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Ferroelectric tunnel junctions (FTJs) are very promising candidates for nonvolatile memory devices and
a large tunneling electroresistance (TER) ratio is essential for their high performance. This work intends
to achieve large TER ratio by interfacial doping in FTJs by taking Pt/BaTiO; /Pt tunnel junctions as an
example. By introducing Na (or Li) substitutions for Ti atoms at the right interface, the resultant strong
Coulomb repulsion from the negatively charged NaO, interface pushes the electrons to higher energy in
an increasing manner from left to right in the whole BaTiO; barrier, which leads to rapidly increasing
potential energy profile and partial metallization close to the right interface in the left polarization state.
However, in the right polarization state, since the right ferroelectric polarization produces a decreasing
potential energy profile from left to right, although the NaO, interface also pushes the electrons to much
higher energy and the slope of the potential energy profile changes from negative to positive, the final
slope of the potential energy profile is much less steeper and the Fermi level is always inside the band
gap, leading to a completely insulating state. The substantially different distributions of the electrostatic
potential energy profile in the two polarization states lead to great differences in the transport properties.
Based on density-functional-theory calculations, a TER ratio up to 10°% is achieved. The results indicate
that a negatively charged interface based on interfacial substitution is a promising method for obtaining
a large TER ratio in FTJs, and thus will have implications for the further understanding and design of

high-performance FTJs.
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I. INTRODUCTION

Ferroelectric tunnel junctions (FTJs), which are made
of ferroelectric thin films sandwiched between two metal
electrodes have great technological applications in non-
volatile random access memories [1-9]. However, the
study of FTJs had made little progress in the 30 years after
it was initially proposed by Esaki in the 1970s as a con-
cept of polar switch [10]. Nevertheless, since the existence
of nanoscale ferroelectricity in thin films has been proved
in 2003 [11-13], the FTJs have been widely studied.
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The FTJs have many advantages over other forms of mem-
ory devices constructed with ferroelectric materials. For
example, unlike the destructive readout of commercial fer-
roelectric random access memories [14], the FTJs achieve
a nondestructive readout by reading the conductance of
the tunnel junction to obtain the written resistance states.
Moreover, although ferroelectric diodes have the charac-
teristic of nondestructive readout [15,16], the thick ferro-
electric layer limits their miniaturization. In contrast, the
thickness of the ferroelectric layer of the FTJs is reduced
to a few nanometers, which is conducive to its miniatur-
ization. In addition, the FTJs are also characterized by
the high density of data storage, high speed of read and
erase, and low power consumption, which have attracted
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extensive research interest in recent years. For the study of
FTlJs, a very useful parameter of performance is the tunnel
electroresistance (TER) ratio, which measures the change
in the resistance of the tunnel junctions with ferroelectric
polarization reversal under the external electric field. The
TER effect in FTJs has been widely demonstrated by the-
ories [2,3,17—19] and experiments [4,5,20-26], and great
efforts have been made to achieve a giant TER ratio.

Various approaches involving the modulation of the fer-
roelectric barrier have been proposed to achieve the TER
effect. Zhuravlev et al. studied the variation of ferroelec-
tric barrier height in tunnel junctions with metal electrodes
of different screening lengths under polarization reversal
by using the Thomas-Fermi model of screening [27] in
2005 and, thus, obtained the TER effect [2]. Also, using
electrodes with different screening lengths, Chanthbouala
et al. experimentally modulated the height of the bar-
rier and obtained a TER ratio of approximately 10*% [4].
In addition, by choosing appropriate ferroelectric materi-
als to increase the intensity of ferroelectric polarization
[28,29] or by adjusting the work function of the metal
electrodes [30], the height of the ferroelectric barrier can
also be changed to achieve large TER effect. According
to the basic quantum mechanics, the tunneling transmit-
tance depends exponentially on the height and width of
the barrier with the relation T ~ exp(—d./¢), where T is
the transmittance, d the barrier width, and ¢ the barrier
height [31]. Therefore, the ferroelectric barrier width is
also a degree of freedom to tune the TER feature of the
tunnel junction. For example, by increasing the thickness
of ferroelectric material BaTiO3(1-3 nm) in tunnel junc-
tion, Garcia et al. increased the TER ratio from 30% to
750% [20]. Other methods, such as considering the band
alignment between electrodes and ferroelectric material
[32] or applying the converse piezoelectric effect [3,33,34],
can also be used to adjust the width of the ferroelectric
barrier to obtain the TER effect.

In addition, there are still other ways to obtain the
TER effect that go beyond controlling the height and
width of the ferroelectric barrier. For example, because
the strong correlation electron oxide La;_,A,MnOj3
(A = Sr, Ca, or Ba) can undergo a series of phase tran-
sitions when the carrier concentration changes [35,36],
and the carrier concentration can be tuned by ferro-
electric polarization [37], these kinds of materials have
attracted extensive attention. Yin et al. studied the
LSMO/BaTiO;/La, sCagsMnO3;/LSMO (LSMO = Lay
Sryp3MnO3) tunnel junction and realized the TER ratio of
approximately 10*% by utilizing the transition between
ferromagnetic metal and antiferromagnetic insulating
phase of the interlayer (LaysCaysMnO;3) under ferroelec-
tric polarization reversal [38]. Using the correlated electron
oxide (CEO) La;_,Sr,MnO; as the electrode, Jiang et
al. realized the TER ratio of approximately 3.0x10%%
with the optimal thickness (7 nm) of ferroelectric

material PbZrg,TipgO3; under the phase transition of
the CEO [39]. Similarly, Radaelli et al. also realized
the enhanced TER effect in Pt/La, sSry sMnOs3/BaTiO;/
LSMO tunnel junction [40]. In addition to the metal-
insulation phase transition, the use of an n-type semi-
conductor as the electrode to obtain the Schottky barrier
[23,26,41], the use of ion migration [5,42—44], and the use
of composite barriers [24,45—48] have all been reported to
achieve the TER effect.

In addition, substitutional doping [49—53] has proven
to be an effective way to control electronic transport. For
example, Wang et al. studied this effect in Pt/SrTiO;/Pt
heterostructure and found that by substituting the La>* for
Sr** and the Nb>* for Ti** in SrTiOs, the originally closed
conductance channel can be opened. However, with the
substitution of Ba®*(or Ca*>") for Sr** and Hf** for Ti**,
the conductance channel remains closed [54]. More inter-
estingly, Klyukin et al. also worked on the Pt/SrTiO;/Pt
tunnel junction by substituting Ti for Sr inside the para-
electric SrTiO3 barrier and obtained local polarization
around the dopants and a LDOS peak inside the band
gap, which mediates the electron transport. The direction
of the local polarization can be reversed under external
electrical field, which leads to the different positions of
the LDOS peak from the Fermi level and finally a TER
ratio of approximately 10*% [55]. Inspired by the doping
effects in these studies, we believe that interfacial doping
at only one interface of a symmetric FTJ may break the
symmetry of electrostatic potential distribution and differ-
ent electrostatic potential distribution under ferroelectric
polarization reversal may be achieved, which may lead to
a large TER ratio. As a matter of fact, in this work, by tak-
ing Pt/BaTiO; /Pt FTJ as an example and substituting Ti
with Na (or Li) at the right (namely, BaTiO3 /Pt) interface,
accompanied by the substantially different electrostatic
distribution under ferroelectric polarization reversal and
the appearance and disappearance of partial metallization
in the two polarization states resulting from the Coulomb
repulsion of the negatively charged NaO, layer, a TER
ratio of up to approximately 10°% is achieved, based on
density-functional-theory (DFT) calculations.

II. COMPUTATION DETAILS

The central region of the FTJ is chosen by stacking
4.0 unit cells (u.c.) of Pt, 8.5 u.c. (or 9.5 u.c.) of BaTiOs,
and 4.5 u.c. of Pt along the [001] direction, with the sub-
stitution of Na or Li for Ti (Nay; or Lir;) at the right
interface [see Figs. 1(a), 6(a), and Fig. S6(a) within the
Supplemental Material [56]]. The interface between the
ferroelectric barrier and the electrodes on both sides is
taken to be the same, namely, the most stable TiO,/Pt
interface [57], which is specially used to study the effect
of substitution atoms on the whole electrostatic poten-
tial distribution of the FTJ. The in-plane lattice constant
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of the supercell is constrained to 3.991 A, which is the
experimental value of bulk BaTiO; [58]. The atomic coor-
dinates within the supercell and the out-of-plane lattice
constant are completely relaxed. By setting the z dis-
placements between Ti and its adjacent O as positive or
negative values before structural relaxation, two polariza-
tion states of FTJ structure are obtained after optimizing
the structure. The c/a value of the tetragonal BaTiO3 gen-
erated in FTJ after the optimization of the structure is
greater than 1.0, which will produce a polar displacement
perpendicular to the interface. Structural optimization is
performed by the DFT-based SIESTA package [59,60],
and Perdew-Burke-Ernzerhof (PBE) generalized gradient
approximation (GGA) is used for the exchange correlation
functional [61]. The mesh cutoff energy is set to 250 Ry
to define the plane-wave cutoff for the grid, and the basis
sizes adopt the double ¢ basis plus polarization orbitals
(DZP) for all the elements. A relatively sparse 5 x 5 x 1
Monkhorst-Pack k-sampling grid is used for atomic relax-
ation calculations as the accuracy for this step in the x-y
plane is less relevant. The coordinates are optimized until
the maximum atomic force is smaller than 0.04 eV/Ang.
The self-consistent calculations are performed with a finer
k-sampling grid of 9 x 9 x 1. The TranSIESTA method
[62,63] is used to calculate the self-consistent electron
density and electrostatic potential of the two-probe open
system and tight-binding transport (TBtrans) code [62,63]
based on the nonequilibrium Green’s function formalism
is used to calculate the transport properties of the sys-
tem. A k-point mesh of 100 x 100 is chosen to sample the
two-dimensional Brillouin zone for calculating the trans-
mission functions. From the transmission function T'(E),
we can get the equilibrium conductance G = T(Er)Gy,
with Er the Fermi energy of the leads and Gy = 2¢*/h the
quantum conductance. To test the accuracy of the parame-
ters, as an example, we try the energy cutoff of 400 Ry and
6 x 6 x 1 k-sampling grid for the structure relaxation of
the left polarization state. Compared with the parameters
of 250 Ry and 5 x 5 x 1 k-sampling grid, we find that the
maximum change of the atomic coordinates is only 0.06 A,
about 1.5% of the in-plane lattice constant 3.991 A, which
leads to negligible change in the transmission around the
Fermi level. Thus, our results are presented all with 250 Ry
and 5 x 5 x 1 k-sampling grid to save computation time.

I11. RESULTS AND DISCUSSION

The fully optimized atomic structures in the two polar-
ization states for Nar;-FTJ with 8.5 u.c. BaTiO3 are shown
in Fig. 1(a). From the lower arrows showing the local
polarization of the two polarization states, it is seen that
there is an anomalous polarization reversal for the nearest
region of the substituted Na atom in the left polariza-
tion state. This phenomenon is also observed in the Ti-O
displacement diagram drawn in Fig. 1(b), where positive
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FIG. 1. Structural and electrical polarization properties for the
Nar;i-FTJ with 8.5 u.c. BaTiOs. (a) Schematic diagram of opti-
mized atomic structure for the left polarization state (P._, top
panel) and the right polarization state (P_,, bottom panel). The
blue and red arrows indicate the local polarization of BaTiO; in
the two polarization states. (b) The relative polar displacement
between cation Ti** and anion O~ in each atomic layer. (c) The
averaged electrostatic potential distribution (in energy unit) of
the whole tunnel junction along the z direction.

and negative Ti-O displacements simultaneously appear
on the right side of the left polarization state. This is due
to the substitution of Na for Ti, which causes the original
electrically neutral TiO; interface to become a negatively
charged one. Such an interface will generate an attrac-
tive effect on the surrounding cations Ti*", and the nearest
cation Ti*™ will feel the strongest attraction. This will keep
the polarization of the region closest to the substituted Na
atom from being reversed, thus, the local polarization will
be opposite to the bulk polarization in the left polarization
state. Consequently, the region closest to the substituted
Na atom forms a tail-to-tail ferroelectric domain wall, as
observed in other systems [64]. The Coulomb repulsion
between the negative ferroelectric bound charges at the
domain wall and the negatively charged NaO, interface
will result in a higher electrostatic potential profile on the
right side of the ferroelectric barrier for the left polariza-
tion state [Fig. 1(c), blue line]. Unlike the left polarization
state, the right polarization state is almost uniformly polar-
ized and no domain wall is formed. It is shown in Fig. 1(b)
that the Ti-O displacement is positive throughout the tun-
nel junction. Since the positive ferroelectric bound charges
at the right interface cancel out with the negative NaO,
interface, the electrostatic potential profile of ferroelec-
tric barrier for the right polarization state [Fig. 1(c), red
line] is much less steep than that of the left polarization
state. We predict that the different distribution of electro-
static potential in the two polarization states will produce
an interesting difference in the transport properties, which
is studied below.

044001-3



WEI XIAO et al.

PHYS. REV. APPLIED 17, 044001 (2022)

To evaluate the stability of the two polarization states
with right interface doping and the energy barriers switch-
ing between them, we carry out a series of static calcu-
lations for the two polarization states of the Nar;-FTJ with
8.5 u.c. BaTiO; by using the linear interpolation method of
atomic coordinates [z(A) = (1 — A)z(P.) + Az(P_)]. By
varying the value of A, the left polarization state is rep-
resented when A = 0, and the right polarization state is
represented when A = 1. Figure 2(a) shows the feasibility
of switching between the two polarization states for this
tunnel junction under an applied electric field due to the
fact that both polarization states fall at the local minimum.
After analyzing the data, we get that the depth of the poten-
tial well for the left polarization state is about 0.179 eV
(between A = 0.0 and 0.3), and for the right polarization
state is about 1.811 eV (between A = 1.0 and 0.3). This
bistable electrical modulation is one of the useful charac-
teristics of the FTJs as nonvolatile memory devices. For
the shallower potential well in the left polarization state,
better stability can be obtained by increasing the thick-
ness of the ferroelectric barrier as discussed later for the
Nar;-FTJ with 9.5 u.c. BaTiOs.

For the above bistable configuration, we calculate the
transmission properties of the two polarization states for
Nar;-FTJ with 8.5 u.c. BaTiOs;. From the calculated
transmission functions in the energy range of —0.6 to
0.6 eV in Fig. 2(b), we obtain the tunneling equilib-
rium conductance values for the left and right polariza-
tion states as G ~ 1.248 x 1078 Gy and G_, ~ 9.726 x
1072 Gy, where Gy = 2¢*/h is the conductance quan-
tum, with e the electron charge and / Plank’s constant.
The TER ratio, which is quantified as TER = |G —
G_ |/min(G_, G_,) under polarization reversal, reaches
approximately 1.282 x 10°%. The decrease in tunneling

conductance from the left polarization state to the right
polarization state can also be seen from the calculated
kj-resolved transmission in the two-dimensional Brillouin
zone (2DBZ) at the Fermi energy as shown in Fig. 2(c).
For the left polarization state, the transmission region is
concentrated in the bright red large circular region of the
2DBZ. The transmission is considerably enhanced near the
[ point (k) = 0) in the 2DBZ. For the right polarization
state, the reduced transmission is obviously observed in the
bright yellow large circular region of the 2DBZ. The shape
of the large transmission area in the left and right polariza-
tion state in Fig. 2(c) is derived from the high density area
of Bloch states of the bulk metal Pt electrode as shown in
Fig. 2(d).

To gain a deep understanding of the large tunneling
conductance difference between the left and right polariza-
tion states, we calculate the layer-resolved density of states
(DOS) for the Nar;-FTJ with 8.5 u.c. BaTiOj;. As seen from
Fig. 3(a), compared with the relatively flat distribution of
the DOS in the right polarization state, the distribution of
DOS for the left polarization state shifts upward from left
to right, with a large slope. Specifically, the VBM in the
right side region (about 3 u.c.) of the ferroelectric barrier
rises above the Fermi energy, which indicates the partial
metallization in this area. However, in the right polariza-
tion state, the Fermi level is always located inside the band
gap of the ferroelectric barrier. The above distributions of
density of states lead to the great difference in the bar-
rier width and the subsequent conductance between the left
and right polarization states [Figs. 2(b) and 2(c)], which in
turn gives rise to the giant TER effect. The electrostatic
potential distribution as shown in Fig. 1(c) is consistent
with the overall profile of the density of states in the two
polarization states.
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FIG. 3. Layer-resolved and orbital-resolved density of states

for the Nayi-FTJ with 8.5 u.c. BaTiOs. (a) The layer-resolved
density of states of left polarization state (P._, top panel) and
right polarization state (P_,, bottom panel). Purple, orange, and
yellow, respectively, represent the density of states of each
atomic layer of Pt electrodes, the TiO, atomic layers of BaTiOs3,
and the NaO, atomic layer at the right interface. The numbered
circles in the middle identify the density of states in the TiO, and
NaO, atomic layers. (b) The orbital-resolved density of states of
O atoms of the numbered layers for the two polarization states.

To understand the mechanism of the partial metalliza-
tion in the P_ state, a schematic diagram is drawn in
Fig. 4. If the negatively charged NaO, layer is absent, the
left polarization will induce a potential energy increase
from left to right, followed by a small segment of drop
induced by the one unit cell of right polarization close
to the right interface [see the dashed line in Fig. 4(a)].
When the negatively charged NaO, layer is taken into
account, the electrical field induced by it will push the
electron in the whole BaTiO; barrier to higher energy. Par-
ticularly, the closer to the NaO, layer, the larger increase in
the potential energy the electrons will get (with an increase
of AV at the right interface), resulting in greatly increased
slope of the potential energy profile. Near the right inter-
face, the electron energy gets higher than the Fermi level
[see the solid line in Fig. 4(a)], which leads to partial met-
allization of the right BaTiOj3 unit cells (the right relatively
flat segment indicates the partial metallization region). In
the right polarization state, the potential energy profile
induced by the ferroelectric polarization of BaTiO; alone
will decrease from left to right [see the dashed line in

P

(@) @

© - @O (NaOy)~ layer

@ ©(NaOy)~ layer

FIG. 4. Schematic diagram of potential energy increase
induced by the negatively charged (NaO,)~ layer for states:
(a) P—; (b) P_,. The dashed lines indicate the potential energy
induced by the ferroelectric polarization P ,_,, while the solid
lines indicate the final potential energy after taking the potential
energy increase AV induced by the (NaO,)~ layer into account.
Here the superscript “—” of (NaO,)~ only means it is negatively
charged and does not mean the exact valence.

Fig. 4(b)]. However, due to the negatively charged NaO,
layer, it will also push the electron at the right interface
to higher energy by AV [see the solid line in Fig. 4(b)],
changing the slope from negative to positive. This is why
we see the large and small increases in Fig. 3(a) in the two
polarization states. The small positive slope in Fig. 4(b)
is not enough to raise the electron energy to be above the
Fermi level, thus the whole BaTiO3 is still insulating.

Note that although the Na-doping scheme at the right
interface is similar to the CoO layer insertion of Jiang
et al.’s scheme [67] in achieving asymmetry in the BaTiO;
barrier, the effects of Na doping and CoO layer are greatly
different. First, the role of the CoO layer at the right inter-
face is to generate a very strong local polarization and a
strong local field to push the conduction-band minimum
(CBM) of the BaTiOj3 barrier all below the Fermi level
so as to achieve entire metallization, while the role of Na
doping is to generate a negatively charged NaO, surface,
which induces a Coulomb potential and raises the VBM
of the right region of the BaTiOj3 barrier above the Fermi
level and thus leads to partial metallization. Second, the
Na doping avoids the necessity of a two-step process as
required in the CoO layer scheme in which a first mechan-
ical manipulation is used to turn the metallic state into an
insulating state, followed by an electrical manipulation to
revert the polarization.

By further analysis of the orbital-resolved density
of states of the right half of the ferroelectric barrier
[Fig. 3(b)], we find that the p, orbital of O atoms dominates
the high tunneling conductance in the left polarization
state. This is because the p, orbital of the O atom is along
the transport direction, and there are orbitals, namely, d_2,
along the same direction and not orthogonalized with the
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p- orbital of O in the bulk Pt electrode [see Fig. S1 within
the Supplemental Material [56]]. However, both p, and
py of the O atoms are localized in the x-y plane and thus
have no contribution to the conductance. After analyzing
the calculation results, we also draw the following conclu-
sions. For the two polarization states, since the orbitals of
Ti atoms in the TiO, atomic layers are basically located
above the Fermi energy, there is almost no contribution to
the conductance of the tunnel junction (Fig. S2 within the
Supplemental Material [56]). Even if the density of states
of Ti atoms in the second layer of the left polarization state
drops below the Fermi energy, it does not contribute to
the conductance because it has the symmetry of d,, and
is localized in the x-y plane [Fig. S2(a) within the Supple-
mental Material [56]]. In addition, the Ba atoms and Na
atoms do not contribute to conductance because they have
only one s valence electron and its density of states around
the Fermi energy is extremely small. The p, orbitals of the
O atoms in the BaO atomic layers that contribute to the
conductance of the tunnel junction are all below the Fermi
energy in both polarization states, so these O atoms almost
do not participate in the transport of the tunnel junction
(Fig. S3 within the Supplemental Material [56]).

We draw the charge-density distribution of two polar-
ization states in real space by integrating LDOS between
Er —0.1 eV and Er to obtain a more intuitive differ-
ence between them. It can be seen from Fig. 5(a) that
the accumulation of charge density appears in the right
interface region of the left polarization state, which is con-
sistent with the PDOS distribution of the left polarization
state in Fig. 3(a). Therefore, the thickness of the barrier
in the left polarization state is correspondingly thinner,
which enhances the conductance, and the charge density
at this right interface region is mainly composed of O-
p orbitals [Fig. 3(b)]. However, for the right polarization
state, very little charge density is shown in the entire bar-
rier, which is consistent with the PDOS distribution for the
right polarization state in Fig. 3(a). Thus, the right polar-
ization state has a low conductance. Figure 5(b) shows the
scattering states of ' point (k; = 0) at the Fermi level of
the FTJ. It is seen that the scattering state of the right
polarization state decays more rapidly than that of the
left polarization state, which is consistent with the partial
charge density and proves again that the left polarization
state has a higher conductance than the right polarization
state.

Moreover, in order to explore the effect of increasing
the thickness of the ferroelectric barrier on the stabil-
ity of the bistable state, we calculate the substitution
of Ti atom by Na atom at the BaTiO;/Pt interface for
the Pt(4.0 u.c.)/BaTiO3(9.5 u.c.)/Pt(4.5 u.c.) FTJ. Figures
6(a)—6(c) show the optimized atomic structure, the relative
Ti-O displacement of each atomic layer and the aver-
aged electrostatic potential profiles, respectively. These
figures of Nar;-FTJ with 9.5 u.c. BaTiOj all exhibit similar

FIG. 5. Partial charge densities and real-space scattering states
for the Nar;-FTJ with 8.5 u.c. BaTiOs (primitive cell). (a) Par-
tial charge densities in the left (P._) and right (P_,) polarization
states of the Nar;-FTJ with 8.5 u.c. BaTiO3. The VESTA code [65]
is used to visualize the isosurfaces with isovalues equal to 0.006.
(b) The scattering states of left (P.) and right (P_, ) polarization
states at the Fermi energy of this FTJ calculated by the Nanodcal
package [66]. The blue and red arrows correspond to the local
polarization of BaTiOs in the two polarization states.

characteristics to Nat;-FTJ with 8.5 u.c. BaTiO3. As shown
in Fig. 7(a), by using the same linear interpolation method
of atomic coordinates as for the Nar;-FTJ with 8.5 u.c.
BaTiO;, we plot the energy barrier for the switching
between the two polarization states of the Nar;-FTJ with
9.5 u.c. BaTiOs. According to Fig. 7(a), the depth of
the potential well for left polarization state increases to
0.242 eV (between A = 0.0 and 0.3) from 0.179 eV in the
8.5u.c. BaTiO; case, indicating the enhanced stability of
the Nar;-FTJ with 9.5 u.c. BaTiOj; in the left polarization
state. For the right polarization state of Nat;-FTJ with 9.5
u.c. BaTiOs, the depth of the potential well is also slightly
increased to 1.974 eV, as compared with the 1.811 eV
in the 8.5 u.c. BaTiOj5 case. It indicates that the increase of
the thickness of the ferroelectric barrier helps to increase
the stability of the two polarization states. This conclu-
sion is consistent with the previous literature [64]. For this
more stable bistable structure, we obtain a TER ratio of the
same order of magnitude as the tunnel junction for Nar;-
FTJ with 8.5 u.c. BaTiO3, with a value of approximately
2.755 x 10°% [Fig. 7(b)]. This shows that we can increase
the stability of the tunnel junction by increasing the thick-
ness of the ferroelectric barrier while maintaining the TER
ratio of the same order of magnitude. We also calculate the
kj-resolved transmission (Fig. S4 within the Supplemen-
tal Material), layer-resolved density of states [Fig. S5(a)
within the Supplemental Material] and orbital-resolved
density of states [Fig. S5(b) within the Supplemental Mate-
rial] of O atoms for the two polarization states of the
Nar;-FTJ with 9.5 u.c. BaTiOj3 [56], which all show sim-
ilar characteristics to those of the Nar;-FTJ with 8.5 u.c.
BaTiO3.

Under the same calculation conditions, we study the
effect of Ti substitution at the right interface by Li atom
of the same main group as Na atom. For the Lip;-FTJ with
8.5 u.c. BaTiOs, Fig. S6 within the Supplemental Material
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FIG. 6. Structural and polarization properties for the Nar;-FTJ
with 9.5 u.c. BaTiO;. (a) Schematic diagram of the optimized
atomic structure of left polarization state (P., top panel) and
right polarization state (P—,, bottom panel). The blue and red
arrows correspond to the local polarization of BaTiOs3 in the two
polarization states. (b) The relative polar displacement between
cation Ti and anion O in each atomic layer. (c¢) The averaged
electrostatic potential distribution of the whole tunnel junction
along the z direction.

shows its structure and polarization properties [56]. It is
seen from Figs. S6(a, b) within the Supplemental Material
that, compared with Nar;-FTJ with 8.5 u.c. BaTiO3, Liy-
FTJ with 8.5 u.c. BaTiO; has two layers of polarization
anomalies at the right interface under the left polariza-
tion state [56]. This is not conducive to the stability of the
left polarization state. As shown in Fig. S7(a) within the
Supplemental Material, the potential well in the left polar-
ization state is only 0.078 eV [56]. However, as mentioned
earlier, enhanced stability can be achieved by increasing
the thickness of the ferroelectric layer. As shown in Fig.
S7(b) within the Supplemental Material [56], we calculate
the transport properties of Li;-FTJ with 8.5 u.c. BaTiOs,
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FIG. 7. The switching barriers and transmission functions for

the Nar;-FTJ with 9.5 u.c. BaTiO;. (a) The switching barriers
between the two polarization states. A = 0 and A = 1.0 repre-
sent the left and right polarization state, respectively. (b) The
k-averaged transmission of left (P.) and right (P_, ) polarization
states as a function of energy E.

and the TER ratio reached approximately 1.024 x 103%,
which has the same order of magnitude as that of Nary;-
FTJ. The layer and orbital resolved density of states of
Lig3-FTJ with 8.5 u.c. BaTiOj; are shown in Fig. S8 within
the Supplemental Material [56]. It is noted that, unlike the
Nar;-FTJ, the layer-resolved density of states of three lay-
ers at the right interface of the right polarization state of the
Liri-FTJ rises above the Fermi level. However, by the anal-
ysis of the orbital-resolved density of states, these states
are mainly contributed by the p, and p, orbitals of O atom,
which do not contribute to the conductance because they
are confined to the x-y plane.

IV. CONCLUSION

In conclusion, we propose to break the symmetrical
electrostatic potential distribution of the tunnel junction by
replacing Ti atoms with Na (or Li) atoms at one of the
interfaces of Pt/BaTiO;/Pt FTJ. The asymmetrical elec-
trostatic potential profiles combined with the ferroelectric
polarization reversal cause great variation to the density
of states of the ferroelectric barrier in the two polariza-
tion states. For the left polarization state, the density of
states in the right region of the ferroelectric barrier (about
3 u.c.) rises above the Fermi energy, leading to partial met-
allization in this region. However, in the right polarization
state, the positive ferroelectric bound charges and the neg-
atively charged NaO, interface cancel each other on the
right side of the ferroelectric barrier, thus the distribution
of the density of states is much smoother. The difference
of distribution of density of states in the two polarization
states leads to the huge difference of conductance, and the
TER ratio of approximately 10°% is obtained. In addition,
we also show that the stability of the two polarization states
can be enhanced by increasing the thickness of the fer-
roelectric barrier, and the magnitude of the TER ratio is
maintained. We note that the Pt/BaTiO; /Pt junction has
been flagged as a pathological case within DFT due to
the spurious band alignment between the materials [68],
which may partly quantitatively affect the numerical accu-
racy of the results in this work. However, the interfacial
doping proposed in this work can be extended to other sys-
tems and provides a feasible way for achieving large TER
ratio, which will be helpful in the design of FTJs with good
performance.
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