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Two-dimensional (2D) ferroelectric materials (FEMs) and their application in ferroelectric tunnel junctions
(FTJs) have attracted a great deal of attention during the past several years due to their great potential in
nonvolatile memory devices. Particularly, the all-2D FTJs, which have only atomic-layer thickness, have been
demonstrated to show very high tunnel electroresistance (TER) ratio. Nevertheless, to better integrate with the
present semiconductor technology, it is necessary to consider metal contacts in the construction of FTJs with 2D
FEMs. However, due to the unknown interaction between traditional metals and 2D FEMs, it is not clear whether
ferroelectricity still persists when the 2D FEMS are in contact with metals and whether the corresponding FTJs
exhibit high TER effect as demanded for memory devices. To probe this, we construct FTJs with top contact
between Au(010) and In,Ses, a 2D FEM with out-of-plane ferroelectric polarization. By density functional
calculations combined with a nonequilibrium Green function technique, we find that not only the ferroelectricity
still persists in the metal/FEM contact, but also a giant TER ratio as high as 10*% is achieved. The giant TER
arises from the change of the metal/FEM contact from a Schottky type to an Ohmic type accompanying with
the ferroelectric polarization reversal. In the meantime, the tunnel barrier height between Au(010) and In,Ses is
zero, which means good ability of electron injection from metal to semiconductor and low contact resistance.
Our study suggests that, by properly selecting the metal materials, giant TER ratio and high performance can be

achieved in FTJs constructed with 2D FEMs and metal contacts.

DOI: 10.1103/PhysRevB.103.125414

I. INTRODUCTION

Ferroelectric tunnel junctions (FTJs) as a new generation
of nonvolatile memory devices have attracted a great deal
of attention in the past decades [1-5]. Since a FTJ writes
or reads data only through an applied electric field, it has
great advantages of fast speed, low-energy consumption, and
noncontact operation. By far, most attention has been paid to
the three-dimensional (3D) FTJs in which ferroelectric ma-
terials (FEMs) with a perovskite-type oxide structure such as
BaTiO3 and PbTiOj are chosen as the tunnel barrier [6-11]. A
large number of strategies have been proposed to achieve very
large tunnel electroresistance (TER) ratio in traditional FTJs
[12-16]. However, 3D FEMs tend to lose their ferroelectricity
below a critical thickness because of the charge accumulation
on the surface [17,18]. This greatly limits its development
because it is in contradiction with the trend of ongoing device
miniaturization. Thus, new FEMs not subject to the thickness
limit problem are greatly anticipated.
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In recent years, two-dimensional (2D) FEMs with atomic-
layer thickness have started to catch intensive attention, and
many new 2D FEMs, such as group-IV monochalcogenides
and III,-VI3 van der Waals materials, have been theoreti-
cally predicted or experimentally fabricated [19-25]. It adds
a strong possibility to overcome the challenge confronted in
the critical thickness in traditional FTJs. In fact, very large
TERs have been reported in all-2D FTJs constructed with 2D
FEMs and other 2D materials [26-28], suggesting the great
potential of 2D FEMs in ferroelectric storage. Nevertheless,
to better integrate with existing semiconductor technology,
the metal-semiconductor-metal structure will be inevitable in
real applications. Thus, practically, we need to consider bulk
metal in the leads. However, since the unknown interaction
between metals and FEMs is generally much more complex
than that between two 2D materials which is basically of a
van der Waals interaction type, it is not clear yet whether the
ferroelectricity of the FEMs will still persist after contact with
the 3D metals and whether large TER is achievable in the
FTIs.

As a matter of fact, metal contacts to 2D materials have
always been the focus of numerous studies since they are di-
rectly related to the performance of the corresponding devices
based on 2D materials. Among the most frequently studied
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FIG. 1. The structure of the FTJ. The left (L) and right (R) leads
indicated by the dashed line boxes are the Au(010)-In,Se; contact
while the channel region is 2D In,Se; layer only. The red arrow
indicates the election injection process from Au(010) into In,Se; and
the blue arrow indicates the process of electron transmitting from the
left lead into the channel region.

are the metal contacts to 2D transition-metal dichalcogenides
(TMDs) [29-34]. One of the main objectives of these studies
is to form low-resistance Ohmic contact for high performance
in 2D materials based electronic devices. However, according
to the Schottky theory, an Ohmic contact can be formed only
between two materials with very large difference in their work
functions [35,36]. Thus, most metal contacts are of the Schot-
tky type, which is detrimental to achieving low-resistance
contact. The metal contacts to 2D FEMs with out-of-plane fer-
roelectric polarization will be more complex since such FEMs
have two inequivalent surfaces with different work functions.
A natural question is as follows: What contact types will be
formed when we bring such a FEM and metal into contact
and whether they are beneficial for achieving large TER ratio
in FTJs?

To get an answer to the question above, in this work, by
taking 2D ferroelectric In,Ses; with out-of-plane ferroelectric
polarization [24,25] as an example, we construct FTJs with
top contact between Au(010) and In,Se; as the leads and
pristine In,Ses as the channel region. Interestingly, it is found
that the ferroelectricity still persists in In,Ses;. Furthermore,
the contact between Au and In,Se; can either be Schottky
type or Ohmic type, depending on whether the direction of
polarization of In,Se; is towards or away from the bulk Au.
Such a duality of contact type arises from the big difference
of the work functions between the two sides of In,Ses. As a
result from the switching between the Schottky contact and
Ohmic contact with the reverse of the ferroelectric polariza-
tion induced by the external electric field, the FTJ presents
a giant TER ratio larger than 10*%, suggesting the great
potential of metal contacts to 2D out-of-plane ferroelectric
materials in nonvolatile memory devices.

II. STRUCTURE AND COMPUTATION DETAILS

The structure of the FTJ is shown in Fig. 1, where the
pristine In,Ses lying in the xz plane is chosen as the chan-
nel region and the top contact of Au(010) and In;Ses as
the leads, the most common contact geometry that has been
studied frequently for many other 2D materials based devices
[31,37,38]. The lattice constants of Au(010) in the xz plane
are 4.08 Ax4.08 A and the size of rectangular unit cell of
In,Ses is 4.106 Ax7.11A. Therefore, we choose 1x7 Au unit
cells and 1 x4 In,Ses unit cells in the xz plane as the supercell
of the leads. This way, the lattice mismatch between the two

materials is only 0.6% and 0.42% in the x and z directions.
In the y direction, we adopt six layers of Au atoms because
the obtained results do not change appreciably beyond this
thickness [39]. The periodic slabs along the y direction are
separated by a 16-A-thick vacuum region and dipole correc-
tion is used to remove the artificial potential drop between
neighboring supercells which is prominent in slab polar ma-
terials due to the periodic boundary condition imposed in the
calculations [40].

The geometry relaxation and electronic structure calcu-
lations are performed using the Vienna ab initio simulation
package (VASP) [41,42], which is based on density functional
theory (DFT) using the projector-augmented wave method
and a plane-wave basis set [43]. The exchange-correlation
potential takes the form of Perdew-Burke-Ernzerhof (PBE)
in the generalized gradient approximation (GGA) [44]. The
energy cutoff is set to be 250 eV. In the atomic structure
relaxation, the van der Waals (vdW) interaction is taken into
consideration by the DFT-D2 method [45]. The k-point sam-
pling grid is chosen as 12x1x2. The structures are deemed
fully relaxed when the Hellmann-Feynman force gets below
the tolerance 0.05 eV/A and the electronic energy difference
between two consecutive steps gets below 1073 eV.

The calculations of quantum transport are performed by
the TRANSIESTA method [46,47], which combines the density
functional theory (DFT) and the nonequilibrium Green’s func-
tion (NEGF) technique for the study of open systems and
is included in the SIESTA package [48,49]. The generalized
gradient approximation (GGA) with form of Perdew-Burke-
Ernzerhof (PBE) [44] is applied for the exchange-correlation
potential. The cutoff energy is set to be 500 Ry in our case.
The basis type is double zeta basis plus polarization (DZP)
and the k-point mesh is chosen as 15x1x1 for the self-
consistent (SC) calculation of the central scattering region.
The transmission function is calculated by the TRTRANS code
and the k-point mesh is chosen as 100x1x1 because the
k-point number needs to be much larger for convergence
in transmission calculation. The tunneling conductance as a
function of electron energy E is obtained by the formula

2¢%
G(E) = TT(E)’ (D

where T(E) = Zku T (ky, E) is the k-point averaged trans-
mission function at energy E and T (kj, E) is the k resolved
transmission function with kj = k,. The TER ratio is defined
as

|Gy — Gyl

~ min(G;, G,)’ @

where G4 and G, are the tunneling conductances of the FTJ
when the ferroelectric layer is in the up-polarized (P;) state
and in the down-polarized (P} ) state, respectively.

III. RESULTS AND DISCUSSION

We first investigate the geometry structures of the contact
between the ferroelectric InpSe; and Au(010) and the change
of the electrical polarization of the In,Ses; when it is in con-
tact with Au(010). In the structure relaxation, four top Au
atomic layers are fixed and all other atomic layers including
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FIG. 2. The geometry structures for (a) the P; case and (b) the
P, case. The relaxed contact distance and layer thickness of In,Se;
in the Py and Py cases are presented in (c) and (d), respectively. The
plus and minus signs indicate the positively and negatively charged
surfaces, respectively.

two Au layers and the In,Se; are allowed to move freely
[see Fig. 2(a)]. To determine the most energetically favorable
configuration, we shift the In,Se; layer relative to the Au
layer in the xz plane and considered six cases as shown in
Fig. 3(a). The top view and side view of case 1 are shown
in Figs. 3(b) and 3(c), respectively. In the supercell of this
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FIG. 3. (a) The six configurations with relative shift of the
In,Se; by (1) (0.0,0.0); (2) (0.5,0.0); (3) (0.5,0.5); (4) (0.0,0.5); (5)
(0.0,0.25); and (6) (0.25,0.5) in units of lattice constants in the x and
z directions, respectively. (b) The top view of case 1; (c) the side view
of case 1. o is the symmetry plane while O is the inversion center for
the two In layers and the top and bottom Se layers.

TABLE I. The energy of the six configurations as shown in
Fig. 3(a). All the energies are relative to that of case 1.

Case 1 2 3 4 5 6

Energy (eV) 0.00 0.31 1.15 0.37 0.08 0.17

case, the Au atoms are symmetrically distributed around the
central vertical o plane. In the meantime, the top and bottom
Se layers and the two In layers are centrosymmetrical in the
local In,;Se3 system, with the local inversion center O located
at the o plane. The atoms in the inner Se layer will move
to the other side of the inversion center O with the reversal
of the ferroelectric polarization. The other cases are obtained
by shifting the In,Se; supercell to the specified position as
shown in Fig. 3(a). After full relaxation, the energies of these
cases are shown in Table I. It is found that case 1 is the most
energetically favorable configuration. Thus, all the following
studies are based on it.

For the two initial Py and P configurations of In,Ses, the
fully relaxed structures are presented in Figs. 2(a) and 2(b)
and the contact distances between Au and In,Ses are obtained
as 2.485 and 2.275 A, respectively [see Figs. 2(c) and 2(d)]. In
addition, the thickness of In,Se; as measured by the distance
between the top and bottom Se atoms is increased to 7.035
and 7.074 A for the P; and Py cases, respectively, as compared
with 6.785 A of the freestanding In,Ses. Accordingly, the final
electrical polarization strengths in both structures are obtained
as 0.123 ¢ A/unit cell and 0.083 e A /unit cell, respectively.
Note that the electrical polarizations obtained above are for
the whole contact structures. In contrast, the electrical polar-
ization of freestanding In,Se; is 0.094 e A/ unit cell. Thus, the
two polarization states still persist in the contact structure. To
evaluate the energy barrier during the polarization switching,
we have set a path from the initial state to the final state
by linear interpolation. By comparing the energy of all the
configurations, we obtained the energy barrier as 0.98 eV per
unit cell of In,Ses.

Next, we investigate the electrical behaviors of the FTJ as
shown in Fig. 1, in which the leads are the In,Se;-Au(010)
hybrid structure, while the channel region is In,Se; only.
When the device is in work, the electrons should first enter
the semiconducting In,Se; from the top gold metal in the
lead (we call it process 1) and then transmit into the channel
region (process 2), as indicated by the red and blue arrows
in Fig. 1. Thus, to have a good performance, the FTJ should
be in a good condition in at least two aspects. First, it should
be easy for the electrons to be injected from the metal into
the semiconductor. This is extremely important for the high
performance of all metal-semiconductor contacts since high
electron injection ability is generally accompanied with low
contact resistance, which is still a challenge to achieve at
present [29-31]. Second, as a memory device, we should have
a large TER ratio.

The ability of electron injection can be evaluated by the
tunnel barrier between the bulk gold and the In,Ses layer. The
barrier width d as shown in Figs. 4(a) and 4(b) is defined as
the width of vdW gap between Au and In,Ses;. According
to the above results of structural optimization, d is 2.485
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FIG. 4. The effective potential (V) along the y direction (the
direction perpendicular to the interface) of Au-In,Se; contact system
for (a) Py and (b) P,. ®rnyscy5 Pap, and P ay min are the Vg of Ins Ses,
the van der Waals (vdW) gap between Au and In,Se; layer, and the
minimum Vi of Au, respectively. @ o is the tunnel barrier height.
d is the width of vdW gap between Au and In,Se;.

and 2.275 A for the P; case and the P, case, respectively.
The tunnel barrier height is labeled as ®p efr, Which is the
minimum barrier height that an electron has to overcome
when it transmits from the metal to the semiconductor. The
tunnel barrier height is evaluated by the effective potential
along the y direction (the direction perpendicular to the in-
terface). Figures 4(a) and 4(b) present the effective potential
for the P; and P, cases, respectively, as obtained by the SIESTA
code. According to the method for calculating tunnel barrier
height(®rp ef) in the literatures [29,32], we have

DB eff
Pgap — Pyes Doap > Dy > Pretal, min
_ gap — ¥ metal,min> q)gap > (Dmetal,min > q)sc (3)
0, by 2 q)gap
0, cIDmetal,min Z (Dgap

where @, Ogyp, and Ppear,min are, respectively, the maxi-
mum value of the 2D semiconductor, the value of the van der
Waals (vdW) gap between 2D semiconductor and metal, and
the minimum value of the metal of the effective potential of
the whole device. Applying the above formula to our case,
we find from Figs. 4(a) and 4(b) that the effective potential of
InySe; (Prn,se,) is higher than the effective potential of van
der Waals (vdW) gap between Au and In,Se; layer (Pgyp)
for both the Py and P, cases. It means that the ®1pefr is
zero for both polarization states, which indicates high electron
injection efficiency and thus low contact resistance in this FTJ.
This is beneficial for the design of energy-saving devices.
Then, the difference in the equilibrium conductance of the
FTJ arising from the reversal of the ferroelectric polarization
is studied. The transmission functions at zero bias for the
two cases of Py and P are given in Fig. 5(a). We find that
the transmission in the P, state is more than two orders of
magnitude larger than that in the P, state around the Ef.
With the transmission function, we can obtain the tunneling
conductance by Eq. (1) and further the TER ratio by Eq. (2).
The TER ratio as a function of the electron energy is shown in
Fig. 5(b). It is found that the TER ratio around the EF is larger

FIG. 5. (a) The transmission functions for both polarized states;
(b) the TER ratio as a function of electron energy.

than 10*%, which suggests very large electrical response with
the reversal of the ferroelectric polarization and is comparable
to those of the previously reported all-2D FTJs [26-28]. How-
ever, we note that the TER ratio in the presented configuration
may not be the maximum. When both Au-In,Se; interfaces
are metallic, their electron density spreads and may overlap
when the two Au leads are close enough. No such effect
exists for the semiconducting interfaces. Thus, an even larger
resistance ratio may be obtained if Au leads are close enough
to each other.

To reveal the origin for the large TER ratio obtained, we
start with the analysis of contact type of the interfaces. There
are two kinds of interfaces in the junction: one lying between
Au and In;,Se; inside the lead region, and the other separating
the lead region (Au-In,Ses hybrid structure) and the channel
region (In,Se;). First of all, we analyze the first kind of in-
terface. Figures 6(a)—6(c) show the PDOS contributions of In
atoms and Se atoms of pristine In,Se; without contact and
those of Au-In,;Ses contact system inside the lead region for
Py and P, respectively. It is obvious that the pristine In,Ses
is a semiconductor with an energy gap of about 1 eV, which
is consistent with previous study [24]. When it is in contact
with Au with upward polarization, due to the hybridization
between Au and In,Ses, metal-induced gap states [50] can
be clearly observed [compare Figs. 6(a) and 6(b)]. In the
meantime, the Fermi level (Er) has a little shift towards the
conduction band compared with the pristine In,Ses, but still
in the energy gap. This illustrates that the contact between
Au and In,Ses with upward polarization is an n-type Schot-
tky contact. In contrast, the type of contact between Au and
In,Se; becomes Ohmic when the direction of polarization of
In,Ses is reversed to P. As shown in Fig. 6(c), the Er of
In,Se; lies in its conduction band, which indicates that In,Se;
with downward polarization is metallic when it contacts Au.

The positions of the Fermi level relative to the bands of
In,Se; in the contact structures can be understood from two
factors: one is the Fermi level pinning effect [51,52] and the
other is the charge transfer effect between the In,Se; and
Au for the two polarization states due to the differences in
work functions of Au and In,Se; as shown in Fig. 6(f). The
plus and minus signs marked on the figure are the positively
and negatively charged sides of In,Ses;. The work function
is computed as W = Ey — Ep, where Ep is the Fermi level
and Ej is the vacuum level, corresponding to the effective
potential at the vacuum layer in our calculations. Although
for semiconductors, there is no well-defined Fermi level, a
routine is to take it at the middle gap or at the valence band
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FIG. 6. PDOS of Au contacts to In,Ses: (a) the contributions of In atoms and Se atoms of pristine In,Ses. (b), (c) The contributions of In
atoms and Se atoms of the Au-In,Se; contact system in the P, and P, cases, respectively. The blue shadow indicates the energy gap of In,Ses
for these three cases. The band structures of Au-In,Se; system are plotted for the cases (d) P} and (f) Py, in which the red solid lines indicate
the band structure of pristine In,Se;. The Schottky barrier ($gp) is marked in blue. (f) The work functions and schematic diagram indicating
the direction of possible charge transfer between Au and In,Se;, where plus and minus signs stand for the positively and negatively charged

sides of In,Ses, respectively, as shown in Fig. 2.

maximum (VBM), just as done in the references (see, e.g.,
Ref. [53]). Since we consider zero temperature and no im-
purity levels in the gap, we calculate the work function by
taking the Fermi level as VBM. It is reasonable since the
work function measures the energy difference between the
vacuum level and the highest energy level of filled electrons.
It is found that the work functions of the two sides of In,Se;
are different because of its nonsymmetric structure and the
subsequent built-in electrical field induced by the spontaneous
ferroelectric polarization along the vertical direction, with that
(5.70 eV) of the “4” side slightly higher than that (5.40 eV) of
Au(010) and that (6.70 eV) of the “—” side much larger than
that of Au(010). It is well known that electrons will transfer
from the lower work function side to the higher work function
side when two materials are brought into contact and the
magnitude of the electron transfer depends on the difference
between the two work functions [54]. Thus, electrons will
transfer from Au(010) to In,Se; when it contacts by the “+”
side (the P; case), but the magnitude of the electron transfer
will be very small due to the almost equal work functions of
the two materials, with the difference as small as 0.3 eV. This
very small electron transfer would shift the Fermi level to the
bottom of the conduction band of In,Se;. However, we see
that the Fermi level still lies deep in the band gap. This origi-
nates from Fermi level pinning effect due to the metal-induced
gap states and this effect plays the dominant role. In contrast,
when the “—" side of In,Ses is in contact with Au(010) (the
P, case), the difference between work functions of the two
materials is much larger (~1.0 eV), thus electron transfer will
be much larger and the electrons move from the Au(010) to
In;Ses, which shifts the Fermi level to the conduction band of
In,Se;. Obviously, in this case, the Fermi level pinning effect
plays a minor role, compared with the large charge transfer.
This well explains why the In,Ses in the P, state is still a
semiconductor but that in the P, state is metallic, as shown in
Figs. 6(b) and 6(c).

Next, we analyze the second kind of interface. The band
structures of two polarization states of the leads and that of
the pristine In,Ses (channel region) are shown in Figs. 6(d)
and 6(e) as gray dashed lines and red solid lines, respectively.
The pristine In,Se; band structure is superimposed on the
band structure of Au-In,Se; contact system in such a way
that the valence band maxima of the pristine In,Se; bands and
the projected In,Se; bands in the contact system overlap with
each other, as done in other similar works [32]. By measuring
the energy difference between the conduction band minimum
(CBM) and Efp, we can obtain the Schottky barrier height,
which is 0.296 eV for the P; case and 0 eV for the P, case
for this kind of interface. Thus, Schottky contact and Ohmic
contact can be formed both at the Au-In,Ses interface inside
the lead and at the lead-channel interface, which jointly leads
to the huge TER ratio.

Finally, we show that the difference in the contact distances
between the two polarized states can be well explained by
the different charge transfer between the two materials. After
electrons transfer between Au(010) and the In,Ses; due to
difference in work functions of them, an interface dipole is
formed and Coulomb attractive interaction appears between
the two materials. In the P, case, the electron transfer is much
larger than that in the P; case and thus Coulomb attractive
interaction is much stronger, which makes the contact distance
much shorter (2.275 A) than that (2.485 A) in the Py case.

IV. CONCLUSION

In conclusion, we have studied the electronic structure
of the Au(010)-In;Se; metal-semiconductor heterostructure
and the electrical TER behavior of the FTJ constructed with
Au(010)-In,Ses as the leads and In,Ses as the channel region.
It is found that, after full structure relaxation, ferroelec-
tricity of In,Ses is still maintained even if it is in contact
with Au(010) and two bistable states with different electric
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polarization are obtained. Further, due to the zero tunnel bar-
rier height, very good ability of electron injection is observed.
More interestingly, it is found that the contact between Au
and In,Ses is of Schottky type when the direction of polar-
ization of In,Se; is towards Au(010). In contrast, it becomes
Ohmic type when the direction of polarization is reversed.
Further analysis indicates that it is caused by the difference
of work functions on the two polar surfaces of In,Se; and
the subsequent substantially different charge transfer between
Au(010) and In,Ses. The different contact types in the two
polarized states lead directly to greatly different equilibrium
tunnel conductances and ultimately a giant TER ratio more
than 10*%, which indicates that FTJs with metal contacts to
2D out-of-plane ferroelectric materials have a great potential
of application in nonvolatile memory devices. Furthermore,
two conditions of screening suitable metals for constructing
FTJs with 2D FEMs may be suggested. One is the lattice
mismatch between the 2D FEM and the metal, which should
be as small as possible to reduce the strain-induced instability.
The other condition is that the work function of the metal
should be very close to one of the two work functions of the
2D FEM so that Schottky type and Ohmic type of contacts can
be switched with the ferroelectric polarization reversal. These
two contact types often result in two insulating and conducting
states, which gives rise to large TER ratio. Of course, for FTJs
with metal contacts, compared with all 2D FTJs, more factors

should be taken into account due to the complex structure and
bonding at the interfaces. For example, Fermi level pinning
effect may also play an important role due to the metal-
induced gap states, which are absent in all 2D FTJs with a van
der Waals contact type [28]. Furthermore, another interesting
fact to note is that if we control the polarization of the two
leads separately so that the polarization directions in them
are opposite, then a diode with good rectification performance
may be achieved due to the asymmetrical structure.
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