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ABSTRACT

Two-dimensional van der Waals ferroelectric semiconductors have attracted extensive research interest in both theoretical investigation and
device applications due to their ferroelectricity and semiconducting nature. However, it is still not well understood how the ferroelectric
phase is able to coexist with the semiconducting phase in this emerging material class. In this work, mm-scale continuous films of In,Se;
with a thickness of ~3 nm were synthesized successfully by physical vapor deposition. Furthermore, we fabricated asymmetric ferroelectric
semiconductor junctions (a-FSJs) from thick exfoliated and PVD-grown ultrathin In,Se; films. A high read current density of ~100 Alem?®
and a distinction ratio of over 10® at Vgeaq= 0.5 V are achieved in devices fabricated by a 3 nm-thick In,Se; film toward ultrahigh-density
memory integration. Notably, the coercive voltage is constant, with In,Se; film thickness decreasing from 200 to 3 nm. A qualitative model
is proposed to elucidate the anomalous film-thickness-independent coercive voltage in this ultrathin a-FSJ, which can also be generalized to
other emerging two-dimensional ferroelectric semiconductors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0098827

I. INTRODUCTION

Van der Waals (vdW) ferroelectric (FE) materials have
attracted significant interest because of their atomically uniform
thicknesses, clean interfaces, room-temperature ferroelectricity, and
semiconducting properties.' ™ Ferroelectricity in vdW layered mate-
rials has been theoretically predicted and experimentally verified,

of 1.4 eV, room temperature ferroelectricity, and the potential feasi-
bility for large area growth. These properties provide an appealing
platform for research into new physical phenomena such as 2D
multiferroic heterostructures'' and practical applications such as
ultrahigh-density non-volatile memristors.'”” Different from the
traditional ferroelectric switching mechanism, the ferroelectricity in

such as CulnP,Ss," IV—VI compounds (SnTe’ and SnSe®), and
o-In,Se;.”* The coupling of two-dimensional semiconductor
nature and layer-by-layer ferroelectric switching has inspired the
research of in-plane ferroelectricity’” and novel memory device
applications driven by out-of-plane polarization.'’"*

Among the two-dimensional (2D) vdW FE materials, o-In,Se;
is considered a promising candidate due to its moderate bandgap

In,Se; is driven by Se-In covalent bond breaking and reformation
when middle layer Se atoms move laterally under an external elec-
tric field, rather than by long-range interactions, and such strong
covalent bonds can prevent the depolarization field from suppress-
ing the polarization even when the thickness is scaled down to
3nm.'° Employing the coupled properties of vdW semiconductors
and ferroelectrics, many novel devices were proposed, such as the
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ferroelectric semiconductor field-effect transistor (FeS-FET)'7'

and asymmetric ferroelectric semiconductor junction (a-FS)),"
which are regarded as potential solutions to the charge injection
from the high field across the under-layer in the traditional Si fer-
roelectric field-effect transistor (FeFET) and low current density
and thickness scalability in a ferroelectric tunnel junction (FTJ).
However, the coexistence of ferroelectricity and the semiconduct-
ing nature of vdW a-In,Se; have remained a puzzle. As the
mobile charges in semiconductors tend to screen the long-range
Coulomb interactions and mask any possible FE, most ferroelec-
trics like barium titanate (BTO) or lead zirconium titanate (PZT)
are insulators.

In this work, we successfully realized the growth of a single-
crystal monolayer In,Se; with a large grain size up to 200 um, the
largest dimension reported to date. By elaborating the growth
conditions, mm-scale size continuous films can be grown with a
thickness of around 3 nm. Furthermore, ferroelectric semiconduc-
tor junctions (FSJs) are fabricated using both exfoliated films
thicker than 70nm and ultrathin physical vapor deposition
(PVD)-grown In,Se; with the thickness scaled down to 3 nm. We
propose a model of the depletion-assisted ferroelectric switch for
2D FE semiconductors to explain the presence of ferroelectricity
in semiconducting In,Se;. Analogous to leaky perovskite crystals,
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the mobile charge in FE o-In,Se; screens only the bulk part while
leaving the surface FE domains in the space charge region undis-
turbed. As a result, the coercive voltages of the devices are rela-
tively unchanged at 3 and —1V as the thickness scales range from
over 200 to 3 nm.

Il. EXPERIMENTS

Many growth models of 2D In,Se; have been proposed to
explain the relationship between growth morphology and growth
conditions, including source mass, space, substrates, pressure, and
flow speed.”’™”” Figure 1(a) illustrates the typical PVD (Physical
Vapor Deposition) growth setup used in this work, where In,Se;
powder (99.99%, Alfa Aesar) was placed at the hot center of a
1-zone tube furnace with a zone-center temperature of 850 °C.
Argon was used as the carrier gas, and In,Se; nanoflakes were
deposited on the substrate 13-15 cm away from the heating center.
Figure 1(b) shows large-scale In,Se; nanoflakes with different
thicknesses grown on mica. Most flakes were aligned in the
same direction, indicating vdW epitaxy on mica. Figure S1 in the
supplementary material demonstrates the evolution of flake size by
increasing the growth time. By carefully tuning the conditions, iso-
lated epitaxial nanoflakes merged into one single domain with lateral
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FIG. 1. (a) Schematic of material growth setup using the physical vapor deposition method. (b) Optical image of as-grown In,Se; film with different thicknesses.
(c) Optical image of transferred few-layer o-In,Se; nanoflake grown by PVD and then transferred onto Al,O substrate. Edge height profile was measured by AFM shown
in the inset. The white line indicates the approximate location of the AFM profile. (d) Raman spectra of ultrathin In,Se; nanoflakes with different thicknesses grown on
mica. () HRTEM and SAED patterns of nanoflakes transferred onto a TEM grid. (f) XRD of PVD-grown nanoflakes transferred onto Si.
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size up to 200 um can be achieved, which is, to our knowledge, the
largest reported [Fig. S2(a) in the supplementary material]. A wet
transfer technique™® adopted the as-grown flakes from mica onto dif-
ferent substrates (SiO,, Al,Os, etc.) for further characterization and
device fabrication. Figure 1(c) shows the optical image of In,Se;
nanoflakes transferred onto the Al,O; substrate. Based on the atomic
force microscopy (AFM) given in the inset, the smallest step height
of ~09nm is consistent with the crystal structure and the
layer-by-layer growth mode of In,Se;. Similar results of the In,Se;
nanoflakes transferred onto a SiO, substrate are given in Fig. S2(c) in
the supplementary material. Optical images of a-few-layer nanoflakes
transferred onto Al,O; are shown in Fig. 1(c) with AFM thickness
measurements in the inset. Results for a-few-layer nanoflakes
transferred onto a SiO, substrate are shown in Fig. S2(c) in the
supplementary material. The atomic structures of the nanoflakes
were further studied by Raman spectroscopy, XRD, and TEM.
Raman spectra of In,Se; nanoflakes with the thickness from 3 to
30nm are shown in Fig. 1(d). The Raman peaks at 108 cm™",
180cm™, and 205cm™ are consistent with that from
o-In,Se;.”””” The high-resolution transmission electron micro-
scope (HRTEM) image in Fig. 1(e) and the select area electron
diffraction (SAED) patterns given in the inset both confirm the
absence of domain boundaries in the PVD-grown InSes.
The XRD of In,Se; nanoflakes wet-transferred onto Si shown in
Fig. 1(f) shows only a family of diffraction peaks whose positions
indicate a single lattice constant ~19.20, consistent with
the (002n) planes of a-In,Se; (PDF No. 34-1279).>>* The growth
orientation is consistent with the hexagonal structure of In,Ses.
Although the non-FE B phase sometimes shows up in the vapor-
based deposition of In,Se;, the various structural characteriza-
tions and the FE observed from transport measurements (to be
shown later) all show that the nanoflakes synthesized in this work
are in the o phase. As for device fabrication, both ~3 nm-thick
PVD-grown nanoflakes wet-transferred onto different substrates
and >70 nm-thick flakes exfoliated from bulk crystals (purchased
from 2Dsemiconductors USA) with a scotch tape were used as
channel materials to evaluate the morphology-dependent perfor-
mance. The same process flow was applied in the subsequent
device fabrication for both types of In,Ses.

o

2

lll. RESULTS AND DISCUSSION

Emerging non-volatile memory (e-NVM) technologies such as
resistive random-access memory (ReRAM), phase-change memory
(PCM), as well as ferroelectric tunnel junctions are regarded as
building blocks for next-generation non-von Neumann computing
systems. However, such devices suffer from limited dynamic
range, high power consumption, and low tunneling current when
applied as synaptic devices for crossbar neuromorphic computing
systems.”’ >’ To overcome these issues, the asymmetric ferroelec-
tric semiconductor junction is proposed to enhance both on-state
current and distinction ratio by sandwiching a ferroelectric semi-
conductor with asymmetric electrodes. Figure 2(a) illustrates the
device schematic, where heavily doped p+ Si serves as the bottom
gate, 30 nm metal/50 nm Au was deposited as the top electrode,
and 15nm Al,O; was used to isolate the top and bottom elec-
trodes. Figure 2(b) presents an optical image of a fabricated

ARTICLE scitation.org/journalljap

device and a false-color SEM image of the selected region. Ni was
first used here as the top electrode for device characterization.
Figure 2(c) presents the I-V characteristics of a-FS] with In,Se;
thickness measured as 3 nm by AFM. When the applied voltage is
less than the coercive voltage, there is almost no distinction ratio
observed. The loop reaches the maximum when the voltage is
over the coercive voltage. Eventually shown in Fig. 2(d), the ferro-
electric polarization is fully switched. The off-state defined here is
based on the relatively lower current density compared to that of
the on-state. The main difference between Figs. 2(c) and 2(d) is
the maximum voltages applied on the identical 3 nm a-FSJ, 2
and 4V, respectively. The depletion width is estimated to be
~30nm from the device simulation indicated in Fig. S3 in the
supplementary material, which means that the ultrathin film is
already fully depleted in the 3 nm case. As a result, multiple
mechanisms including thermal injection and tunneling concur-
rently govern the transport.”’ Two main factors contribute to a
larger current density of both on-state and off-state in Fig. 2(d)
than in Fig. 2(c). First, the higher applied voltage generates more
mobile carriers with energy larger than the barrier, which causes
the current to exponentially increase. Meanwhile, given steep
enough band tilting induced by the large polarization charge
density when the voltage is larger than the coercive voltage in
Fig. 2(d), Fowler-Nordheim tunneling dominates the transport
across the triangular potential at the heterojunction in the larger
voltage (high-field) regime, which further increases the current
density in the ultrathin case. Device performance with a thicker
PVD-growth In,Se; nanoflake (20 nm) is also presented in Fig. S3
in the supplementary material. To demonstrate the feasibility of
mass production, an mm-scale continuous flake grown by PVD
was used to fabricate an array of a-FS] devices, shown in Fig. S4
(a) in the supplementary material. Strips in light color correspond to
the exposed p+ Si bottom electrodes. The transferred, continuous,
almost wrinkle-free In,Se; flake appears as a uniform gray area on
which metal electrodes were deposited. The thickness of the ultrathin
film used here was measured by AFM as 3 nm. The effect of the
work functions of contact metals (Ni and Pt) is further investigated
to optimize the device performance. The thickness of o-In,Se; films
was kept constant for a fair comparison. Sweep voltage was set as
4V, larger than the coercive voltage of a-In,Se; for full polarization.
Figures S4(b)-S4(d) in the supplementary material present the distri-
bution of I-V curves of 5-8 a-FS] devices on the same thickness film
and electrode metals in the metal/o-In,Ses/p+ Si structure. It is
noticeable that the Ni/o-In,Se;/p+ Si structure shows a higher
current density of 10-100 A/cm® at V= 0.5 V (read voltage) than the
device using Pt top contact (0.1-1 A/cm?). On the other hand, due
to the lower work function of Ni (5.1¢eV) than Pt (5.6 eV), the on-
off ratio of the Ni/o-In,Ses/p+ Si structure is ~107, one order higher
in magnitude than that using Pt top contact. The statistical results of
on- and off-current densities and on-off ratio are summarized in
Figs. S4(e) and S4(f) in the supplementary material. The large asym-
metry in dielectric screening between the metal and p+ Si electrodes
plays a significant role in suppressing the off-state current without
decreasing the on-state current.

The impact of In,Se; thickness on a-FS] performance was
studied by fabricating devices with PVD-grown In,Se; nanoflakes,
whose thickness ranged from 3 to 30 nm and thicker exfoliation
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FIG. 2. (a) Schematic of the two-dimensional ferroelectric-semiconductor junction design. (b) Optical image of a-FSJ: transferred In,Se; on 15 nm Al,O4/ p+ Si trench
structure (left) and the thickness profile measured by AFM. (c) and (d) a-FSJ's |-V characteristics with a voltage sweep below and above the coercive voltage.

In,Se; flakes (thicker than 70 nm), as plotted in Figs. 3(a) and 3(b).
It is noted that in the bulk case (thicker than 70 nm), there is no
obvious thickness dependence in the current [Fig. 3(b)]. However, in
the case of the thin films grown by the PVD method, as the film is
fully depleted, tunneling mechanisms (mainly Fowler-Nordheim
tunneling) start to dominate the transport, with thermal injection
playing a minor role. Given the same voltage applied, a smaller
thickness with lower tunneling electroresistance (TER) typically
induces a larger current in the ultrathin film. As a result, the current
density increases with decreasing In,Se; thickness, as shown in
Fig. S5 in the supplementary material. Figure 3(c) further extracts the
coercive voltage in forward/reverse scans sustained at approximately
3 and —1V, respectively, independent of the In,Se; thickness.

To better understand the coexistence of ferroelectricity and
transport properties, a COMSOL simulation of the In,Ses-Si junc-
tion band diagram at equilibrium is carried out as shown in Fig. 4.

The simulation structure is composed of Ni/200 nm In,Ses/p+ Si
1D a-FS] for simplification, and the parameters used are listed in
Table 1 in the supplementary material. Figures 4(a) and 4(c) show
schematics of the polarization states of In,Ses. At the left interface,
bound charges induced by ferroelectric polarization are screened by
the metal electrode, while the right interface between In,Se; and
heavily doped Si dominates the ferroelectric behavior, where the
depletion and accumulation regions are formed at the on-state and
off-state of the device, respectively. Figures 4(b) and 4(d) illustrate
the corresponding band diagram calculated where the ferroelectric
polarization is induced at the non-linear electric field region at the
interface. In equilibrium condition, if In,Ses is thick enough (ie.,
thicker than the depletion width), there is negligible voltage drop
in the In,Se; layer except for the junction region, including the
metal/In,Se; Schottky junction on the left and the In,Ses/p+ Si p—n
junction on the right. Therefore, the electric field in bulk In,Se;
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metric c-FSJs. (c) Thickness-dependent coercive voltage extracted from the |-V characteristics.
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cannot be high enough to trigger ferroelectric polarization. In addi-
tion, polarization switching in the Schottky junction is much less
compared to the p-n junction because of the existence of band
bending in p+ Si, so the properties of a-FSJ in this work can be
mainly determined by interface ferroelectric bound charges at the
interface between In,Se; and p+ Si. This model qualitatively fits
our observations well, which means the nucleation of the ferroelec-
tric domain starts from the surface and remains in the space charge
region at the interface within a few layers, while the bulk shows a
metallic/semiconducting behavior due to higher electron concentra-
tion and mobility. In this way, the coercive voltage is fixed as 3V
in the on-state and —1V in the off-state due to the asymmetric
electric field in different states. The positive coercive voltage and
negative coercive voltage are quite different due to the asymmetric
junction configuration. This is similar to the conventional p-n
junction or the Schottky junction and the electrical properties of
these devices are not related to the thickness of semiconductor
layers, unless the thickness is less than the thickness of the space
charge region. Moreover, a simulation of the ultrathin case was also
conducted by COMSOL, and the results are shown in Fig. $4 (a)
and S4(b) in the supplementary material. In,Se; is fully depleted in
the ultrathin case where the tunneling mechanism cannot be
ignored, i.e., Fowler-Nordheim tunneling in the high-field regime.
It is observed in our experiment that current density increases with
decreasing film thickness below the depletion width like the tradi-
tional ferroelectric tunnel junctions. In addition, coercive voltage is
the observed constant with thickness scaled-down, which indicates
that domain reversal in the ultrathin FE film becomes more diffi-
cult due to limited grain size and a higher electric field is needed to
finish such a process. Meanwhile, the effect of the ultrathin dead
layer at the interface between p+ Si and FE In,Se; becomes more
obvious as FE thickness decreases to 3 nm. Therefore, the driving
electric field that is really seen by the In,Se; films is decreased,
which influences the polarization and contributes to a higher coer-
cive field in the wholescale.”’ Further investigation is needed to
elaborate on the details of the domain wall properties and complex
multiple transport mechanisms, especially, the thickness, voltage,
and temperature dependency in a-FSJ.

IV. SUMMARY AND CONCLUSIONS

In summary, we have demonstrated a-FSJ based on PVD-growth
In,Se; with the thickness scaled down to ~3 nm. Both large read
current density of ~100 A/cm” and distinction ratio of over 10* are
achieved on mm-scale continuous film at a low read voltage. In
addition, a model of the polarization switching process in ferroelec-
tric semiconductor junction is developed to explain its unique
thickness scaling behaviors. Coercive voltages of ferroelectric semi-
conductor junctions based on In,Se; are nearly constant at 3 and
—1V as In,Se; thicknesses reduce from 200 to 3 nm. It is inferred
from the thickness-independent coercive voltage that the ferroelec-
tric polarization arises from the surface and remains undisturbed in
the depletion region, while inside the bulk of In,Se; ferroelectric
domains are randomly aligned, canceling out any net polarization
by free charges. The experimental results are consistent with the
proposed polarization mechanism in ferroelectric semiconductor
junctions. Our results shed light on the origin of ferroelectric

ARTICLE scitation.org/journalljap

switching behavior in two-dimensional ferroelectric semiconductor
junctions and pave the way for next-generation ultrathin ferroelec-
tric semiconductor memories.

SUPPLEMENTARY MATERIAL

See the supplementary material for time-dependent material
growth evolvement, optical images of large-domain single-crystal
In,Se; and flakes transferred onto different substrates, the perfor-
mance of 20 nm PVD-growth In,Se; a-FS], a-FS] array based on
mmb-scale In,Se; film grown by PVD and related contact study of
Pt and Ni, the thickness-dependent current density of PVD-growth
In,Se; a-FSJ, and simulation results of 1D a-FSJ.
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