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A novel strategy of band structure engineering of van der Waals heterostructure is proposed us-
ing a ferroelectric clamped sandwich structure from first principles. The validity of the strategy
is demonstrated in the sandwich structure of InzSes/bilayer-Crls/InsSes (InzSes/bi-Crls/InsSes)
made by ferroelectric (FE) InsSes layers and semiconducting bilayer (SB) Crls. Four states with
different band structure in the FE/SB/FE sandwich structure are obtained by switching the ferro-
electric polarization in the top and bottom InsSes layers. Two of the states possess spin-splitting
semiconducting band structures with opposite spin channel in conduction bands which are generated
from a spin degenerated band structure of the Crls bilayer, resulting in an electric field controllable
and non-volatile four states spin-field effect transistor. The strategy of using ferroelectric layers
to engineer band structures and generate spin-splitting semiconducting band structure in van der
Waals heterostructure opens a new route in 2D electronics and spintronics.

I. INTRODUCTION

Semiconducting heterostructures are the essential ma-
terials foundation for all modern electronics and opto-
electronics. Integrating of heterostructures by dissim-
ilar materials with pristine interface is the foundation
of functional devices and has been long the pursuit of
materials community. However, epitaxially growing het-
erostructures with dissimilar materials may easily gener-
ate interfacial disorder. Two-dimensional (2D) materi-
als offer a unique opportunity for the integration of het-
erostructures because of the weak van der Waals inter-
action between different layers without dangling bonds
at the interfaces. It is easy to grow 2D materials
van der Waals heterostructures as there is no limita-
tion of the constraints of lattice matching and process-
ing compatibility. Various van der Waals heterostruc-
tures have been demonstrated, including tunnelling field-
effect transistors', vertical field-effect transistors®?3, op-
toelectronic devices®?, light-emitting diodes®” and pho-
tovoltaic applications®?. Band-structure engineering of
ver der Waals heterostructures is attractive and essential
to design and create devices®!%''. One band-structure
engineering is combining different 2D crystals and chang-
ing their number of layers. It can create a designed po-
tential landscape of electron to live and designed band
alignments for electron transport and photon-electron in-
teraction. Numerous band structures of van der Waals
heterostructure were designed by proximity effect and
electrostatic interaction'! based on the broad choice of
2D materials. To design More-than-Moore devices, which
represent new functional diversification of technologies
that combines performance and integration not limited
to the previous CMOS scaling, novel band structure en-
gineering of van der Waals heterostructures is necessary.
Furthermore, the previously reported electric devices ex-

hibit insufficient control of multifunctionality. Multi-
band-structure for multifunctional devices are required.

On the other hand, 2D ferroelectric materials with
different and strong coulombic interaction on the two
side of 2D materials were observed. In-plane sponta-
neous electrical polarization in atomic-thick SnTe'? and
out-of-plane polarization in CulnP,Sg'? above room-
temperature have been reported. Recently, the so-called
I1I5-VI;5 compounds'416 have been demonstrated to pos-
sess both ferroelectric out-of-plane and in-plane polariza-
tion at room temperature. The ferroelectric 2D materials
provide platforms for tuning electric properties in van der
Waals materials. 718,

Here, we propose a novel strategy for band-structure
engineering of van der Waals heterostructures using ferro-
electric layers. By placing ferroelectric layers (InaSes) on
the top and on the bottom of van der Waals semiconduct-
ing bilayer Crlz (forming a FE/SB/FE sandwich struc-
ture), four electronic states with different spin-splitting
can be achieved by switching the polarization of the ferro-
electric layers, forming an electric-field tunable and non-
volatile four-state spin-field effect transistor. In two of
these states, spin-splitting conduction band with oppo-
site spin channel is generated by the electric field.

II. METHODS

We perform calculations within the framework of den-
sity functional theory (DFT)?) as implemented in the
Vienna ab-initio Simulation Package (VASP)?°. The ex-
change and correlation functionals are treated within
the generalized gradient approximation in the form of
Perdew, Burke, and Ernzerhof (PBE) functional?!. The
strong onsite Coulomb interaction on the Cr 3d orbitals
was considered by including an effective Hubbard U pa-



rameter of 3.7 eV for Cr (see Fig. S4 in the Supplemen-
tal Material to explain this choice for the U value). The
electron-ion interaction was described by means of pro-
jector augmented wave with 5s25pt, 4s%24p*, 3d°s!, and
5s525p® as valence electrons for In, Se, Cr, and I atoms, re-
spectively. The electronic wave functions were expanded
in a plane-wave basis set with a cutoff energy of 400 eV
for all cases. For the hexagonal lattices, the lattice vec-
tors are defined as a = Sao(2 —v/37), b = Lao(2+/37),
and ¢ = c¢pz, where Z, y, and Z are the unit vectors
along the pseudocubic [100], [010], and [001] direction,
respectively. ag and ¢y are the in-plane and out-of-plane
lattice constants, respectively. A vacuum space of 12 A
was adopted for all calculations, which is thick enough
to eliminate the coupling between periodic layers. The
van der Waals interaction was described by the optPBE-
vdW functional, as proposed in Refs.??23. Structural
and atomic relaxations were carried out until the force
on each atom was less than 0.001 eVA~! while the en-
ergy convergence criteria of 1077 eV was adopted. The
primitive unit cell and a I'-centered 6x6x1 k-mesh were
used. For the band structure calculations with and with-
out spin-orbit coupling (SOC) as well as by the HSE06
method?*, high-symmetry points K (1/3, 1/3, 0), T (0,
0, 0), and M (1/2, 0, 0) were considered.

III. RESULTS

Let us first consider pure two-dimensional InySes and
Crlz. The single layer InsSes has a hexagonal structure
with a lattice constant of 4.1 A. Our calculations predict
that it is ferroelectric with an out-of-plane polarization of
2.6 uC/em?, which agrees very well with previous mea-
surements and calculations!®16:25.  Note that the out-
of-plane polarization has been experimentally shown to
be easily reversible by an out-of-plane electric field!>'6.
The band structure calculations show a direct band gap
of 0.77 eV (which is usually underestimated by DFT cal-
culations) with a valence band maximum (VBM) mainly
made of Se p orbitals and a conduction band minimum
(CBM) mainly contributed by In s and Se p orbitals (see
Fig. S1). The single layer Crls structure is numerically
found to have a lattice constant of 7.1 A, which matches
the lattice of InySes very well (4.1 x v/3) and the hetero-
junction between InsSes and Crlg is practicably feasible
without strain'426:27, Our calculations further present
that single layer Crls is a ferromagnetic semiconductor
with a band gap of 0.97 eV and about 3 pp of magnetic
moments on each Cr ion. The VBM for Crls mainly
comes from I p orbitals and its CBM mainly originates
from Cr ty4 orbitals. Very interestingly, both VBM and
CBM states near the Fermi level belong to the same spin
channel (spin up or spin down) (see Fig. S1). For Crls bi-
layer, it has an antiferromagnetically coupled inter-layers
and ferromagnetically coupled intra-layer, forming a A-
type ferromagnetism. Therefore, spin-up and spin-down
channel levels in bilayer Crls are degenerate in band
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FIG. 1. Ferroelectric clamped sandwich structure of 2D
InzSes/bi-Crls/InzSes. The out-of-plane directions of ferro-
electric polarization in InsSes layer are indicated by two thick
pink arrows.

structure.

As the lattice constants of Crls (a=7.1 A) and InsSes
(v/3a=7.1 A) match very well, the heterostructure be-
tween Crlz and InySes can be easily modeled in one su-
percell. As shown in Fig. 1, a 2D InsSes/bi-Crlz/IngSe;
heterostructure is made by sandwiching a bilayer A-type
AFM Crls compound between two InsSes monolayers.
Different stacking orders between InsSes and Crls, as
well as between Crlz and Crls, are considered. We found
that the stacking order between InySes and Crlz with Cr
on the top of Se is the most robust, and Cr ions on top
of T ions is the energetically stable in bilayer Crlz (see
details in Fig. S2 and Table SI in the supplementary
materials). The AB2 stacking order of the Crls bilayer
with an A-type interlayer antiferromagnetic coupling is
one of the most energetically favorable states, as con-
sistent with measurements?®32. We will then consider
the A-type antiferromagnetic Crlz layers in our main
text (when clamped by the ferroelectric InsSes layers,
the Crls bilayer also favors the AB2 stacking with an
A-type antiferromagnetic order, as shown in Fig. S8).
Note that the out-of-plane polarization and in-plane po-
larization are intrinsically coupled to each other since the
reversal of the out-of-plane polarization can also lead to
the switching of the in-plane polarization'. In our cal-
culations, since the in-plane polarization has a very small
effect on the properties of the heterostructure, we mainly
study the effect of out-of-polarization on electronic prop-
erties.

Based on the directions of the out-of-plane polar-
izations in the top and bottom InySez monolayers of
the InySes /bi-Crls/InySes heterostructure, there are four
structural states (see Fig. 2a): (1) the P1 state that pos-
sesses a downward polarization in the top InySesz layer
and upward polarization in the bottom layer (down-up
configuration); (2) the P2 state that has an upward po-
larization in both the top and bottom layers (up-up con-
figuration); (3) the P3 state that adopts a downward
polarization in both the top and bottom InsSes layers
(down-down configuration); and (4) the P4 state that
exhibits an upward polarization in the top ferroelectric
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FIG. 2. (a) Schematizations of four states (i.e., P1, P2, P3,
and P4), (b) the corresponding band alignments and (c) the
sketchs of effective charges as well as effective electric field
of of InySes/bi-Crls/InaSes. The directions of out-of-plane
polarization in the InsSes layers are indicated by two thick
pink arrows in panel (a). The translucent arrows represent
the reversal directions of the polarization components in the
InzSes layers. The red and blue arrows in panel (b) represent
the spin up and spin down channel energy level. In panel
(c), red “+” and blue “-” represent the positive and negative
charges which originates from the our-of-plane polarization,
respectively. The cyan region and the small red arrows in
P2 and P3 in panel (c) represent the effective built-in electric
fields and their directions.

layer and a downward polarization in the bottom ferro-
electric InySes layer. The schematizations of these four
heterostructure states are shown in Fig. 2(a), where
the solid thick pink arrows indicate the directions of
the polarization of the InySes layers while the translu-
cent pink arrows show the opposite directions of polar-
ization that can be switched to from the direction of
solid pink arrows. Note that the switching of polariza-
tion in InySes was confirmed experimentally'®'6 and by
some calculations'2°. Therefore, these four configura-

TABLE 1. The shift of band energy level Ae for the two
layer Crls (which is calculated by comparing with the vacuum
level), band gap Fgap, and the spin splitting band situation
for the four states of the studied 2D InzSes/bi-Crls/InsSes
heterostructure. 1 and | refer to the spin-up and spin-down
conduction band near the Fermi level, respectively.

bi-Crlz P1 P2 P3 P4

Ac (eV) upper Crls 0 -1.07 -0.25 0.02 1.01
lower Crl3 0 -1.07 0.02 -0.23 1.01

Egap (eV) 097 0.14 0.39 0.39 0.58

Spin splitting — — T + —

tions can be easily switched to one another by two specific
electric fields, as shown in Fig. 4. The voltage V 4 shown
in Fig. 4 is used to control the polarization of top InySes
and the voltage Vg is used to control the polarization of
bottom InsSes (the doped Crlj is supposed to transport
carriers very well here for applying voltage).

The four configurations of InySes /bi-Crls/InySes show
very different and interesting electronic structures. As
displayed in Fig. 2, in the down-up polarization config-
uration of P1, there are effective positive charges in the
IngSes layers close to Crls and effective negative charges
in the surfaces of top and bottom InySez (“4” and “-
” in Fig. 2c represent positive and negative charges).
Note that these effective charges originates from the po-
larization in the InySes layers. In order to respond to
the creation of effective positive charges in InySeg lay-
ers, negative charges are generated in Crlz very near the
interface with InsSes (see Fig. S7 of the SM). Such re-
sponse partly compensates the aforementioned positive
charges, but fail in providing a full screening. Under the
resulting electrostatic potential, the energy level of both
Crl; layers shift downward by 1.07 eV, comparing with
the pure bilayer Crls (as shown in Table I). As shown
in Fig. 2b and Fig. 3a, such downward shift leads to
the decrease of the CBM of the system and then results
in a reduced band gap of about 0.14 eV. The CBM of
Phase T is degenerated between spin-up and spin-down
channels, where the spin-up state come from upper Crlg
layer and spin-down states is from lower Crlz. (see Figs.
2a and 3a). The VBM of Phase 1 comes from the top and
bottom InySes layers, belonging to staggered-gap (type
IT) vdW heterojunction*34. In contrast to P1, the P4
up-down polarization configuration yields a polarization-
induced effective negative charges in the InsSes layers
close to the Crl; layers (see “-” and “+” in Fig. 2c)and
resulting screening-induced effective positive charges lo-
cated in the Crls layers near the interface with InsSeg
(which do not fully screen the effective negative charges
because of the semiconducting nature of Crlz as hinted
by Fig. S7 of the SM). The resulting electrostatic poten-

2 7
£

;z.% 1P

05}

Energy (eV)

FIG. 3. Projected band structures for the four states of the
studied 2D InsSes/bi-Crls/InsSes heterostructure. The black
and gray bands represent the bands of top and bottom InsSes
layers, respectively, while the red and blue bands display the
spin-up and spin-down bands of bilayer Crls, respectively.



tial leads to all band energy levels of Crlz increasing by
1.01 eV (see Ae in Table I), resulting in the CBM and
VBM of Crls being higher than the CBM and VBM of
InsSes, respectively (see Figs. 2b and 3d). The VBM of
the heterostructure is then associated with Crlz while the
CBM lies in the InsSes layers, in contrast with P1 where
the VBM is located at the InySes layers and the CBM is
acting in the Crls layers (see Figs. 2b, 3a and 3d). The
resulting band gap is now 0.58 eV, which is much larger
than the one of P1. The difference in band gap and dif-
ference in character of the VBM and CBM (between Crlg
and InsSes layers) in P1 and P4 states may induce sharp
different transport properties, when going from P1 to P4
and conversely (in that sense such transition can provide
an on-off control in transistors).

Let us now investigate the electronic properties of P2
and P3. For P2, since the out-of-plane polarization in
both the top and bottom InySes layers is upwards, there
are effective negative (positive) charges in the top (bot-
tom) IngSes layer close to the Crlz bilayers. There is a
built-in effective electric field between the top and bot-
tom InySe; layers along the upwards direction (see Fig.
2¢). Under this effective electric field, the bands energy
of the upper Crls layer shift to higher energy, while the
bands energy of the lower Crls layer shifts to lower en-
ergy. This shift leads to about 0.25 eV difference between
the band structures of two Crls layer, which different
from P1 and P4 for which the band energy is same for
the two middle Crlz layers. This shift of energy levels
also results in a spin-splitting of band structure in the
bilayer Crls. The conduction bands near the Fermi level
belong to spin-up channel associated with the lower Crlg
layer. This should lead to only spin-up current in trans-
port devices! Note that the two spins are degenerate in
pure bilayer Crlz layers because of the A-type antiferro-
magnetic configuration (see Fig. S1). Spin splitting band
structure in the InsSes/bi-Crls/InsSes sandwich struc-
ture is generated by a magnetoelectric effect from spin
degenerated band structure of pure bilayer Crls. In con-
trast, in P3, the out-of-plane polarizations in the top and
bottom InySes layers are both downwards and an effec-
tive build-in electric field along the downward direction is
then created. Under this electric field, the band energy of
the upper Crls layer shifts downwards while the band en-
ergy of the lower Crls layer shifts upwards as compared
with pristine Crlz. The shift of the band structure in
P3 state leads to same band gap as P2, but to different
CBM than P2. As a matter of fact, the CBM of P3 is a
spin-down channel contributed by the upper Crlz layer
while it is a spin-up channel located by lower Crlg layer
for P2 (see Fig. 2 and 3). The band structure of P3 can
thus provide spin-down spin current in transport devices.
These electronic structure in P2 and P3 are very inter-
esting, since they provide a tunable spin-field effect tran-
sistor where one type of spin current can be switched to
another type of spin current by an electric-field-induced
transformation from the P2 to P3 configurations.

Figure 4 represents a schematic in a device for which

A 4 losp
Top Gate
bilayer Crl; .—
Bottom Gate

FIG. 4. Schematic structure of the designed 2D semicon-
ductor spin-field effect transistor based on the 2D InsSes/bi-
Crls/InsSes heterostructure. The source (S) and drain (D)
are ferromagnetic metal. The gate voltage V4 and Vg are ap-
plied to switch the polarization of InaSes layers and control
the states of the system.

the polarizations in the top and bottom ferroelectric
layers can be easily switched by two different voltages.
V 4 generates an electric field between the top gate and
the bi-Crlz layers (we suppose that a doped semicon-
ductor of bilayer Crls can transport carriers very well
here). As a result the polarization of the top InySes layer
can be switched by V4. Furthermore, Vp generates an
electric field between the bottom gate and the bi-Crlg
layer, which can switch the polarization of the bottom
IngSes layer. Therefore, the four phases in InsSes/bi-
Crl3/InySe; shown in Fig. 1 can be easily switched to
one other. P1 and P4 are two spin degenerated states of
field effect transistors with different band gaps, P2 and
P3 are spin-splitting states with different spin-channels
in the conduction band. We thus propose a new spin-
field effect transistor with four tunable states. Note also
that ohmic contacts between source-Crls and drain-Crlg
are necessary for spin electric field effect device. As com-
pared with the suggested spin-field effect transistor made
by two layers of VSes under electric field3® or dual-gated
graphene/Crl3/graphene®® the presently designed spin-
field effect transistor not only has four tunable states
but is also nonvolatile, therefore making the device more
powerful, functional, practical and energy saving.

Moreover, Table I shows the shift of band energy of
the Crls layers and the band gap of the heterostructure
in the four phases. The band gap Ey,, and the shift
of band energy level Ae may slightly change under the
strain arising from substrate3”. Note that the value of
the band shift and band gap can be further tuned us-
ing ferroelectric layers with different magnitude of polar-
ization. Thanks to the development of two-dimensional
materials, various two-dimensional ferroelectrics are syn-
thesized or cleaved, such as monolayer d1T-MoTe,3?,
CulnP,S¢ ultrathin flakes'®, and even layered oxides,
such as YMnO33?, LuFeO3*°. Therefore, placing the two-
dimensional ferroelectric materials with different magni-
tude of polarization on the top and bottom of van der



Waals heterostructure, Ae and Eyq,), in Table I can be fur-
ther changed and even continuously tuned because con-
tinuously changed magnitude of ferroelectric polarization
can be used.

IV. CONCLUSIONS

In summary, we propose a new band structure engi-
neering for van der Waals heterostructure from first prin-
ciples. Two-dimensional ferroelectric (FE) layers were
placed on top and bottom of a semiconducting bilayer
(SB) to tune its band structure. This sandwich struc-
ture of FE/SB/FE then has four states with different
band gaps and spin-splitting electronic band structures,
thus forming a novel electric controllable and non-volatile
four-state spin-field effect transistor. Furthermore, the
FE and SB in the sandwich structure can be any ferro-
electric layer with out-of-plane polarization and A-AFM
semiconducting bilayer, respectively. Band gaps can be

even continuously tuned using ferroelectric layers with
different magnitude of polarization. As the various 2D
ferroelectric and A-AFM semiconducting structures, the
proposed band-structure engineering of van der Waals
heterostructure represents an appealing and diverse route
for modern electronics and spintronics.
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