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D
ue to their switchable spontaneous

polarization, ferroelectric materials

can be used as nonvolatile mem-

ories, e.g., ferroelectric randomaccessmem-

ories (FeRAM), but so far their destructive

readout scheme limits the applications of

ferroelectric memories.1,2 Evaluating the

polarization direction by a nondestructive

readout scheme rather than by the

switched charge would be a tremendous

advantage. This has been recognized al-

ready from the early time of ferroelectric

memories by development of the most

simple nonvolatile memory cell: the ferro-

electric field effect transistor (FeFET).3,4 The

major yet unsolved problem of FeFET is the

low retention time, i.e., the time within

which the written information vanishes

and the two polarization directions become

indistinguishable. Losing information is

most probably caused by the strongly asym-

metric metal�ferroelectric�semiconductor

structure, which generates polarization

back-switching. Therefore, it will be highly

desirable to find an alternative route to read

nondestructively the polarization in a sim-

ple metal�ferroelectric�metal (MFM) struc-

ture, similar to the polar switch proposed by

Esaki and co-workers.5

The leakage current in usual thin film

ferroelectric capacitors is mostly governed

by the band alignment at the metal�ferro-

electric interface, the potential barrier,

which itself is influenced by the polarization

state.6,7 Thus the effective resistance of a

ferroelectric memory cell would have two

bistable states like in resistive switching ran-

dom access memories (RRAMs). In RRAMs

these resistive effects are usually based on

defects or on chemical processes8,9 that

may be difficult to control during the fabri-

cation process.10 On the contrary the resis-

tive switching based onpolarization switching

in ferroelectrics is in principle a pure elec-

tronic process, and this might alleviate

these drawbacks. Furthermore, ferroelectric

polarization and thus the information

stored in a memory cell can in principle be

switched in the picosecond range,11,12 as

the effective switching time is usually lim-

ited only by the electrical circuit.11,13

Following this route, resistive switching in

ferroelectrics has been intensively investi-

gated in bulk crystals,14 organic films,15�17

and thin oxide films.10,18�27 In this frame-

work Maksymovych et al.,21 using a conduc-

tive atomic force microscope (AFM) tip as

a top electrode, showed that indeed the

polarization direction influences Fowler�

Nordheim tunneling into ferroelectrics.

Nevertheless, for application in memory

cells a real metal�ferroelectric�metal het-

erostructure, i.e., a capacitor, is required.

The capacitor geometry would exclude

any spurious effects on the resistance due,

for instance, to electrochemical interaction

between the AFM tip and the ferroelectric

surface.28�30 Furthermore, the uniform

electric field in the case of a capacitor-like

geometry provides better physical insight

into theswitchingand transportmechanism.31
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ABSTRACT Spontaneous polarization of ferroelectric materials has been for a long time

proposed as binary information support, but it suffers so far from destructive readout. A

nondestructive resistive readout of the ferroelectric polarization state in a me-

tal�ferroelectric�metal capacitor would thus be advantageous for data storage applications.

Combing conducting force microscopy and piezoelectric force microscopy, we unambiguously show

that ferroelectric polarization direction and resistance state are correlated for epitaxial ferroelectric

Pb(Zr0.2Ti0.8)O3 nanoscale capacitors prepared by self-assembly methods. For intermediate ferro-

electric layer thickness (∼9 nm) sandwiched between copper and La0.7Sr0.3MnO3 electrodes we

achieved giant electroresistance with a resistance ratio of >1500 and high switching current

densities (>10 A/cm2) necessary for effective resistive readout. The present approach uses

metal�ferroelectric�metal devices at room temperature and, therefore, significantly advances

the use of ferroelectric-based resistive switching.
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Electroresistance effects have been found in ferroelec-

tric thin films with real metal electrodes,10,24,26,27 but it

is not yet unambiguously shown that these effects are

solely based on the ferroelectric switching.

Here, we apply a self-assembly approach to prepare

large arrays of well-ordered ferroelectric capacitors

with typical sizes smaller than 0.1 μm2. We clearly show

the direct correlation between polarization switching

and resistive switching in MFM heterostructures with

ultrathin epitaxial ferroelectric lead zirconate titanate,

Pb(Zr0.2Ti0.8)O3 (PZT), films by measuring the current

through a gold-capped Cu/PZT/La0.7Sr0.3MnO3 (LSMO)

capacitor with a ca. 9 nm thick ferroelectric PZT layer

and the polarization direction using conducting force

microscopy (C-AFM) and piezoelectric force micro-

scopy (PFM), respectively.

Ferroelectric PZT was chosen as a model room-

temperature ferroelectric material that can be epitaxi-

ally grown, almost defect free, on SrTiO3 (STO) sub-

strates, giving a high spontaneous polarization,32 and

can evenbe integrated onto silicon.33Usual ferroelectric

capacitors have a typical electrode area on the order of

several tens or hundreds of square micrometers, and

usually the defect-mediated leakage paths will rule the

overall current and obscure the polarization-dependent

current for ultrathin ferroelectric films. In order to avoid

this, submicrometer capacitors have to be used.

We use natural lithography34 or nanosphere litho-

graphy (NSL)35,36 to fabricate arrays of well-ordered

nanoscale ferroelectric capacitors. NSL is a versatile

lithography technique producing well-ordered masks

with scalable pitch and feature size relying on the self-

assembly of a mono or double layer of hexagonally

close-packed polystyrene latex spheres.34�36 First it

was applied to produce ordered arrays ofmetal nanois-

lands, but later on also to the growth of ordered 1D

nanostructures,37 ferroelectric nanodots,38 magnetic

nanodots,39 and organic semiconductor particles.35

Here, we use nanosphere lithography to produce

arrays of well-ordered metal electrodes on the top

ferroelectric surface.

RESULTS AND DISCUSSION

The MFM preparation process is sketched in Figure

1a. First, the oxide layers were grown by pulsed laser

deposition (PLD) at elevated temperature. Directly

after cooling, the samples were removed from the

PLD chamber and NSL was applied. Details of the

NSL process can be found in the Methods section.

The self-assembled monolayer of polystyrene latex

spheres (1 μm diameter) was subsequently used as a

stencil mask for thermal evaporation of the metal

layers (here Cu capped with Au). Figure 1b shows the

perfect self-assembly of the spheres into a monolayer

on the PZT surface after metal deposition. Copper was

chosen as the top electrode since it gives good Schottky

barriers with PZT.40 The resulting well-ordered metal

nanostructures (Figure 1c) were obtained by dissolving

the latex nanospheres in dichlormethane.

Transport and piezoelectric measurements are then

performed by contacting the nanoscale top electrode

using anAFM tip (schematically sketched in the inset of

Figure 3) through which IV curves (C-AFM mode) and

piezoelectric characteristics (PFM) are measured.

For the present Cu/PZT/LSMO heterostructures, two

issues in terms of film quality need to be addressed to

unambiguously analyze measured transport data

through ultrathin ferroelectric films. First, the LSMO

bottom electrode needs to be almost perfect in terms

of the structural quality and surface morphology. An

atomically flat surface is necessary to avoid any current

inhomogeneity. Second, one needs to have an effec-

tive resistance much smaller than the junction resis-

tance to avoid current limiting by a parasitic serial

resistance. Thus the actual resistivity needs to be as low

as possible, and a high enough LSMO thickness to

ensure a low effective resistance is necessary. The

optimum thickness of the LSMO bottom electrode

was found to be around 50 nm with its typical proper-

ties being shown in the Supporting Information.

Another important issue is the PZT polarization,

since the electroresistance scales exponentially with

polarization value.41 It is known that polarization

Figure 1. (a) Schematic of the NSL process adapted for nanoscale electrode preparation on PZT surfaces. (b) Scanning
electron microscopy (SEM) image of a hexagonally close packed monolayer of polysterene spheres and (c) the resulting
Au-capped Cu nanoislands (by AFM) on top of a PZT surface.
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decreases as the film thickness decreases below

10 nm.42�45 We have shown that a very high electro-

resistance is given by the thermionic injection

(Schottky) transport mechanism or by changing the

transport mechanism from thermionic injection to

Fowler�Nordheim tunneling by polarization direc-

tion.31 The thickness range where this is suitable in

terms of low voltage and sufficiently high current

density is rather narrow. For PZT the optimum thick-

ness will be approximately in the range of 4 to 10 nm.

Indeed, for a 20 nm thick PZT film almost no current

can be measured for voltages below coercive voltage.

For the present case the ferroelectricity was con-

firmedbyPFM for thefilms thinner than10nm. Figure 2a

shows poling experiments on a bare PZT surface for the

primarily investigated 9 nm thick PZT film. In the as-

grown state the polarization points upward, i.e., toward

the AFM tip, like in the case of a positively poled

surface. The poled ferroelectric domain configuration

is stable for at least several hours. Thicker PZT films

(20 nmormore) grown at the same conditions showon

macroscopic capacitors (0.04 mm2) fully saturated

ferroelectric polarization loops with a high remnant

polarizationof about 110μC/cm2 (Supporting Information),

confirming the excellent ferroelectric properties of our

PZT films.32 The high remnant polarization is in agree-

ment with the large out-of-plane lattice constant re-

sulting from the in-plane compressive stress from the

STO substrate of the PZT layers, as shown by X-ray

investigations. All our heterostructures are grown

fully strained to the STO lattice, as confirmed by

reciprocal space mappings around the STO 203

reflection (Supporting Information), ensuring high po-

larization even for ultrathin films. High-resolution

transmission electron microscope images (Figure 2b)

indicate coherent growth with sharp interfaces.

Figure 3a shows IV characteristics of a 1.5 μm2 and a

0.04 μm2 Au-capped Cu electrode on top of a 9 nm

thick PZT film. A large hysteresis in current is observed

for both devices. It is worth noting that devices with a

large difference in area show similar current densities

(see also Figure S4 in Supporting Information), which is

a strong indication for a homogeneous transport over

the electrode area, in contrast to a filament- or defect-

controlled transport. By running fromþ3 V to�3 V, the

current switches from the low conducting state (OFF)

to thehigh conducting state (ON) at approximately�2.1 V

and back to the OFF state at about 0.8 V when

sweeping from �3 V to þ3 V, as the polarization

presumably switches. The switching voltage varies

slightly from device to device. The OFF state is for

the polarization up and the ON state is for polariza-

tion down, with the as-grown state being OFF, in

agreement with the as-grown upward polarization

direction deduced from Figure 2a. The displacement

current peaks, clearly visible in Figure S3a, cannot be

seen here because of the long measurement time

as well as the low expected current density com-

pared to the current density in the ON state. The

switching behavior is observed for most of the

investigated devices, although some show high,

not switchable leakage, probably because of con-

ducting paths due to clustering of defects under-

neath those electrodes.

Figure 2. (a) Topographic and piezoresponse AFM images
of a ca. 9 nm thick epitaxial PZTfilm after poling two squares
in an as-grown regionwith a voltageof�2V (2� 2 μm2) and
þ2V (1� 1 μm2) appliedbetweenbottomelectrode and the
conductive AFM tip. A PFM-phase change by 180� with no
observable topographic change confirms the ferroelectric
nature of the PZT film. (b) HR-TEM micrograph of the same
PZT/LSMO/STO heterostructure.

Figure 3. (a) Current density j versus voltage V on a 1.5 μm2

and a 0.04 μm2 Cu/Au island on a ca. 9 nm thick PZT film
measured by different conductive coating of AFM tips
(Ti�Pt and conductive diamond, respectively) as sketched
in the inset, demonstrating that electrode size and tip do
not influence the result. (b) Electroresistance ER and ON/
OFF ratio versus operation voltage V calculated for the
1.5 μm2 device from (a). All lines are guides to the eye.
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The electroresistance (ER) is given by

ER ¼
j(PV,ON) � j(Pv,OFF)

j(PV,ON)
(1)

where j is the current density, which approaches in our

case unity; that is, the ratio between ON and OFF states

exceeds about 100, at reasonable operation voltages

below the switching voltage (see Figure 3b). However,

the ON/OFF ratio rises to 1500 (at�1.3 V), being higher

than in C-AFM based reports,23,20,22 as expected by the

thickness dependence of the electroresistance.31,23

The switched current density exceeds 10 A/cm2 at

voltages below the switching voltage, higher than in

Pt/BiFeO3/SrRuO3 heterostructures with much thicker

ferroelectric layers.10

To establish a direct correlation between ferroelec-

tric and resistive switching, simultaneous or consecu-

tive measurements of the voltage dependence of a

ferroelectric parameter, e.g., polarization, and the cur-

rent on the same device are necessary.19,21 Here, we

consecutively measure the IV characteristics and then

the piezoelectric loop on the same capacitor (Figure 4).

The IV characteristics show switching voltages of ap-

proximately 1.4 and �2.2 V. As expected, for ferro-

electric polarization switching, the PFM phase changes

by 180� at the coercive voltages (1.4 and �2.2 V,

corresponding to a coercive field of about 2 MV/cm,

on the order of what is observed in ultrathin ferro-

electric films21�23); that is, the coercive voltage and the

voltage at which the resistance switches coincide.

Therefore we conclude that the resistive switching is

originating in ferroelectric switching. Due to the small

size of the electrodes and the low currents, heating

effects of the tip are negligible.19 Hence, we do not see

that thecurrent influences thepiezoelectricmeasurements.

Retention is an important issue for the nonvolatile

memory cells, which in the case of ferroelectric mem-

ories is due to polarization back-switching or imprint

phenomena.2 In the present case retention provides

additional evidence for the ferroelectric origin of the

resistive switching. Some electrodes show stable cur-

rent states of the negatively poled state (ON state,

polarization down) for more than one hour (Figure 5a).

However, few devices (see Figure 5b) show rapid back-

switching of the polarization from down to up as

observed in the PFM-phase signal by a change of

180� after several 10 seconds. As shown in Figure 5b,

the current density of the same electrodes decays on a

similar time scale, which is in agreement with a polar-

ization back-switching scenario. This observation ex-

cludes any voltage-driven electrochemical effects on

the resistive switching, since during polarization and

resistive back-switching there is no electrical field

applied. The rather broad transition in current com-

pared to the switching in PFM phase is mostly due to

the difference in the effect of polarization switching on

the mechanical behavior (vibrations by piezoelectric

effect) and the electronic conduction: The polarization

switching proceeds by nucleation and growth even for

nanoscale capacitors,46 which means that at certain

stages during the back-switching the capacitor will

consist of domains with different orientations. While

the phase switches by 180� when more than 50% of

the area is switched, the influence of the polarization

Figure 4. IV and remnant PFM-phase hysteresis on the same
device (thickness: 9 nm, area: 0.6 μm2) in consecutive
measurements. The coercive voltages of ferroelectric
switching and current switching are identical within the
limits of the ac PFM probing voltage of 0.5 V. The lower
panel provides additionally the voltage, V, dependence of
the resistance, R. Figure 5. (a) Retentionproperties of a typical capacitor after

switching with �2.5 V recorded at �1.7 V, demonstrating a
long retention time. The error bars indicate the current
fluctuations during the measurement. Other capacitors
have smaller retention times, as shown in (b). The time
dependencyof the PFMphase after switchingwith(3V and
the current state at�1V after switchingwith�3V show that
back-switching of the polarization from down to up occurs
on the same time scale as the transition from high to low
conduction state. All lines are guides to the eye.

A
R
T
IC
L
E



PANTEL ET AL . VOL. 5 ’ NO. 7 ’ 6032–6038 ’ 2011

www.acsnano.org

6036

on the current is exponential andmay lead to an earlier

change in current during polarization back-switching.

One of the most important questions is related to

the transport mechanism that governs the electrore-

sistance. As the ferroelectric films are relatively thick

(9 nm), direct tunneling is rather unlikely. For the

investigated ferroelectric barrier thickness thermionic

injection is expected to prevail on the electronic

transport at room temperature.31 The corresponding

electric field (E) dependency of the current density

(jSchottky) for simple semiconductors is given by47

jSchottky ¼ A
��

T2 exp �
1

kBT
ΦB �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e3E

4πε0εifl

s

0

@

1

A

2

4

3

5

(2)

with temperature T, the effective Richardson's constant

A**, the image force lowering permittivity εifl, and the

potential barrier ΦB. The electric field E for a ferro-

electric material is a superposition of the applied field,

the depolarization field, and the field due to the band

alignment.7 In the Supporting Information (Figure S5),

we show a fit of the obtained IV data to eq 2, from

which we conclude that indeed thermionic injection

dominates the transport for the investigated film. The

obtained changes in barrier heights from 0.57 and

0.67 eV in the ON state to 1.33 and 0.63 eV in the

OFF state are consistent with the electrostatic model

for the dependence of an asymmetric barrier on the

polarization direction of a metal�ferroelectric�metal

heterostructure.41

Higher currents necessary for the use of low-cost

current amplifiers in memory applications9,10 can be

achieved in high-quality ferroelectric films with thick-

nesses below about 4 nm by tunneling,31 which also

provides electroresistance,48,41,20 or by using semicon-

ductor ferroelectrics.10

CONCLUSIONS

In summary, we have shown an approach to prepare

nanoscalemetal�ferroelectric�metal capacitors using

self-assemblymethods. These nanoscale capacitors are

subsequently used to clearly show the direct correla-

tion between resistive and ferroelectric switching in

ultrathin PZT films. A high resistance ratio, up to 1500,

as well as high switched current densities of about

10 A/cm2 open new pathways toward ferroelectricity-

based nonvolatile memory devices.

METHODS

Sample Preparation. PLD was performed at substrate tem-
peratures between 550 and 600 �C in an oxygen atmosphere

of 0.2 mbar ablating stoichiometric ceramic targets (with 10%
Pb excess for the PZT target). Base pressure of our PLD system is

below 5 � 10�6 mbar. The energy fluence of the KrF excimer

laser (λ = 248 nm) at the target was about 300 mJ/cm2. The 0.1�

off-cut STO (100)-oriented substrates were etched and an-
nealed before deposition to obtain an atomically flat, single

TiO2-terminated surface with approximately 200 nm wide

terraces separated by one unit cell high steps.49

For NSL a commercial water solution of monodisperse

polysterene latex spheres (2.5 wt %) was diluted 1:1 by volume

with isopropyl alcohol (p.a.) to reduce surface tension. For the

1 μm diameter spheres, 5 μL of the obtained solution was

dripped on the approximately 10� tilted sample surface and

dried at room temperature. More details on NSL can be found in

the Supporting Information.
For thermal evaporation, the Cu and Au were evaporated

from a tungsten coil and boat, respectively, at a distance of

10 cm from the sample. The sample could bemoved to allow for

metal heterostructures with the thicknesses controlled by a

quartz crystal. The pressure during the room-temperature deposi-

tion process was kept below 7� 10�6mbar to prevent oxidation.

Piezoelectric Force and Conductive Scanning Probe Microscopy. The
AFM-based investigations were carried out using a CP-Research

microscope (Thermomicroscope) with a variety of conductive

AFM tips (ATEC-EFM/Ir�Pt, NSC15/Ti�Pt, DDESP-FM/doped

diamond, CDT-FMR/doped diamond) in contact mode. A lock-

in amplifier (SR 830 DSP) was used to apply the ac probing

voltage (f = 24.5 kHz) with an amplitude of 0.5 V, well below

the coercive voltage of the PZT films, to the bottom electrode

and to measure the piezoresponse signal. Direct current

voltage pulses were also superimposed for remnant hyster-

esis measurements by the lock-in amplifier, where the piezo-

response was measured at Vdc = 0 V after poling with an applied

voltage for 200 ms.

For collecting IV curves the measured current was amplified
by 108 V/A with a variable gain sub femto ampere current
amplifier (Femto DDCPA-300) and subsequently by �10 (low-
noise preamplifier, SR 560) and filteredwith a lowpass filter (1 kHz).
The resulting voltage, proportional to the current, was mea-
sured by a KeithleyMultimeter 2000. The IVmeasurement setup
was previously calibrated using a Keithley Electrometer 6517B
connected to the tip. A 1 MΩ serial resistor limited the current
through theAFM tip. A full voltage sweep took about 10 s, i.e., on
the same time scale as the PFM loops.

For the retention measurement the polarization was
switched by a voltage pulse (�3 V, 1 s) into a defined polariza-
tion state. Consecutively, the voltage was held at 0 V. To
measure the current after a certain retention time, the voltage
was set to�1 V, and after 1 s (to let the current relax into a stable
state) the current was measured.

Transmission Electron Microscopy. High-resolution TEM investi-
gations were performed using a Jeol 4010 microscope. TEM
samples were prepared by standard methods (mechanical
polishing and ion milling).
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In the lower part of Figure 4, the resistance R should

be given in units of GΩ instead of MΩ. This does not

influence any conclusions drawn from the article.
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Figure 4. IV and remnant PFM-phase hysteresis on the same
device (thickness: 9 nm, area: 0.6 μm2) in consecutive mea-
surements. The coercive voltages of ferroelectric switching
and current switching are identicalwithin the limits of the ac
PFM probing voltage of 0.5 V. The lower panel provides ad-
ditionally the voltage, V, dependence of the resistance, R.
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