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(Received 16 November 2009; accepted 29 December 2009; published online 25 January 2010)

The persistency of ferroelectricity in ultrathin films allows their use as tunnel barriers. Ferroelectric
tunnel junctions are used to explore the tunneling electroresistance effect—a change in the electrical
resistance associated with polarization reversal in the ferroelectric barrier layer—resulting from the
interplay between ferroelectricity and quantum-mechanical tunneling. Here, we use piezoresponse
force microscopy and conductive-tip atomic force microscopy at room temperature to demonstrate
the resistive readout of the polarization state through its influence on the tunnel current in PbTiO4
ultrathin ferroelectric films. The tunnel electroresistance reaches values of 50 000% through a
3.6 nm PbTiO; film. © 2010 American Institute of Physics. [doi:10.1063/1.3295700]

Ferroelectrics are intensively studied for their applica-
tions in electronic devices such as nonvolatile ferroelectric
random-access memories." These devices are mainly based
on ~100 nm thick ferroelectrics. At these thicknesses, vari-
ous mechanisms of leakage currents were identified as
Poole-Frenkel emission, space charge, Fowler—-Nordheim
tunneling, and Schottky emission.” When the thickness of the
ferroelectric films decreases down to a few nanometer, direct
mechanical quantum tunneling becomes the dominant leak-
age mechanism. In 1971, Esaki et al’ originally proposed
that switching the polarization of a ferroelectric tunnel bar-
rier could lead to changes of the tunnel current. Nevertheless,
as ferroelectricity is a cooperative phenomenon, it is usually
accepted that there exists a fundamental thickness below
which ferroelectricity collapses. For a long time, this critical
thickness was believed to be well above a few nanometer and
ferroelectric tunnel junctions were considered as purely con-
ceptual. Due to tremendous technological advances in the
growth of oxide thin films over the last decade, ferroelectric
thin films of a few unit-cells are now achievable. This critical
thickness (¢,) was determined for common ferroelectric ma-
terials such as the perovskite BaTiO; (BTO), PbTiO; (PTO),
and BiFeO; (BFO) using x-ray photoemission diffraction,*
x-ray scattering,” and piezoresponse force microscopy
(PFM).6 Besides the nature of the ferroelectric material, 7,
also depends on several factors, such as the electrode mate-
rials (through their ability to efficiently screen polarization
charges), the strain state, or the ambient atmosphere giving
rise to partial or complete screening on the ferroelectric sur-
face. Experimentally, the lowest reported 7, values are 1 nm
for BTO (Ref. 7), 1.2 nm for PTO (Ref. 5), and 2 nm for
BFO (Ref. 6).

In 2003, the observation of resistive switching from
Contreras et al.® through 6 nm thick (Pb,Zr)TiO5 (PZT) tun-
nel barriers triggered a renewed interest for ferroelectric
tunnel junctions. Tsymbal and Kohlstedt’ recently reviewed
several possible mechanisms that can lead to resistance
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variations in ferroelectric tunnel junctions (FTJs). In a clas-
sical tunnel junction, the current is an exponential function
of the barrier height and thickness, and also depends on the
density of states at the barrier/electrode interfaces. In FTJs,
electrostatic effects may modify the barrier height,m’11 con-
verse piezoelectric effects may modify the barrier thickness'”
during the resistive readout of the polarization and the inter-
facial density of states may change depending on the polar-
ization direction.” The tunnel current is thus modified ac-
cording to the polarization state of the ferroelectric ultrathin
film, giving rise to a tunnel electroresistance (TER)
phenomenon.12 Recently, Garcia et al.” and Gruverman et
al.” reported giant TER experiments through BTO tunnel
barriers at room-temperature. In this letter, we focus on ul-
trathin PTO films used as tunnel barriers in ferroelectric tun-
nel junctions displaying a giant TER effect.

PbTiO5/SrRuO; bilayers were deposited by pulsed laser
deposition on (001) oriented SrTiO; substrates. Prior to
deposition, the substrates were treated as described by Koster
et al.'* to ensure a preferentially TiO,-terminated terraced
surface. The growth was monitored in situ by reflection high-
energy electron diffraction (RHEED), which allows the
thickness to be controlled at the unit cell level, see Figs. 1(a)
and 1(b). The operation voltage of the differentially pumped
RHEED (Ref. 15) was 28 kV and the filament current varied
between 1.2 and 1.3 A. 45 nm thick SRO electrodes were
grown using a 2.5 J/cm? ablation energy density while
maintaining 0.06 mbar of O, in the deposition chamber and a
substrate temperature of 700 °C. Four and nine unit cells
thick (1.6 and 3.6 nm) PTO films (PTO,yy. and PTOgyy,
respectively) were grown using a 2 J/cm? energy density in
0.13 mbar of O, and a substrate temperature of 570 °C. The
PTO was grown immediately after the SRO without remov-
ing the sample from the chamber and the samples were an-
nealed only after the PTO deposition in 200 mbar of O,
during a 5 °C/min cool down. A low root-mean-square sur-
face roughness of 0.51 and 0.33 nm was determined using an
atomic force microscope (AFM) in tapping mode for
PTO,y . and PTOgyy, respectively [Figs. 1(c) and 1(d)].
Atomic steps are visible on the PTO . film.

© 2010 American Institute of Physics
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FIG. 1. (Color online) RHEED oscillations and diffraction patterns for (a)
PTO,. and (b) PTOgy . Surface morphology of the (c) 4ML and (d) 9ML
thin films characterized by tapping mode AFM over 5X 5 um? images.

An AFM operated in the so-called piezoresponse mode
(multimode, nanoscope IV controller from Veeco and exter-
nal SR830 lock-in amplifier from Stanford Research) was
used to characterize the ferroelectric properties of the
samples at room temperature, in a nitrogen flow. The deter-
mination of the polarization state of the PTO was performed
with CrPt tips at an ac excitation frequency of 4 kHz and a
voltage of 1 V. Figures 2(b) and 2(e) shows out-of-plane
piezoresponse phase (OPP) images after poling with a nega-
tive and positive tip-SRO voltage along 4 X 8 wum? stripes
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the PTOy,y; and PTOgyy, films. Bias voltages of +4 V dc
were applied to the PTO,y;. and PTOgy, (the ground is con-
nected to the SRO electrode) in order to pattern two distinct
regions of opposite polarization. These bias voltages corre-
spond to electric fields of 25 and 11 MV/cm, respectively.
The high electric field values required to pole PTO ultrathin
films are consistent with those determined previously using
PFM for PTO and BTO films.'®” 43 and 35 MV/cm were
required to pole a 2.8 nm PTO film and a 1 nm BTO film,
respectively. A large OPP contrast (~180°) is observed indi-
cating that domains with opposite polarizations were indeed
written in the PTOgy; film. An OPP contrast of ~110° is
obtained with the PTO,y; film. Possible electrostatic effects
could be superimposed to the lower amplitude PFM signal of
the 4ML films and induce a reduction of the OPP contrast."’
We verified that poling and scanning do not affect the surface
topography, as shown in Figs. 2(a) and 2(d).

To determine the influence of the polarization state of the
ferroelectric on the tunnel current, we use a conductive tip
atomic force microscope (CTAFM) with a 10712-10~* A cur-
rent range and Si tips coated with B-doped diamond. 12
X 12 um? resistance maps over the previously poled do-
mains were collected at a tip-SRO bias voltage of 2 V. The
resistance difference measured with the CTAFM between
positively and negatively poled regions corresponds to the
TER effect. Figures 2(c) and 2(f) displays the resistance dif-
ference between positively and negatively poled regions in
the PTOgy and PTOgyy films. The TER effect reaches
about 4,000% in the PTOgyy film and increases up to
50 000% in the PTOgyy film. This increase may be explained
by the exponential dependence of the TER w1th the film
thickness, as predicted by electrostatic models'' and reported
on BTO ultrathin films.” In addition, the lower resistance
state corresponds to the ferroelectric polarization of PTO
pointing toward SRO. Similarly, the tunnel resistance is
lower in BTO/Lay 47,51 33Mn0O; (LSMO) bilayers when the
polarization points toward LSMO.” This may indicate that
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FIG. 2. (Color online) Ferroelectric and TER properties of PTO ultrathin films probed by PEM and CTAFM, respectively. 12X 12 um? (a) topo-
graphy, (b) out-of-plane PFM phase images and (c) CTAFM resistance mapping of two written ferroelectric stripes (4 X 8 um?) for PTOy. 12X 12 um? (d)
topography, (e) out-of-plane PEM phase images and (f) CTAFM resistance mapping of two written ferroelectric stripes (4 X8 um?) for PTOgy,;, . The TER

reaches 4,000% and 50 000% for PTOgy; and PTOgy,; , respectively.
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FIG. 3. (Color online) 12X 12 um? CTAFM resistance mapping of two
written ferroelectric stripes (4 X8 um?) for PTOqyy observed (a) just after
poling, (b) on the same area after 72 h.

the screening length of SRO (and LSMO) is larger than the
tip one. Consequently, if one considers a purely electrostatic
model, the barrier height will be lower when the ferroelectric
polarization points toward SRO than when it points toward
the tip.11

Moreover, to verify that the OPP is directly correlated
with the ferroelectricity of the ultrathin films, and not to
injected charges during poling, a TER analysis of the poled
region was performed 72 h after writing the ferroelectric pat-
tern on the PTOgyy, film (Fig. 3). Indeed, combining PFM
and electrostatic force microscopy, 40 h were required for the
residual surface charges to dissipate in 80 nm thick PZT thin
films.'"® PTO ultrathin films being structurally close, we took
that time scale as a good estimate. The shape of the written
domains and the value of the TER effect are roughly constant
over this time scale.

In conclusion, epitaxial ultrathin PTO films were grown
by PLD. Their ferroelectricity was demonstrated using PFM.
PFM reveals a net out-of-plane phase contrast between do-
mains polarized up and down. A giant TER effect reaching
50 000% for the 3.6 nm PTO barrier was measured combin-
ing PFM and CTAFM. This effect is stable in time at least up
to 72 h. Our results demonstrate that the giant TER effect is
not restricted to BaTiO5 barriers but should be observable in
all ferroelectrics. Challenges for the future are now the opti-
mization of the barrier and electrode materials to achieve the
largest effects, the fabrication of solid-state FTJs (i.e., with a

Appl. Phys. Lett. 96, 042901 (2010)

top electrode), and the study of the high-frequency dynamics
of the TER effect.
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