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Two-dimensional (2D) ferroelectric materials have attracted great attention in recent years due to their thin
thickness, high stability, and switchable polarization states. In particular, ferroelectric tunnel junctions (FTJs)
constructed from 2D ferroelectric materials have been shown to have very high tunnel electroresistance (TER)
ratios. In this work, we design a ferroelectric tunnel junction composed of Sc,CO, /In,Se; vertical van der Waals
(vdW) heterostructure based on two different 2D ferroelectric materials with out-of-plane polarization. Through
density functional calculations combined with a nonequilibrium Green’s function technique, it is found that the
TER ratio as high as 107% can be achieved. Analysis shows that it originates from the difference in the work
functions of the contact surfaces of the two ferroelectric materials, which makes charge transfer occur or not
occur between them and further leads to a metalinsulator switching of the ferroelectric vdW heterostructure
upon the reversion of the applied electrical field. The results suggest the importance of ferroelectric vdW
heterostructure in the design of FTJs and a feasible design scheme characterized by proper choice of the work

functions and band gaps of the component materials.

DOLI: 10.1103/PhysRevB.107.115427

I. INTRODUCTION

Ferroelectric tunnel junctions (FTJs) as a new generation
of nonvolatile memory devices have attracted a lot of atten-
tion due to the advantages of low energy consumption, high
read-write speed, good scalability, and no mechanical damage
in operation [1-6]. A typical FTJ consists of a ferroelectric
film sandwiched between two metal electrodes, and one of
the core problems in the study of FTJs is how to obtain a
high tunnel electroresistance (TER) ratio [7,8]. At present,
the FTJs that have been studied most frequently are the ones
with traditional three-dimensional (3D) ferroelectric materials
such as ABOjs-type perovskites as the tunnel barriers [9—12].
However, 3D ferroelectric materials will show two disadvan-
tages in the construction of FTJs when the ferroelectric layer
is so thin as below the critical thickness. On one hand, the
depolarization field caused by the accumulated polar charge
on the surfaces of the film will lead to the disappearance of
ferroelectricity. On the other hand, the surface dangling bonds
will lead to structural instability. This is in contradiction with
the requirement of device miniaturization [13—16]. Therefore,
ferroelectric materials that do not suffer from critical thick-
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ness that may lead to ferroelectric and structural instabilities
are of great interest.

In recent years, together with the rise of two-dimensional
(2D) materials, many 2D ferroelectric materials have been
proposed theoretically or even prepared experimentally, such
as SnTe [17,18], SbN [19], BiP with in-plane spontaneous
polarization [20] and In;Ses; [21-23], CulnP,S¢ [24,25],
Sc,CO;, [26], and AgBiP,Seq [27]with out-of-plane sponta-
neous polarization. 2D ferroelectric materials provide a good
substitution for the traditional 3D ferroelectric materials in
solving the critical thickness problem due to their advantages
such as ultrathin atomic thickness, smooth surfaces, and no
surface dangling bonds, as well as high structural stability
inherent in 2D materials. In fact, 2D FTJs based on 2D
ferroelectric materials have been constructed and very high
tunnel electroresistance has been reported [28-32]. However,
most of the current research focuses on using a single two-
dimensional ferroelectric material as the tunnel barrier. It is
well known that an emerging direction in the study of 2D
materials is the van der Waals (vdW) vertical heterostruc-
ture formed by stacking different 2D materials together. vdW
heterostructures provide much more freedom for function
tuning as compared with single component material. A nat-
ural question to ask is, how it will perform when a vdW
ferroelectric heterostructure is utilized for constructing 2D
FTJs, and further, how shall we design the vdW ferroelectric
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FIG. 1. (a) The electrode supercell with the lattice vectors in the xz plane as a = (6.90, 0.00, 0.00) A and ¢ = (3.45,0.00, 5.97) A. (b) The
channel region of the FTJs, with the transport direction along the z direction. The structures of the FTJ with ferroelectric polarizations of both
Sc,CO; and In,Se;s; (c) pointing downward (Py;) and (d) pointing upward (P;4), with the blue dashed line region representing the electrode
supercell and the red dashed line region representing the channel region. # is the number of pristine Sc,CO,/In,Ses supercells included in the

channel region.

heterostructure so that FTJs constructed with it will show an
excellent giant tunnel electroresistance?

In this work, we intend to construct 2D FTJs with vdW
ferroelectric heterostructure materials to realize a giant tun-
nel electroresistance. In our previous works, we have found
that a 2D ferroelectric material can be switched between an
insulating state and a metallic state when it is in contact with
a metal if the work function of one surface of the ferroelec-
tric materials is nearly equal to that of the metal [28,29].
Generally, the two surfaces of a ferroelectric material with
out-of-plane polarization have different work functions with
a large difference due to the internal polarization field. When
the metal contacted with it has a work function very close to
one of its work functions, charge transfer will not occur so
that the ferroelectric materials will still be in the insulating
state. However, if the polarization of the ferroelectric material
is reversed by a vertical electric field, the contacted surface
of the ferroelectric material and the metal will have a big
difference in the work functions, such that charge transfer
will occur between them and the ferroelectric material will
change from an insulator to a metal. In this work, although the
two 2D ferroelectric materials are both insulators themselves,
when the two contacted surfaces between the two materials
have close and much different work functions, charge transfer
is expected to occur or not occur between them, and the
vdW heterostructure will have two different states: namely,
an insulating state and a metallic state. This will serve as
the physical basis for the design of FTJs with a large tunnel
electroresistance using 2D vdW ferroelectric materials.

To implement this idea, we select two different 2D fer-
roelectric materials Sc;CO, and In,Se; with out-of-plane
polarization to form a vdW heterostructure and take it as the
tunnel barrier to construct a FTJ. To obtain metallic leads, we
take a scheme by doping the same material, as seen frequently
in literature [31,32]. Namely, all the left lead, central region,

and the right lead are served by the same material, but with the
leads doped and the central region not. To be specific, the dop-
ing in our work is realized by substituting part of the internal
Se atoms in In,Ses. Based on density functional calculations,
we find that Sc,CO, and In,Se; remain in the insulator state
when the polarization in both ferroelectric materials point
upward, while an insulator-to-metal transition occurs in both
In,Se; and Sc,CO, materials when the polarizations in both
materials are reversed simultaneously to point down due to
the appropriate work function difference between them. As a
result from this, the designed FTJ may exhibit a giant TER
ratio up to 107 %.

II. STRUCTURE AND COMPUTATION DETAILS

The Sc,CO, rhombic cell size is 3.42 A x 3.42 A and the
In,Ses rhombic cell size is 4.11 A x 4.11 A in the xz plane.
For the electrode supercell, we choose 2 x 2 Sc;CO; unit
cells and /3 x /3 In,Se; unit cells. In this way, the lattice
mismatch of the two ferroelectric materials is less than 4%.
After full relaxation, we get the lattice constant of the elec-
trode supercell in the xz plane as 6.90 x 6.90, with the lattice
vectors a = (6.90, 0.00, 0.00) A, b = (0.00, 45.00, 0.00) A,
and ¢ = (3.45,0.00,5.97) A [see Fig. 1(a)]. The device is
constructed by periodically repeating this supercell along the
a and c directions before doping the electrodes [see Fig. 1(b)].
The red region in Fig. 1(b) shows one device cell, and the
device is periodic along the a direction. For the channel re-
gion, we consider two electrode supercells on each side along
the ¢ direction as the buffer layers together withn = 1, 3, 5,
and 7 Sc,CO;/In,Ses supercells, respectively. The vacuum
thickness of more than 30 A in the y direction is adopted to
avoid the interaction between adjacent repeating cells. Thus,
the system is periodic along the x direction and the transport
direction is along the z axis. Figures 1(c) and 1(d) show the
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structures of the Sc,CO;/In,Se; based FTJ, with Sc,CO; and
In,Se; both polarized downward (P,,) and both polarized
upward (Py4), respectively. The jucntion is divided into three
parts: left (L) and right (R) leads, and central scattering region
(C). The left/right leads are Sc,CO,/In,Se;(Ass.—;) vdW
vertical heterostructures, where In,Ses;(Asg._;) means one of
the internal Se atoms in each electrode supercell is substituted
by an As atom, and i stands for “internal”. The central region
(channel) is Sc,CO, /In,Se; vdW vertical heterostructure.

The structural relaxations and electronic structure calcu-
lations are performed by density functional theory (DFT)
as implemented in the Vienna ab initio simulation pack-
age (VASP) [33-35]. The generalized gradient approximation
(GGA) with a form of Perdew-Burke-Ernzerhof (PBE) is
adopted for the exchange-correlation potential [36], and the
energy cutoff is set to 500 eV. vdW interaction is considered
in the atomic relaxation using the DFT-D3 method, and the k-
point sampling grid is chosen as 6 x 1 x 6. All structures are
optimized until the Hellmann-Feynman force is below 0.01
eV/A and the convergence threshold of the electron energy
is 107% eV. To avoid the effect of the vacuum electric field, a
dipole correction is applied [37].

The quantum transport calculations are performed us-
ing the Nanodcal package [38] based on the DFT and
nonequilibrium Green’s function (NEGF) technique [39]. The
exchange-correlation functional takes the same PBE form of
GGA as above. The k-point grid in the self-consistent calcula-
tionissetto4 x 1 x 1, whereas it is chosen as 100 x 1 x 1in
the calculation of the transmission function since it demands
a much denser k grid. The tunneling equilibrium conductance
of the system is obtained from the following equation:

22
G = T;T(kx,E), (1)

where T (k,, E) is the transmission function of the electronic
state at k = k, for energy E. Further, the TER ratio of the
system is calculated by [10]

Gr — G
TER = 191 — Gl

~ min(Gy, G))’ @

where G4 and G| are the tunneling equilibrium conductances
of the ferroelectric tunnel junction when the ferroelectric layer
is in the polarization up (P;) and polarization down (P))
states, respectively.

III. RESULTS AND DISCUSSION

First, we study the geometric structure and electronic
properties of the proposed 2D ferroelectric Sc,CO,/In,Ses
vdW heterostructure. Both component materials Sc,CO, and
In,Se; have large out-of-plane polarization due to the dis-
placement of the intermediate C and Se atoms, respectively.
From our calculations, a band gap of 1.80 eV and polariza-
tion intensity of 0.098 eA /unit cell is obtained for Sc,CO,,
and a band gap of 0.76 eV and polarization intensity of
0.095 eA/unit cell is obtained for In,Ses, which is consis-
tent with previous reports [23,26]. The Sc,CO,/In,Se; vdW
vertical heterostructure is then formed by stacking Sc,CO,
above In,Ses;. In the structural relaxation, we consider three
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FIG. 2. The layer-resolved band structure for the state: (a) P,
(b) P4, (¢) Py, ,; and (d) Pyy. The Fermi level is set to 0 eV.

configurations of Sc,CO,/In,Ses heterostructure with high
symmetry; namely, configuration 1 in which the C and O
atoms of the Sc,CO, layer are located right above the top
Se atom of the In,Se; layer, configuration 2 in which the Sc
atoms of the Sc,CO, layer are located above the top Se atoms
of the In,Ses layer, and configuration 3 in which the Sc and O
atoms of the Sc,CO; layer are located above the top Se atoms
of the In,Ses layer. Eventually, we find that the difference in
energy between the three configurations is negligibly small,
less than 1 meV, and the difference in the band structures
of them is also negligibly small. We will select the fully
optimized configuration 1 with an optimized lattice constant
of 6.90 A for our further construction of FTJ.

There are four possible different polarization states for
vdW heterostructure, namely, P, |, P 4, Py, and Py;, where
the first and second arrows indicate the polarization direc-
tions of the Sc,CO, and In;Se; layers, respectively. The fully
relaxed interlayer distance is 2.93, 2.98, 3.03, and 3.07 A,
respectively, and the geometrical parameters of Sc,CO, and
In,Se; layers change negligibly with the reversion of the
ferroelectric polarization. The layer-resolved band structures
of these four polarization cases are shown in Fig. 2. Very
interestingly, the Py, and Py, states become metallic. In the
P, case, the overlap between the valence band of Sc,CO,
and the conduction band of In,Ses is very large while in the
P4, the valence band maximum and the conduction band
minimum just touch at the Fermi level. In contrast, the Py and
Py cases are both insulators, with the band gap of P}, much
smaller than that of Py4. In the following, the FTJs in only
the P, and P;4 states will be considered for two reasons. On
one hand, the uniformly polarized states, namely Py, and Py4,
are the easiest to obtain since they can always be achieved by
applying strong enough electric field with opposite directions.
On the other hand, the difference in the conductivity between
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FIG. 3. The switching pathway between Py, and Py;. A = 0.0
and A = 1.0 represent the P, and Py, states, respectively. The energy
of P, is setto 0 eV.

these two states are the biggest since Py is a good metal with
bands from both the Sc;CO, and In,Ses layers crossing the
Fermi level, while Py, is an insulator with a large band gap.
In addition, the total energy of P, is 0.17 eV lower than that
of Pyy. The bistable nature is confirmed by calculating the
switching pathway and barrier between these two opposite
polarization states, which is realized by carrying out a series
of static calculations along the pathway generated through a

linear interpolation of the atomic coordinates, namely r =

(I1=2) ?(Pw) + A ?(PTT). The switching pathway is shown
in Fig. 3. It clearly shows that the two states are stable, with a
barrier height of 2.081 eV from P to P4, and 2.064 eV from
PTT to P Ll-

The electrode is achieved by doping As in the
Sc;CO, /InySe; vdW heterostructure, and in detail by replac-
ing one internal Se atom of the In,Ses layer. Since As(4s%4p?)
has one less valence electron than Se(4sz4p3), In,Ses(Asg._;)
can be considered as p type doped, where the Fermi en-
ergy (Ep) is shifted below the top of the valence band by
hole doping, as shown in Fig. 4(a). We calculated the for-
mation energy of As doping, which is defined as Erym =
E(In,SeyAs;) —xE(In) — yE(Se) — zE(As). We get Eporn =
—0.1618 eV /A2, suggesting the feasibility of As doping in
In,Ses, which is consistent with literature [40]. Further, As-
doped In,Se; is magnetic and halfmetallic, as indicated by the
band structure shown in Fig. 4(a). When the In;Se;(Asg.—;)
is stacked with Sc,CO,, the vdW heterostructure is still con-
ducting, with the bands crossing the Fermi level coming from
the valence bands of Sc,CO; in the P state [see Fig. 4(b)],
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FIG. 5. The transmission functions of the P, and P;; states
when the transport channel length. (a) n =1, (b)n=3,(c) n =135,
and (d) n = 7. The Fermi level is set to 0 eV.

but with bands crossing the Fermi level coming from the spin
down channel of the valence bands of In,Se3;(Ass._;) in the
P4 state [see Fig. 4(c)]. Next, we calculate the transmission
functions of the FTJ in the P, and Py, states in the following.
In addition, we have considered the length effect by choosing
n=1,3,5, and 7 supercells of the undoped Sc,CO,/In;,Se;
heterostructure in the tunnel barrier. As shown in Fig. 5, it
is found that the transmission (summed over the two spin
channels) near the Fermi level in the case of Py, is always
larger than that in the case of P;y. With the increase of
the channel length n, the transmission at the Fermi level in
the case of P, changes very little, while the transmission
in the case of P4 drops substantially. The TER ratios of
the FTJs defined by the tunnel equilibrium conductance are
calculated to be 72.2%, 397.6%, 6126.9%, and 2.6 x 107 %,
respectively, when n =1, 3,5, and 7, increasing nearly ex-
ponentially, as shown in Fig. 6(a). For the case of n =7,
the TER ratio as a function of energy is shown in Fig. 6(b)
and it is larger than 10°% in a large energy range around the
Fermi level, which is larger than the previously reported TER
ratio of FTJs composed of a single 2D ferroelectric material
[41,42].

In,Sez-dn .
In,Ses-up .

1
(c) Sc,CO,
0 e P ot
N
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e
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FIG. 4. The band structure of (a) In,Se;(Ass._;), (b) the Py, state of Sc,CO,/In,Se;(Asg.—;), and (c) the Py, state of

SC2C02/1H2563 (ASSe_,').
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FIG. 6. (a) The TER ratio at the Fermi level as a function of the
channel length n. (b) The TER ratio as a function of electron energy
atn =17.

To study the origin of the giant TER ratio, we analyze the
layer-resolved projected density of states (summed over the
two spin channels) of the central region in the P, and P;4 po-
larization cases for the length n = 7, as shown in Fig. 7. Here,
one “layer” means one “supercell” along the z direction. In the
P, case, each layer is metallic and no gap is found around the
Fermi level. In contrast, in the Py4 case, there is a large band
gap above the Fermi level and the Fermi level just cuts the
tail of the valence band of In,Se;. This obviously originates
from the intrinsic nature of the pristine Sc,CO,/In,Se; het-
erostructure which is metallic in the P, case and insulating
in the Py4 case. Thus, it is important to understand why the
Py, is metallized while the Py4 is insulative. Clearly, from the
band structure in the P, state as shown in Fig. 2(a), there is
charge transfer from Sc,CO; to In,Se; since both the valence
band of Sc,CO, and the conduction band of In,Se; become
partially filled due to charge redistribution between them. In
contrast, in the P4 case, no charge transfer occurs.

For two insulators stacked together, charge transfer will
occur only when the conduction band minimum (CBM) of
one material (M1) gets below the valence band maximum
(VBM) of the other material (M2) due to the relative shift
of the energy bands of the two materials. The driving force
for this relative band shift is the contact potential, which
actually originates from the difference in the Fermi levels
(VBMs for pristine semiconductors or insulators) of the two
contacted materials, or equivalently, the work functions since

the work function is simply defined as the difference between
the vacuum level and the Fermi level, namely,

W = Ey,c — EF, (3)
and the vacuum levels E,,. of two different materials will
be aligned equal when stacked together. The vacuum level
of a surface is obtained by the saturated constant value of
the electrostatic potential along the vertical direction when
it goes away from it [see Fig. 8(b)]. For a 2D material with
out of plane polarization, due to the internal polarization field,
the vacuum levels of the two surfaces are different, while the
Fermi energy is the same. Thus, it will have two different
vacuum levels on the opposite sides [see Fig. 8(b)], which pro-
duce two different work functions. Suppose the two materials
have work functions W; and W, (with W; > W,), and Fermi
levels Er; and Ep, (with Ep; < Ep;), as shown in Fig. 8(a).
When two different materials are stacked together, due to the
different work functions, the Fermi level positions must be
different, and the difference (AEr) in the Fermi levels will
produce the contact potential difference which leads to the ex-

istence of a built-in electric field E directing from left to right
across the interface. This built-in electric field will produce
a potential gradient directing from right to left for electrons,
which will lead to the movement of the energy bands of them
toward opposite directions [43]. In the case of Fig. 8(a), the
bands shift down in M1 and up in M2. From this analysis,
we conclude that the energy level will shift down at the larger
work function side and shift up at the lower work function
side. The possible maximum shift is AEr since finally the
Fermi levels of the two materials will become equal and the
heterostructure will establish a common Fermi level. When
the CBM of M1 gets below theVBM of M2, charge transfer
starts to occur between them. For M1, it means that the Fermi
level should shift from the VBM to the CBM, which is the
band gap E,; of M1. Thus, in order for the charge transfer to
occur, we should have at least E,; < AW (= AEf), namely,
the band gap at the larger work function side should be smaller
than the AW. Note that when applying the equation Eg <
AW, Eg is always defined as the band gap of the material

2
- EE TR
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s rrrvyrrveyr
:>,30k S .
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FIG. 7. The layer-resolved projected density of states (PDOS) of the central region of the FTJ for (a) the P, state, (b) the Py, state.
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FIG. 8. (a) The schematic model for the formation of the contact potential between two different materials; (b) the band alignment of two
different semiconductors in contact before a common Fermi level is established; (c) the effective potentials of Sc,CO, (blue solid line), and
In,Se; (red solid line) along the vertical direction of the vacuum layer (in the figure, the out-of-plane polarization in each separate material
points from right to left); and (d) the work functions of Sc,CO,, and In,Se; in the Py state (left panel) and the Py4 state (right panel).

whose surface in contact has a larger work function than that
of the other material.

Based on the arguments above, we can understand the four
different band structures in Fig. 2 when the two ferroelectric
materials are stacked together. The band gaps are calculated
to be 1.80 eV for Sc,CO, and 0.76 eV for In,Se;. Each
2D ferroelectric material with out of plane polarization has
different vacuum levels at the two surfaces due to the bro-
ken symmetry in the vertical direction [see Fig. 8(c)], which
means that it will have two different work functions. As shown
in Fig. 8(d), we calculate the work functions for Sc,CO, as
5.841 eV (negatively charged side) and 3.847 eV (positively
charged side), and for In;Se; as 6.194 eV (negatively charged
side) and 4.970 eV (positively charged side), respectively. In
the P, state, the work functions of the contacted surfaces
will be 3.847 eV for Sc,CO, and 6.194 eV for In,Se; [see
left panel in Fig. 8(d)], which results in AW = 2.347 eV.
Thus, the energy bands of In,Se; will shift down relative
to Sc,CO,;. Further, since the band gap of the larger work
function side of InpSe; (Eg; = 0.76 €V) is much smaller than
AW = 2.347 eV, the CBM of In,Se; can shift far below
the VBM of Sc,CO,. Thus, charge transfer occurs and both
materials become metallic. In the Py state, the work functions
of the contacted surfaces will be 5.481 eV for Sc,CO, and
4.970 eV for In,Se; [see right panel in Fig. 8(d)], which
results in AW = 0.511 eV. In this case, the energy bands of
Sc,CO, will shift down relative to those of In,Ses since the
work function of the contacted surface of Sc,CO, is larger.
In this case, Eg is the band gap of Sc;CO,, namely Eg =
1.80 eV, which is larger than AW = 0.511 eV. Thus, although
the bands of Sc,CO; shift down, its CBM can not get below
the VBM of In,Ses. Consequently, no charge transfer occurs
and both materials are still insulators. With similar analysis,
we can understand the band structures of P, and P} shown
in Figs. 2(b) and 2(c). For the P4 case, the contacted surface
of the In,Ses has a larger work function (4.970 eV) than that
(3.847 eV) of Sc,CO,. Thus, the band gap of In,Ses is defined
as Eg . For this case, the work function difference is AW =
4970 — 3.847 = 1.123 > E,; = 0.76 eV. Thus, the relation
E, < AW holds and the two materials will become metallic

[compare with Fig. 2(b)]. For the P, case, the contacted
surface of the In,Ses has a larger work function (6.194 eV)
than that (5.481 eV) of Sc,CO,. Thus the band gap of In,Ses
is defined as Eg . For this case, the work function differ-
ence is AW =6.194 — 5481 =0.713 eV < E,; =0.76 eV.
Therefore, the relation E,; < AW does not hold and the two
materials will not become metallic [compare with Fig. 2(c)].
Therefore, the relation Eg; < AW predicts the band structures
shown in Fig. 2 very well. Of course, it is well known that the
band gap is systematically underestimated by the GGA-PBE
functional. Since the giant tunnel electroresistance of the FTJ
depends on the metallic and insulating characters in the two
polarization states, it is important that the transition from
metal to insulator should still happen when the polarization
changes from P| to Py4 in more accurate calculations with
an advanced Heyd-Scuseria-Ernzerhof (HSE) functional [44].
We have specifically checked the band structures for the P
to Py4 cases, based on which we build the FTJs. Seen from
the band structures in Figs. 9(a) and 9(b), we find that the
conclusion is the same; namely, P| | is metallic and P;4 is in-
sulating. The main difference is that in the insulating Py4 case,
the conduction bands are pushed to a much higher position.
It also agrees well with the mechanism explanation based on
the equation E,; < AW as given above. With HSE, we got
the band gap as 1.43 eV for In,Se; and 2.89 eV for Sc,CO,,
in good agreement with the literature [23,26]. The work
functions are marked in Fig. 9(c). We find that Eg (InySe3)
=1.43 eV and AW =2.667 eV in the P state, thus the
two materials will become metallic according to the condi-
tion E, < AW. In contrast, in the Py4 state, Eg(ScoCO,)
=2.89 eV and AW = 0.592 eV; we will have E, > AW,
thus the two materials will be insulating.

Finally, we briefly explain the length dependence of the
TER ratio. When n = 1, due to the electrode effects, both
the Py, and the Py, states are metal-like, thus the difference
between the two states is small and the TER ratio is also small.
With the increase of channel length, the electrode effect de-
creases and the insulating nature of the Py state in the channel
starts to become more and more clear, thus the difference in
the equilibrium conductance between the two states increases
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FIG. 9. The band structures with HSE functional for (a) the P, state and (b) the Py, state. (c) The work functions of Sc,CO, and In,Se;

in the Py, state (left panel) and the Py4 state (right panel).

rapidly. For n = 7, we can already get the TER ratio as large as
107%, and it is expected to be even larger with further increase
in n.

IV. CONCLUSION

In summary, we have designed a 2D FTJ composed of ver-
tical vdW heterostructures using two different 2D ferroelectric
materials (Sc,CO; and In,Ses) with out-of-plane polarization,
and investigated the electronic structure of the Sc,CO; /In,Ses
heterostructure and the electrical behavior of the FTJ using
ScyCO, /InySes (Asse—;) as the electrode and Sc,CO; /InySes
as the transport channel. We found that in the case of P, both
the Sc,CO, and In,Ses layers are transformed into a metallic
state, while in the case of P4y, they both remain in an insu-
lating state. Further analysis of the electronic structure shows
that in P, |, a large difference (about 2.347 eV) in the work
functions of the two contacted surfaces and the small band
gap of In,Ses layers cause the CBM of In,Se; to be below
the VBM of Sc,CO, which leads to the transfer of electrons
from Sc,CO; to In,Ses. In the Py4 state, the small difference
(0.511 eV) in the work functions of the two contacted surfaces
and the big band gap (1.80 eV) of function of the Sc,CO,
cannot cause the CBM of Sc,CO, to be below the VBM of

In, Ses; thus, there is no charge transfer and both materials are
still insulators. These two states lead to greatly different tun-
neling equilibrium conductances in the different polarization
states and eventually reach a giant TER ratio of 107% when
the channel length satisfies n > 7. These studies suggest the
importance of 2D vdW ferroelectric materials in the design
of FTJs, and a feasible design principle of high performance
FTJs with 2D bilayer vdW ferroelectric materials based on the
work function difference and band gap of the two component
ferroelectric materials.
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