiFeOj is based on electronic conduction
as a consequence of the naturally produced oxygen vacancies that
act as donor impurities to compensate calcium acceptors and
maintain a highly stable Fe’* valence state'”. The interplay of ionic
and electronic conduction is discussed in terms of the underlying
cause for the observed conduction modulation behaviour.

The parent compound BiFeO; is one of the most actively
studied multiferroic'*'® thin-film materials. Its ferroelectric Curie
temperature is ~1,103K (ref. 17) and the antiferromagnetic
Néel temperature is ~640K (ref. 18). Bulk crystals have a
rhombohedral symmetry (space group R3c); however, in thin
films, strain induced by heteroepitaxy lowers the symmetry to

monoclinic’®. Regarding electric conduction, we would like to
note that a hydrostatic-pressure-induced metal-insulator transition
in BiFeO; single crystals has been reported®, and that recent
investigations of conductivity at domain walls?® and the optical
gap at high temperatures® suggest the possibility of stabilizing
some conducting states in these compounds. Recently, divalent-ion
doping effects on BiFeO; have been studied®**, but a consensus
on the associated phase diagram has not yet been reached. We
show that this phase diagram information is essential to implement
the electric modulation of conduction and ferroelectric states by
choosing an optimized doping ratio.

Our work investigates the phase diagram of the Bi;,_,Ca,FeO;_;
films as a function of the Ca doping concentration (x) and temper-
ature through structural analysis (Fig. la). For the low Ca doping
regime (x < 0.1), films with a monoclinic structure undergo a
first-order transition to a pseudo-tetragonal phase at higher tem-
peratures with a thermal hysteresis (Fig. 1b; see also Supplementary
Information). The extrapolation of the transition temperature
results in the well-known ferroelectric Curie temperature (T;) of
BiFeO; at ~1,100 K. With increasing Ca doping, the ferroelectric T
rapidly decreases, and a T, of ~600 K with a thermal hysteresis of
240 K is recorded at x = 0.1. It has been reported that the T, of some
ferroelectrics, such as BaTiO; and PbTiO;, is very sensitive to the
strain state?®?”. However, because the ferroelectricity of BiFeO; is
primarily attributed to the Bi 65 lone-pair electrons, the ferroelectric
properties and the T, are expected to be less sensitive to strain®®. The
samples in this doping regime (x < 0.1) show a clear piezoelectric
domain structure, indicating ferroelectric long-range order, as
imaged through piezoresponse force microscopy (PFM) studies.
For the doping regime x > 0.15, the crystal structure exhibits a
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Figure 1| Structural characterization of the Ca-doping effect on BiFeO3 films. a, The proposed phase diagram of Bi;_,Ca,FeO3_; films grown on

(001) SrTiO3 substrates. A monoclinic ferroelectric (FE) state (red), pseudo-tetragonal paraelectric (PE) state (blue) and pseudo-tetragonal ferroelectric
state (green) are present at room temperature, depending on the Ca doping ratio. The green- and magenta-coloured error bars indicate a thermal
hysteresis due to a first-order transition between neighbouring phases. The green dashed line with a data point at high temperatures represents two
different structural states of the paraelectric phase. The ‘blue’ phases on the right side exhibit superlattice peaks (as explained below); however the
high-temperature phase on the left side does not exhibit superlattice peaks (like the green-coloured phase). The ‘SL" in the phase diagram indicates the
area showing the X-ray superlattice peak. b, The temperature dependence of the c axis lattice parameter is presented for the selected Ca concentrations.

¢, The Ca-substitution dependence of the c axis lattice parameter at room temperature. The data points collected from a library of 60 different samples are
shown. The black dashed line denotes linear interpolation between the lattice parameter of BiFeO3 and CaFeOs_s according to Vegard's law. The Ca doping
between 10% and 15% results in a pseudo-tetragonal phase that has a considerably smaller c axis lattice parameter than the interpolation line and no
structural modulation. At each phase boundary (x ~ 0.1 and 0.15), single or mixed phases composed of proximity phases can be stabilized within small
uncertainties in the synthesis process. Inset: The same data are plotted on a logarithmic scale on the x axis and the dashed curve is the linearly interpolated
Vegard's line. d, Left: Representative X-ray 6-26 scans at room temperature of Bij_,Ca,FeO3_s films at selected doping ratios. Films of x=0.20 and 0.07
have superlattice peaks representing a structural modulation along the out-of-plane direction with a period of 7-8 unit-cells and ~24 unit-cells,
respectively. The superlattice peaks become broader and are located closer to the (001) peaks with decreasing doping ratio; for x =0.07, higher-order
superlattice peaks are hardly observed, indicating a relatively weak ordering for the larger period of modulation. However, films of x = 0.125 do not have
any superlattice peaks. Right: The existence of the superstructure is strongly related to the value of the c axis lattice parameter. The X-ray diffraction data
around the (001) peak are shown for the films with a thickness (t) below 120 nm to reduce the possibility of strain relaxation: t =110 nm (for x=0), 100 nm
(x=0.07),100 nm (x=0.10*), 100 nm (x = 0.10), 100 nm (x = 0.125), 60 nm (x = 0.15), 100 nm (x = 0.175), 120 nm (x=0.20) and 80 nm (x =0.25).
The spectrum noted by x = 0.10* has two film peaks, implying coexistence of the ‘red’ and ‘green’ phases.

pseudo-tetragonal unit-cell, piezoelectricity is no longer detected

diagram (Fig. la). Like the paraelectric phase above T, this phase
and no anomalous change of the ¢ axis lattice parameter is observed

has a smaller volume compared with the two neighbouring phases.

from room temperature to 1,100K. In the intermediate doping
regime, including concentrations around x ~ 1/8, the ferroelectric,
monoclinic structure and the paraelectric, pseudo-tetragonal struc-
ture are no longer present, but a new pseudo-tetragonal phase is
stabilized for the area described by the green colour in the phase
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In Fig. 1c, the doping concentration dependence of the ¢ axis
lattice parameter at room temperature is shown. The dashed
line represents a linear interpolation between the ¢ axis lattice
parameter of the BiFeO; films and that of CaFeO;_; films
grown on (001) SrTiO; substrates. For most Ca concentrations
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Figure 2 | Electric-field-driven phase transition between a ferroelectric, insulating state and a conducting state. a, Using the c-AFM technique, the local
current with application of —2.5V to the tip was measured for a Big gCag.1FeO3_; film with a thickness of 300 nm over a 5 x 5 um? area after applying
—12V on a 3 x 3um? area (red square) and sequentially poling with +12V on a 1x 1um? area (green square). The bright region exhibits high current. Inset:
The current profile along the magenta-coloured dashed line is plotted on a log scale. The conductivity change is as large as two orders of magnitude and it
can be reset (conducting to insulating) by poling with positive voltages. b, The current enhancement by a negative poling is investigated, under the same
measuring conditions, as a function of the Ca content in films with a thickness of 100 nm grown on a 50-nm-thick SrRuO3 bottom electrode. The colours
(red, green and blue) indicate the stabilized phases as explained in the phase diagram above and the x’ on the data points implies the coexistence of
neighbouring phases. The poling voltage of —12 V is applied over a 2 x 2 um? area and the c-AFM image is measured with —2 V over a 4 x 4 um? area. A

tip speed of 1.5 um s~ is used for the poling and measuring process, and the sensitivity of the c-AFM is set to 1V nA~". ¢, In-plane PFM image over the
poling area in which an electric field is applied as explained above. The high-conducting-state region has lost the domain contrast, showing monotonic
brown colour, which means little or no piezoresponse. On the other hand, the as-grown state region outside the red square shows clear domains, implying
a ferroelectric state similar to BiFeOs. Inside the green square, large piezoresponse (in dark contrast) is observed, proving that the ferroelectric state is

recovered. d, Out-of-plane PFM image over the poling area.

from x =0 to 1, the ¢ axis lattice parameters are located
around the dashed line and only the x ~ 1/8 region shows a
large deviation from a classical Vegard’s law behaviour. This
smaller ¢ axis lattice parameter is not due to strain relaxation;
X-ray reciprocal space mapping for the 203 diffraction peak
confirms the in-plane lattice is fully strained to the substrate (see
Supplementary Information). The possibility of volume reduction
arising from extrinsic effects such as bismuth volatility can be
excluded because the phase has been transformed reversibly
into the paraelectric pseudo-tetragonal phase on raising the
temperature (Fig. 1b).

Figure 1d shows X-ray 6-26 scans for representative films
from the three different doping regimes. For x = 0.07 and 0.20,
superlattice peaks are observed around the 001 Bragg peak,
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indicating a structural modulation along the out-of-plane direction,
which is probably due to an oxygen vacancy ordering as has
been reported in perovskite-related ferrites?'. Interestingly, the
phase with the smaller volume located at the boundary between
the ferroelectric and non-ferroelectric phases does not show
superlattice peaks. This correlation between the ¢ axis lattice
parameter and the existence of the superstructure can also be
identified in the high-temperature transition observed in the film
with x =0.15 (see Supplementary Information). The increase of the
¢ axis lattice parameter measured above ~650K (for x =0.15) is
mainly due to this appearance of the superstructure accompanying
the paraelectric state. This experimental observation suggests that
an oxygen vacancy ordering could be another degree of freedom
that is inter-coupled in this system.
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Figure 3 | Local current (I)-voltage (V) characteristics. a, Hysteric behaviour of the -V curve provides a viable route to a resistive switching memory for a
Bip.gCap.1FeO3_s film with a thickness of 100 nm. The voltage relatively applied to the tip is swept sequentially from OV to =12V, and from =12V to 12V,
and from 12V to OV, at a rate of 0.18 Vs, and the I-V curve is plotted linearly and logarithmically (inset). b, ON/OFF states at the reading voltage of
—2V can be set by applying two high (12 V) voltages. The numbers inside the rectangles denote the sequence of voltage sweeps. After returning from
412V, a high resistance state at —2 V is measured (OFF state), whereas after returning from —12V, low resistance is obtained (ON state). ¢, This hysteric
switching behaviour is repeatedly measured. The current level at —2 V is monitored while cycling the sweep. d, The Ca doping dependence of |-V
hysteresis. On increasing the doping ratio, larger ON/OFF switching ratios are obtained.

On the basis of the structural characterization, we focus on the
pseudo-tetragonal ferroelectric phase (green-coloured region in the
phase diagram) at x =0.10 as a suitable composition to investigate
the electric modulation of conducting and ferroelectric states. We
choose this phase because it is located near the phase boundary,
which may make it susceptible to external electric fields in terms
of both ferroelectricity and electric conduction, whereas for x < 0.1
the electric conduction is not high enough and for x > 0.15 the
ferroelectric state is not stabilized.

The local electrical conductivity of a 300-nm-thick film grown
on a SrRuO; (50nm thick) bottom electrode by pulsed laser
deposition (see the Methods section) was probed by conducting-
atomic force microscopy (c-AFM). Using a conducting tip,
micrometre-sized regions of the film were electrically switched
with a set of positive and negative voltages (Fig.2a). A 3 um
region was poled with a voltage of —12V (red square), inside
which a smaller 1 um region was subsequently poled downward
with a voltage of +12V (green square). For these regions, local
currents were measured by the c-AFM technique with a voltage
of —2.5V. The region poled with —12V shows a large increased
local conductivity that can be switched back to the insulating
state by applying a downward field of +12V. The line profile
of the c-AFM image plotted (on a log scale in pink) reveals
that the conducting state leads to a few hundred picoamperes of
current that is modulated by at least two orders of magnitude.
This observed contrast is repeatable over the same region as well
as other regions of the sample; measurements were carried out
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in three other samples, with results that were similar to that
shown in Fig. 2. The slow relaxation of the high current state
can be probed in thinner films (thickness ~100nm) within a
reasonably measurable timescale. Such retention studies show that
the enhanced conduction in the poled region lasts more than 36 h,
but becomes diffuse after one week (for details, see Supplementary
Information). On the basis of Fick’s second law and the assumption
that the inter-diffusion length for one week is of the order of the
film thickness (~100 nm), the diffusivity (D) of oxygen vacancies
can be estimated to be ~107"7 ¢cm? s7!. This is a reasonable value for
the oxygen vacancy movement in non-stoichiometric perovskites
and related compounds**~*. Figure 2b summarizes the change
in this conductance with electric field (plotted as the difference
between measured current in the poled and unpoled states) as a
function of doping concentration. It is interesting to note that the
concentration regime (shaded green in Fig. 1a) that shows the large
deviations in lattice parameters is also the one that exhibits the
largest conductance modulation.

To study the involvement of the ferroelectric state, PFM
measurements for the same sample were carried out over the region
poled using the same method described above (Fig. 2c). The region
outside the poling area shows clear ferroelectric domains, indicating
that this Ca-doped (10%) sample is ferroelectric. The three shades
of image contrast, namely white, black and brown, found in
this region of the PFM image indicate different directions of the
polarization projected in-the-plane of the film, which are typical
for BiFeOs; films grown on (001) SrTiO; substrates®. Similarly, in
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Figure 4 | Reproducing the electronic conduction switching in ultrahigh vacuum c-AFM measurement and in the conventional capacitor geometry.

a, Local |-V measurement carried out for the Big.gCap 1FeO3_s film (100 nm in thickness). A local high conducting state and a diode-like -V characteristic
appear after a high negative voltage (>—8V) is applied to the tip. The I-V curve is acquired by sweeping the tip bias from +10 to —10 V and back to +10 V,
atarate of 0.6 Vs, Inset: The same I-V curve on a logarithmic scale. b, Top: The current image over an area poled at a tip voltage of —10 V (inside red
rectangle). Bottom: The area in the top panel after applying a tip voltage of +6 V inside the green rectangle. Both current images are measured with a tip
voltage of —6 V. The rate of tip motion during poling and measurement was 0.6 ums~". ¢, The resistive switching behaviour in the conventional capacitor
geometry. The tri-layers of SrRuO3 (50 nm)/Bip.9Cag.1FeO3_5 (100 nm)/SrRuO3 (50 nm) are in situ epitaxially grown. Through a photolithography and ion

milling technique, we have made the top SrRuOs electrode with a diameter of 20 um, as shown in the inset. The /-V curve is acquired by sweeping the
voltage of the top electrode (0 — —2V — +2V — 0V as indicated by the number inside the rectangles), at a rate of 20 mV s~".

the region poled with +12V (green square), strong piezoresponse
(black colour) and a black/brown contrast was detected, implying
that the ferroelectric state has been recovered. On the contrary,
in the highly conducting region, no domain structure is observed
and the brown tone in the PFM image is indicative of weak
or no piezoresponse. The out-of-plane PFM (Fig. 2d) also shows
weak piezoresponse (brown colour) in the conducting area but the
as-grown region and the region poled with +12V exhibit white
colour, which implies the out-of-plane polarization direction is
downward directed. These observations can be understood by the
fact that the enhanced conductivity frustrates ferroelectric order by
screening long-range Coulomb interaction, which has a key role in
stabilizing the cooperative alignment of dipole moments™.

Figure 3 shows detailed current (I)—voltage (V') characteristics
of the modulation in the transport properties. Clear I-V hysteresis
is observed and is replicated reversibly. On application of a
high negative bias to the AFM tip with respect to the bottom
electrode, the current is significantly increased with a nonlinear
feature around a threshold voltage of ~—6V and reaches 350 nA
at a voltage of —12V through the conducting diamond tip.
If it is assumed that the effective contact area of the tip on
the sample surface is circular with a diameter of 50 nm, the
conductivity at a voltage of —12V corresponds to approximately
1.5 x 1072 (2 cm)~!, which is indicative of a semiconducting
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transport regime. Even though a high oxygen vacancy density (ny,)
of 8 x 10?° cm™ is expected for x = 0.1 under the constraint of
charge neutrality and a nearly fixed valence state of Fe*", the ionic
conductivity estimated by the Nernst—Einstein relation,

ny.e’D
kg T

Oion =

is less than 107" (Qcm)~! for the case of a diffusivity (D) of
1077 cm?s™! at room temperature. This huge difference between
the measured conductivity and the estimated ionic conductivity
suggests that the main carrier type leading to the observed transport
behaviour must be electronic rather than ionic in nature. The I-V
curve shape is changed to a diode-like behaviour after applying high
electric fields. For the conducting state to return to the insulating
state, a high positive voltage has to be applied; otherwise, the
current still exhibits a high value at a voltage of —2V (Fig. 3b).
This hysteric I-V shape can potentially be used for a resistive
memory device; for instance, two different current states at —2'V
could represent ON/OFF states, respectively. Figure 3¢ presents the
repeatability of the ON/OFF switching by cycling the full hysteresis.
This modulation becomes smaller at x = 0.07 and eventually no
large effect is observed in pure BiFeO; films (Fig. 3d).
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Figure 5 | The mechanism of the electronic conduction switching. a, Schematic diagram describing the switching mechanism of electronic states in
Bij_xCa xFeO3_; films. Oxygen vacancies are spontaneously produced to compensate hole carriers and to maintain the valence state of Fe3*. This highly
insulating state is thermodynamically stable. The oxygen vacancies respond to electric field in this ionic conductor because the oxygen vacancies are
positively charged as a consequence of their ionization. In a negative field (bottom to top directional field), oxygen vacancies are moving upward and
accumulating near the top surface and are frozen when the field is turned off. As a result, a state with n-type carriers is realized, locally in the donor
accumulating region; the opposite region becomes a p-type conductor. By applying an opposite, high electric field, the inhomogeneous donor distribution
can be reversed to an evenly distributed insulating state. b, Schematic diagram of the electronic density of states. The insulator-conductor transition
happens locally when the Fermi energy (gf), which is controlled by the oxygen vacancy concentration (ny,), passes across the mobility edge (ec). The band
edges (grey-coloured regions) are composed of localized states with low mobility owing to inherent randomness in this system as a result of Anderson
localization. €, The band-filling at representative oxygen vacancy ratios (8). 8. stands for a critical ratio to compensate exactly hole carriers produced by
calcium acceptors. The value of §. corresponds to 0.05 for x = 0.10 as an oxygen vacancy is regarded as a double electron donor.

To exclude the possibility of surface contamination as
the possible reason for the observed change in conductivity,
we carried out local I-V measurements and current imag-
ing of the poled area in an ultrahigh vacuum environment.
As shown in Fig. 4a,b, the characteristic I-V curve and the
writing/erasing process that was observed in the ambient mea-
surements are reproduced. In addition, we fabricated a conven-
tional capacitor structure using an epitaxially grown tri-layer
of SrRuO; (50 nm)/BiyeCay;FeO;_s (100 nm)/SrRuO; (50 nm)
to eliminate possible effects of Schottky contact resistance at
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the interface between the tip and ferroelectric film*. The
electric-field-driven resistance switching behaviour has been
reproduced in this structure as well (see Fig. 4c).

We now focus on the origin of the modulation of electric
conduction. We hypothesize that the oxygen vacancies created
to maintain charge neutrality are critical to understand the
conduction behaviour as illustrated schematically in Fig. 5a.
Tonization of oxygen vacancies in Ca-doped BiFeOj yields electrons
to compensate hole carriers introduced by the Ca to maintain the
3+ valence state of the iron ions. Provided that the oxygen vacancies
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Figure 6 | Controlling oxygen vacancy concentration in-plane. a, Schematic diagram of the planar electrode structure. b, I-V measurement at selected
temperatures using source and drain electrodes. Inset: Arrhenius plot of the threshold voltage. The activation energy calculated from the slope of the linear
fitis 0.76 eV. ¢, The film is heated to 473K and Vs_p = —20V is applied so that oxygen vacancies move towards the source and accumulate there. After
monitoring that Is_p is significantly increased, the temperature is quickly dropped to room temperature. Then, c-AFM measurements with a tip voltage of
—1.5V are carried out for the quenched-in state (top panel). Similarly, the opposite field effect is investigated (middle panel). The twin electrode structure,
fabricated in the same film, is just heated without the poling and measured as a reference to check the thermal annealing effect (bottom panel). The green
arrows indicate the side walls of the electrodes. The images are independent of the tip sweeping direction and speed. For Vs_p =—20V, a low sensitivity
setting was used. Both the source and drain electrodes are electrically at the same potential when the c-AFM measurement is carried out. d, The horizontal

profiles for the c-AFM results.

are mobile positive charges, they can move through the sample
under electric fields to find a new thermodynamic equilibrium?®*%.
For example, oxygen vacancies can move and pile up near the top
surface for negative bias conditions. As a result, the donor oxygen
vacancies and the acceptor calcium ions are locally unbalanced;
thus, the top surface region acquires n-type carriers, whereas the
region near the bottom electrode becomes p-type. This electric-
field-driven n—p junction explains the aforementioned diode-like
I-V shape. Applying the opposite electric field moves oxygen
vacancies to the original evenly distributed state, thus forming an
electronic insulator. We would like to note that a positive electric
field can be used to make the opposite diode structure; however,
for the aforementioned c-AFM case, the effect of the positive field
is not as large as that of the negative poling. This is due to an
asymmetric response caused by a Schottky barrier between the tip
and film leading to different voltage drops across the sample in
different bias directions.

Another interesting question centres on why the measured
current is abruptly enhanced at a threshold voltage despite the
fact that, according to ohmic conduction of ionic transport, the
oxygen vacancy distribution should be continuously varied by
sweeping the applied voltage. This behaviour can be understood
in terms of an electronic localization—delocalization transition
through band-filling control. In other words, when the Fermi
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level (eg), controlled by the oxygen vacancy concentration, passes
across a specific energy level, that is, the mobility edge (e.),
an electronically conducting state appears locally (Fig. 5b,c). In
principle, this mechanism is in effect for both n-type and p-type
doping; however, in our case the mobility edge in the valence band
is the critical criterion determining global conductance because
oxygen vacancies thermodynamically are highly confined near the
anode*® and most of the region has hole carrier doping. So, globally
a transition to the highly conducting state can be interpreted by
the expansion of a locally highly conducting p-type region. The
critical concentration (n.), which is defined as the hole carrier
concentration at the moment the Fermi energy meets the mobility
edge, can be estimated by the Mott criterion*"*?: agn!/> ~0.25. The
radius of bound hole states (a3 ) is defined by the following:

4mh’e
&= m*e?

where ¢ is the dielectric permittivity (& /gy = 100 for BiFeOs; ref. 43)
and m* stands for the effective mass of hole carriers (m*/my
is typically 5-20). Therefore, the critical concentration (n.) is
~1 x 10" to 8 x 10* cm™. This concentration is comparable or
less than the initial oxygen vacancy density (1v, = 8 x 10 cm™?),
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suggesting that a conductor—insulator transition is attainable by
reducing the oxygen vacancy density. Besides, n-type carriers tend
to be strongly localized owing to the following two reasons:
(1) oxygen vacancies lower the adjacent Fe 3d levels energetically,
resulting in a localized impurity band located at 0.28 eV below the
conduction band minimum* and n-type carriers must be trapped
in this impurity band; (2) the conduction band is mainly composed
of Fe t,, orbitals. The hopping strength between neighbouring t,,
orbitals through mt-bonding is not as large as Fe e; and O 2p bands,
thus resulting in a relatively large effective mass*. Therefore, the
hallmark of this scenario is that there should be a boundary between
conducting p-type region and insulating n-type region along the
direction of electric field.

We probed this oxygen-vacancy-assisted electronic conduction
mechanism, by measuring local conductivity for in-plane gradient
distributions of oxygen vacancy created by a coplanar electrode
structure, as shown in Fig. 6a. Films were poled under elevated
temperatures to facilitate the insulator—conductor transition across
the two electrodes separated by 6 um within reasonable voltage
ranges. The threshold voltage decreases with increasing temperature
owing to the enhancement of oj,, at higher temperature. As
a result, the peculiar p-n/n—p junction characteristics and the
threshold behaviour are reproduced in the I-V measurement for
this planar electrode structure (Fig. 6b). We control the oxygen
vacancy concentration distribution gradually between the two
electrodes by applying +20V to the source electrode for one minute
at 473K and sequentially by quenching to room temperature so
that the distribution is frozen. As expected, c-AFM measurements
(Fig. 6¢,d) show a gradually varying current profile. The region
near the source electrode is conducting owing to a high hole
carrier density, whereas the opposite narrow region near the drain
electrode reveals an insulating state because n-type carriers are
localized as explained above. On the other hand, the application of
—20V to the source electrode makes the gradient profile reverse.
The exclusion of side effects arising from the heating can be
ascertained by the observation of no conductivity enhancement for
an unpoled reference pattern fabricated on the same film. Finally,
it is worthwhile to mention that the conducting areas can also be
observed through optical microscopy (for the image of similarly
poled area in-plane, see Supplementary Information).

In summary, the effect of divalent-ion-calcium doping on
multiferroic BiFeO; films was investigated and a phase diagram
was built by varying the doping concentration and temperature.
A ferroelectric—paraelectric boundary exists at doping levels of
x ~ 1/8, stabilizing a pseudo-tetragonal phase that has a relatively
smaller volume than that expected from Vegard’s law. We have
also studied the electric conduction of these films, applying electric
field along both the normal and in-plane directions. In both
cases, electronic conduction can be modulated in a similar way.
The mechanism discussed is based on the interplay of ionic and
electronic conduction. We argue that application of an electric
field can be a promising route to effectively ‘sweep’ oxygen
vacancies to one side of the device preferentially and thus induces
a transition to a conducting state in Bi;_,Ca,FeO;_; films. These
conductor—insulator transitions can be understood in terms of the
competition between a mobility edge and Fermi energy through
band-filling control.

Methods

Ca-doped BiFeO; films were grown on (001) SrTiO; substrates using pulsed laser
deposition at 600700 °C in 50-100 mtorr oxygen pressure. Typical deposition
rates were approximately 2 nm min~" with a laser repetition rate of 10 Hz. The
pulsed KrF excimer laser (wavelength 248 nm) was focused to reach a laser fluence
of ~2Jcm™ on the target surface. The films were cooled down at a rate of
5°Cmin~" with ~1 atm oxygen pressure. For electrical measurements along the
out-of-plane direction, a conducting SrRuO; layer (~50 nm in thickness) was
pre-grown as a bottom electrode. The crystal structures were investigated by X-ray
diffraction (Panalytical X’Pert MRD Pro) with Cu K,; radiation. The thickness of
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films is determined by X-ray reflectivity measurement and by analysing the Kiessig
fringes around the (00L) Bragg peak. For the investigation at high temperatures,

a commercial heating stage (DHS-900) was used. The 626 scans for the (002)
peak were measured every 20 K. Each 6-26 measurement takes ~10 min after
temperature stabilization during ~5 min. These high-temperature measurements
were carried out in air.

Local piezoelectric and local conductivity properties, under ambient
conditions, were studied by an AFM-based set-up. Nanoscale conductivity
measurements were carried out on a Digital Instruments Nanoscope-IV
Multimode AFM equipped with a conductive AFM application module. Using
conductive AFM tips, it is possible to measure local electrical and topographical
properties both simultaneously and independently. The investigations were
carried out with commercially available nitrogen-doped diamond-coated Si
tips (NT-MDT). The PFM image was acquired on the same Multimode system
using TiPt-coated Si tips (MikroMasch). Typical scan rates were 1.5pums™".

For the c-AFM measurement in ultrahigh vacuum, a customized scanning force
microscope (Omicron VT-STM/AFM) was used for measurements at a pressure of
2% 107'° torr. Current was measured in contact mode, using a preamplifier directly
connected to the tip through a shielded cable. The measurements were carried out
using Au-coated tips (CSC37 from MikroMasch).

The coplanar electrode structures are fabricated by first growing epitaxial
conducting SrRuO; films on (001) SrTiO; substrates (~100 nm in thickness)
at 700 °C. Photolithography is used to define the area of source and drain
electrodes (~50 um wide and separated by a 6 um gap). Then, the surrounding
area except for the defined area is etched by ion milling down to the underlying
substrates. Following this process, Ca-doped (10%) BiFeO; film with a thickness
of 100 nm is grown on the patterned substrate. The I-V curve for this planar
electrode structure is measured using a Keithley multimeter (Model 2000) with a
sweeping speed of 0.65V s~
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