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a b s t r a c t 

Ferroelectric tunnel junctions have attracted intensive research interest due to the fundamental physics 

and potential applications in high-density data storage and neuromorphic computation. However, the in- 

trinsic physical origin, especially at atomic scale, of polarization-controllable tunneling current is still 

controversial due to the degradation of ferroelectric polarization and the extrinsic conduction induced by 

defects or oxygen vacancies. Here, a large tunneling electroresistance effect of over 10,0 0 0% in a thick 

( ∼15 nm) tetragonal-phase BiFeO 3 thin film is observed, where a nanoscale point-contact geometry is 

delicately designed to reduce the extrinsic defect effects. By combining transmission electron microscopy 

and first-principles calculations, the atomic and electronic structures of BiFeO 3 tunneling layer are in- 

vestigated. The corresponding results indicate the different charge transfer occurs at the top and bottom 

interface, which induces distinct tunneling barrier asymmetry when the polarization direction is opposite. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Polarization controllable tunneling behaviors in ferroelectric 

unneling junctions (FTJs) [1–3] has attracted intensive research in- 

erest due to the applications for high-density integrated multi- 

tate memories [4–7] and ultra-fast solid state neuromorphic 

ynapse emulation [ 8 , 9 ]. To date, a lot of effort s have been

aken to modulate the so-called tunneling electroresistance (TER) 

ffect, such as introducing the asymmetric potential profile in 

etal/ferroelectric/metal (M 1 /F/M 2 ) [ 1 , 10 , 11 ] or metal/ ferroelec-

ric/semiconductor (M/F/S) junctions, inserting phase transition in- 

erlayer (e.g. doped manganites) [12–14] , taking advantage of ionic 

ontrolled interface engineering [15] or utilizing two-dimensional 

erroelectric tunneling barrier [10] . However, the intrinsic physical 

rigin of polarization controlled ON/OFF states in FTJs is still ob- 

cure, especially at the atomic scale. 
∗ Corresponding author at: Advanced Research Institute of Multidisciplinary Sci- 

nce, School of Materials Science and Engineering, Beijing Institute of Technology, 

eijing 10 0 081, China. 

E-mail address: jwang@bit.edu.cn (J. Wang). 
1 This author was an editor of the journal during the review period of the article. 

[  

g

t

t

B

e

ttps://doi.org/10.1016/j.actamat.2021.117564 

359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
The challenge of exploring the intrinsic physical origin of 

olarization-modulated TER effect arises from the following. First, 

y using of a capacitor configuration, almost all FTJs require ul- 

rathin (normally several unit cells) ferroelectric tunneling barrier 

 14 , 16 , 17 ]. Whereas, this requirement is contradictory to the fer-

oelectric degradation effect in the thin films with limited thick- 

ess [18] , resulting in the extrinsic conduction mechanism, such as 

efects induced leakage current or oxygen vacancy induced resis- 

ive switching effect [ 19 , 20 ], dominant instead of the intrinsic one. 

dditionally, the large contact area between the metallic electrode 

nd ferroelectric oxide surface will increase the transport area of 

arriers, which induces a large defects concentration and a large 

umber of conduction filaments [21] , resulting in low TER effect. 

o address these challenges, on the one hand, ferroelectric tunnel- 

ng barrier with an intrinsic large polarization magnitude is needed 

o magnify the asymmetric effect of interfacial potential barrier 

 22 , 23 ]; on the other hand, it is highly desired to design a FTJ

eometry allowing ferroelectric tunneling behaviors occur in thick 

hin films with robust polarization, which can effectively reduce 

he extrinsic defect effect. 

Previous reports have demonstrated that tetragonal-phase 

iFeO 3 (T-BFO) exhibits a large magnitude (150 μC/cm 

2 ) of ferro- 

lectric polarization [ 24 , 25 ], providing us a good candidate for ex- 

https://doi.org/10.1016/j.actamat.2021.117564
http://www.ScienceDirect.com
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loring the ferroelectric tunneling behavior. In this work, we in- 

estigate the local ferroelectric tunneling behaviors based on Pt/T- 

FO/(La,Sr)MnO 3 (Pt/T-BFO/LSMO) junction by utilizing a point- 

ontact geometry, where the large local electric field allows ferro- 

lectric tunneling process occurs in thick thin films, and the small 

ontact area between the nanoscale top electrode and ferroelec- 

ric film surface also shrinks the transport area for the tunnel- 

ng carriers, effectively decreases the defects effect and thus en- 

ances the TER effect. By combination of scanning transmission 

lectron microscopy (STEM) and first-principles calculations, the 

odulation of potential barrier at the top and bottom interfaces by 

he opposite polarization is investigated, which explains the high 

nd low conductance state and the large TER effect in this T-BFO 

ased FTJ. 

. Experimental methods 

T-BFO thin films with a ∼15 nm thickness is grown on (001)- 

riented LaAlO 3 (LAO) single-crystal substrate by a pulsed laser 

eposition (PLD) technique. LSMO thin film with a thickness of 

3 nm is deposited beforehand as the bottom electrode. The 

rowth temperature for both T-BFO and LSMO is maintained 

t 680 °C, and the growth oxygen pressure is maintained un- 

er 0.2 mbar. During the thin-film growth, a KrF excimer laser 

ith a wavelength of 248 nm, repetition rate of 5 Hz, and en- 

rgy density of ∼1.5 J/cm 

2 is used. After the thin-film deposi- 

ion, the specimens are slowly cooled down to room tempera- 

ure with an oxygen pressure of 200 mbar and a cooling rate of 

0 °C/min. 

The morphology, ferroelectric domains and I - V curves for BFO 

lms are characterized by atomic force microscopy (AFM) system 

Infinity Asylum Research AFM and Bruker AFM). The ferroelec- 

ric domain pattern and the polarization switching loops are char- 

cterized by the piezoresponse force microscopy (PFM) mode. I - 

 curves of T-BFO films are performed in ambient conditions by 

onducting-atomic force microscopy (c-AFM) mode. During PFM 

nd c-AFM measurements, a commercial AFM tip with Pt/Ir-coated 

i cantilever is used as a top electrode. 

The crystalline structure of the epitaxial T-BFO thin film is char- 

cterized by X-ray diffraction (PANalytical X 

′ Pert), which include 

−2 θ scan and RSM diffraction pattern around (002) LAO. Addi- 

ionally, an aberration-corrected FEI Titan Themis G2 operated at 

00 kV is used for atomic-structure analysis for the interfaces of 

FO/LSMO/LAO junction, with sub-Angstrom spatial resolution. We 

etermine the position of atoms in the atomically resolved HAADF 

mage by simultaneously fitting two-dimensional Gaussian peaks, 

hus calculating the polarization. The TEM sample is prepared by 

raditional mechanical polishing and argon ion milling with PIPS TM 

Model 691, Gatan Inc.). 

First-principles calculations are performed using VASP [ 26 , 27 ] 

ith the generalized gradient approximation parameterized by 

erdew et al. [28] . We construct a LSMO/T-BFO/Pt junction with 

ve atomic layers of LSMO, nine of T-BFO and five of Pt. 

he in-plane lattice constant is fixed with the value of LAO 

 a = b = 3.79 Å). The internal coordinates of all the layers of

-BFO, two interfacial layers of LSMO and one interfacial layer 

f Pt are fully relaxed. The energy and force convergence cri- 

eria are 10 −5 eV/atom and 0.03 eV/ ̊A, respectively. By conver- 

ence test, Kohn-Sham single-particle wavefunctions are expanded 

n the plane wave basis set with an energy cutoff at 500 eV, 

nd Monkhorst-Pack k -mesh of 3 × 3 × 1 is used for the FTJ 

odels. A vacuum layer of 24 Å is adopted to prevent the ar- 

ificial coupling between adjacent periodic images. The on-site 

oulomb interactions of 3d states are treated within GGA + U 

pproach with U eff = 3 [29] and 4 eV [30] for Mn and Fe,

espectively. 
2 
. Results and discussion 

Epitaxial T-BFO thin films are prepared on LAO substrate by us- 

ng a PLD technique, where a LSMO bottom electrode with a thick- 

ess of ∼3 nm is pre-grown for the electrical transport measure- 

ent. Fig. 1 (a) shows AFM image of the film surface with atomic- 

cale terraces. Additionally, the crystalline structure of the thin film 

s characterized by X-ray diffraction (XRD), and the strong signal in 

eciprocal Space Map (RSM) around LAO-(002) ( Fig. 1 (b)) indicates 

 good epitaxial feature of T-BFO thin film. The electron diffrac- 

ion pattern (Fig. S1(a)) and the calculated c/a ratio of ∼1.26 (Fig. 

1(b)) further confirm the pure T-phase of the thin film, which 

s consistent with the previous observation [ 24 , 31–33 ]. Fig. 1 (c)

hows high-angle annular dark-field (HAADF)-STEM image for the 

FO/LSMO hetero-structure, where the white arrow indicates the 

s-grown polarization orientation pointing from LSMO to BFO, and 

he yellow arrows describe the direction and magnitude of the po- 

arization in each unit cell. Fig. 1 (d) shows the average polarization 

agnitude within the orange box in Fig. 1 (c), which demonstrates 

he large polarization magnitude of ∼ 140 μC/cm 

2 for T-BFO in the 

ocation away from the interface. Before we investigate the polar- 

zation modulated TER effect for T-BFO, the corresponding ferro- 

lectric properties are characterized by PFM. The rectangular hys- 

eresis loops with a phase variation of ∼180 ° during the polariza- 

ion switching in Fig. 1 (e) indicates the robust ferroelectric prop- 

rties of the T-BFO thin film. The distinction between positive and 

egative coercive fields arises from the asymmetric built-in fields 

t the top and bottom interfaces [34–36] . Further PFM phase im- 

ges in Fig. S2 indicates the as-grown domain state is uniformly 

pward, which is also consistent with the polar mapping in STEM 

ata in Fig. 1 (c) and the previous reports [ 24 , 34 ]. Fig. 1 (f) shows

he box-in-box domain pattern, where the out-of-plane downward 

nd upward poling field ( ±5 V) is applied on the scanning probe 

n a 3 × 3 μm 

2 (bright color) and a 1 × 1 μm 

2 (dark color) area,

espectively. Such box-in-box domain pattern also indicates the 

ewer pining defects in the thin film. 

In FTJs with perpendicular capacitor structures (see Fig. 2 (a)), 

pward/ downward ferroelectric polarizations will induce posi- 

ive/negative (‘ + ’/‘-’) and negative/positive (‘-’/‘ + ’) bound charges 

ccumulating at top and bottom interfaces, respectively. The posi- 

ive and negative bound charges will induce screening charges, e.g., 

lectrons (‘ �’) accumulating/depleting at the top Pt/BFO interface 

nd holes (‘ �’) accumulating/depleting at the bottom BFO/LSMO 

nterface, respectively [37] . Such kind of field effect will induce dis- 

inct tunneling barriers for FTJs with opposite polarization states, 

nd thus the corresponding different conductance states. To re- 

uce the extrinsic effect (such as charged defects) on the ferroelec- 

ric tunneling process, a point-contact geometry, with a nanoscale 

op electrode, is delicately designed as shown in the schematics of 

ig. 2 (b). Before we investigate the ferroelectric tunneling behav- 

or of T-BFO, a downward domain region is pre-poled utilizing the 

canning probe with positive voltage of 5 V. Fig. 2 (b) shows the 

ypical current-voltage ( I - V ) hysteresis loops obtained from differ- 

nt locations of T-BFO thin film by c-AFM, where the FTJ exhibits 

igh resistance state when the polarization is downward, while it 

ramatically changes to a low resistance state when the polariza- 

ion is switched to upward by the positive sample bias. The differ- 

nce of the switching voltage for ferroelectric polarization (0.6 V 

n Fig. 1 (e)) and the resistance state (2.0 V in Fig. 2 (b)) is consis-

ent with that of other works [ 3 , 38 , 39 ]. Additionally, the contribu-

ion of charge defects can also be excluded from the following two 

oints: First, due to a nanoscale Pt tip (contact radius: ∼10 nm 

40] ) was used as the top electrode, the contact area between the 

op electrode and T-BFO surface was greatly decreased. Thus, the 

oncentration of the possible charge defects during the electrical 

ransport process can be largely reduced, as demonstrated by the 
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Fig. 1. High-quality T-BFO thin film and the corresponding ferroelectric properties. (a) Surface morphology of the (001)-oriented T-BFO film. (b) RSM pattern of T- 

BFO/LSMO/LAO heterostructure around (002)-LAO. (c) HAADF-STEM image and overlaid polar vectors of T-BFO/LSMO. Scale bar, 2 nm. (d) Polarization evolution along orange 

dashed line across BFO/LSMO interface. (e) PFM phase-voltage loops obtained from different locations of T-BFO surface. (f) Out-of-plane PFM phase image for a box-in-box 

domain pattern. 
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-V curve in Fig. S3, where the I-V curve for the high resistance 

tate (downward domain state) shows negligible current until an 

brupt enhancement of the current occurs at the switching volt- 

ge. Second, the I-V curve shows a unidirectional feature in our 

ork (Fig. S3), which is different from the I-V curve obtained in a 

alcium-ion doped BFO [41] , where the electrical transport is ma- 

orly controlled by the charged defects (e.g., oxygen vacancies), and 

 bidirectional feature is always observed for the I-V curve in that 

ase. Since the tunneling current at low resistance state is over the 

imitation of the current amplifier, each I - V curve shows a platform 

hen the current magnitude is above ∼600 nA. In order to calcu- 

ate the TER, the backward tunneling current is extracted from the 

tting curves, as described by the dashed lines in Fig. 2 (b). One 

an clearly see that the difference of the abrupt tunneling current 

ith upward polarizations and the corresponding TER within the 

nvestigated voltage range ( Fig. 2 (c)) is very small, which indicate 

he homogeneous and intrinsic ferroelectric tunneling behavior ob- 

erved in T-BFO thin film with point contact geometry. The max- 

mum TER for this FTJ with ∼15 nm ferroelectric tunneling bar- 

ier approaches to ∼3 × 10,0 0 0%, which is nearly close to the case 

ithin ultrathin ( ∼4.6 nm) T-BFO tunneling barrier [22] . 

The I-V curves with semi-logarithmic coordinate are also plot- 

ed as shown in Fig. 2 (d–f), which further indicates the negligi- 

le current for the high-resistance state, which takes advantage 

f the point-contact geometry used in our work. To further anal- 

sis the conduction mechanism for the large conduction with an 

pward polarization state, the I-V curve obtained for the upward 

olarization state with multiple conduction mechanisms, includ- 

ng Thermionic emission (Schottkey emission) [42] , Poole-Frenkel 

mission [43] , and Fowler-Nordheim tunneling [44] , respectively, 

s shown in Fig. 2 (g–i). Thus, we conclude that for the small 
3 
weeping voltage (0.8 ∼1.5 V), the I-V curve is consistent with 

he Thermionic emission (Schottkey emission). While for the large 

weeping voltage (1.5 ∼1.9 V), the I- V curve can be described using 

oole-Frenkel emission or Fowler-Nordheim tunneling model. 

Before we investigate the significant role of polarization- 

ependent interfacial barriers on tunneling behaviors, the atomic 

tacking sequences of BFO/LSMO/LAO heterostructure are con- 

rmed by STEM as shown in Fig. 3 . From HAADF-STEM image 

f Fig. 3 (a), the sharp L SMO/LAO and BFO/L SMO interfaces can 

e clearly observed, indicating a good epitaxial quality. The en- 

rgy dispersive spectrometer (EDS) mapping images for La, Al and 

n demonstrates the termination of AlO 2 -plane for LAO substate, 

nd the atomic stacking sequence is LaO-AlO 2 -(La,Sr)O-MnO 2 for 

SMO/LAO interface and (La,Sr)O-MnO 2 -BiO-FeO 2 for BFO/LSMO 

nterface. This atomic stacking sequence is also illustrated in 

ig. 3 (b). One thing we need to notice is that this staking model 

as been also demonstrated to show an upward built-in bias for 

his junction, which results in the virgin domain state is upward 

 45 , 46 ], well consistent with the above PFM and TEM results. 

According to the above experimental evidence of atomic stak- 

ng sequences, first-principles calculations are performed to con- 

truct Pt/T-BFO/LSMO heterostructure and explore the correspond- 

ng charge transfer at the top and bottom interface, respectively. 

s shown in Fig. 4 (a) and 4 (b), the atomic structure of Pt/T- 

FO/LSMO heterostructure with five atomic layers of LSMO, nine 

f T-BFO and five of Pt is constructed, where the polarization in 

FO layer points to LSMO and Pt, respectively. In order to facilitate 

he analysis, we now define the alternative BiO-layer and FeO 2 - 

ayer to be layer-I (close to BFO/LSMO interface) to layer-IX (close 

o Pt/BFO interface), respectively. According to the first-principles 

esults, charge transfer occurs both at BFO/LSMO and Pt/BFO in- 
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Fig. 2. Polarization-dependent TER effect in Pt/T-BFO/LSMO junction with a point-contact geometry. (a) Modulation of interfacial screening charges by opposite polarizations 

in Pt/BFO/LSMO junction. (b), (c) I - V curves and TER obtained from different data points in T-BFO thin film. (d–f) I-V curves plotted with a semi-logarithmic coordinate. 

(g–i) Conduction mechanism analysis for the large conduction with an upward polarization state. Data plotted in linear coordinates for Schottkey emission (g), Poole-Frenkel 

emission (h), and Fowler-Nordheim tunneling (i), respectively. 

Fig. 3. Atomic stacking sequence for L SMO/LAO and T-BFO/L SMO interfaces. (a) HAADF and EDS images for the T-BFO/LSMO/LAO heterostructure. The arrangement for the 

EDS images (from left to the right): La, Al, Mn, Fe, Bi, and mixed elements. (b) Schematic diagram of the stacking sequence for the heterostructure. 

4 
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Fig. 4. First-principles calculation of charge density for Pt/T-BFO/LSMO junction with opposite polarization state. (a), (b) Charge density differences for Pt/T-BFO/LSMO 

junction with downward and upward polarization state, respectively. Yellow (blue) area represents the net gain (loss) of electrons. (c)–(f) Schematics for charge transfer at 

BFO/LSMO (c, d) and Pt/BFO (e, f) interface when the polarization points to LSMO (c, e) and Pt (d, f), respectively. 
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erfaces, as indicated by the blue (lost charges) and yellow (gain 

harges) area in Fig. 4 (a) and 4 (b), respectively. To fully under- 

tand the charge transfer at the top and bottom interfaces with the 

pposite polarization directions, schematic diagrams are shown in 

ig. 4 (c) −4 (f), respectively. When the polarization of BFO points to 

SMO ( Fig. 4 (a)), the charges transfer from Bi atoms in layer-I BiO 

ayer to O atoms in MnO 2 layer at the bottom BFO/LSMO inter- 

ace ( Fig. 4 (c)), while which occurs between Pt atoms and O atoms 

n layer-IX BiO layer at the top Pt/BFO interface. When the polar- 

zation of BFO points to Pt, electronic reconstruction occurs for O 

toms in layer-I BiO layer at the bottom BFO/LSMO interface, while 

harges transfer occurs between Pt and layer-IX Bi atoms and O 

toms at the top Pt/BFO interface. 

To quantitative analysis of the polarization modulation of inter- 

acial potential barrier, the energy level shift for the top of the va- 

ence band (the highest occupied energy state) and the bottom of 

he conduction band (the lowest unoccupied energy state) is dis- 

ussed, which is based on the calculated density of states (DOSs) 

or the alternative BiO- and FeO 2 -layers, as shown Fig. 5 . As ex-

ected, the electronic states for BFO layers close to the top and 

ottom interface changes significantly, while that of the middle- 

ayer BFO show negligible variation. The detailed analysis for the 

volution of the energy level for each alternative BiO- and FeO 2 - 

ayer is illustrated as following. When the polarization points to 

SMO ( Fig. 5 (a)), layer-1 BiO keeps semiconductor, but the bottom 

f the conduction band shifts close to the Fermi level ( E F ) and the

op of the valence band shifts away from E F . This amplitude of 

he energy-level shift gradually decreases for the consequent FeO 2 - 

layer-II) and BiO- (layer-III) layer, and which keeps constant for 

he intermediate FeO 2 - and BiO-layers (layer IV–VI). For BFO layers 

lose to Pt/BFO interface, the energy-level shift shows the opposite 

rending, e.g., the bottom of the conduction band shifts away from 
5 
 F and the top of the valence band shifts close to E F , as shown in

he DOSs for VII and VIII layers. At Pt/BFO interface, layer-IX BiO 

hanges to metallic state due to the interaction between electrons 

f O p-orbitals and Bi p-orbitals. Intriguingly, when the polariza- 

ion is opposite, e.g., points to Pt electrode ( Fig. 5 (b)), the energy

evel shifts with the reversed trends. For layer-I BiO, the top of 

he valence band shifts close to E F , which results in the electronic 

tructure transforms to metallic state. This amplitude of energy- 

evel shift decreases for the consequent FeO 2 - (layer-II) and BiO- 

ayer (layer-III), and which keeps constant for the middle (IV–VI) 

tomic layers. For BFO layers (layer-VII and VIII) close to Pt/BFO in- 

erface, the bottom of the conduction band shifts close to E F and 

he top of the valence band shifts away from E F . For layer-IX BiO, 

t transforms to metallic state due to the reconstruction between 

lectrons of O p-orbitals and Bi p-orbitals. 

To have a deep understanding of the high and low conduc- 

ance states of FTJs with opposite polarization orientations, energy 

and diagram ( Fig. 6 ) is drawn according to the above analysis for 

nergy-level shift based on first-principles calculations. Fig. 6 (a) 

chematically shows the energy band diagram of isolated Pt, BFO 

nd LSMO layers. The work function for Pt and LSMO is 5.6 eV 

47] and 4.8 eV [48] , respectively. The band gap and electron affin- 

ty for BFO are 2.8 eV and 3.3 eV [49] , respectively. Thus, the work

unction for BFO is ∼4.7 eV. Fig. 6 (b) shows the combined energy 

and diagram for the tunneling junction without considering the 

ontribution from the polarization, where we can see a Schottky 

arrier with a barrier height of 2.3 eV forms at Pt/BFO interface. 

ow, we turn to discuss the modulation of interfacial potential 

arriers by the polarization. The quantitative analysis of the polar- 

zation control of the variation for barrier height at both top and 

ottom interfaces are highlighted in Fig. 6 (c) and (d), where the 

hangeable value of the barrier height is deduced from the shift 



J. Wang, Y. Fan, Y. Song et al. Acta Materialia 225 (2022) 117564 

Fig. 5. Layer-resolved DOSs for T-BFO in Pt/T-BFO/LSMO heterostructure as a function of energy level. Layer-I BiO is close to BFO/LSMO interface, and layer-IX FeO 2 is close 

to Pt/BFO interface. (a) Layer-resolved DOSs for BFO with downward polarization state. (b) Layer-resolved DOSs for BFO with upward polarization state. Black and red lines 

are guide to the eyes to indicate the energy level shift. The Fermi level is set to zero. 
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Fig. 6. Energy band diagram for Pt/T-BFO/LSMO junction with opposite polarization states. (a) Energy band diagram for isolated Pt, T-BFO and LSMO, where ϕ PT , ϕ LSMO , 

and ϕ BFO is the work function of Pt, LSMO and T-BFO. E vac and E F represent the vacuum energy level and the Fermi level, respectively. (b) Energy band diagram for Pt/T- 

BFO/LSMO junction without considering the polarization contribution. (c, d) Energy band diagram for Pt/T-BFO/LSMO junction with downward and upward polarization state, 

respectively. 
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etween the bottom of conduction band and the top of valence 

and for BFO layer in Fig. 5 , and the evolution of the band bend-

ng is highlighted by black (indicating energy level with shift) and 

ed lines (indicating energy level without shift) in Fig. 5 . When the 

erroelectric polarization of BFO thin film is downward (pointing to 

SMO) as shown in Fig. 6 (c), the bottom of the conduction band 

t Pt/BFO interface bends upward with additional 0.3 eV and the 

op of the valance band at this interface bends upward with ad- 

itional 0.9 eV according to the energy-level shift between layer 

III and VI in Fig. 5 (a). For BFO/LSMO interface, the bottom of 

he conduction band bends downward with 0.2 eV, and the top 

f the valence band bends downward with 0.3 eV, consulting the 

nergy-level shift between layer II and IV in Fig. 5 (a). While when 

he ferroelectric polarization of BFO film is upward (pointing to 

t electrode) as shown in Fig. 6 (d), the upward band bending for 

he bottom (top) of the conduction (valence) band degrades with 

.6 eV (0.5 eV) at Pt/BFO interface, and the counterparts of the 

FO/LSMO interface bends upward with 0.5 eV (0.6 eV) accord- 

ng to the energy-level shift ( Fig. 5 (b)) between layer VIII and VI

or Pt/BFO interface and layer II and IV for BFO/LSMO interface, re- 

pectively. The above analysis for energy band bending with op- 

osite polarization directions indicates that the downward polar- 

zation state increases the interfacial barrier height for both elec- 

rons (from Pt) and holes (from LSMO), while the upward polar- 

zation state decreases the interfacial barrier height both for the 

bove two kinds of carriers, which well explains the high and low 

esistance states with downward and upward polarization state, 

espectively. 

Based on the above band bending of the energy level for T- 

FO obtained from first-principles calculations, the potential bar- 

iers ( ϕ 1 and ϕ 2 ) of the top and bottom interfaces of the FJT under 

pposite polarization states can be estimated: when the polariza- 

ion is downward (high resistance state), ϕ 1 = 2.6 eV, ϕ 2 = 1.2 eV, 

hus the average barrier for the downward polarization sate is 

¯ ↓ = 

ϕ 1 + ϕ 2 
2 = 1 . 9 e V ; when the polarization is upward (low resis- 

ance state), ϕ 1 = 1.7 eV, ϕ 2 = 1.9 eV and thus the average barrier 

or the downward polarization sate is ϕ̄ ↑ = 

ϕ 1 + ϕ 2 = 1 . 8 e V . Accord- 
2 
W

7 
ng to the following approximation of TER [2] : 

 ER ≈ exp 

[ √ 

2 m 

h̄ 

δϕ √ 

ϕ̄ 

d 

] 

(1) 

here m = m 0 (the free electron mass), h̄ is the Planck constant, 

¯ = 

ϕ̄ ↓ + ̄ϕ ↑ 
2 = 1 . 85 e V , δϕ = ϕ̄ ↓ − ϕ̄ ↑ = 0 . 1 e V and d = 15 nm. Thus,

he calculated TER is ∼28,100%, which is approximately equal to 

he experimental result of ∼30,0 0 0% obtained by the I-V curves in 

ig. 2 (b) and 2(c). 

. Conclusion 

In summary, the ferroelectric tunneling behavior across a thick 

 ∼15 nm) T-BFO thin film based on a pint-contact geometry is 

nvestigated, where a large TER of ∼28,100% is observed. First- 

rinciples calculations demonstrate that the polarization-mediated 

lectronic reconstruction at the interfaces modulates the potential 

arrier and thus the electron tunneling magnitude. This study pro- 

ides us a deep understanding of the microscopic physical origin of 

olarization induced TER effect, paving the way for designing new 

eneration of electronic devices with ultrahigh performance. 
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