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Highly Efficient Polarization-Controlled Electrical
Conductance Modulation in a van der Waals Ferroelectric/
Semiconductor Heterostructure

Jacob Parker and Yi Gu*

Utilizing the unique in-plane/out-of-plane polarization coupling in ferroelec-
tric van der Waals a~In,Se;, ferroelectric-polarization-controlled electrical
conductance modulation in two-dimensional (2D) MoS, with a large dynamic
range of over 5 orders of magnitude and excellent non-volatility is demon-
strated. This highly efficient control of the electrical conductance is facilitated
by enhanced capacitive coupling through atomic-layer-deposition-grown
Al,O; as the dielectric medium. By varying the in-plane poling bias to the fer-
roelectric a~In,Ses, the electrical conductance of vertically stacked 2D MoS,
can be tuned continuously. This approach enables simplified device design
and provides great flexibility in device integrations, and it can be applied

in principle to manipulate the electronic states in any 2D semiconductors

for various applications such as transistors, tunneling devices, and recon-
figurable electronics. The results also provide insight into the ferroelectric
polarization screening by ambient chemical species, highlighting the need for

surface passivation, and/or device encapsulations.

1. Introduction

The capability to control charge carrier density is central to
semiconductor-based device technologies. A common approach
is to use electrostatic gating to capacitively induce n- or p-type
doping, which is typically implemented by applying a vertical
gate bias in a stacked metal (gate)/oxide (dielectric)/semicon-
ductor (channel) structure, representing the basic configuration
of a transistor. Recent studies have explored using the reversible
spontaneous electric polarizations in oxide and polymer-based
ferroelectrics to control charge carrier density in two-dimen-
sional (2D) semiconductor-based devices.'"¥ Particularly, the
out-of-plane polarization leads to bound charges at the surface
of the ferroelectric substrates, which induce opposite charges in
the channel region, thereby controlling its charge density and
electrical conductivity. This advantageous “gate-free”ll approach
has several benefits including non-volatility, as no external bias
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is needed to maintain the polarization,
simplified device fabrication processes,
and enabling on-demand circuit recon-
figuring through reversible ferroelectric
domain patterning.*’ The discovery of
2D ferroelectric van-der-Waals materials,
has opened up opportunities for realizing
all-van-der-Waals  heterostructure-based
ultrathin electronics.’=)

Recently, o-phase In,Se; (orIn,Ses)
has emerged as a unique van der Waals
ferroelectric material with interlocked out-
of-plane (OOP) and in-plane (IP) polari-
zations.%19 This coupling allows for
switching the OOP polarization with an IP
electric field, which significantly simplifies
device design, for example, by avoiding
the need for fabricating both lateral and
vertical electrodes, and also provides great
flexibility in device integrations.l’] Recent
studies have shown the possibility of using
the unique ferroelectricity of o~In,Se; to control optoelectronic
and electrical properties of neighboring 2D semiconductor
layers.[781 While these results represent significant milestones
and provide important insight, the capability to modify channel
conductivity using the OOP polarization in o-In,Se; has ini-
tially been shown to be rather limited (=factor of 3)./ This
presents a barrier to implementation of such an approach in
practical device applications.

Here, we report highly efficient and non-volatile modula-
tion of electrical conductance in a 2D MoS, channel, realized
by enhanced capacitive coupling through atomic layer deposi-
tion (ALD)-grown Al,O5 as the dielectric between the channel
and the ferroelectric polarizations in o+In,Se;. The dynamic
range of the conductance modulation is over 5 orders of mag-
nitude, representing a significant improvement compared to
previous results. The corresponding high- and low-conductance
states remain stable across multiple polarization switchings
and also demonstrate excellent retention characteristics. Fur-
thermore, the channel conductance can be continuously tuned
by applying distinctive poling biases through lateral electrodes
to orIn,Se;. These characteristics are particularly desirable for
multi-state memory and emerging memristive applications.
Our studies also provide insight into how ambient conditions
influence the conductance modulation through the surface
screening of ferroelectric polarizations, highlighting the need
for proper surface passivation and/or device encapsulation to
ensure optimal device performance.

© 2022 Wiley-VCH GmbH
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Figure 1. Ferroelectric properties of o+In,Ses. a) Schematic crystal structures of ferroelectric o-In,Se; with opposite polarization states; b) micro-Raman
spectrum of a mechanically exfoliated o-In,Se; layer; ) OOP phase hysteresis loop measured on a 30-nm-thick ¢-In,Se; layer; OOP d) phase and
e) amplitude maps of a 33-nm-thick o~In,Se; layer with the outer (inner) square area poled by an AFM probe biased at +3.5 V (-3.5 V). The insets to
(d) and (e) show the line profiles of phase and amplitude across opposite domains, respectively.

2. Results and Discussion

Figure 1a shows the schematic crystal structures of orIn,Se;
in different polarization states.!'”) The interlocked OOP and IP
polarizations arise from symmetry-breaking positions of the
central Se atom layer in both OOP and IP directions. Unlike
conventional oxide ferroelectrics,'”! these polarizations are
sustained by strong covalent bonds,%2% leading to robust fer-
roelectricity stable above room temperature.'2¥*2U Figure 1b
shows a micro-Raman spectrum of a mechanically exfoliated
o-In,Se; layer, where the main phonon peaks at =103.5 and
180 cm™ correspond to a sum of two E modes (i.e., a combi-
nation mode) and an A; mode, respectively, in the o~phase lat-
tice.?Z To confirm the ferroelectric properties in as-prepared
o-In,Se; layers, piezoresponse force microscopy (PFM) with
local poling provided by a biased atomic force microscope
(AFM) probe was conducted. The 180° change in the piezore-
sponse phase (Figure 1c) corresponds to the reversal of the OOP
polarization under the external electric field, and the phase hys-
teresis loop, characteristic of ferroelectricity, shows two oppo-
site remnant polarization states with the coercive electric field
estimated to be =300 kV cm™. We note that the phase hysteresis
loop is off-centered with regard to the poling bias axis, which
can be attributed to the work function difference between the
AFM tip and o+In,Se;. The biased AFM probe was also used
to pole the local polarizations in defined areas. The probe was
first biased at + 3.5 V and was scanned in contact mode over
a square area (1 X 1 um) on a 33-nm-thick o+In,Se; layer. As
the tip bias exceeds the coercive voltage, this defines the area
of OOP polarization that points into the layer (x). The probe
bias was then switched to —3.5 V and scanned across a smaller
box (0.25 x 0.25 pum) that overlaps with the previously defined
area, leading to an out-of-layer OOP polarization (-). This “box-
in-box” pattern that features =150° OOP polarization direction
difference is visualized by PFM phase mapping (Figure 1d and
inset). Additionally, the amplitude map (Figure le and inset)
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shows minimal piezoresponse at the boundary between two
boxes, as expected with the location of the domain wall, which
does not possess a ferroelectric polarization.

To demonstrate the OOP-IP polarization coupling, particu-
larly control of the OOP polarization states using an IP electric
field, we first investigate the electrical properties of o~In,Se;
devices with poling biases applied through lateral electrodes,
which supports an IP field, as shown in Figure 2a. The current—
voltage (|Ig] vs Vys) relation (Figure 2b) shows pinched hyster-
esis loops that expand with the increasing sweeping range of
Vg Such a behavior is characteristic of memristive switching,
and can be attributed to the evolution of ferroelectric OOP
polarizations and domains due to the changing external IP
electric field.2*! We further probe the influence of the IP field
on the OOP polarization states by PFM phase mapping. Par-
ticularly, the device channel was subject to lateral poling using
biasing pulses with opposite polarity (+20 V with 15 s dura-
tion). Structural phase transitions can be ruled out as the main
phonon modes of the o-In,Se; lattice remain intact (Figure 2c).
The PFM phase maps after each poling biasing pulse show dis-
tinctive changes in the OOP polarization states (Figure 2d,e),
confirming control of the OOP polarization by the external IP
field. We note that the changes in the OOP phase angle are less
than 180° between Figure 2d,e, which is most likely due to the
rather low IP poling electric field (=24 kV cm™) as compared to
the coercive electric field shown in Figure 1c, leading to imper-
fect OOP polarization reversal. In addition, the domain nuclea-
tion dynamics and domain wall motions are sensitive to local
defects, which may contribute to the spatially non-uniform
OOP polarization phase changes observed across the device.
This spatial inhomogeneity, however, is an important under-
lying mechanism for the observed memristive behavior of
o-In,Se; layers, specifically the continuously tunable electrical
resistance.?’]

The OOP polarization generates surface bound charges on
o-In,Ses, the polarity of which can be switched by reversing

© 2022 Wiley-VCH GmbH
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Figure 2. OOP polarization in o-In,Se; controlled by an IP electric field. a) SEM (false color) image of an o+In,Se; device with lateral electrodes; b) |/4|
versus Vy relations of a similar device under expanding Vs sweeping ranges with the arrows indicating the sweeping direction; ¢) Raman spectra of
another similar device before and after poling with a lateral bias pulse of 20 V with 15 s duration; OOP-PFM maps of the device shown in (a) subject

to a lateral poling biasing pulse of d) +20 V and e) =20 V with 15 s duration.

the polarization with a lateral bias as shown above. Through  implements this non-volatile “ferroelectric charging” concept
capacitive coupling, these surface bound charges can induce and an SEM image of a typical device, respectively. Particu-
opposite charges in the overlaying semiconductor channel larly, multilayer (=6 nm thick) MoS, is the active channel, and
material, providing the ability to control the channel conduct-  o~In,Ses is the ferroelectric, with a 6-10 nm-thick Al,O; layer
ance. Figure 3a,b shows the schematic device structure that grown by ALD sandwiched between the MoS, and ¢+In,Se;

a (& R T TP d i iofefoiasToui vyl
MoS, (top)/Al,O,/a-In,Se, (bottom) 103 - —~ 10 W L
2 ST R e -
- 8101{ & -
i 5 10° 155s
s i ﬂ I— L
- -§ 10—1_ g ‘ ‘ L
[
— S0 { PRGN e @ ol
3 I ] @
10 : ! ! ; > T i : J : : 10_3 YY1 F FEXYIT TR EYT YO
10 05 00 05 10 0 5 10 15 20 25 30 35 40
b Vives, (V) Poling Pulse Number
e 1 1 1 L 1 f 1 L 1 L L L L i I
102 - 10' /
z 10'1 8 AL
= 100_ 15s L 5 4
& > “§ 10
Lo 3 -
10-2‘ I8 102 /
10-3 Bl T' ey g8 Vi L L 10_3 T T T T T T T T T
0 20 40 60 80 100 120 20 10 0 10 20
Time (s) Poling Bias (V)

Figure 3. Polarization-controlled electrical conductance modulation characteristics measured in a high-purity Ar environment. a) Schematics and
b) SEM (false color) image of a MoS,/Al,0;/c+In,Se; heterostructure device; c) |Iyosz| versus Vy,s, relations after the ferroelectric o-In,Se; was subject
to lateral poling with +20 V pulses with 15 s duration; d) MoS, channel conductance modulation over 40 lateral poling voltage pulses; €) I\os, (Meas-
ured at Viyos2 = 100 mV) for the high-/low-conductance states as a function of time; f) ly,s, (measured at Vs, = 100 mV) as a function of the lateral
poling bias with the arrows indicating the bias sweeping direction.
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Figure 4. Polarization-controlled electrical conductance modulation characteristics measured in ambient air. a) MoS, channel conductance modulation
over 40 lateral poling voltage pulses; b) MoS, channel current on/off ratio (I,,/l.g measured at Vyos; = 500 mV) measured over 20 cycles of lateral
poling; €) Iyos2 (Measured at Viyos, = 1V) for the high-/low-conductance states as a function of time.

to improve the capacitive coupling. Voltage poling pulses
with opposite polarity (£20 V pulses with 15 s duration) were
applied across the electrodes 1-2 to tune the OOP polariza-
tion in o-In,Ses; after each poling, the electrodes 1-2 were dis-
connected from the circuit (i.e., no external bias to o-In,Ses),
and all the following electrical measurements of the MoS,
channel, including the current-voltage (|Iyos2| VS Viosz) rela-
tion and the corresponding electrical conductance, were then
measured in a high purity Ar environment. As shown in the
[Imosa| Versus Vs, plots (Figure 3c), the changes in Iy,
after poling the underlying o-In,Se; layer are larger than 5
orders of magnitude, with the positive (negative) poling bias
corresponding to electron accumulation (depletion), i.e., n-
(p-) type doping in the n-type MoS, channel. This remarkable
modulation of the MoS, channel conductance remains robust
over multiple poling of o~In,Se; (Figure 3d). The non-volatile
nature of the high- and low-conductance states of the MoS,
channel, corresponding to the opposite polarization states in
the ferroelectric orIn,Se;, is demonstrated through the excel-
lent retention behaviors shown in Figure 3e. Furthermore, by
varying the poling bias magnitude, which in turn modifies
the ferroelectric domain configurations,?’l the MoS, channel
conductance can be tuned continuously (Figure 3f) within a
large dynamic range (more than 3 orders of magnitude). The
hysteretic behavior of the MoS, channel conductance as a
function of the o~In,Se; poling bias confirms the ferroelectric
charging as the underlying mechanism. The hysteresis loop
is, however, much off-centered with regard to the zero poling
bias. We note that positive fixed oxide charges are present in
AlO, layers,? and these charges effectively introduce n-type
doping®! in the MoS, channel. A larger negative poling bias
to o~In,Se;, which induces p-type doping, is therefore required
to overcome such an effect.

The ferroelectric charging effect is determined by surface
bound charge density in o-In,Se;. Previous theoretical studies
have indicated an OOP electric dipole moment of =0.1 eA
per unit cell in oIn,Se;."™ With the in-plane lattice constant
of =4.1 A% the surface bound charge density of a monolayer
0-In,Se; can be estimated to be on the order of =10 cm™.
Assuming no surface charge screening and perfect capaci-
tive coupling, this would point to an induced charge density
of the same order of magnitude inside the MoS, channel.
However, from the experimental |Iyosy| versus Vygs, rela-
tions, the induced charge density can be estimated to be only
=10 cm~2. This indicates that the surface bound charges are
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largely screened/compensated, which is in fact beneficial for
minimizing the depolarization field and is consistent with the
stable polarization states in o+In,Se; that provide the non-vola-
tility of conductance modulation shown in Figure 3e. There are
multiple potential mechanisms for surface charge screening.
Specifically, both free charge carriers in orIn,Se;, which is
an n-type semiconductor,?l and the aforementioned oxide
charges in the ALD-grown Al,O; can provide a screening effect.
In addition to these material-intrinsic mechanisms, another
important, extrinsic process is charge neutralization by the
surface-adsorbed chemical species such as water and hydroxyl
groups in ambient environment.[*’]

As all the conductance modulation measurements shown in
Figure 3 were conducted in the Ar environment, it is expected
that the surface adsorption of charged ions is minimal. On the
other hand, this process can become significant in ambient
air due to the abundance of water vapor. This is confirmed
by the results obtained in ambient air shown in Figure 4.
The dynamic range of the channel conductance modulation
(Figure 4a,b), while still significant, decreases to =1 to 2 orders
of magnitude as shown in the ratio between the currents in
the high- and low-conductance states (I,,/I,q). The retention
test of the MoS, channel current shows that the high- and low-
conductance states converge toward each other initially, corre-
sponding to a decay in the dynamic range, and then become
stable after =100 s. This slow stabilization is presumably due
to the redistribution of surface-adsorbed chemical species in
response to the changes in the ferroelectric domain configura-
tions and associated OOP polarizations. While further studies
are required to elucidate the underlying mechanisms and
adsorption kinetics, these results indicate that proper surface
passivation and/or device encapsulation might be necessary to
preserve the efficient conductance modulation.

3. Conclusion

In summary, by utilizing the unique in-plane/out-of-plane
polarization coupling in ferroelectric van der Waals o+In,Se;,
we demonstrate ferroelectric-polarization-controlled electrical
conductance modulation in 2D MoS, with a large dynamic
range of over 5 orders of magnitude and excellent non-volatility.
Furthermore, the electrical conductance in MoS, can be tuned
continuously by varying the in-plane poling bias to ¢~In,Se;.
This approach allows for simplified device design with great

© 2022 Wiley-VCH GmbH
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flexibility in device integration, and can be applied to any 2D
channel materials to control the electronic states in these mate-
rials for various applications such as transistors, tunneling
devices, and reconfigurable electronics. Our results also pro-
vide initial insight into the ferroelectric polarization screening
by ambient chemical species, highlighting the need for surface
passivation and/or device encapsulations.

4. Experimental Section

Device Fabrication: Bulk o+In,Se; and MoS, crystal was purchased
from 2D Semiconductors Inc. o-In,Se; crystal flakes were mechanically
exfoliated from the bulk crystal and subsequently transferred by a
PDMS film (PF-60-X4, GelPak) to 90 nm SiO,/Si substrates (University
Wafer). Metallic electrodes of In/Au (50/80 nm) were patterned
by e-beam lithography and deposited by physical vapor deposition
(Nexdep, Angstrom Engineering) at a pressure of 2-5 x 107 Torr with
the deposition rate of 1 and 0.4 A s, respectively. A thin layer of Al,O,
was then patterned by e-beam lithography and deposited by atomic layer
deposition (Savannah, Ultratech) at 150 °C using Al(CH3); and H,0 as
precursors and pulse time of 15 ms for both precursors. Ultrathin MoS,
crystal flakes were then mechanically exfoliated from the bulk crystal and
transferred by a PDMS film onto the ¢+In,Se;/Al,O3 heterostructure. In/
Au metal electrodes with thicknesses of 50/80 nm were then patterned
on the MoS; by e-beam lithography and deposited by physical vapor
deposition.

AFM  Characterization: All AFM measurements were performed
under ambient condition on a Bruker Dimension Icon atomic force
microscope. Conductive probes (ATEC) with a PtIr5 coating and average
spring constant of 2.8 N m™ were used for topography and PFM
measurements. The OOP contact resonant frequency and IP contact
resonant frequency for PFM measurements was =245-285 and 795 kHz
respectively. Scanning rates of 0.35-0.75 Hz were utilized for the tip
scanning frequency in all measurements. For PFM phase and amplitude
hysteresis measurements, conductive probes (Bruker) with Ptlr coating
and average spring constant of 0.1 N m~' were used.

Raman Spectroscopy: Raman measurements were performed using
a 633-nm He-Ne laser and a confocal Raman microscope (InVia,
Renishaw) equipped with a 100x, NA = 0.7 objective (Nikon). Spectra
were taken using a laser power of =0.3 mW and an accumulation time
of 240 s.

Electrical Characterization: Electrical measurements were performed
at room temperature using a Keysight B2902A precision source/meter
unit. For measurements in an Ar environment, samples were mounted
inside a heating/cooling stage (Instec, HCS302) under a continuous
flow of ultrapure (99.999%) Ar.
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