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Through strain modulation to the (Ba0.8,Sr0.2)TiO3 (BST) tunnel junction, giant resistive switching

was achieved in a Pt/BST/Nb:SrTiO3 (Nb:STO) heterostructure, and the role of ferroelectricity in the

resistive switching was studied. When an external compressive strain was added to this heterostructure

with a ten-unit-cell-thick BST tunnel layer, the resistive switching mechanism was demonstrated to

change from thermionic emission to direct tunneling accompanied by the ferroelectricity enhancement

to the BST layer. This reveals the role of strain and ferroelectricity in resistive switching which leads

to three orders increase in the ON/OFF current ratio for the BST tunnel layer. These encouraging

results not only show the potential to enhance ferroelectricity of BST thin film by strain engineering,

but also the crucial role of strain engineering in BST tunnel layer-based memory device applications.

Published by AIP Publishing. https://doi.org/10.1063/1.5024449

The resistive switching device has recently attracted a

great deal of attention due to its potential application in non-

volatile memories. In particular, the ferroelectric tunnel junc-

tion (FTJ) as resistive memory has been studied owing to its

unique electron transport properties, i.e., polarization-

induced giant tunneling electroresistance (TER).1–4 Due to

the presence of spontaneous polarization and the ability of

field induced switching, FTJs have shown bi-stable resis-

tance states with a good write/read cycle endurance and a

long retention of data storage,5–9 and its memory window

(the ratio of the high resistance state to the low resistance

state, i.e., the ON/OFF current ratio) exhibits up to 104 in

magnitude.8,10–12 Although numerous simulation and experi-

mental results have been reported, there are still insufficient

experimental evidence to support the conclusion that the

giant resistive switching is solely due to ferroelectric polari-

zation enhancement.3,13–15 Most reported works about FTJ

resistive switching mechanism are based on the correlation

between resistance change and ferroelectric switching

observed by piezoresponse microscopy.4,7,16 However, the

shortcoming of this observation is the difficulty in distin-

guishing which of the three elements, namely, migration of

oxygen vacancies, ferroelectric switching, and filament for-

mation/rupture, is the main cause of the resistance change.

In metal/ferroelectric/semiconductor (MFS) structure,

the giant tunneling electroresistance is critically dependent

on the ferroelectric/semiconductor interface.10,17–19 Unlike

resistive random-access memory (ReRAM), the resistance of

a tunnel junction is affected by both the potential barrier

height and the barrier width. By controlling the depletion

region thickness at the surface of the semiconductor elec-

trode via ferroelectric polarization, it is expected that the

memory window should be greatly enhanced. In order

to directly prove the switching mechanism in MFS-FTJ,

there is no doubt that the ferroelectric polarization-induced

resistive switching can be verified by tuning the strength of

ferroelectricity. Previously, we have investigated the

dynamic strain-induced electroresistance in a four-unit-cell-

thick BaTiO3 MFS-FTJ by applying mechanical stress to the

device. The large memory window (ON/OFF ratio up to

107), and particularly the observed strain dependences of

tunneling resistance, suggested that BaTiO3 polarization was

associated with an efficient modulation of the ON/OFF ratio.

This experimental result demonstrated the critical role of fer-

roelectricity to the resistive switching.

To further study the role of ferroelectricity in

ferroelectric-induced resistive switching, it is desirable to

select a tunnel layer which can be tuned between paraelectric

(or very weak ferroelectric) to ferroelectric by mechanical

strain. Barium strontium titanate (Ba1-x,Srx)TiO3 (BST) is a

good choice, since at a certain range of composition, it can be

easily tuned between paraelectric and ferroelectric phases by

either temperature or strain modulation. On the other hand,

BST has wide applications due to its high dielectric constant,

low leakage current, long service life, high compatibility with

device process, as well as low Curie temperature (Tc).
20–23

Apart from its application to electrically controlled micro-

wave devices, it has also attracted a great deal of interest as

being one of the materials in the development of Gigabit era

dynamic random access memories (DRAM)24–26 and resistive

switching memory.25–28 Owing to its low Tc, BST usually

acts as an insulating dielectric layer sandwiched by two elec-

trodes, and its resistance states can be obtained in a metal/

insulator/metal (MIM) capacitor-like heterostructure similar

to ReRAM. Most of the experimental results show that the

conductive mechanism of this resistive switching using para-

electric BST is attributed to either the field-enhanced

Schottky emission or space-charge limited current flow or

Poole–Frenkel (PF) mechanism.

In this work, BST thin films with Sr doping concentra-

tion of 20 mol. % are used to study the effect of tetragonality

in the TER properties of MFS-type tunnel junction through

temperature and strain modulations. By introducing strain

to the junction using a specially designed bending device,a)jiyan.dai@polyu.edu.hk
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resistance changes with a very large ON/OFF ratio of the

junction are obtained. Our results show that strain modula-

tion offers another approach for BST to be applied in ferro-

electric memory devices beyond the present development of

DRAM and ReRAM using paraelectric BST.29

The Ba0.8Sr0.2TiO3 ultrathin films were epitaxially

deposited on a semiconducting (001)-oriented single-

crystalline 0.7 wt. % Nb-doped SrTiO3 (Nb:STO) by pulsed-

laser deposition using a KrF excimer laser with a wavelength

of 248 nm. In order to produce the single-termination step-

terrace surface, prior to deposition, the Nb:STO substrates

were pre-treated by etching with NH4F buffered-HF solution

and then annealed at 1223 K for an hour in flowing O2. With

the existence of single-termination step-terrace surface, the

films were grown with a 2.5 J cm�2 laser energy density at

2 Hz repetition, and the substrate temperature was kept at

1043 K with O2 pressure of 5� 10�3 mbar. To form MFS

structured junctions, metallic top electrodes Pt with 30 lm

diameter were deposited on the film’s surface by magnetron

sputtering at room temperature with a shadow mask.

Figure 1 shows a high-resolution cross-sectional trans-

mission electron microscopy (TEM) image of the BST

film on the Nb:STO substrate. One can see that the BST

film is epitaxially grown on the substrate, and a continuous

layer of about 4-nm-thick (corresponding to ten unit-cells)

BST, on top of Nb:STO, can be identified. The inset is the

FFT pattern corresponding to the Nb:STO and BST latti-

ces, where one can see that there is basically no split of

diffraction spots. This is an indication that the finite

amount of Ba doping into the STO lattice, forming the

BST film, results in little change of lattice spacing, and the

BST film without bending has no or very little ferroelectric

polarization.

It is known that the Curie temperature of the BST

drops from TcBTO� 400 K to TcSTO� 0 K by increasing the

proportion of Sr. Due to its low Curie temperature, BST has

been used as an insulating paraelectric layer in memory

application at room temperature. To demonstrate the strain

induced enhancement of ferroelectricity of the ultrathin BST

film, the piezoresponse force microscopy (PFM) measure-

ment was carried out at room temperature to observe polari-

zation switching and domain structure of BST. Figure 2

shows the PFM results of the BST film before and after

bending. One can see from Figs. 2(a) and 2(b) that, before

applying an external stress, only very weak PFM signal can

be detected, suggesting that the BST has no sign of ferroelec-

tricity but rather extrinsic contributions due to charge injec-

tion (with characteristic diffuse boundaries and enhanced

amplitude after writing). By contrast as shown in Figs.

2(d)–2(f), an in-situ bending of the sample results in a very

strong piezoelectric response. The topography in Fig. 2(c)

shows the flat surface of the ultrathin BST/Nb:STO hetero-

structure with a root-mean-square roughness of 0.11 nm, and

the out-of-plane amplitude and phase hysteresis loops can be

observed clearly as shown in Fig. 2(d). From this result, coer-

cive voltages of þ2.97 V and �1.38 V can be obtained at the

minimum of the amplitude signal. Ferroelectric domain struc-

ture written on BST with 65 V exhibits a 180� phase contrast

and the amplitude minimum at the domain wall, revealing an

antiparallel domain structure. These results confirm the

enhancement of ferroelectricity after bending.

In order to study the effect of external stress/strain to the

ferroelectric properties of the BST film, a long bar sample

with a dimension of 0.5-mm-thick and 10 (length)� 2.5

FIG. 1. Structure of BST/Nb:STO heterostructure. High-resolution TEM

(HRTEM) image of the ten-unit-cell-thick BST film grown on Nb:STO

observed along [100] direction; the inset shows the corresponding FFT pattern.

FIG. 2. Topography and ferroelectric

properties of the BST film deposited

on the Nb:STO substrate before and

after bending. (a) PFM out-of-plane

amplitude and (b) phase images of the

ten-unit-cell-thick BST film on NSTO

substrate before any strain is applied.

(c) Morphology of the BST surface;

(d) PFM amplitude and phase hystere-

sis loops; (e) PFM out-of-plane ampli-

tude, and (f) phase images recorded

after writing an area of 8� 8 lm2 outer

square with �5 V and 4� 4 lm2 inner

region with þ5 V using a biased con-

ductive tip at room temperature.
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(width) mm2 was cut. The reason for using a long bar is

because we hold the assumption that by having a longer bar

sample, shear stress and strain can be neglected.30 The sample

was bent into u-shaped by a designed tool as schematically

illustrated in Fig. 3(a), through which the tetragonality of the

BST ultrathin film is expected to be increased by increasing

the force along the z direction. The in-plane strain is deducted

by e ¼ DL/L ¼ (astressed � a0)/a0, which is the strain calcu-

lated from the distance change DL in the bending curvature of

the BST layer observed using an optical surface profiler.31

With the bottom electrode grounded throughout the mea-

surement, a positive voltage was added from the top electrode

to set the junction to low resistance state (ON state). To reset

the junction to a high resistance state (OFF state), a negative

voltage was applied to the top electrode. Figure 3 shows that,

at room temperature, the ratio of electroresistance change

increases when strain modulation is applied, and the corre-

sponding ON/OFF ratio as a function of strain is plotted in

Fig. 3(b). It is apparent that, by adding compressive strain to

the sample, the ON/OFF ratio increases by nearly three orders.

The current-voltage (I-V) curves of the ON and OFF states of

the Pt/BST/Nb:STO junction under various strains are shown

in Figs. 3(c) and 3(d), respectively. The OFF-state currents in

Fig. 3(d) show a clear rectifying characteristic. This is in

agreement with Wen’s report that the junction current is sup-

pressed by the Schottky barrier induced at the ferroelectric/

semiconductor interface when ferroelectric polarization is

pointing away from the Nb:STO.17

It can be noted that the I-V characteristics of the non-

strained curve in the ON state [Fig. 3(c)] show a similar asym-

metric and rectifying behavior which is similar to the graph

plotted for the OFF state. This suggests that the Schottky bar-

rier is prominent and no ferroelectric tunneling is observed in

Pt/BST/Nb:STO heterostructure without external strain added.

This evidence is in line with the linear relationship of current

transportation in the plot of ln(J) vs
ffiffiffi
E
p

for both ON-and

OFF-states non-strained I-V curves when thermionic emission

(TE) is dominant in the experiment,32 i.e., the resistive

switching is originated from thermionic emission instead of

tunneling. This can be understood by considering the fact that

there is no ferroelectricity signal detected initially [as shown

in Figs. 2(a) and 2(b)], and positive bound charges induced in

the BST/Nb:STO interface are not sufficient enough to drive

the n-type semiconductor surface into accumulation. On the

other hand, when strain is applied, the ON-state I-V curves

are relatively symmetric for the forward and reverse bias.

This is due to the fact that being more compressively strained,

the ferroelectric polarization is strengthened, and therefore,

the n-type semiconductor surface is driven into accumulation

resulting in a low resistance state.

Strain-dependent current characteristics at a low voltage

under different strains are fitted into the direct tunneling

model, i.e., Brinkman’s model33 and Gruverman’s model.7

In these fitting models, direct tunneling through the barrier

with interfacial effects is assumed to depend on the ferro-

electric polarization direction

IDT ¼ SC

exp a u2 �
eV

2

� �3
2

� u1 þ
eV

2

� �3
2

" #( )

a2 u2 �
eV

2

� �1
2

� u1 þ
eV

2

� �1
2

" #

� sinh
3eV

4
a u2 �

eV

2

� �1
2

� u1 þ
eV

2

� �1
2

" #( )
; (1)

with C ¼ � 32pem�

9h3
; (2)

FIG. 3. TER and current-voltage char-

acteristic at room temperature. (a)

Schematic description of the experimen-

tal setup for strain engineering induced

by the external bending force; (b) ON/

OFF ratios as a function of strain; I-V
curve with different strain modulations

of the (c) ON and (d) OFF states.
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and a ¼ 8pd 2m�ð Þ
1
2

3h u1 þ eV � u2ð Þ
; (3)

where IDT is the direct tunneling current given by

Gruverman et al., S the area of the interface, d the film thick-

ness, h the Planck constant, m* the effective carrier mass,

and u1 and u2 the potential barrier heights at the interface.

When an external force is added to the sample along the

z direction, the in-plane compressive strain on the BST film

results in an increased tetragonality (c/a ratio) and induces

ferroelectric polarization, as shown in Figs. 2(d)–2(f).

Consequently, the ferroelectric polarization pointing to

Nb:STO induces positive charges at the BST/Nb:STO inter-

face and drives the Nb:STO surface into accumulation. In

this situation, the Nb:STO surface can be treated as a metal

contact which results in a reduced potential barrier across the

ultrathin tunnel layer, and therefore, the tunneling probabil-

ity increases and the junction is in the ON state.4

As shown in Fig. 4(a), with polarization-induced inter-

facial effects, the fitting result agrees well with the mecha-

nism of direct tunneling through the barrier. The mean

potential barrier height was calculated, and the results point

to the conclusion that when compressive strain increases,

the barrier height decreases [Fig. 4(b)]. The decreased bar-

rier height suggests enhanced ferroelectric polarization

in BST pointing towards the bottom electrode, and the

enhanced ferroelectricity is attributed to the additional in-

plane compressive strain leading to a higher degree of tetra-

gonality of BST.

On the contrary, when the polarization is reversed

towards the top electrode, a depletion layer acting as an extra

barrier will be formed at the BST/Nb:STO interface. By fit-

ting the forward biased current characteristic with thermionic

emission (TE) model, the barrier height and width of the

depletion layer are determined as shown in Fig. 4(c). The

forward biased currents are described by the TE theory as

follows:

Iforward ¼ SA�T2exp � euB

kT

� �
exp

qV

nkBT

� �
� 1

� �
; (4)

where S is the junction area, A* the Richardson constant, T
the absolute temperature, q the electron charge, k the

Boltzmann constant, n the ideal factor, and uB the Schottky

barrier height. From the linear relationship in TE modeling,

we can identify the barrier height in the OFF state using Eq.

(4). The corresponding depletion region width can be esti-

mated using the following equation:

WD ¼
2es

qND
Vbi � Vð Þ

� �1
2

; (5)

where WD is the depletion region width, es the dielectric

constant of Nb:SrTiO3, ND the donor concentration,34

Vbi ¼ uB þ un, and un ¼ EF � Ec ¼ 0.19 eV, as previously

reported.35 Negative bound charges in the ferroelectric tun-

nel barrier results in an increased depletion width of the

Nb:STO surface, and in the meantime, incomplete screening

at the Nb:STO interface increases the barrier height. As a

result, tunneling current decreased significantly, and the tun-

nel junction becomes a high resistance OFF state.

In the OFF state, the development of ferroelectric-

induced charges at the interface is attributed to be cause of

the barrier width increase. When the sample is bent further

and the BST film becomes more compressively stained,

stronger polarization towards the top electrode results in

increases in barrier height; while at the interface of BST/

Nb:STO, the depletion layer widens as more negative bound

charges are induced. Figure 4(d) indicates the relationship of

the barrier height and the corresponding width of the deple-

tion region as a function of strain, where one can see that

both figures increase when strain becomes more compres-

sive. By combining these two states, one can deduce that the

ON/OFF ratio increases due to the compressive strain-

induced increase in BST’s ferroelectricity.

FIG. 4. I-V curves fitting of Pt/BST/

Nb:STO FTJs with various strain. I-V
curve fitted by (a) the direct tunneling

model7,33 and (c) the thermionic emis-

sion model;32 (b) the corresponding

calculated mean barrier height in the

ON state and (d) calculated potential

barrier height and width of the deple-

tion region in the OFF state.
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To further investigate the ferroelectricity induced polariza-

tion in BST-FTJ, resistive switching was tested at reduced tem-

peratures ranging from 220 to 280 K, and the corresponding

temperature-dependent ON/OFF ratio is shown in Fig. 5. The

result suggests that the structure of BST changes to a higher

degree of tetragonality during cooling and the ferroelectric

polarization of the BST layer is enhanced at a lower tempera-

ture. In the ON state, the enhanced ferroelectric polarization

results in reduced barrier height, while in the OFF state, the

barrier becomes wider due to enhanced polarization at lower

temperatures. By combining these two states, the ON/OFF

ratio of the junction is increased up to 103 due to cooling.

In conclusion, strain-dependent ferroelectric tunneling in

BST-based FTJs has been studied. It is revealed that the ON/

OFF ratio of the FTJ’s tunneling resistance can be increased

up to three orders of magnitudes by adding compressive strain

through mechanical bending. It also revealed that the compres-

sive strain greatly enhanced the ferroelectricity of the BST tun-

nel layer whose pristine state is paraelectric or very weak

ferroelectric. These results prove the role of ferroelectricity in

the BST tunnel junction and suggest a mechanical approach to

modulate the tunneling characteristics of FTJs.
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