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Greatly enhanced tunneling electroresistance in ferroelectric
tunnel junctions with a double barrier design

Wei Xiao(®'?, Xiaohong Zheng

™, Hua Hao”, Lili Kang®, Lei Zhang ®°”®™ and Zhi Zeng®'*

We propose that the double barrier effect is expected to enhance the tunneling electroresistance (TER) in the ferroelectric tunnel
junctions (FTJs). To demonstrate the feasibility of this mechanism, we design a model structure of Pt/BaTiOz/LaAlOs/Pt/BaTiOs/
LaAlOs/Pt double barrier ferroelectric tunnel junction (DB-FTJ), which can be considered as two identical Pt/BaTiOs/LaAlOs/Pt single
barrier ferroelectric tunnel junctions (SB-FTJs) connected in series. Based on density functional calculation, we obtain the giant TER
ratio of 2.210 x 10%% in the DB-FTJ, which is at least three orders of magnitude larger than that of the SB-FTJs of Pt/BaTiOs/LaAlO/
Pt, together with an ultra-low resistance area product (0.093 KQum?) in the high conductance state of the DB-FTJ. Moreover, it is
possible to control the direction of polarization of the two single ferroelectric barriers separately and thus four resistance states can
be achieved, making DB-FTJs promising as multi-state memory devices.
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INTRODUCTION

Ferroelectric tunnel junctions (FTJs) have been studied quite
extensively since nanoscale ferroelectricity were demonstrated in
thin films'=3. The intensive research interest stems from the great
potential of FTJs as important candidates for non-volatile
memory* "2, A FTJ is usually a sandwich structure (metal/
ferroelectric/metal or M/F/M)>'32% and is characterized by the
tunneling electroresistance (TER), which measures the difference
in conductance between the two ferroelectric polarization states.
Another kind of FTJs which include an interlayer (I) at the F/M
interface  (M/F/I/M) have also been proposed to achieve
substantially improved performance of FTJs?*73% For a FTJ, a
large TER ratio is essential to distinguish between different
resistance states and thus plays a central role in the practical
application of the FTJs. Thus far, various mechanisms or strategies
have been proposed to achieve a large TER, such as using domain
wall states?'??, the screening effect of electrodes®'®, defects?°,
phase transitions®’, polar interfaces®, and interfacial large
polarization*, etc.

For electrons tunneling through a single barrier (SB), the
tunneling probability decreases exponentially with the barrier
width and height®. This property has been widely utilized in the
design of the SB-FTJs. As a matter of fact, in the study of the TER
effect of the SB-FTJs, almost all the present proposed methods are
related to the modulation of the effective barrier width or/and
barrier height. In contrast to single barrier structures, double-
barrier structures, consisting of two tunneling barriers or scatterers
a and b in series with individual transmission probability T, and Tp,
respectively, are another kind of well-investigated objects in
mesoscopic transport theory3¢. Double-barrier structures present
interesting transport behaviors, such as resonant tunneling and
single electron tunneling, which are absent in single barrier
structures. Particularly, the overall transmission probability T’ of
double barrier structures is related to both T, and T, in a certain

form T' =f(T,4,Tb), depending on the actual working regime.
When applied in the design of the FTJs, the FTJs with double
barriers may show much larger difference between the T} in the
high conductance state and T in the low conductance state as
compared with single barrier FTJs and subsequently greatly
enhanced TER ratio.

In order to clarify this, we start with an ideal case where
f(Ta To) =TT, which means a sequential tunneling process, with
the electrons tunneling through the two barriers sequentially>” and
independently, and suppose the ON/OFF ratio for each barrier is
Ng=Tu/Te and np=Ty1/Tp,, then for the DB-FTJs, we will have
ng, = Nngnp. For a double barrier consisting of two identical single
barriers with equal transmission probability T,, =T, =T; and
Ta2 = Tpa = T, the overall transmission probability for the DB-FTJ will
be T, = T2 and T, = T2.Thus we will have ng, = T} /T, = (T1/T2)?,
which means that the ON/OFF ratio (T}/T) for the DB-FTJs will
increase quadratically with that (T;/T5) of the SB-FTJs as shown in Fig.
1a and thus is much larger than that of the SB-FTJs when T;/T, > 1
which actually always holds. The same prediction can be drawn from
more accurate theoretical formulae, as discussed below. In the
incoherent resonant tunneling regime, we have T; = T2/(1 — R?)
and T, = T3/(1 — R2)*%, where R; and R, represent the reflection
probabilities corresponding to the two transmission probabilities T,
and T, of the SB-FTJs. It is seen that the ON/OFF ratio T} /T, for the
DB-FTJs is still much larger than that of the SB-FTJs [see Fig. 1b]. If we
further take the phase shift 6 between the two scatterers into
account, namely, in the coherent resonant tunneling, we will have
Ty =T2/(1 — 2Ry cos O+ R3), Ty = T3/(1 — 2R, cos O + R3)™. It is
seen that in a very wide range of cos 8, T /T is much larger than T,/
T, and only when cos 6 is very close to 1 will the ON/OFF ratio be
close to 1 [see Fig. 1c], which means that the ON/OFF ratio will be
greatly increased in most cases by changing from SB to DB in the
design of the FTJs. Thus, no matter whether the DB-FTJ is in coherent
tunneling regime or incoherent tunneling regime, the double barrier
structure may lead to the great increase of the TER ratio in
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Comparison of ON/OFF ratio prediction between SB-FTJs and DB-FTJs. The relationship between the ON/OFF ratio of the DB-FTJs

(T /T5, solid line) and that of the SB-FTJs (T;/T,, dashed line) when the DB-FTJs work in a regime of: a an ideal sequential tunneling, but with
the electrons tunneling through the two barriers independently; b incoherent tunneling; ¢ coherent tunneling. Since it is just for a trend
prediction, we assume T; = 0.01 and increase T, to see how T} /T, changes with T,/T,. In (c), the solid line curve and the dashed line curve with
the same color show the value of T} /T, and T,/T,, respectively, as a function of cos 6 with the same T; and T.. It is seen that the position of the
solid line is much higher than that of the dashed line, suggesting much increased ON/OFF ratio.

comparison with the SB-FTJs. These preliminary estimations suggest a
proposal for achieving greatly enhanced TER by designing DB-FTJs
which have two identical ferroelectric barriers in series between the
two electrodes.

To verify the feasibility of this proposal, we construct and study
a DB-FTJ with the Pt/BaTiOs/LaAlO3/Pt/BaTiOs/LaAlOs/Pt structure
where each single barrier BaTiOs/LaAlO3 (BTO/LAO) consists of 5.5
unit cell (u.c.) BTO and 1 u.c. LAO, with a nanometer-thick Pt film
separating them. Based on density functional calculations, we
obtain a significant enhancement of TER ratio in the DB-FTJ
compared with the SB-FTJ [the Pt/BTO (5.5 u.c.)/LAO (1 u.c.)/Pt FTJ
or the Pt/BTO (11.5 u.c.)/LAO (1 u.c.)/Pt FTJ]. Moreover, the double
barrier design shows other great advantages over single barrier
design, such as ultra-low resistance area product (RA) in the high
conductance state and versatility for realizing multiple state
storage with free control by gate voltage.

RESULTS AND DISCUSSION
DB-FTJ

Figure 2a shows the relaxed structures of the two polarization
states of the DB-FTJ, in which the ferroelectric polarization
directions of the two single barriers both point to left or right.
The energy switching barrier between the left and right
polarization states is obtained by linear interpolation of atomic
coordinates (z(6) = (1 — 8)z(P_) + 6z(P_)), which proves the bis-
table property of the DB-FTJ [Fig. 3]. It is worth noting that the
positively charged (LaO)" plane of polar oxide LaAlO; repels Tit
ions at the BTO/LAO interface, resulting in abnormal polarization
in the rightmost region of each single ferroelectric barrier BTO in
the right polarization state, which can be seen more clearly from
the Ti-O displacement of the BTO in Fig. 2b. However, for the left
polarization state of the DB-FTJ, the two single ferroelectric
barriers BTO are almost uniformly polarized. The electrostatic
potential energy distributions of the two polarization states of the
DB-FTJ are shown in Fig. 2c. It is seen that the electrostatic
potential energy of the right polarization state is higher than that
of the left polarization state for the left half region of each single
barrier, while the situation is opposite for the right half region of
each single barrier. This can be understood as follows. Generally,
the electron pontential energy decreases along the polarization
direction. Thus we see that the overall potential energy decreases
in both single barriers in the right polarized state and increases in
the left polarized state from left to right. However, due to the
positively charged (LaO)" plane at the right interface of each
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single barrier, the electron potential energy will be decreased by it
due to the Coulomb attractive interaction from it. That is why we
see a drop after a long increase in the left polarized state and
further decrease after a long decrease in the right polarized state
at the right interface, leading to different maximum positions in
each single barrier. The shape of the barrier has an important
relationship with the transmission of electrons, therefore, the
transport characteristics of the two polarization states of the DB-
FTJ are studied next.

The kj-resolved transmissions in the two-dimensional Brillouin
zone (2DBZ) at the Fermi energy are calculated for the two
polarization states of the DB-FTJ and presented in Fig. 2d. The
high transmission of the right polarization state appears as a
bright red cross shape in the 2DBZ, with higher transmission
especially near the T point. However, for the left polarization state,
almost the whole 2DBZ exhibits low transmission. The equilibrium
conductance for the left polarization state is integrated as
9.978 x 10~ '%(2e*h~") and that for the right polarization state as
2.205x 107°(2e*h™"), where e and h are electron charge and
Plank’s constant, respectively. The TER ratio is subsequently
obtained as 2.210x 108%%, which is at least three orders of
magnitude larger than that of the SB-FTJs to be shown later.
Moreover, we find that the RA obtained is ultra low (0.093 KQum?)
in the high conductance state of the DB-FTJ, which enables this
state to be easily detected and greatly increases the compatibility
of the FTJs with the present complementary metal-oxide
semiconductor (CMOS) electronics.

To reveal the origin for the large TER ratio and ultra-low RA of the
DB-FTJ, we draw the projected density of states (PDOS) distribution
as shown in Fig. 4a. In the right polarization state, since the positive
ferroelectric bound charges and the positively charged (LaO) " plane
of the right interface region of each single barrier together lead to a
low electrostatic potential energy distribution in this region [Fig. 2c,
red line], the conduction band minimum (CBM) in this region drops
below the Fermi energy [Fig. 4a, bottom panel], which effectively
reduces the width of each single barrier and increases the
transmission. This leads to a high conductance state, and
correspondingly, the RA decreases. However, for the left polarization
state, the electrostatic potential energy distribution increases due to
the neutralization of the negative ferroelectric bound charges and
the positive (LaO)* plane in the right interface region of each single
barrier [Fig. 2c, blue line], thus placing the Fermi energy almost
entirely in the band gap [Fig. 4a, top panel]. We notice that the
Fermi energy crosses the density of states of the d,, orbitals near the
left interface of each single barrier in the left polarization state, and
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Fig. 2 Atomic structure, electronic structure and transport properties of the DB-FTJ. a Relaxed atomic structures of the two polarization
states of the DB-FTJ, with the direction and magnitude of local polarization of the BTO indicated by the arrows below the structure. b The Ti-O
displacement of each layer of TiO, plane in BTO along the z-direction. ¢ The average electrostatic potential energy of left and right polarization
states along z-direction. The pink, cyan, and yellow backgrounds in (b) and (c) represent Pt, BTO, and LAO, respectively. d The kj-resolved
transmission of the 2DBZ of left and right polarization states of the DB-FTJ at Fermi energy.
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Fig. 3 Energy switch barrier between the left and right polariza-
tion states of the DB-FTJ. P_ (6 =0.0) and P_, (6 = 1.0) represent the
left and right polarization states, respectively. The value of 6
changes from —0.3 to +1.3.

these local density of states will produce resonance tunneling effects
to contribute to the conductance of this polarization state. However,
by calculating the orbital resolved density of the scattering states,
we find that the conductance contribution of the resonant tunneling
effect generated by this local state is small compared with the
conductance contribution generated by its neighboring d,, orbital
(as well as the d, and d,, orbitals) above the Fermi energy [the
second layer in Supplementary Fig. 11. This is due to the fact that the
d,, orbitals are localized in the xy plane and the d,, (as well as the d,»
and d,, orbitals) orbitals are along the transport z direction.
Therefore, the conductance enhancement effect of the d,, orbitals
near the left interface in this polarization state is quite weak, which is
exactly consistent with the low transmission coefficient value
9.978 x 10~ 2(2e%h ") in this polarization state. Consequently, the
left polarization state is a low conductance state compared to the
right polarization state. The fact that Fermi energy passes finite
density of states in several layers in the right interface region of each
single barrier in the right polarization state of the DB-FTJ can also be
seen from the distribution of real space charge density in Fig. 4, that
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is, the accumulation of charge density in the right polarization state
shown in the black dashed box in Fig. 4b. Further analysis shows
that the density of states near Ti atoms in the black dotted box in
Fig. 4b mainly comes from the d,, and d,; orbitals of Ti atoms [Fig.
4c]. Therefore, these orbitals along the transport z-direction play a
crucial role in the high conductance state of the right polarization
state of the DB-FTJ. However, the small charge density near the left
interface of each single barrier in the left polarization state of Fig. 4b
mainly comes from the local d,, orbitals of the Ti atoms [Fig. 4b] with
weak conductance contribution [the second layer in Supplementary
Fig. 1]. Due to the underestimation of the band gap by density
functional theory (DFT), we also considered DFT+U by setting the U
value to 5 eV or 8 eV in the d orbital of Ti. Interestingly, the
metallization at the right interface in the right polarization state
still exists [Supplementary Fig. 2], so the double barrier effect will still
be valid.

In order to obtain more information about the electronic
structure of the DB-FTJ, we calculate the orbital resolved and k-
resolved density of states of the Ti atom and Pt atom at the Fermi
energy in the blue dotted circles in Fig. 4b. Since the s orbitals of
these atoms have almost no density of states at the Fermi energy
[the five layer in Fig. 4c and the Supplementary Fig. 3], we only list
the kj-resolved density of states of the d orbitals of these atoms.
As can be seen from Fig. 5a, the d,y, d,, and d,, orbitals of the Ti
atom show a higher density of states at some k points in the 2DBZ,
while the d,» and d,._,. orbitals show a lower density of states in
the whole 2DBZ, which is obviously consistent with the layer
resolved density of states in the five layer in Fig. 4c. It is proved
that the high conductance of the right polarization state is mainly
contributed by the d,, and d,, orbitals, and as we have analyzed
before, the resonant tunneling effect of the local d,, orbitals will
make a weak contribution to the conductance of this polarization
state. For the Pt atom in Fig. 5b, each d orbital shows a higher
density of states in the 2DBZ, which is also consistent with the
layered resolved density of states of the Pt atom [Supplementary
Fig. 3], indicating the metallic characteristics of the Pt electrode. In
addition, we note that the density of states of these orbitals has
different shapes in the 2DBZ, and we argue that these shapes are
related to the coordination environment around the atoms, which
is worthy for further study.
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The number in the circle marks the corresponding atomic layer. b Real space partial charge density distribution (Visualized with VESTA code?’,
with the isovalues set to 0.003). The blue and red arrows below indicate the local polarization of the two polarization states. The atoms in the
blue dotted circles are selected for further orbital and k-resolved DOS analysis. ¢ The orbital resolved density of states distribution of Ti atoms

in layers 2 to 6.

SB-FTJs

For comparison, we have also studied the transport properties of
two SB-FTJs with different ferroelectric barriers (BTO) thicknesses.
From this study, we will see directly whether single barrier works
as well or even better so that doube barrier design is unnecessary
or not. The first SB-FTJ has a BTO thickness of 5.5 u.c., which is the
same as that of the single barrier in the DB-FTJ. The relaxed
structures of the two polarization states are shown in Fig. 6a. The
polarization of the ferroelectric barrier BTO in the SB-FTJ is similar
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to that of each single barrier in the DB-FTJ, as can be seen from
the local polarization arrows marked at the bottom of each
structure and the Ti-O displacement of the ferroelectric barrier
BTO [see Supplementary Fig. 4a in the supplemental materiall. As
expected, this similarity also shows up in the electrostatic
potential energy distribution [see Supplementary Fig. 4b] and
the projected density of states distribution [see Supplementary
Fig. 5]. The k-resolved transmissions at the Fermi energy for the
two polarization states are shown in Fig. 6b, which clearly shows
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Fig. 6 Atomic structure and transport properties of SB-FTJs. a Relaxed atomic structures and local polarizations of the SB-FTJ with BTO
thickness of 5.5 u.c. b The k-resolved transmission of the 2DBZ of left and right polarization states of the system at Fermi energy. c Relaxed
atomic structures and local polarizations of the SB-FTJ with BTO thickness of 11.5 u.c. d The kj-resolved transmission of the 2DBZ of left and

right polarization states of the system at Fermi energy.

that the right polarization state conducts much better than the left
polarization state. This can be seen more quantitatively by the
equilbrium  conductances G_, =7.301x10°(2e’h~") and
G_=1373x10"7(2e*h~ "), which gives rise to a TER ratio of
5.306 x 10%%, about four orders of magnitude smaller than that of
the DB-FTJ. Furthermore, the RA for the high conductance state
with a value of 0.028 KQum? is of the same order of magnitude as
the high conductance state of DB-FTJ (0.093 KQum?). Overall, the
DB-FTJ performs better than the SB-FTJ with 5.5 u.c. barrier
thickness due to the much larger TER ratio.

The second SB-FTJ for comparison has a longer barrier by
removing the metal layer from the DB-FTJ, with an aim to see
whether the larger TER in the DB-FTJ can be restored by simply
doubling the thickness of the single barrier. If it works, then the
design will get much simpler, making the DB design also not
necessary. The relaxed structures for the two polarization states of a
SB-FTJ with BTO thickness of 11.5 u.c. are shown in Fig. 6¢c and the
corresponding k-resovled transmissions are shown in Fig. 6d.

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

Similarly, the Ti-O displacement of the TiO, layer of ferroelectric
barrier BTO [Supplementary Fig. 6a] and the electrostatic potential
energy distribution of this system [Supplementary Fig. 6b] show the
same characteristics as the SB-FTJ with BTO thickness of 5.5 u.c. and
DB-FTJ. It is seen from the projected density of states that the CBM
in the right region of the ferroelectric barrier BTO drops below the
Fermi energy in the right polarization state, and this high
conductance state is mainly contributed by d,, and d,, orbitals
[Supplementary Fig. 7], which is consistent with the DB-FTJ
discussed previously. As the thickness of the barrier increases, the
conductance of the left polarization state [1.510 x 10~ '%(2e2h~")]
and the right polarization state [1.283 x 10~'%2e*h~")] decreases
greatly. Although there is still a big difference between the
conductance of the two polarization states, with the TER ratio of
8496 x 10°%, it is three orders of magnitude smaller than that of
the DB-FTJ. Moreover, the RA of the high conductance state is
16.002 MQum?, which is six orders of magnitude higher than the
high conductance state of SB-FTJ with BTO thickness of 5.5 u.c. and
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the high conductance state of DB-FTJ. Thus, the difference between
the two polarization states is not easy to detect since the currents in
both states will be too small and beyond the detection limit>2

We note that, in the DB-FTJs, the middle metallic layer is
sandwiched between two insulating FE barriers, thus forming the
quantum well (QW) states. The electron resonant tunneling through
QW states would enhance the transmission. However, we should
note that it will enhance the transmission for both polarization
directions. This will not be the main factor of causing large difference
in the transmissions between the two polarization states. The relation
T=T,Tp, will still hold. The main difference in the transmission in the
two polarization states and the subsequent TER enhancement is
mainly caused by the double barrier effect. As a matter of fact, the
quantum states are just part of the DB-FTJ and the TER enhancement
caused by the double barrier effect will always be significant. In
addition, the defects and/or disorder may exist in ferroelectric tunnel
junctions, which may have different effects on different polarization
states, thus may enhance or weaken the TER ratios. By properly
utilizing the defects and/or disorder, combined with the effect of the
double barrier, we believe that a better TER ratio can be obtained in
the DB-FTJs, which is well worth further investigation.

Multiple resistance states DB-FTJ

Finally, for the DB-FTJ, the structure characteristics of two single
barriers in series can be used to further expand its function. We
design a DB-FTJ model with multiple resistance states as shown in
Fig. 7a. Bias V; and V, are used to control the polarization directions
of the left and right ferroelectric barriers, respectively, so we can
obtain the four polarization states as shown in the yellow dotted
box in the figure. In the cases of two single ferroelectric barriers with
both left and right polarization we have discussed above, it is
confirmed that the ultra-low RA of the high conductance state and
the TER ratio is at least three orders of magnitude larger than the
SB-FTJs as compared above. The other two polarization states in Fig.
74, i.e., with head-to-head and tail-to-tail polarization directions, are
obtained by structural relaxation [Supplementary Fig. 8a, b]. The
distribution of the electrostatic potential energy and PDOS of the
head-to-head and tail-to-tail polarization states are shown in
Supplementary Fig. 8c and Supplementary Fig. 9, respectively.
Further analysis of the kj-resolved transmission of the head-to-head
and tail-to-tail polarization states of the multiple resistance states
DB-FTJ indicates that the transmission probability of the head-to-
head polarization state near the T point in the 2DBZ is similar to that
of the tail-to-tail polarization state [Supplementary Fig. 8d]. The
conductance of the head-to-head polarization state s
5.492 x 1078(2e%h™"), and that of the tail-to-tail polarization state
is 1.974x 1077(2e*h~"). Correspondingly, the RA of the head-to-
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head and tail-to-tail polarization state are 37.407 KQum? and 10.407
KQum?, respectively. For comparison, we plotted the RA of different
resistance states including the SB-FTJs and the multiple resistance
states DB-FTJ [Fig. 7b]. It is seen that the multiple resistance states
DB-FTJ realizes four resistance states in a large RA range, and there
are obvious differences between these states. For the SB-FTJs with
BTO thickness of 5.5 u.c. and 11.5 u.c, the TER magnitude is at least
three orders of magnitude smaller than the TER of the left and right
polarization states of the multiple resistance states DB-FTJ, and for
the SB-FTJ with BTO thickness of 11.5 u.c, the RA of the high
conductance state (P_) is clearly much larger than that in other FTJs.

In conclusion, we have designed and studied the Pt/BaTiOs/
LaAlO3/Pt/BaTiOs/LaAlOs/Pt DB-FTJ based on a double barrier
resonant tunneling model®® by connecting two single barriers in
series with nano-thick metal. For comparison, we have also studied
the transport properties of Pt/BaTiOs/LaAlOs/Pt with a single
ferroelectric barrier of different barrier thickness. For the DB-FTJ, we
get ultra-low RA (0.093 KQum?) in the high conductance state and
giant TER ratio (2.210 x 108%). In contrast, for the SB-FTJ with BTO
thickness of 5.5 u.c. (or 11.5 uc), the TER ratio is about ~10%%
(~10°%), which is at least three orders of magnitude smaller than that
of the DB-FTJ, and the RA of the high conductance state of the SB-FTJ
with BTO thickness of 115 uc. is too large (16002 MQum?).
Therefore, the DB-FTJ will perform much better than the SB-FTJs in
memory applications. In particular, by using bias to separately control
the polarization direction of each single ferroelectric barrier in the DB-
FTJ, we can extend the DB-FTJ from two resistive states to four
resistive states to achieve multiple resistance states DB-FTJ, promising
as multi-state memory devices. Thus the DB-FTJs have advantages
over the SB-FTJs in many aspects for memory applications.

METHODS

For comparison, we study three devices, namely, the DB-FTJ [Pt/
BTO(5.5 u.c.)/LAO(1 u.c)/Pt/BTO(5.5 u.c)/LAO(1 u.c)/Pt], the SB-FTJ
[Pt/BTO (5.5 u.c.)/LAO (1 u.c)/Pt, and the SB-FTJ Pt/BTO (11.5 u.c)/LAO
(1 u.c)/Pt]. Here a polar oxide barrier layer LAO is inserted at the right
side of each single barrier since it has been demonstrated as a good
interlayer in the M/F/I/M junctions for enhancing the TER perfor-
mance33, The atomic plane terminations at each Pt/BTO interface are
chosen such that the O atoms in the TiO, plane are right located at
the top of the Pt atoms, which results in the most stable structure
due to the strongest Coulomb attractive interaction between the Pt
cations and O anions in contact. This Pt/BTO termination is also
adopted in other studies on ferroelectric tunnel junctions®**°, For the
Pt/LAO interface, a similar termination is chosen so that the O atoms
of the AlO, plane are right at the top of Pt atoms. As for the atomic
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terminations between BTO and LAO, since they both belong to the
ABOs perovskite structure, naturally, the atomic planes between
them should take an ..AO-BO,-AO-BO.,.. order, which is the one
adopted in this work and other literatures?23349,

The structure relaxation of these devices is performed with a
5x5x 1 k-sampling grid using the SIESTA package*'*?. In the
process of structural relaxation, following the routine in the
literature’*3%34 the xy plane lattice constant is fixed to the
experirpental lattice constant of tetragonal bulk BTO (namely,
3.991 A)'33%, while the atomic coordinates and z-direction lattice
constant are fully optimized, which results in the electrodes
undergoing a tetragonal phase distortion'>*°, The maximum
atomic force of atomic coordinate optimization is set to be less
than 0.01 eV/A. The Perdew-Burke-Ernzerhof (PBE) form of
exchange-correlation potential under generalized gradient
approximation (GGA)** and the double zeta basis combining
polarization orbitals (DZP) are adopted throughout the work. The
polarization direction of each single ferroelectric barrier BTO in the
optimized system is obtained by pre-setting positive or negative
Ti-O displacement. The BTO in the optimized tunnel junction has a
tetragonal structure, and the value of c¢/a is larger than 1.0,
indicating that polarization is present in the z-direction.

The transport properties are calculated by the Nanodcal
package** which combines the DFT* and the nonequilibrium
Green’s functions (NEGF) method*® specially for quantum trans-
port study. The self-consistent calculations are performed using a
15x 15 % 1 k-point grid and the transmission coefficients are
calculated with a 300 x 300 k-point grid of the transverse 2DBZ.
The equilibrium conductance is calculated by

2e?
G="-> T(Er k) (1)
k

where e is the electron charge, h is the Planck constant, and
T(Eg, k) is the transmission coefficient at the Fermi energy Eg and
transverse Bloch wave vector k; = (k,, k). The tunneling electro-
resistance ratio is calculated by

_l6_ -G |
" min(G_,G_)

to characterize the conductance difference between the left and
right polarization states. Here, G_ and G_, are the equilibrium
conductances of the left and right polarization states, respectively.
Moreover, we integrate local density of states n(r, E) over the
energy from Er — 0.1 eV to Er to obtain the real space charge
density distribution of the system around the Fermi energy.

TER x 100% )
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