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Recent findings of two-dimensional (2D) ferroelectric (FE) materials provide more possibilities for the development
of 2D FE heterostructure electronic devices based on van der Waals materials and the application of FE devices under
the limit of atomic layer thickness. In this paper, we report the in-situ fabrication and probing of electronic structures
of InpSe3—WSe, lateral heterostructures, compared with most vertical FE heterostructures at present. Through molecular
beam epitaxy, we fabricated lateral heterostructures with monolayer WSe; (three atomic layers) and monolayer In,Ses
(five atomic layers). Type-II band alignment was found to exist in either the lateral heterostructure composed of anti-FE
B’-InpSe3 and WSe» or the lateral heterostructure composed of FE *-InpSe; and WSe,, and the band offsets could be
modulated by ferroelectric polarization. More interestingly, interface states in both lateral heterostructures acted as narrow
gap quantum wires, and the band gap of the interface state in the f*-InySe3—WSe; heterostructure was smaller than that
in the B’-In,Se; heterostructure. The fabrication of 2D FE heterostructure and the modulation of interface state provide a

new platform for the development of FE devices.
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band alignment
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1. Introduction

Two-dimensional (2D) materials heterostructures
(HSs) play an important role in fields such as field ef-
fect transistors,!! optoelectronic devices,?! and memory
devices!®! due to many fascinating properties, and are an im-
portant part of the modern semiconductor industry.[*! On the
one hand, the weak interlayer coupling between 2D materi-
als makes it easy to manufacture vertical heterostructures.?!
On the other hand, it is relatively complex to manufacture
lateral HSs.[*61 At present, transition metal dichalcogenides
(TMDC) lateral HSs are widely studied,*”8! and another
form of lateral HSs with different spatial symmetry,’! such
as hBN-TMDC HSs, ! graphene-TMDC HSs, 1% also shows
unique electronic and optical properties,!!!] which are a strong
candidate for the next generation of electronic and optoelec-
tronic devices.[!?!

Recently, a series of 2D ferroelectric semiconductor ma-
terials have been found theoretically and experimentally, such
as InpSe3!3! and SnTe,l'*! which rapidly attract great in-
terest in integrating them into van der Waals (vdW) het-
erostructures due to their spontaneous reversible polarization.
For instance, a ferroelectric field-effect transistor based on
MoS,/CulnP,S¢ 2D vdW HS shows resistance switch char-
acteristics with larger than four on/off ratios between low and

high resistance states.!'>! Near-infrared (NIR) photodetector-
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based WSey/a-InySes heterostructure shows an ultrasensitive
characteristic in the NIR wavelength range, due to the ferro-
electric gating effect of a-InpSe; enhancing the photodetector

(161 However, there are few reports on 2D ferroelec-

detectivity.
tric lateral HSs. ! Lateral HSs are involved in the construction
of modern metal-oxide-semiconductor field-effect transistors,
which have broad application prospects due to their potential
development and tuning degrees of freedom. %! In addition, the
interface of lateral HS is also an excellent platform for study-
ing interfacial electronic structures of materials.!®!”! There-
fore, it is an appealing task to study 2D ferroelectric lateral
HSs for the development of electronic devices.

Here, we report the ultrahigh vacuum-molecular beam
epitaxy (UHV-MBE) growth and scanning tunneling mi-
croscopy (STM) characterization of the lateral HS between
three atomic layers monolayer (ML) semiconductor WSe; and
five atomic layers ML ferroelectric semiconductor InySe;. We
showed a type-II band alignment between WSe; and In,Se;
(for both the B’ and B* phases) by scanning tunneling spec-
troscopy (STS), and the band offsets could be modulated by
the ferroelectric polarization of B*-InySes. In addition, we
discovered the existence of interface states with narrow gaps
as interface quantum wires. More interestingly, we observed
that the gap size of the interface state in InpSe3—WSe, lateral
HS was different (0.62 eV and 0.45 eV in the §'/B*-In;Se3—
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WSe, HS, respectively), the ferroelectric polarization can be
an effective toolset tuning the gap size of the interface states.
Our findings provide a new approach for the fabrication of 2D
ferroelectric lateral HS and the modulation of electronic states
at the interface.

2. Experimental methods

The lateral HS was grown on bilayer graphene (BLG)/SiC
substrate using a home-built ultrahigh vacaum MBE system
with a base pressure of ~ 1.0 x 10~1° Torr. The BLG/SiC sub-
strate was prepared by vacuum annealing.!'3!") High-purity
W (99.95%) was evaporated from an e-beam evaporator, and
In (99.999%) and Se (99.999%) were evaporated from Knud-
sen cells. The flux ratios of W: Se and In: Se were 1:20.
The substrate was kept at 750 K for the growth of WSe; and
560 K for the growth of InySe;. The deposition of WSe,
was followed by a 30 min annealing at the growth tempera-
ture with the Se flux maintained. The lateral HS was trans-
ferred into the STM chamber after naturally cooling to room
temperature. The STM/STS measurements were performed
by a commercial Unisoku 1400 system at 77 K (base pres-
sure < 1 x 10710 Torr). Electrochemically etched W-tips were
used in all measurements. Constant Z differential conduction
(dI/dV) was taken by using a standard lock-in amplifier with

a modulation voltage of 8 mV at a frequency of 932 Hz.

3. Results and discussion

Figure 1(a) shows the typical morphology of the ML-
Iny;Ses—ML-WSe; lateral HS. A schematic of this lateral HS
is displayed in Fig. 1(c). The apparent heights of ML In,Ses
and WSe, were measured as ~ 1.1 nm and ~ 0.8 nm, respec-
tively (Fig. 1(b)). We observed two In;Se; low-temperature
phases as reported in the literature,”>?!l one was B’-In,Se;
with in-plane antiferroelectricity, and the other was 3*-In;Ses
with in-plane ferroelectricity. Figures 1(d) and 1(e) show the
atomically resolved images of the 8’ and * phases. §'-In;Se;
had a one-dimensional reconstructed structure. Along the di-
rection perpendicular to the [010] direction, the reconstruction
period of the atomic lattice was eight or nine times larger. >}
The atomically resolved STM image showed that the stripe
was formed by three or four rows of alternating Se atoms (with
stronger contrast) and one row of Se atoms (with weaker con-
trast), and the stripe width was about 1.6 nm. In the stripe,
Se atoms formed a hexagonal lattice with a lattice constant of
about 0.40 nm. The B* phase showed a basic hexagonal lat-
tice with a surface Se atom lattice constant of about 0.40 nm
and had a rectangular superlattice with a 2 x v/3 surface re-

construction (|a; | ~ 0.8 nm, |b;| ~ 0.7 nm).[20:21]
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Fig. 1. (a) STM morphology of the ML-In,Se3;—ML-WSe, lateral HS. Scanning parameters: bias voltage Vii;s = 3 V, tunneling current Iy = 10 pA.
(b) Line profile taken along the red line in (a). (c) Side view schematic of the lateral HS. The red, blue, gray, and brown spheres represent Se, In, W,
and C atoms, respectively. (d), (¢) Atomically resolved STM images of the 3’-In,Se; and B*-InSe3 phases. Scanning parameters: (d) Vhias = 600 mV,
I; = 10 pA, (€) Vpias = 500 mV, I, = 10 pA. (f) Logarithm of dI/dV spectra recorded over ML-f3*-In,Se3, ML-f'-In,Se3 and ML-WSe,. The dashed
lines indicate the valence band maximum (VBM) and conduction band minimum (CBM). Set point: Vo5 = —2.5 V, I; = 100 pA.

The tunneling conductance (dI/dV) spectroscopy re-
vealed that both phases of the ML-In,Se3 (on ML-WSe;) were
semiconductors with almost the same band gaps of 2.31 eV.[?%]

The critical point energy locations of WSe, were determined

(marked in Fig. 1(f)) by variable Z spectroscopy [supporting
information (SI) Fig. S1]. 21?21 The variable Z spectroscopy
was taken at a constant tunneling current with the feedback

loop on. This method could significantly enhance the dynamic
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range, in which the tunneling barrier width was regulated ac-
cording to the sweep of the bias. Therefore, type-II band align-
ments of the HSs formed by * /B’ ML-In,Se; and ML-WSe;
were observed. Furthermore, the B* phase exhibited a rigid

upward shift of 0.2 eV compared to the 3’ phase, which was
21]

mainly due to the difference between their work functions.

Figure 2(a) is the close-up STM image showing the lateral
HS between ML WSe, and antiferroelectricity ML 8'-In,Ses,
a quasi-one-dimensional disordered structure appeared at the
interface between WSe, and InpSes (SI Fig. S2). This may
be caused by the different atomic layers of WSe, and In,Ses
which constituted the lateral HS. STS (d//dV) mapping was
performed to study the electronic structure variations across
the interface of the lateral HS. Figure 2(b) is a color ren-
dering of the band mapping result taken along the red ar-
row in Fig. 2(a), and selected individual spectra are shown in
Fig. 2(c). The numbers on the spectra referred to their posi-
tions in the complete set.
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Fig. 2. (a) Topography image of ’-In,Se3—WSe, lateral HS. (b) Color-
coded rendering of the real space imaging of the band profile plotted in
terms of log(d//dV). The dI/dV spectra were taken along the path
shown by the red arrow in (a). The bandgap of the interface is marked
by the white arrow. (c) A selective subset of log(d//dV) spectra. The
spectra taken on WSe,, interface, and B’ -InpSe3 are represented by
black, blue, and green, respectively. Set point: Viias =2V, Iy = 100 pA.
The exception feature in Fig. 2(b) was the apparent up-
ward band bending for both the conduction band and valence
band of the ML WSe; and ML f’-In;Ses regions near the in-
terface. As reported in the literature, the edge of bare ML
WSe; had upward band bending (SI Fig. S3), possibly due
to the distribution of localized states,?3! and its magnitude
was similar to the band bending of the edge of WSe, near
the interface in Fig. 2(a). B’-InpSes had in-plane antiferro-
electricity, all edges in B’-InpSe; were considered neutral (SI
Fig. $3), [2921] whereas an obvious band bending occurred in
the B’-InySe; region. The magnitude of the band bending in
B’-In,Ses was about 0.26 eV over about 2 nm toward the inter-
face (depletion length). This could be attributed to the interfa-
cial charge transfer (from interface to InpSes). In addition, an

abrupt change in the band structure right at the lateral HS inter-
face could also be seen (see also spectra #19, #21, and #23 in
Fig. 2(c)), as revealed by STS, the interface state behaved like
a narrow gap semiconductor with a gap of 0.62 £0.08 eV. The
dI/dV map indicated that the interface states had type-I band
alignment with both ML-WSe, and ML-f3'-In,Se; therefore
can play the role of quantum wires for electrons and holes.®!
At the LN, temperature, '-In,Se; was the most favored

(211 but there also existed a small amount of *-In;Ses.

phase,
Figure 3(a) shows the topography image of f*-InySe;—WSe,
lateral HS. Similar to the B’-In,Se;—WSe; lateral HS, there
was also a quasi-one-dimensional disorder structure at the in-
terface. The d//dV map (Fig. 3(b)) taken along the red ar-
row in Fig. 3(a) showed that WSe; had the same upward band
bending as in Fig. 2(b). On the ML-f*-In,Ses region, there
existed an upward band bending with a magnitude of about
0.51 eV and a depletion length of about 5 nm on approach-
ing the interface. For materials with in-plane ferroelectric-
ity, the edges with negative/positive charges would have up-
ward/downward band bending,'*! so the edge of B*-In;Se3
near the interface accumulated negative charges. The edge
with negative charges of bare *-In,Ses had an upward band
bending with a magnitude of about 0.45 eV which was smaller
than that of the edge with negative charges near the interface
(ST Fig. S3). This was also the result of interfacial charge
transfer, which increased the negative charges accumulated at
the edge near the interface.
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Fig. 3. (a) Topography image of 3*-InySe3—WSe; lateral HS. The “-”
symbols indicate the negative charges that accumulated on the edge of
the B*-InySes. (b) Color-coded rendering of the real space imaging of
the band profile plotted in terms of log(d//dV). The dI/dV spectra
were taken along the path shown by the red arrow in (a). The bandgap
of the interface is marked by the white arrow. (c) A selective subset
of log(dZ/dV) spectra. The spectra taken on WSe, interface, and f3*-
In,Ses are represented by black, blue, and red, respectively. Set point:

Viias =2 V, I = 100 pA.

An exceptional feature of electronic structures was
also observed at the B*-In,Se;—WSe; lateral HS interface
(Fig. 3(b)). Similar to the features in 3’-In,Se3—WSe; lateral
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HS, the interface in §*-InySes—WSe, lateral HS also had type-
I band alignment with both ML-WSe, and ML-f*-In,Ses3.
However, the selective individual dI/dV spectra (#19, #21,
and #22) in Fig. 3(c) revealed that the interface state in f3*-
In,Se;—WSe; lateral HS had a band gap of about 0.45 eV,
which was smaller than that in 8’-In,Se3—~WSe; lateral HS.
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Fig. 4. Schematic diagram of band alignment in 8’-InySe;-WSe lat-
eral HS (a) and B*-InySe3—WSe; lateral HS (b). The band gaps of inter-
face states in 3’-InpSe3—WSe; lateral HS and 3*-In,Se3—WSe, lateral
HS are labeled as Ajnes 1 and Ajnef 11, respectively.

We summarized the general features of lateral HSs
formed from WSe, and f’-InpSe; or B*-InpSe; with the
schematic diagram (Figs. 4(a) and 4(b)). Here, the conduc-
tion band offset was labeled as CBO, the valence band off-
set as VBO and the gap of the interface was labeled as Ajys.
The values for these quantities are summarized in Table 1 for
B’-In;Se3—WSe, lateral HS and *-In;Se;—WSe, lateral HS,
respectively. We also used constant current spectroscopy to
detect the critical point energy location in the valence band
(labeled as K, and I" in Figs. 2(b) and 3(b)) of ML-WSe,
(SI Fig. S1). The VBM of ML-WSe, was located at the K,
point, about 0.60 eV above the I point. With this informa-
tion, we determined that the CBO; and VOBy of §'-InpSes—
WSe, HS were 0.40+0.10 eV and 0.15£0.05 eV, respectively.
Similarly, the COBp and VOBy; of f*-In,Se;—~WSe; HS were
0.30+0.10 eV and 0.10+£0.05 eV, respectively. The CBO and
VBO in B*-In;Se3—WSe, HS were smaller than those in /-
In;Se;—WSe,, and the maximum difference was 100 meV,
which may be due to the greater upward band bending of 3*-
In,Ses caused by the ferroelectric polarization. In addition, in
both systems, a narrow gap quantum wire existed at the inter-
face. The interface state in 3'-In,Se;—WSe, lateral HS had a
gap Ajne 1 of about 0.6240.10 eV. Similarly, the gap Ajns 11 of
the interface state in S*-InpSes—WSe, lateral HS reduced to
0.4540.05 eV. In the previous literature,>*2°! some research
teams modulated the band gap of one-dimensional systems
such as nanotubes and nanoribbons by applying an external
transverse electric field. Therefore, in our system, the ferro-
electric polarization in B*-In,Ses was also a factor that could
not be ruled out to affect the band gap of the interface states.
Interestingly, we investigated several 3*-In,Ses lateral HS, but
only negatively charged edges of B*-InySe; were observed
near the interface. This might be because, in the process of

forming lateral HS, the negatively charged edge of *-In;Se;
was preferred to form the interface with WSe,. The preferred
polarization direction at the interface of a 2D ferroelectric lat-
eral HS had also been reported in previous research.l!

Table 1. Band alignments in lateral HSs.

HS CBO (eV) VBO (eV) Ajnis (€V)
B’-In,Ses—~WSe; 0.40+0.10 0.1540.05 0.624+0.10
B*-InySes-WSe» 0.30+0.10 0.140.05 0.45%0.10

4. Conclusion

We successfully fabricated the lateral HS with three
atomic layers of ML WSe, and five atomic layers of ML
InySe; by a two-step MBE process. We measured the band
profile using STM/S and visualized the spatial evolution of
electronic structures. We observed that the CBO and VBO
of HS could be modulated by ferroelectric polarization, with
a maximum difference of 100 meV. In particular, we demon-
strated that the interface states in both lateral HSs form a nar-
row gap quantum wire which had type-I band alignment with
both WSe; and InySes;. The band gap of the interface state
in B’-InpSe3—WSe; lateral HS was about 0.62 eV, which was
larger than 0.45 eV in B*-In;Se3;—WSe; lateral HS, where the
ferroelectric polarization of 3*-In,Ses was a reason that could
not be ruled out. We expect that the fabrication of this ferro-
electric lateral HS and the modulation of interface electronic
states will contribute to the development of 2D ferroelectric
devices.
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