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F
erroelectrics possess a spontaneous
polarization that is switchable by ap-
plying an electric field. Thick layers of

ferroelectric materials are currently com-
mercially available as ferroelectric random
accessmemories (FeRAMs).1 When the thick-
ness of the ferroelectric reaches a few nano-
meters, electron tunneling becomes possible.2

In ferroelectric tunnel junctions (FTJs),3 where
such an ultrathin ferroelectric film is sand-

wiched between two electrodes, any asym-

metry between the two metal/ferroelectric

interfaces (differentmetals, different interface

terminations, etc.) will give rise to an asym-

metricelectrostaticpotentialdistributioncaused

by the ferroelectric polarization. When

switching the polarization orientation, the

averaged barrier height of the tunnel barrier

changes, resulting in potentially large changes

of the tunnel current, as it depends expo-

nentially on the square root of the barrier

height.4,5 This large contrast called tunnel

electroresistance is appealing, as it provides

a simple means for the nondestructive resis-

tive readout of the ferroelectric polarization

state.6 FTJsmay thus combine theadvantages

of FeRAMs, such as speed, reliability, and

fatigue, with the architectural simplicity and

scalability of other resistive random access

memories (RRAMs). Large tunnel electroresis-

tance was first demonstrated on bare surfaces

of ultrathin ferroelectrics using a conductive

atomic force microscope (AFM) tip as top

electrode.6�8 More recently, several groups

demonstrated tunnel electroresistance in so-

lid-state FTJs based on BaTiO3
9�13 or Pb(Zr,Ti)-

O3
14,15 ultrathin films. Here we report results

on FTJs based on a previously unexplored

ferroelectric barrier, BiFeO3.
FTJs were defined from ultrathin films of

the recently discovered polymorph of Bi-
FeO3 (BFO) having a tetragonal-like structure
with giant axial ratio (“T-phase” BFO). This
phase is expected to have a large polarization
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ABSTRACT Ferroelectric tunnel junctions enable a nondestruc-

tive readout of the ferroelectric state via a change of resistance

induced by switching the ferroelectric polarization. We fabricated

submicrometer solid-state ferroelectric tunnel junctions based on a

recently discovered polymorph of BiFeO3 with giant axial ratio (“T-

phase”). Applying voltage pulses to the junctions leads to the

highest resistance changes (OFF/ON ratio >10 000) ever reported

with ferroelectric tunnel junctions. Along with the good retention properties, this giant effect reinforces the interest in nonvolatile memories based on

ferroelectric tunnel junctions. We also show that the changes in resistance scale with the nucleation and growth of ferroelectric domains in the ultrathin

BiFeO3 (imaged by piezoresponse force microscopy), thereby suggesting potential as multilevel memory cells and memristors.

KEYWORDS: ferroelectric tunnel junctions . nanoscale ferroelectrics . tunnel electroresistance . bismuth ferrite .
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(up to 150 μC/cm2),16�19 whichwas partially confirmed
by recent experiments.20,21 In order to stabilize this BFO
phase with giant tetragonal distortion [a ≈ 0.377 nm,
c≈ 0.465 nm (ref 20)], ultrathin films of BFO were grown
on (001)YAlO3 (YAO, average in-plane parameter in
pseudocubic notationa=0.371nm) substrates bypulsed
laser deposition using a Nd:YAG laser. Ca0.96Ce0.04MnO3

(CCMO) thin films, which are well lattice-matched with
YAO, were used as bottom electrodes.22 The thicknesses
of BFO and CCMO layers were estimated by X-ray
reflectivity to be 4.6 and 21 nm, respectively (Figure 1a).
ω�2θ X-ray diffraction scans (Figure 1b) and reciprocal
space maps (Figure 1c) reveal that the BFO film is purely
in its T-phase with a large out-of-plane parameter of
0.47 nm and a strained in-plane parameter of 0.37 nm.
An aberration-corrected scanning transmission elec-
tron microscope (STEM), NION UltraSTEM200, equipped
with a cold-field emission electron source operated at
100 kV, was used to examine cross sections of similar BFO
(3.5 nm)/CaMnO3 (10 nm)/Ca0.96Ce0.04MnO3(20 nm)//
YAO (001) structures. A high-angle annular dark field
(HAADF) image of the BFO/CMO interface is shown in
Figure 1d together with the evolution of the c/a ratio
within the BFO layer. Apart from the first unit cell, the c/a
ratio is 1.2, corresponding to the T-phase throughout the
BFO thickness.
Solid-state FTJs with diameters ranging from 180 to

600 nm were defined by a single-step e-beam litho-
graphy process and lift-off of top Pt (10 nm)/Co (10 nm)

electrodes grown by sputtering.9 These Pt/Co/BFO/
CCMO junctions were connected electrically by a con-
ductive AFM tip to allow resistance measurements as
well as piezoresponse forcemicroscopy (PFM) imaging23,24

after applying 100 ns write voltage pulses25 (Figure 2b).

RESULTS AND DISCUSSION

Figure 2a shows a typical hysteresis curve of resis-
tance vs write voltage pulses (Vwrite) obtained on a
180 nmwide capacitor. The device resistance is initially
(2�3) � 109 Ω in the virgin state. Applying negative
voltage pulses with increasing amplitude virtually does
not change the resistance state of the device until a
threshold voltage of Vwrite =�2.5 V to�3 V (cycle 1). At
this voltage, the resistance drops by 5 orders of
magnitude to (2�3) � 104 Ω (ON state). When Vwrite
is then swept from�3 V toþ3 V, the resistance is stable
up to a threshold voltage of þ1.5 V, where it starts
increasing. The resistance increases more progres-
sively when increasing Vwrite to þ3 V and saturates
around (3�4) � 108 Ω (OFF state). When sweeping
again Vwrite from þ3 V to �3 V, the device resistance
goes back to the ON state at a slightly lower threshold
Vwrite of�2 V (cycle 2). It switches back to the OFF state
in the same manner when Vwrite varies from �3 V toþ
3 V (cycle 3). The OFF/ON ratio is then typically over
10 000 within a write pulse window of (3 V. Impor-
tantly, intermediate resistance states can be stabilized
by decreasing themaximum Vwrite toþ2.5 V (cycle 4) or

Figure 1. (a) X-ray reflectivity data of the BFO/CCMObilayer grownonYAO substrate. The black line is the best fit obtained for
BFO (4.6 nm)/CCMO (21 nm). (b)ω�2θ X-ray diffraction pattern of the same sample showing a single-phase super-tetragonal
BFO phase. The diffraction peaks are indexed in pseudocubic notation. (c) Reciprocal space mapping around YAO(103),
CCMO(103), and BFO(103). (d) HAADF image of the BFO/CMO interface together with the c/a ratio within the BFO layer
starting from the CMO interface.
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þ1.5 V (cycle 5), so that the devices display a memris-
tive behavior.26,27

To understand the resistance variations observed in
Figure 2a, we used PFM to visualize the ferroelectric
domain structure of BFO through the top Pt/Co elec-
trode. Practically, we first switch the FTJ to a given
resistance through the application of voltage pulses
and subsequently perform PFM. Figure 3a shows
the piezoresponse phase signal (top) and amplitude
(bottom) of a virgin 180 nm junction with a resistance
of (1�2) � 109 Ω (Figure 3g). The phase is completely
bright and the amplitude is strong and constant on the
whole junction area. This corresponds to a homoge-
neous polarization pointing toward CCMO (as deduced
from the sign of the bias needed for ferroelectric
switching). In PFM, the virgin states of all FTJs with
various diameters between 180 and 600 nm are iden-
tical, with polarization pointing downward; they all are
in a high resistance state with a constant resistance�
area product of about (3�4) � 107 Ω 3 μm

2. After switch-
ing the 180 nm junction to the ON state ((2�3) �
104 Ω) with negative voltage pulses, the PFM phase
homogeneously shifts by 180 degrees, except for a few
regionson the right sideof thedevice (Figure3b). ThePFM
amplitude (bottom panel) is large only on the left side,
consistent with a saturated state with polarization point-
ing up in this part of the junction. On the right side, the
amplitude is lower, indicating that this half of the device is
in a mixed state with incomplete switching; because the
phase is globally dark, it consists of a majority of domains
with upward polarization and nanodomains pinned with
downward polarization. Overall, most of the BFO has a
polarization pointing toward Co in the ON state. Analysis
of the PFM images yields a relative fraction of down
domains (hereinafter designated as s) of only about 1%.
When the junction resistance is slightly increased

(5� 104 Ω) by positive voltage pulses, bright domains

nucleate/propagate around the preexisting bright
nanodomains on the right side (Figure 3c, top panel).
Accordingly, the amplitude is strongly decreased in
this mixed area (Figure 3c, bottom panel) due to the
higher density of domain walls that give zero PFM
amplitude. As the resistance reaches 1 � 105 Ω, the
bright domains propagate (Figure 3d, top panel) and
the amplitude starts to kick in on the right side and
decreases on the left side. For a resistance of 9� 105Ω,
the down domains in the right area coalesce and the
phase becomes homogeneously bright (Figure 3e, top
panel). On the left side, bright domains nucleate within
the dark domain area. The amplitude of the two
opposite domains is similar and decreases only at an
intermediate region that resembles a domain wall
(Figure 3e, bottom panel). In the OFF state (2� 108Ω),

Figure 2. (a) Typical hysteresis of resistance with write voltage pulses of a 180 nm wide Pt/Co/BFO/CCMO capacitor. Cycle 1
shows the first switching from the virgin state to theON state. Cycles 2 and 3 show reproducible hysteresis from theON to the
OFF state. Cycles 4 and 5 represent minor loops with intermediate resistance states. (b) Sketch of the experiment where the
capacitor is connected via the AFM tip. A bias tee ensures the separation between voltage pulses to write the information and
the dc circuit to read the resistance state of the device.

Figure 3. Piezoresponse force microscopy imaging for dif-
ferent resistance states of a 180 nm wide Pt/Co/BFO/CCMO
capacitor. (a) Virgin state. (b) ON state. (c, d, e) Successive
intermediate states with increasing resistances. (f) OFF
state. Out-of-plane PFM phase (top panel) and amplitude
(bottom panel) for each state. The same amplitude scale
was used for all images. The estimated fraction of down
domains (s) is noted for each state. (g) Resistance of the
different states. The size of the points represents typical
error bars during resistance measurements.
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the phase is completely bright with some noise on the
left area, and the amplitude is strong except for the
same area of the left side (Figure 3f). These observa-
tions suggest that nanodomains (smaller than the tip
radius) with upward polarization persist in the OFF
state. Once created (Figure 2a, cycle 1), these pinned
nanodomains with upward polarization cannot be
erased and lead to a lower resistance state in the OFF
state than in the virgin state. They act as nuclei and
diminish the negative threshold voltage needed to
switch the capacitor to the ON state in subsequent
cycles (Figure 2a, cycle 2).
We investigated ten 180 nm junctions in the same

way, combining PFM and electrical measurements in
various resistance states. The fraction of downdomains
s is estimated for each PFM image. Figure 4a shows a
plot of the resistance of these devices, which increases
as a function of s. The results can be interpreted using a
simple model where down and up ferroelectric do-
mains conduct in parallel (Figure 4b). The black line in
Figure 4a is calculated with a resistance of 2.5� 104 Ω
when the polarization points toward Co and 2.5 � 109

Ωwhen it points toward CCMO. The experimental data
of the 10 junctions agree very well with this simple
parallel conduction model. This clearly suggests that
resistive switching in Co/BFO/CCMO tunnel junctions
results from the nucleation and propagation of up/
down ferroelectric domains. It also indicates that in
ultrathin T-phase BFO films the conduction of ferro-
electric domain walls28,29 can be neglected over the
tunnel conductance through the domains, although it
could give second-order contributions to the resis-
tance variations.

Retention experiments were performed on an array
of four FTJs with a diameter of 180 nm. All the devices
were switched to different resistance states and im-
aged with PFM (Figure 5a�d). Pad #1 was switched
close to the ON state (Figure 5a). Pads #2 and #3
were switched to two different intermediate states
(Figure 5b and c). Pad #4 was first switched to the ON
state and then close to the OFF state (Figure 5d). Three
days later (68 h), the samedeviceswere imagedby PFM
and measured electrically (Figure 5f�i). Note that the
apparent distortion of the pads from a regular circular
shape is only due to image drifts during PFM imaging,
not to effective geometric changes. Figure 5f shows
the PFM signal of pad #1, where small bright domains
have nucleated in the bottompart of the capacitor (top
panel) accompanied by a reduction of the amplitude
(bottom panel). The PFM images of pads #2 (Figure 5g),
#3 (Figure 5h), and #4 (Figure 5i) are very similar after
three days in both phase and amplitude. Figure 5j
displays the resistance level of the four devices, with
relatively small resistance variations over three days. It
should be noted that the large ac signal (compared to
coercive thresholds) required for PFM experiments
sometimes slightly destabilizes the ferroelectric do-
main configuration. Overall, these BFO-based FTJs thus
show good retention properties, even in intermediate
resistance states.
Figure 5k shows fatigue measurements over 2000

cycles on a single Co/BFO/CCMO device with a dia-
meter of 300 nm. Each cycle consists in applying a
pulse ofþ2.5 V, reading the resistance twice, applying
a pulse of �3 V, and reading the resistance twice. The
resistance contrast between the two states is 1000 all

Figure 4. Scalingof the resistance statewith the fractionof downdomains. 100ns pulseswith variable amplitudes are applied
to 10 devices with the same diameter (180 nm). The device resistance is then measured followed by a PFM image of the
ferroelectric domains. (a) Device resistance as a function of the fraction of downdomains in log�log scale (log�linear scale in
inset). The black line is calculated using the parallel conduction model sketched in (b).
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along the experiment, with slight oscillations of the
extreme resistance levels. This supports9 the absence
of fatigue for FTJs in endurance testing conditions
based on a scanning probe setup.

CONCLUSIONS

To summarize, we demonstrated a very large OFF/
ON ratio >10 000 in 180 nm wide ferroelectric tunnel
junctions based on T-type BFO. PFM evidences the nuclea-
tionandpropagationofdomains in the ferroelectricbarrier,
just aswaswidely reported in thicker ferroelectricfilms.23,24

The resistive switching is correlated to the ferroelectric
switching and the resistance with the domain population
within a parallel conduction model. The devices show
good retentionpropertieswithin threedayswithpersistent
PFM signal of the various complex ferroelectric domain
configurations corresponding to the whole range of resis-
tance levels. These results open the path to investigate the
dynamics of nanoscale ferroelectrics embedded in active
devices used as nonvolatile memories, as the simple
measurement of the resistance state is directly correlated
with the ferroelectric domain configuration.

METHODS
Sample Preparation. CCMO was grown at 670 �C under an

oxygen pressure of 0.2 mbar, and BFO was subsequently grown
at 580 �C with an oxygen pressure of 6 � 10�3 mbar. The
samples were then annealed for 30 min at 500 �C under high
oxygen pressure (300 mbar).

Piezoresponse Force Microscopy and Electrical Measurements. All the
measurements were performed with a multimode Nanoscope
IV (Digital Instruments) setup at room temperature and under
nitrogen flow using commercial Si tips coated with Cr/Pt
(Budget Sensors). The bias voltage was applied to the tip, and
the sample was grounded for electrical measurements. A bias
tee was connected to the atomic force microscope to split
voltage pulses from dc measurements. The device resistances
were measured at constant voltage (VDC = �200 mV). PFM
experiments were conducted with SR830 lock-in detection. For
PFM imaging, a TTi TG1010 external source was used to apply a
14 kHz ac sinusoidal excitation of 600mV peak to peak with a dc
offset of 200 mV. The tip was grounded for PFM experiments.
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