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Strain engineering plays a critical role in ferroelectric memories. In this work, we demonstrate dynamic strain
modulation on tunneling electroresistance in a four-unit-cell ultrathin BaTiO3; metal/ferroelectric/semiconductor

tunnel junction by applying mechanical stress to the device. With an extra compressive strain induced by
mechanical stress, which is dynamically applied beyond the lattice mismatch between the BaTiO; layer and the
Nb : SrTiOj; substrate, the ON/OFF current ratio increases significantly up to a record high value of 107, whereas
a mechanical erasing effect can be observed when a tensile stress is applied. This dynamic strain engineering
gives rise to an efficient modulation of ON/OFF ratio due to the variation of BaTiO; polarization. This result sheds
light on the mechanism of electroresistance in the ferroelectric tunnel junctions by providing direct evidence for
polarization-induced resistive switching, and also provides another stimulus for memory state operation.
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I. INTRODUCTION

Resistive switching of oxides has attracted a great deal of
attention with regard to its potential application for nonvolatile
memories in data storage. The nonvolatile switching has been
divided into several types, such as resistive random-access
memory (ReRAM), magnetoresistive RAM (MRAM), phase-
change memory (PCM), and so on, but a general characteristic
which is common for all types is their two different resistance
states, which can be switched from one to another by
applying appropriate electric stimulus [1,2]. Most recently,
direct evidence of a switching mechanism has been observed.
For example, Yang et al. [3] and Liu et al. [4] reported
real-time observation on the formation/rupture of conducting
filaments in ReRAMs, while Yang ef al. [5] observed the
existence of oxygen vacancies involved in resistance switching
by using in situ transmission electron microscopy. However,
for a new type of emerging memories—ferroelectric tunnel
junction (FTJ) type of resistive memory, the experimental
evidence of polarization-induced resistive switching is mainly
the correlation between resistive switching and ferroelectric
switching [6-8]. However, the conductive filaments might be
formed as a result of the migration of oxygen vacancies under
external electric stimuli, which may also result in the resistance
change, in parallel with the polarization reversal. Therefore, a
direct evidence to illustrate the role of ferroelectric polarization
in resistive switching of the FTJ devices is desirable to rule
out other factors, such as oxygen vacancies and interfacial
effects.

By utilizing reversible polarization of ferroelectric mate-
rials such as Pb(Zr,Ti)O3 and BaTiO3; (BTO) [9-13], ferro-
electric oxide-based memory devices have shown promising
properties of long write/read cycle endurance and lifetime
retention, as well as low power consumption. Tunnel junctions
utilizing the ultrathin ferroelectrics as the barriers, i.e., the
so-called FTJs, is one of the prospective ways to achieve
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giant electroresistance [6,14,15]. Researchers have reported
a variety of ways to improve the magnitude and stability
of the switchable ferroelectric-induced electroresistance in
these junctions. Among them, in-plane strain has shown its
significance due to the fact that ferroelectric polarization and
domain switching are strongly coupled with strain, especially
in epitaxial ferroelectric thin films. For instance, compres-
sively strained BTO exhibits a shift to higher ferroelectric-
paraelectric transition temperatures and hence an enhanced
spontaneous polarization [16—18]. Due to the lattice mismatch,
strain applied to the perovskite may change the tetragonality,
i.e., c/a. Then, atomic displacements associated with tetrago-
nality tend to change the ferroelectric polarization [19,20].
Meanwhile, several reports have simulated the properties
of ferroelectric films, including phase diagrams with tensile
and compressive in-plane strains [21]. Their influence on
ferroelectric behavior and distortions in relation to strain
and remnant polarization have also been discussed [22-25].
Recently, a report of De Luca and co-workers using a
combination of scanning transmission electron microscopy
and optical second-harmonic generation has determined the
relationship between strain and domain wall structure [26].
Strain-dependent polarization also shows the influences of
the domain walls and strain-controlled charges of domain on
velocity [27]. However, previous experimental evidences, by
considering different thicknesses or substrates with different
lattice constants [16,21,28], cannot simply present the influ-
ence of strain on the junction. By reason of the different thin
film growth conditions and substrates, their results consist of
more than one variation, such as different densities of oxygen
vacancies and space charges and interdiffusion. Besides, the
strain induced by using piezoelectric or magnetostrictive
materials [27,29] is relatively small [¢ = 0.13% for PMNPT
(O.72Png1/3Nb2/303 — 0.28PbTi0O3)]. It also may not be
fully transferred to the thin film if it is connected by glues or
the thin film is difficult to grow because of a large misfit of the
lattice parameters. Therefore, a direct evidence and dynamic
way to illustrate the role of ferroelectric polarization in
resistive switching by ruling out other factors is still desirable.
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FIG. 1. (a) Morphology of the 4-u.c. BTO surface on NSTO substrate; (b) PEM amplitude and phase hysteresis loops as a function of strain
in the cases of ¢ = —4.30%,—2.18%, and —0.18%; (c) PFM out-of-plane amplitude; and (d) phase images recorded after writing an area of
3.0 x 3.0 um? with —4.5 V and then the central square with 4+4.5 V using a biased conductive tip for the epitaxial BTO thin films.

In this article, we introduce a dynamic mechanical strain
modulation to the tetragonality (and thus the spontaneous
polarization) of ultrathin BTO film by adding an additional
strain to sample through our specially designed bending de-
vice. In the meantime, electroresistance of the FTJ is measured.
Dissimilar to the compressive ultrathin film BTO reported by
Wen et al. [10], where the ON/OFF ratio is above 10* at room
temperature with lattice mismatch to a semiconducting bottom
electrode Nb-doped SrTiO3 (NSTO), our external stress can in-
crease or decrease the strain in the film beyond its original state.
Hence, the ON/OFF ratio of the tunnel-junction memory state
may be further increased or mechanically erased. Through
this strain modulation, a critical role of ferroelectricity to
the resistive switching can be clearly demonstrated. Also,
compared to the strain induced by lattice mismatch, which
is a method generally being used for tuning ferroelectricity of
thin films, a dynamic strain tuning is an elaborate approach to
study the strain engineering effect within the same system and
also provide another stimulus for memory state operation.

II. FERROELECTRICITY OF BTO

A four-unit-cell (u.c.)-thick BTO ultrathin film was de-
posited epitaxially on a (001)-oriented single-crystalline
NSTO substrate using a KrF excimer laser (A = 248 nm)
by pulsed-laser deposition. With 2.5Jcm™2 laser energy
density in a typical layer-by-layer growth mode, as shown

in Fig. 1(a), details of single-crystal growth are described
elsewhere [10,30]. The BTO/NSTO heterostructure exhibits
an atomically flat surface with step of about 0.4 nm heights,
indicating that these steps are single-unit-cell high and also
maintain the step terrace of the substrate. It is known that
BTO has relatively larger lattice constants (a = 3.992 Ac=
4.0361&) compared to those of NSTO (@ = ¢ =3.905 A),
so the lattice mismatch (¢ = —2.18%) ensures that BTO is
under a compressive strain with the ¢ axis along the film
normal direction. The c/a ratio should be larger than bulk
due to the compressive strain at room temperature [31,32] and
therefore its ferroelectric polarization is enhanced [7,10,33].
The piezoresponse force microscopy (PFM) with Pt/Ti-coated
silicon cantilevers was used to demonstrate its polarization
switching and domain structure. Figures 1(b)-1(d) display
the out-of-plane PFM amplitude and phase hysteresis loop,
as well as the images of the BTO film as a ferroelectric
domain structure written on the BTO with +4.5 V before
applying any external stresses. The 180° phase contrast and
the minimum amplitude in the boundary reveal the domain
structure with antiparallel polarizations. With the support
of previous work according to Strelcov et al., these results
confirmed the ferroelectric nature of the 4-u.c.-thick BTO
film [30,34]. Followed by magnetron sputtering, Pt top elec-
trodes of 30 um diameter and 50 nm thickness using a shadow
mask were deposited on the BTO/NSTO structure to form
metal/ferroelectric/ semiconductor (MFES) structure FTJs.
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FIG. 2. Schematic description of the experiment showing strain of the junction induced by external stresses as a result of bending. The
experimental setup for compressive and tensile stress application and a sketch of the corresponding BTO lattice structure of the junction in
a compressive-stressed state (¢ = —4.30%), original state with strain induced by pure lattice mismatch (¢ = —2.18%), and a tensile-stressed

state (¢ = —0.18%) are shown.

III. STRAIN MODULATION ON FTJ

Figure 2 schematically illustrates the experimental setup
and the sample structure used in this work. A 0.5-mm-thick
sample was cut into a size of 10 mm in length (L) and 2.5 mm
in width (W), aiming to only consider the principal stress and
strain in the system. As the bar length is much greater than
the thickness, shear stress and strain can be neglected [35].
The sample is then bent into u-shaped or n-shaped form with
a specially designed tool. However, to simplify, we assume
that there is no strain gradient in the P/BTO/NSTO FTJ
(the bending is very small, as illustrated in Supplemental
Material, Fig. S1 [36]), but only in-plane strains are present.
The resulting strain is obtained by summing up two parts. The
first part is the strain induced by lattice mismatch, and the
second part is the strain calculated from the distance change
AL in bending curvature for the BTO layer observed from an
optical surface profiler. The resultant strains, thus in the form
of tensile-stressed, nonstressed, and compressive-stressed,
are ¢ = —0.18%,—2.18%, and —4.30%, respectively. The
corresponding crystal structures of the BTO film under these
states are displayed in Fig. 2.

Based on the assumption that BTO would not be strain
relaxed within the thickness of 4 u.c., a large compressive
strain results in the increase of tetragonality with polarization
in the ¢ axis [17]. While under an induced strain perpendicular
to the out-of-plane polarization, the magnitude of polarization
along the ¢ axis should be changed as the c/a ratio varies
corresponding to the substrate lattice. The shift in the peak of
substrate in x-ray diffraction in the Supplemental Material Fig.
S2 shows the elongation along the ¢ axis when it is bent into a u-
shape. It is interesting to notice in Fig. 1(b) that the magnitude
of the hysteretic amplitude loop increases for ¢ = —4.30%,
whereas it decreases for ¢ = —0.18%. This difference can

be attributed to the different ferroelectric properties induced
by different strain conditions. This is in good agreement with
reported PFM observations on the fully strained BTO ultrathin
films on SrTiO3; (STO), DyScO; (DSO), and GdScO3 (GSO)
substrates, respectively, using SrRuO3 (SRO) as the bottom
electrode [28].

For the electrical measurements, resistance-voltage (R-V)
curves showed in Fig. 3 confirm the nonvolatile resistance
switching of the Pt/BTO/NSTO FTJ at room temperature.
Pulsed-train writing voltages were used in the sequence
illustrated with a step of 0.5 V, and the read voltage remained
unchanged as Vi, = 0.2V [37]. The positive voltage pulse
drives the BTO polarization pointing to NSTO electrode and
sets the junction to the ON state. The Pt/BTO/NSTO is set to
the OFF state by applying a negative pulse, which switches the
polarization towards the Pt electrode. For the BTO layer with
& = —2.18%, R-V measurement with an ON/OFF ratio above
10* is observed. It is obvious that the change from the OFF to
the ON states is relatively sharper compared to that from the
ON to the OFF states, suggesting the widening of the space
charge region on the NSTO surface because of the increased
voltage pointing from the NSTO semiconductor to the BTO
layer.

By measuring 30 cycles of R-V hysteresis loops in different
strain states, it turns out that the smaller compressive strain of
the junction, the smaller its ON/OFF ratio. At ¢ = —0.18%,
the memory state tends to be erased. The significant decrease
of the ON/OFF ratio is attributed to the polarization decrease
due the release of the compressive strain. It has been reported
in a simulation work that spontaneous polarization drops if
in-plane tensile stress is applied to an epitaxial BTO thin
film [16,17]. Under a tensile stress, the in-plane lattice expands
perpendicular to the polarization direction, resulting in a
decreased c/a ratio, so that the strength of polarization is
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FIG. 3. Resistance variations with in-plane strains. ON and OFF
states are recorded with different in-plane strain. Resistance hysteresis
loops of FTJ at different strain states are measured using the write
pulse voltage following a triangular profile between +V and —V.
Read pulses of 0.2 V were applied after each write pulse. The error
bar is added under a calculation of standard deviation on the entire
population which was measured from three junctions (ten cycles for
one junction).
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degradation of the ON/OFF ratio with increasing tensile strain.
Additionally, retention and endurance properties in Fig. S3 of
the Supplemental Material [36] show the lifetime for the data as
well as reproducibility, respectively. Although the repeatable
cycles show the reproducibility in the two resistance states,
compared to the strain state of ¢ = —2.18%, the OFF state
at ¢ = —0.18% decreases gradually, suggesting that smaller
polarization also results in poor memory retention.

On the other hand, performance of the FTJ including
ON/OFF ratio and retention is improved when external
compressive strain is added to the junction from ¢ = —2.18%
step-by-step. It is remarkable to see that the compressive strain
induces an enhancement to the ON/OFF ratio. Importantly,
it should be noticed that the actual strain is approximately
equal to —4.30%, and under this situation, BTO is practicing
a huge compressive strain. Therefore the tetragonality and
ferroelectricity of the BTO film should be further enhanced
due to the increase of the two Ti-O distances (along the c-
oriented Ti-O chain) [20]. One can see that from ¢ = —0.18%
to —4.30%, the ON state resistance changes only a little,
but the resistance of the OFF state rises significantly when
compressive strain increases. These results are in agreement
with our prediction that when polarization becomes stronger,
the depletion region at the NSTO surface becomes wider,
resulting in a large increase of resistance. Consequently, the
ratio of electroresistance is greatly enhanced. Besides, the
increased compressive strain for ¢ = —4.30% results in good
reproducibility and retention (Fig. S3).

Current-voltage (I/-V) curves in Fig. 4(a) show the change
of currents with different external strains. It can be seen
that when the BTO junction is under tensile stress, i.e.,
from ¢ = —4.30% to —0.18%, the current in the ON state
shifts to a smaller value while the current in the OFF state

0
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FIG. 4. [-V characteristics as a function of strain. (a) /-V curves recorded with different strains for the ON (top) and OFF (bottom) state.
(b) Fitting by the direct tunneling model for the ON state (top) and the thermionic emission model for the OFF state (bottom).
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FIG. 5. Schematic illustration of the energy barrier diagram with modeling of barrier profiles for the ON and OFF state with different
in-plane strains. Schematic drawings of the MFS-FTJ and (a) corresponding calculated potential energy profiles with mean barrier height for
the ON state, and (b) potential barrier height and width of the depletion region of the OFF state as a function of strain obtained by modeling.

In the BTO barrier, the arrows denote the polarization directions.

shifts more significantly to a higher value, which shows a
similar enhancement of ratio when more compressive strain
is added. In order to clarify the mechanism, the graph of
conductance against voltage at low bias in the ON state shows
the direct tunneling mechanism according to Brinkman [38]
(Supplemental, Fig. S4 [36]). For the OFF state, the -V curves
can be fitted by the thermionic emission model as shown in
Fig. 4(b).

A roughly parabolic dependence of conductance on voltage
suggests a trapezoidal barrier with mean barrier height of
the 4-u.c.-thick BTO at room temperature as shown in
Fig. 5(a). Barrier height increases with decreasing compressive
strains, suggesting the probability for tunneling transmittance
decreases when strain diminishes and tetragonality decreases.
Meanwhile in the OFF state, tunneling model is not suitable;
we therefore assume the MFS structure to be a metal-insulator-
semiconductor (MIS) structure. The forward bias currents are
hence described by the theory of thermionic emission (TE) as
the following equation:

e \%4
S A

where S is the junction area, A* the Richardson constant, 7 the
absolute temperature, g the electron charge, k the Boltzmann
constant, n the ideal factor, and ¢p the Schottky barrier height.
From the linear relationship in TE modeling, we can identify
the barrier height. The corresponding width of the depletion
region, where electrons are depleted at the semiconductor
surface when polarization is pointing to metal, can be estimated

by Eq. (2):

&g
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where Wp is the depletion region width, &, the dielectric con-
stant of NSTO, Np the donor concentration [39], V;,; = ¢p +
¢n, and ¢, = Ep-E. = 0.19¢V, as reported previously [40].
Itis found in Fig. 5(b) that the Schottky barrier becomes wider
and higher with increasing compressive strain, resulting in the
decrease in junction current. In contrast to the OFF state, the
lower the mean barrier, the higher the tunneling transmittance
probability at the ON state. This analytical result fits the
experimental result of resistance change, as shown in Fig. 3.

IV. DISCUSSION

In this work, with an external in-plane strain adding to
the lattice-mismatch-induced strain, the total strain of BTO
experiences a large range of strain from & = —0.18% to
—4.30% (and can even turn from compressive to tensile strain
and results in in-plane polarization if the sample can sustain
further bending). Under these strains, as plotted in Fig. 6, the
ON/OFF ratio shows a proportional relationship that increases
with increasing compressive strain. The ratio can be reversibly
tuned with strain, as shown in the Supplemental Fig. S5 [36].
We argue that the origin of this great enhancement is based
on a purely mechanical approach, but because of neither the
oxygen vacancy movement nor the interfacial electrochemical
effect [5,41,42]. As mentioned earlier, in the heterostructured
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FIG. 6. The ON/OFF ratios as a function of strain, showing
the relationship in the ON/OFF ratio in MFS-FTJ for polarization
switching as a function of in-plane compressive strain in BTO
ultrathin films.

FTJ, these effects are regarded as the reason for the different
electroresistance. In other words, not only strains, but plenty of
factors are also required to clarify [10,33,42,43]. However, by
carrying out the identical electrical measurement to the same
tunnel junction in different strain states in our case, the contri-
bution to the electroresistance effect from other factors such as
oxygen vacancy movement [25,44] and electrode effect [42]
should be almost identical. Therefore, the influence of the
change of ferroelectric polarization to the electroresistance of
the tunnel junction, which is raised by the change of strain only,
can be demonstrated. Moreover, it suggests the Curie temper-
ature (T c) is also tuned with the change of strain according to
Choi [16]. To explain the relationship between 7T'c and strain,
both are factors that will directly induce the change in structure,
especially Ti atomic displacement, which originates ferroelec-
tricity. Therefore, 7 c can be varied by strain. In particular, for
the observed electroresistance changes in FTJ, it is directly re-
lated to the spontaneous polarization in ferroelectric materials,
and we show that electroresistance changes are varied by strain.
Consequently, it is possible to say a tunable Curie temperature
can explain the observed electroresistance changes. To sim-
plify, a change in BTO structure (spontaneous polarization)
would cause the observed change in electroresistance.

PHYSICAL REVIEW B 95, 214304 (2017)

Nevertheless, it should be noticed that flexoelectricity may
be considered if the bending angle is large enough. When the
bending angle reaches a certain value, polarization induced by
the strain gradient would present. As a result, we have to take
the net polarization, including ferroelectric and flexoelectric
into account [45,46]. In our case, there is a steep change
in both depletion width and barrier in the OFF state when
e > —3.50%. We suggest the flexoelectricity is induced and
the net polarization increases in the OFF state. Therefore,
the resistance change would be enlarged by this effect. It is
not obvious to note the resistance change in the ON state,
but the ON/OFF ratio is still enhanced, as when the OFF
state resistance dominates the ratio is MIS-FTJ. When ¢ is
smaller than —3.50%, we believe the great enhancement of
electroresistance is still based on a pure strain effect.

V. CONCLUSION

In conclusion, dynamic strain engineering in the
Pt/BTO/NSTO FT1J has been studied. With an extra compres-
sive strain induced by mechanical stress which is dynamically
applied beyond the lattice mismatch, the ON/OFF ratio
increases significantly from 10* to 107, while a mechanical
erasing effect can be achieved when a tensile stress is applied.
This result shows an advance in the mechanism of tunneling
electroresistance as a nonvolatile resistive memory within a
simple structure that may avoid factors such as the movement
of oxygen vacancies and the interfacial effect on ferroelectric
polarization in the resistive switching. Another merit of this
external strain engineering is that it provides another way to
enhance the ON/OFF ratio and diminish in the memory states
through a dynamic mechanical approach.
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