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barrier, an effect known as the tunneling electroresistance 
(TER) effect. [ 6–9 ]  An FTJ device can achieve two conductance 
states with a ratio as high as two orders of magnitude, as well 
as memory programming with a short voltage pulse (10 ns) 
and at modest current densities (∼1 × 10 4  A cm −2 ). In addi-
tion, FTJ devices have the potential to function as nanometer-
scale non-volatile memory devices, operating with low power 
consumption. [ 7,10 ]  Nonetheless, FTJ devices with nearly ideal 
characteristics have only been demonstrated on perovskite het-
erostructures that were deposited on closely lattice-matched, 
 non-silicon  substrates such as SrTiO 3  (STO) and NdGaO 3 . [ 6–9 ]  
Although these substrates can provide compressive strain to 
the ferroelectric BaTiO 3  (BTO), achieving room temperature 
ferroelectricity and possibly the TER effect in layers only a few 
nanometer thick, they are not compatible with the ubiquitous 
microfabrication technologies based on the silicon platform. 
This has so far limited the application of FTJs as memory 
technology. 

 In this work, we demonstrate epitaxial FTJ devices with the 
TER effect on Si(001) wafers, fabricated by pulsed laser deposi-
tion (PLD). This is accomplished by including a thin layer of 
STO as an epitaxial template on silicon. Using transmission 
electron microscopy (TEM), scanning TEM (STEM) high angle 
angular dark fi eld (HAADF) imaging, and electron energy loss 
spectroscopy (EELS), we demonstrate near-atomically sharp 
chemical interfaces with  c -axis orientation in the perovskite 
heterostructures. Enhanced tetragonality  (c/a ) and room tem-
perature ferroelectricity in ultrathin BTO are revealed by aberra-
tion-corrected high resolution TEM (HRTEM) and piezoelectric 
force microscopy (PFM), respectively. Using conductive AFM, 
the polarization switching-induced change in tunneling resist-
ance is measured to be two orders of magnitude. This resis-
tive switching behavior is further verifi ed using a model based 
on tunneling currents through a trapezoidal potential barrier 
whose profi le can be modulated by polarization switching. 

 The epitaxial La 0.7 Sr 0.3 MnO 3  (LSMO) and 3.2 nm thick BTO 
fi lms used in this work were grown by pulsed laser deposition 
on silicon wafer using an STO buffer layer.  Figure    1  a presents 
the LSMO/BTO heterostructure and corresponding atomic-
resolution STEM-HAADF image of the cross-sectional sample. 
As the HAADF intensity is proportional to the local atomic 
number (∼Z 1.7 ), the different chemical layers can be identifi ed. 
The BTO barrier layer is confi rmed to be 8 unit cell thick. The 
HAADF image and intensity profi le in Figure  1 b demonstrate 
near-atomically sharp interfaces in the STO/LSMO/BTO stack, 
suggesting that cationic mixing at the interfaces is minimal. 
In addition, the conventional HRTEM image in Figure  1 c pre-
sents the  c -axis oriented epitaxial perovskite stacks with BTO 
and LSMO thickness of ∼3.2 nm and 13.3 nm, respectively. 

  The pursuit of non-volatile memory devices on silicon with 
high storage density, high speed and low power consumption 
has been an important driving force for the study of new mate-
rials and designs of nanoscale architectures. [ 1 ]  Flash memory 
is currently the main commercialized non-volatile memory 
in embedded chips. [ 2 ]  However, fl ash has some drawbacks, 
such as long programming times, limited cycle endurance 
and high programming voltages (around 10 V). A number of 
alternative memory technologies, namely magnetic random 
access memory (MRAM) and ferroelectric RAM (FeRAM) 
have achieved higher programming performance than fl ash, 
but scaling-down these technologies remains challenging. [ 3,4 ]  
Recently, ferroelectric tunnel junction (FTJ) devices emerged 
as an alternative memory technology, attracting much attention 
of solid-state physicists and materials scientists. Conceptual-
ized in the 1970s by Esaki et al., [ 5 ]  it has been experimentally 
demonstrated that when an ultrathin ferroelectric fi lm serves as 
barrier layer in tunnel junction devices, the quantum-mechan-
ical tunneling current and resistance can be manipulated non-
destructively via the polarization direction of the ferroelectric 
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Figure  1 c also shows that the layer between the silicon and the 
STO is amorphous. As was shown earlier in experiments that 
used molecular beam epitaxy (MBE, instead of our PLD) as 
growth technique, [ 11 ]  such an amorphous layer forms when sil-
icon reacts with the oxygen from the epitaxially grown STO; in 
the Supporting Information (Figure S3c), we demonstrate that 
this amorphous layer consists of SiO 2 . The X-ray diffraction 
(XRD) θ–2θ scan of the Si/STO/LSMO/BTO stack confi rms the 
TEM results, indicating monocrystallinity and  c -axis orientation 
of the perovskite fi lms on (001) silicon (Supporting Figure S1). 
From selected area electron diffraction (SAED), the crystal ori-
entation is determined as perovskite (100)� silicon (110), which 
shows that the perovskite orientation is rotated in-plane by 45° 
with respect to the silicon crystal (Supporting Figure S2). These 
results are similar to the epitaxial perovskite fi lms on silicon 
grown by MBE. [ 12,13 ]  The average in-plane lattice parameter of 
perovskite fi lms measured by SAED is 0.391 ± 0.005 nm which 
is smaller than that of bulk BTO (0.399 nm), suggesting pos-
sible strain enhancement of ferroelectricity in ultrathin BTO.  

 Typically, the epitaxial strain and polarization in ferroelectric 
materials are coupled, leading to a direct relationship between 
polarization and tetragonality ( c/a ). [ 14,15 ]  To quantitatively study 
the degree of tetragonality in the BTO barrier layer, spherical 
aberration- corrected HRTEM with sub-Angstrom resolution is 
used. A HRTEM image of ultrathin BTO on the [010] zone axis 
with multislice-simulated atom positions is shown in  Figure    2  a. 
The accurate positions (coordination) of cation columns are 
determined by means of a least-squares fi t of the individual 
contrast minima by Gaussian intensity profi les, and the posi-
tions of contrast minima are regarded as the peak centroids. 
The lattice parameters  a  and  c  can then be extracted from the 

coordination of the cation columns. [ 16 ]  Figure  2 b presents a 
unit-cell scale mapping of tetragonality  c/a  values in the BTO 
fi lm from an area of 21 unit cells along the in-plane direction by 
8 unit cells along the out-of-plane direction. It can be seen that 
the spatial distribution of tetragonality values is quite uniform 
in BTO. The tetragonality as a function of distance along the 
 c -axis, shown in Figure  2 c, plots the average values for each of 
the 8 rows of BTO unit cells, with the error bars indicating the 
95% confi dence interval. The tetragonality remains nearly con-
stant around 1.045 from the LSMO/BTO interface to the BTO 
surface. Compared with the  c/a  value of bulk BTO (1.010), the 
tetragonality of this ultrathin BTO on LSMO grown on sili con 
is enhanced. The lattice constants of BTO are measured as 
 a  = 0.395 ± 0.005 nm and  c  = 0.413 ± 0.005 nm, with the cor-
responding compressive strain level +1.0% along the in-plane 
direction compared with the bulk BTO. The tetragonality 
value of BTO on our silicon platform is similar to the earlier 
published  c/a  = 1.051 obtained from 2 nm BTO grown on a 
NdGaO 3  substrate with an LSMO buffer, and larger than the 
 c/a  = 1.038 from BTO grown on DyScO 3  for  T C   > 900 K. [ 14,17 ]  As 
epitaxial strain can also modify the crystal fi eld-sensitive EELS 
fi ne structure, [ 18,19 ]  we confi rm from the BTO EELS Ti  L 3   edge 
energy splitting in Figure S3 that the BTO lattice is strained. 
In addition, the EELS fi ne structure of the BTO Ti- L 2,3   edge is 
typical of Ti 4+  cations, excluding the possibility of oxygen vacan-
cies-driven formation of Ti 3+  cations in BTO. [ 20 ]   

 The surface topography of the Si/STO/LSMO/BTO is 
shown in  Figure    3  a. The roughness is ∼300 pm, indicating 
an atomically smooth surface. Ferroelectric characterization is 
performed by PFM; Figures  3 b and  3 c show the out-of-plane 
PFM phase and amplitude images, respectively, of ferroelectric 
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 Figure 1.    STEM and TEM on the Si/SiO x /STO/LSMO/BTO stacks. a) A STEM-HAADF image and corresponding confi guration of the stacks; the black 
dashed lines indicate the position of the BTO fi lm. The metal protection layer with closed-packed structure can be identifi ed on top of the perovskite 
BTO, as marked by the yellow hexagonal (metal side) and cubic (BTO side) units. b) HAADF averaged intensity profi le across the LSMO/BTO interface. 
c) A lattice image in TEM mode; the dashed lines and arrows indicate the location of the BTO layer.
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domains written on the 3.2 nm thick BTO. The antiparallel 
polarization is revealed by 180° phase contrast which can be 
observed without degradation for several hours. The PFM hys-
teresis loop in Figure  3 d indicates the ferroelectric nature of 
the BTO layer. The coercive voltages are found to be –1.4 V and 
+1.2 V. The polarization-induced change of tunneling current is 
measured by the following approach that can show a new pos-
sibility of FTJs made on silicon: the voltage is applied to the 
bottom electrode, and contact is made through contacting a 
conductive AFM tip on the BTO fi lm surface, measuring the 
current via conductive AFM. [ 6,7,21 ]  The ferroelectric polariza-
tion is fi rst switched upward (pointing towards the AFM tip) or 
downward (pointing towards LSMO) by applying a dc voltage 
( V Write  ) between the AFM tip and the bottom electrode, with 
| V Write  |>| V C  |, the latter being the coercive fi eld. Subsequently, 
the corresponding tunnel current ( I ) is measured at low dc 
voltage, with  V Read   sweeping from –250 mV to +250 mV, which 

is below  V C  . The measured  I – V Read   curves of BTO with opposite 
polarization states are shown in Figure  3 e. Both are nonlinear 
and nearly symmetric, which is typical for a tunnel junction. [ 6–9 ]  
These characteristics are very different from the I–V curves of 
other resistive switching devices on silicon, where the switching 
is based on the formation of conductive fi laments. [ 22,23 ]  In addi-
tion, the topographic images of the surface after the tunnel cur-
rent measurements do not show any sign of pinhole formation 
which would be induced by dielectric breakdown. Following the 
work of Gruverman et al. and Chanthbouala et al., [ 6,7 ]  we infer 
that the observed resistive switching behavior is caused by the 
ferroelectric polarization reversal. In case of our 3.2 nm thick 
BTO fi lm, the currents reach 9.84 × 10 −9 A and 4.63 × 10 −11 A 
at the polarization down (ON) state and the up (OFF) state, 
respectively when the  V Read   is 250 mV, giving a TER ratio of 
212. The Hertz model is used here to estimate the area of AFM 
tip-sample contact, giving an approximate value of 105 nm 2 . [ 24 ]  
Then the measured tunneling currents in Figure  3 e imply 
a curent density  J  of 9 × 10 3 A/cm 2  and a sheet resistance of 
2 × 10 3  Ω·µm 2  when  V Read   = 250 mV in the ON state. These 
values are comparable with the experimental data of FTJ with a 
BTO barrier layer grown on perovskite substrates. [ 7,25 ]  A similar 
ON/OFF phenomenon induced by polarization reversal was 
also reported in a ferroelectric Schottky diode, however, the 
thickness of the ferroelectric layer was hundreds of nanometers 
and the current density around 10 −3  A/cm 2 . [ 26 ]  That value is sev-
eral orders of magnitude smaller than what we obtained in this 
work, therefore, the ferroelectric Schottky diode mechanism 
can be excluded here. In addition, we performed a fatigue and 
endurance test of the resistive switching in this FTJ, the results 
are shown in Figure  3 f. It is demonstrated that the ON/OFF 
ratio of about 200 in the FTJ on silicon can be maintained for 
up to at least 10 000 cycles.  

 Theoretically, the polarization reversal can change the den-
sity of states at BTO/electrodes interfaces and the electronic 
band structure of the barrier. To simulate the measured  I – V Read   
curves and verify the mechanism of the observed resistive 
switching associated with polarization reversal, a model based 
on the TER effect is employed, involving a tunneling current 
through a trapezoidal potential barrier whose profi le depends 
on polarization direction [ 6,27 ]  (details can be found in the Sup-
porting Information). In the confi guration of transport meas-
urement, the LSMO bottom electrode and Pt-Ir top electrode 
(the AFM tip is coated with Pt-Ir alloy, so it is regarded as the 
top electrode of the BTO here) have different screening lengths, 
which leads to an asymmetry in the potential profi les of the 
junction. The barrier has a width of  d  and amplitudes of elec-
trostatic potential at the LSMO/BTO and BTO/Pt-Ir interfaces 
of  φ  1  and  φ  2 , respectively. Figure  3 e shows a fi t of the experi-
mental  I – V Read   curves for 3.2 nm thick BTO using the following 
parameters:  φ  1  = 0.21 eV and  φ  2  = 0.71 eV for polarization down 
(ON state), and  φ  1  = 0.15 eV and  φ  2  = 1.43 eV for polarization 
up (OFF state). The respective change in the potential energy 
profi les of the junction is schematized in Figure S4 in the Sup-
porting Information. The potential energy difference  φ  2 – φ  1  is 
adjusted from 0.5 eV to 1.28 eV due to polarization reversal in 
the down-to-up direction. The 0.78 eV change of  φ  2 – φ  1  value in 
our experiments is close to that reported by Gruverman et al. [ 6 ]  
This energy difference controls the asymmetry of the potential 

Adv. Mater. 2014, 
DOI: 10.1002/adma.201402527

www.advmat.de
www.MaterialsViews.com

 Figure 2.    Tetragonality  c/a  measurement from HRTEM imaging. 
a) HRTEM taken by a spherical aberration- corrected TEM, the multislice- 
simulated positions of Ba (yellow spheres) and Ti (red spheres) are 
indicated. The simulation conditions include a defocus of –21 nm and 
sample thickness of 3.6 nm. The dashed line indicates the LSMO/BTO 
interface which is determined by comparing the corresponding HAADF-
STEM image. b) Unit-cell scale mapping of the tetragonality of BTO. 
c) The distribution of BTO tetragonality as a function of distance from 
the LSMO/BTO interface (left in the plot) to the BTO surface (right). The 
dashed line indicates the tetragonality value of bulk BTO.
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profi le and plays a decisive role in the resistance change due 
to the polarization reversal. [ 28 ]  Meanwhile, the average poten-
tial barrier height U Up  (0.79 eV) for the polarization up-state 
is larger than U Down  (0.46 eV) for polarization-down. This fact 
makes the conductance for polarization-down much larger than 
that for polarization-up, resulting in the observed TER effect. 

 Although the above results are measured from a non-opti-
mized device, nanoscale ferroelectricity and the giant TER 
effect have been readily observed in our FTJ on silicon. Some 
key parameters of the junction, including the tetragonality and 
ferroelectricity of BTO, the TER ratio, current density and the 
modifi ed potential barrier height are comparable with  junctions 
grown on perovskite substrates. With this device built on 
 silicon, the FTJ memory can be integrated with other microe-
lectronic components to form integrated circuits. Furthermore, 
our design is expected to lead to nonvolatile memory units on 
silicon with four-state functionality, by using multiferroic mate-
rials as barrier layer, [ 29 ]  or utilizing the coupling effect between 
the ferroelectric layer and ferromagnetic electrodes. [ 30 ]  

 In summary, we have demonstrated and verifi ed the giant 
TER effect in silicon-based ferroelectric tunnel junction devices 
with 3.2 nm thick, epitaxial BTO. Enhancement of tetragonality 
and corresponding room-temperature ferroelectricity in the 
ultrathin BTO barrier layer are confi rmed by both transmission 
electron microscopy techniques and piezoelectric force micros-
copy, respectively. Upon polarization reversal, the tunneling 
conductance changes by two orders of magnitude. Our results 
suggest the possibility of integrating FTJs as binary data storage 

media in nonvolatile memory cells on silicon wafers, opening a 
door to greatly miniaturized silicon-based, non-volatile memory 
devices.  

  Experimental Section 
 The silicon substrates were fi rst dipped into a ∼5% HF solution for 
20∼30 s to remove the native silicon oxide on the surface and to form 
a hydrogen-terminated surface, followed by an immediate transfer into 
the PLD chamber. The deposition process of the perovskite fi lms was 
performed using a KrF laser (λ = 248 nm) with a fl uence of 2 J/cm 2  and 
repetition rate of 1 Hz. STO with a thickness of 3 nm was deposited on 
silicon substrates as buffer layers at room temperature under an oxygen 
pressure of ∼1 × 10 −4  Pa. The substrate temperature was then raised to 
620 °C for the annealing process. An in-situ refl ected high energy electron 
diffraction (RHEED) system and CCD camera were used to monitor 
the crystallization process of the STO layer. The RHEED streak pattern 
was observed when the STO was well-crystallized from amorphous to 
a  c -axis oriented single crystal. Afterwards, LSMO, which worked as 
an electrode to facilitate electrical measurements, was subsequently 
deposited at a temperature of 780 ºC under an oxygen pressure of 
26 Pa, avoiding oxygen vacancies and cation non-stoichiometry during 
growth. [ 31 ]  The BTO was grown at 650 ºC under an oxygen pressure of 
7 Pa. The samples were annealed for 0.5 h at 650 ºC and then cooled to 
room temperature, all under an oxygen pressure of 1000 Pa. A Rigaku 
Smartlab high-resolution diffractometer with copper X-ray generator 
tube was used for XRD measurements. Before TEM sample preparation, 
a Cr/Au layer was deposited on BTO, to protect the perovskite fi lm from 
beam damage during ion milling. TEM specimens were prepared to 
electron transparency by grinding, dimpling, and ion milling in a Gatan 
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 Figure 3.    a) AFM topography of 3.2 nm thick BTO on LSMO/STO/silicon wafer. b) PFM out-of-plane image and c) amplitude image of the polariza-
tion pattern recorded after writing an area of 2 × 2  μm  2 square (polarization downwards in purple area and upwards in yellow area) with +3 V used as 
conductive tip bias. d) Local PFM hysteresis loops: top, phase signal; bottom, amplitude signal. e)  I – V Read   curves of BTO with opposite polarization 
states measured by conductive AFM. The solid lines shows the fi t of our model to the experimental data. f) Bipolar resistive switching by cycling with 
±3 V voltage pulses.
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Precision Ion Polishing System. The specimens were cleaned briefl y in 
an oxygen plasma, and then transferred directly into the microscopes for 
observation. An FEI Titan 80-300 TEM with Schottky emitter, operated at 
200 kV was employed for Z-contrast imaging and EELS line scans with 
a probe diameter of 1 nm, in STEM mode. The TEM images of BTO 
for tetragonality analysis were taken by a conventional JEOL 2010F TEM 
and a JEOL 2100F TEM equipped with an imaging spherical aberration 
corrector. [ 32 ]  Scanning probe microscope experiments were conducted 
on a Cypher AFM from Asylum Research. Conductive Pt-Ir-coated silicon 
cantilevers (from NanoWorld Company) were used for piezoelectric 
force microscope (PFM) imaging and polarization switching studies. 
The ferroelectric hysteresis loops collected during polarization switching 
were measured in DART (dual a.c. resonance tracking) mode. Both 
phase and amplitude images were recorded in single-frequency PFM 
mode. The I–V characteristics of the tunnel junction were performed 
in conductive AFM (C-AFM) mode using a Keithley 6430 Source Meter 
connected with the sample holder. The bias voltage was applied to the 
LSMO bottom electrode and the AFM tip was grounded for all C-AFM 
measurements. In the fatigue and endurance test of the resistive 
switching, voltage was applied to the BTO with a square wave form of 
±3 V during cycling. After every 1000 cycles, the ON (polarization down)/
OFF (polarization up) state was set by applying a 100 µs voltage pulse of 
–3 V/+3 V for the corresponding tunneling current measurements (with 
 V Read   = 250 mV).  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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