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ABSTRACT: Bilayer 3R-MoS, ferroelectric semiconductor field-
effect transistors (FeSFETs) commonly attributed the device’s
ON-OFF switching to reversible transformation between up and
down polarization, without considering the electronic properties of
the domain walls (DWs) in MoS,. In this work, we use density
functional theory combined with nonequilibrium Green’s function
methods to show that DWs formation would induce electronic mmmm Downward Polarized Domain
reconstruction at neighboring ferroelectric domains, thereby = gtpr‘;vianrsdpgl)an:i;e:x;rai”
enhancing their polarization. We also found that local compressive

strain in the DW can effectively increase the local conduction band Vg

minimum, drastically suppress the OFF-state current in FeSFETs.

While pristine single-domain devices exhibit ON-OFF ratios of

only 6.5 (armchair) and 3.8 (zigzag) at V; = 0 V, junctions incorporating DWs can yield remarkably higher ratios of 99.1 and 33.5,
respectively. This work establishes that enhanced polarization and suppressed conductance due to DWs present new avenues for
improving the performance of MoS,-based FeSFETs.

KEYWORDS: Density Functional Theory (DFT) Calculations, Nonequilibrium Green Function (NEGF),
Transition Metal Dichalcogenide (TMD), Ferroelectric Semiconductor Field-Effect Fransistor (FeSFET), Ferroelectric Domain Wall
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erroelectric semiconductor field-effect transistor (FeS- electronic functionalities. Given the promise of 3R-MoS, as a
FET) is a type of nonvolatile memory device where a semiconductor channel of FeSFETSs, understanding the
ferroelectric material functions as the semiconductor chan- electronic transport properties and behavior of its domain
nel.' ™ Two-dimensional (2D) van der Waals (vdW) ferro- walls is of significant interest.
electrics, such as In,Se;,"~” SnS,* and 3R-MoS,,”~"" have been In this study, we investigate the influence of domain walls
explored for use as the semiconductor channel in FeSFETs. (DWs) on the electrical and transport properties of bilayer 3R-
The atomically thin nature of these 2D-vdW ferroelectrics is MoS,. We report a unique surface electronic reconstruction
advantageous for device miniaturization, while their weak out- mechanism induced by the domain walls, which can
of-plane bonding helps minimize interfacial defects during dramatically enhance the polarization of neighboring ferro-
integration. electric. Moreover, strain in the DWs would induce energy
Among these materials, 3R-MoS, has garnered particular shifts of the conduction band minimum (CBM), which CBM
attention, attributed to its ultrafast' "'* and high endurance'’ is lowered (elevated) in region of tensile (compressive) strain.
switching performance, and the well-developed fabrication and Based on calculations combining density functional theory
transfer techniques available for MoS,.">~"” However, large (DFT) and nonequilibrium Green’s function (NEGF) method,

. . C9-11
discrepancy in ON-OFF current ratios ' of 3R‘M°SZ._ we found that complete polarization switching in MoS,-based
F.eSFET has been‘ reported and the underlying reasons for this FeSFET yields a maximum ON/OFF current (Ioy/Iopr) ratio
discrepancy remain unclear. of 6.5 (3.8) for transport along the armchair (zigzag) direction,

A crucie'll aspect f.or electFonic applications of ferroelectric_s is under low drain bias of about 0.2 V. Notably, the introduction
the behavior of their domain walls (DWs). Enhanced electrical of domain wall can significantly enhance the maximum ratio to

conductivity at DWs has been reported in many 3D
ferroelectrics'®™*” and a similar phenomenon has recently
been observed in 2D materials: enhanced conductivity in DWs Received: October 21, 2025
of 2D ferroelectric SnSe,” superconductivity observed in Revised:  January 22, 2026
MoTe,”' might be attributed to its DW formation.”” Notably, Accepted:  January 22, 2026
ferroelectric DWs of LiNbO;,**"*' BiFeO,” " and Pb- Published: January 29, 2026
(Zr,Ti)O,* have been used to construct memory units,

highlighting the potential of domain walls to contribute unique
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99.1 (armchair) and 33.5 (zigzag). This comprehensive study
highlights the role of domain wall in enhancing electrical
polarization of bilayer 3R-MoS,, and boosting the Ioy/Ioge
ratio of FeSFETs.

All calculations were performed using the Quantum ATK
software package.'” Structural optimizations, formation en-
ergies, and electronic properties were investigated by using
DFT. Subsequent electronic transport properties were
calculated by using the NEGF method as implemented in
Quantum ATK. More details about computation methods can
be found in Supporting Information-1.

Our investigation begins with an analysis of the energy and
polarization of bilayer MoS, (arranged in a parallel
orientation) across different stacking configurations. To
determine the energy of each configuration, we relaxed the
atomic positions along the z-axis while keeping the in-plane
lattice constant (a, = 3.196 A) and the atomic positions fixed.
The out-of-plane ferroelectric polarization was calculated using
the berry phase method.*® The results [Figure 1a] indicate that
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Figure 1. (a) Energy and (b) out of plane ferroelectric polarization as
a function of displacement vector d= (dyd,). d and d, are measured
in a, and \/ 3a,, where a, = 3.196 A is the in-plane lattice constant of
MoS,. Configurations and d of bilayer MoS, with AA, BA, AB and SP

stacking order (c).

the AB and BA stacking configurations are energetically
favored. These configurations also exhibit the most positive
(upward) and negative (downward) ferroelectric out-of-plane
polarization [Figure 1b], respectively. In contrast, the saddle
point (SP) and AA stacking configurations are nonpolar and
less energetically stable.

The switching of ferroelectric polarization of an entire layer
from upward AB state to downward BA state requires the
upper layer to slide relative to the lower layer by specific
displacement vectors d= dl, dz, or d3 To induce formation of
domain wall between opposite ferroelectric domains, we
introduce incremental sliding displacement to both the lower
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(from 0 to —%) and upper (from 0 to +%) layers along the

armchair (AC) or zigzag (ZZ) directions. The atomic positions
within the domain wall region were subsequently fully relaxed
to obtain the optimized structure. The domain wall energy,
calculated as a function of its length [Figure S2], suggests an
optimal length of approximately 10 nm, which aligns with
previous experimental observations® and theoretical calcu-
lations.'>*°

Domain wall is characterized by its normal axis and the angle
(6) between the normal axis and the interlayer sliding
displacement, denoted as DWyz(ac)coss The domain wall
energy density is found to increase in the following order
[Figure SZ] DWAC,icos(O) > DWZZ,icos(%) > DWAC,icos(%) >

DWy7,cos(x)- This trend is linked to the strain energy stored

within the MoS§, layers: a larger magnitude of |cos 8l results in a
greater strain energy. To visualize the spatial variation of
atomic sliding and strain along the domain wall’s normal axis,
we have plotted the top-down views of optimized domain walls
and the variation of local strain within the domain wall [Figure
2a—d].

For the DW,; , o x) configuration, the atomic sliding is

perpendicular to the domain wall’s normal axis, leading to
negligible strain (less than 0.1%) within the domain wall. On
the other hand, DW,¢ eos(%y DWaz,1cos(r) and DWyc 4 co5(0)

have progressively higher maximum compressive (tensile)
strain: 1.0 (1.3)% < 1.6 (1.7)% < 2.0 (2.1)%. It is noteworthy
that both the atomic sliding and strain are more pronounced
near the center of the domain wall, rather than being uniformly
distributed. This can be understood as balance between the
deformation energy, which is minimized by spreading the
deformation, and the stacking energy, which is minimize by
localizing the transition.”"

Having defined the domain wall structure for various angle
60, we now investigate the polarization profile along the normal
axis of the domain wall. Considering the out-of-plane
spontaneous polarization of sliding ferroelectric arise from an
interlayer charge transfer mechanism,**>* we calculate the
areal density of ferroelectric dipole moment as P
— [28p(2) dz,>>>® where 8p is charge density transfer between
the layers of a single bilayer MoS,, measured in electron
number density. The out-of-plane ferroelectric polarizations
with different stacking configurations were recalculated using
the charge transfer method [Figure S3] and contrast the results
from the berry phase method [Figure 1b]. These two methods
show good agreement, although the charge transfer method
consistently yields a ferroelectric polarization that is about 10%
lower.

We then construct periodic supercells comprising alternating
ferroelectric domains connected by domain walls (DWs) with
different sliding displacements, as illustrated in [Figure 2a—d].
Dipole moment densities (P) across upward ferroelectric
domain of these supercells are shown in Figure 3a—d [full
polarization profile across the supercells can be found in
Supporting Information-4]. A key observation is that while the
atomic positions within the ferroelectric domains are identical
with those in their pristine (single-domain) counterparts, the
magnitude of P within these domains is significantly larger.

The enhancement and spatial distribution of P in ferro-
electric domains is found to be correlated with the angle 8 and
width of domain walls. For the supercell with
DW G +cos(0)[Figure 3a], the magnitude of P is weaker near
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Figure 2. Top view illustration (top panels) of the atomic reconstruction within four different domain walls (DWs)): (a) DWyc o50) (b)

DW,,

~oos(5)

, (c) DWyz,co5(%) and (d) DW,, cos(%): Mo and S atoms are represented in purple and yellow circles, respectively. Selected areas are

magnified with corresponding sliding displacement of the Mo atoms from their respective undistorted positions (marked with red/pink circles).
The lower panel of each subfigure illustrates variation of local strain in lower and upper layer of MoS,, along respective domain wall’s normal axis.
The method used to estimate local strain can be found in Supporting Information-2.

the domain wall and reaches its maximum value at the center
of the domain. This central maximum also increases with
domain width, converging to the extrapolated value of 0.91 pC
m~' [Figure SSa]. Conversely, a supercell with DW7,cos(2)
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[Figure 3c] has its magnitude of P peaks at the domain wall
boundary and decreases to a local minimum at the center of
the domain. This central minimum value decreases as the
domain width increases, extrapolating to a near pristine

https://doi.org/10.1021/acs.nanolett.5c05273
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Figure 3. Spatial profiles of the dipole moment density across upward-polarized ferroelectric domains calculated using the charge transfer method.
Each panel shows a domain connected by a different type of domain wall (DW): (a) DW,c 1cos0) (b) DW,, teos(%) (c) DW,,, eos(Z) and (d)
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(2): The solid colored lines show the calculated polarization within the ferroelectric domains, which are the regions bound by the vertical

dotted lines. The dashed black line indicates the reference polarization value of a pristine domain.
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Figure 4. Conduction band minimum (CBM) and valence band maximum (VBM) of molybdenum (Mo) atoms in the lower layer of bilayer MoS,
supercells, resolved along the domain wall’s normal axis. Panels (a) and (b) correspond to supercells with a normal axis directed along armchair and
zigzag direction, respectively. The CBM varies significantly within the domain walls compared with the polarized domains, while the VBM remains

relatively stable across the entire supercell.

polarization value of 0.68 pC m™' at infinite width [Figure
SSb]. For domain wall configurations DWAC,icos(g) and

DW,,, — the atomic sliding displacement is neither

perfectly parallel nor perpendicular to the domain wall normal.
Consequently, their polarization profiles appear as a super-
position of the profiles observed for DW; .z and

DW i cos(0)- Enhancement of P can be attributed to surface
charge reconstruction, which details of mechanism is provided
in Supporting Information-4.

Figure 4ab shows the conduction band minimum (CBM)
and valence band maximum (VBM) of Molybdenum (Mo)
atoms in the lower layer of bilayer MoS, supercells, resolved
along the domain wall’s normal axis. The CBM/VBM of the
upper layer atoms can be inferred from symmetry consid-
erations: the CBM/VBM of Mo atoms in the upper layer of a
upward ferroelectric domain (or of DW )77 4 coq(0) Tegion) is
equivalent to that in the lower layer of the downward
ferroelectric domain (or of DWuc/zz c0s(s) Tegion), and vice
versa. Our analysis focuses on the CBM for several key
reasons: it is primarily derived from Mo orbitals; [Figure S8],
its density of states is significantly larger than that of the VBM
[Figure S8], and its energy level is highly sensitive to the local
atomic configuration. The latter two points strongly suggest
that n-doped MoS, would be a superior channel material for
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high-performance ferroelectric semiconductor field-effect tran-
sistors (FeSFETs), promising a larger ON-OFF ratio.

Across all configurations, the CBM difference between the
upward and downward ferroelectric domains is consistently
found to be approximately 70 meV, matching the value in the
pristine material. However, the electronic structure within the
domain walls is highly dependent on their type. For the
DWy7,cos(x)y the CBM assumes an intermediate energy between

the two domains. In contrast, for the DWjc .cos0)s
DWc, tcos(?) and DWZZ,cos( +7y the CBM extrema are located

at the saddle points within the walls themselves. The CBM is
systematically lowered in regions of tensile strain and elevated
in regions of compressive strain. This strain-induced
modulation of the CBM results in energy differences that
scale with the magnitude of the local strain, following the trend
DWZZ‘COS(,{)UO meV) < DWAC,iCOS(g)(ISO meV) <

DWZZ,icos(%)(ZSO meV) < DWAC,icos(O)(26O meV)-

Figure Sa illustrates the schematic diagram of device
architectures used for our transport calculations. The electro-
des, highlighted by the white box, consist of five atomic layers
of lithium. This material was chosen due to its small lattice
mismatch (less than 2%) with the MoS, channel. A 5.0 nm
long high-k/metal gate (HKMG), featuring a 1.0 nm thick
dielectric (k = 5.2), is placed over the central scattering region.
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Figure S. (a) A schematic of the gated bilayer MoS, FeSFET is shown. The regions where the Li electrodes overlap with the MoS, consist of
bilayer 3R-MoS, with pristine configuration, while the central channel region is varied in different calculations to include different domain walls.
Following parameters were used in NEGF calculations: Length of metal gate (L;) = 5.0 nm, thickness of dielectric (t,) = 1.0 nm, channel’s length
(Ley) = 11.0 nm, length of overlapped region between MoS, and electrode (Ly;) = 2.8 nm (armchair) or 2.6 nm (zigzag). Transfer curves along
(b) armchair and (c) zigzag axes across various domain wall junctions and single domains (up/down polarization) are plotted and magnified at —1
V < Vi, < 8V, while the full transfer curves (—8 V < V; < 8 V) are shown in the inset figures. An anticlockwise and a clockwise hysteresis loops are
shown in panel (b) and (c) respectively. Transmission functions at Vi; = 0 V along (d) armchair and (e) zigzag axes across various junctions are
plotted. The edge of transmission function of fully downward (upward)-polarized junction is shown in vertical blue(red) dotted line. (fg)
Schematic of ON-OFF switching via propagation of domain wall into or out of the junction, results in anticlockwise (panel (b)) or clockwise (panel

(c)) hysteresis loop.

This gate modulates the Fermi level within the junction:>” a
positive (negative) gate voltage raises (lowers) the Fermi level,
effectively creating n-type (p-type) doping.

We calculated the transfer curves [Figure Sb,c] across
various domain wall junctions, including single domains (up/
down polarization along armchair and zigzag) and several
domain walls: DWic scos0) DWac zcos(ry DWzzcos(z) and
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DWy7, +cos(z) Electrode voltages (V. = 0.0 V) and drain bias
(V4

respectively) were chosen to maximize the Iny/Iogr while

0.2 V, 021 V along armchair and zigzag axis,

ensuring that I,y exceeded a reference value of 40 yA/um (an
experimental I;y of a short-channel (25 nm) monolayer
MoS,—FET under low drain bias of 0.05 V°*). As detailed in
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Supporting Information-6, a larger bias voltage could yield a
higher I,y but concurrently reduce the Ipy/Iogr ratio.

The drain current across the junction was calculated for a
gate voltage (V;) range of —8 to 8 V with electrons being
dominant charge carriers. For negative gate voltages (-8Vv<
Vg < 0V), the Fermi level is shifted down toward the valence
band, depleting the channel of free carriers and causing a sharp
reduction in drain current (I;). Conversely, applying a positive
gate voltage (0 V < V; < 8 V) results in only a modest increase
in current. This behavior is attributed to the partial gate
geometry: the overall transmission becomes limited by the
series resistance of the ungated sections of the channel, which
are not modulated by the HKMG. The following discussion of
transfer curves would focus on transmission in range of V; >
—1 V as due to their significant larger I,

The current in the purely downward-polarized domain
(Iiown) is consistently larger than current through the purely
upward-polarized domain (I,,,), for transport either along the
armchair or zigzag axis. The behavior of the current across
different domain wall configurations is as follows: (a) I; across
domain walls with a compressed lower layer (DW;z/a¢ cos050)
are lower in magnitude than I, and I, (b) I, across the
DW;2,cos(%) configuration shows an intermediate value, falling

between I, and I, These findings indicate that channel
configurations with a higher CBM in their lower MoS, layer
exhibit a lower conductivity. This is because the lower layer
serves as the primary channel for current transmission, and a
higher CBM corresponds to a higher edge of the transmission
function, thus impeding the current flow [Supporting
Information-7]. Interestingly, while domain walls with an
expanded lower layer (DW;/4c cos9<0) have a lower CBM than
the downward-polarized domain, the I; across them is almost
equal to I, for V; > 0 V. This occurs because these domain
walls form at the interface between downward- and upward-
polarized domains, and the overall conductivity becomes
bottlenecked by the lower conductivity of the upward-
polarized domain.

Previous studies””” of FeSFETs using an In,Se; channel
have demonstrated impressive performance. These devices
exhibit a distinct shift in their threshold voltage (V) and large
ON/OFF ratio (Ipy/Iog: ~ 10%), which is attributed to the
significant change in surface bound charge during polarization
switching. Replicating this performance in FeSFETs based on
bilayer MoS, is challenging. This difficulty arises from the
significantly weaker intrinsic ferroelectric polarization of bilayer
MoS,, which is approximately 30 times smaller than that of
monolayer In,Se;.”

The consequence of this weak polarization is evident in the
device’s transmission function: upon complete polarization
switching, the edge of the transmission shifts by only about 50
meV [Figure Sd,e]. This energy shift is comparable to the
thermal energy at room temperature, which is insufficient to
effectively modulate the channel from a high-resistance state to
a low-resistance state [Supporting Information-7]. As a result,
the bilayer MoS, FeSFET exhibits a very low intrinsic Ioy/Iogr
(defined here as I,,/I,,) across a wide range of gate voltages
(=1 V £V, <8V). Specifically, the ratio falls between 2.1 and
3.8 for transport along the zigzag axis and between 2.1 and 6.5
for transport along the armchair axis. These values are orders
of magnitude lower than the I,y/Iop typically achieved in
conventional, atomically thin MoS, FETs (which can exceed
107°"). However, they are consistent with previously reported
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values for bilayer MoS, FeSFETs, which also show very
modest Ioy/Iogr (around 1.1).7"

The ability to manipulate domain walls with a gate voltage
offers a promising route to enhancing FeSFET performance. A
gate-induced vertical electric field (E;) can drive the
propagation of sliding domain walls to expand ferroelectric
domains aligned with the field.'>*° Building on this principle,
we propose the V; can be used to control the number of
domain walls within the device channel to engineer the OFF-
state conductivity [Figure Sfg]. Since domain walls with
compressive strain at their lower layers can act as high-
resistance scattering regions, intentionally increasing their
number can create a highly resistive OFF-state, leading to a
much larger Ioy/Iogr. We note that a larger range of gate
voltage would likely enlarge the memory window since the
strain of domain walls are proportional to domain walls’ kinetic
friction (minimally strained DWy7,cos(z) on the other hand

exhibits nearly zero damping motion);'”°" thus, a larger range
of gate voltage is required to propagate them into or out of the
channel.

This hypothesis is supported by our calculations, which
show that incorporating even a single domain wall can
significantly increase the Ioy/Iopr ratio. Specifically, the
junction containing DWyc .5y records a maximum Ioy/Iopr
ratio of 99.1 at V; = 0 V, which slightly decreases to 88.9 at Vi
—1 V. On the other hand, the junction containing
DWy7,co5(5) records a maximum Iy/Iope ratio of 33.5 at Vg

= —1V, which slightly decreases to 27.9 at V; = 0 V. This
multiwall mechanism also provides a plausible explanation for
recent experimental results: a long-channel (ym-scale) bilayer
MoS, FeSFET characterized with compressed and strained
domain walls was reported to achieve an I,y/Iogr greater than
10%,"” a value significantly higher than what our models predict
for a single domain wall. We suggest that this impressive
performance is likely due to the presence of multiple
compressed domain walls within the long channel [Supporting
Information-8] and higher resistance domain walls formed
between AA and AB(BA) stacked MoS, [Supporting
Information-9], which collectively suppress the OFF-state
current far more effectively. Conversely, FeSFETs based on
exfoliated bilayer 3R-MoS, channels reported with low Ioy/
Iopr (around 1.1),”"" are likely dominated by the energetically
most stable domain wall, DWZZ’COS(%).&’@ Our results indicate

that this particular domain wall is actually more conductive
than the upward-polarized “OFF” state, rendering it a less

effective OFF-state (maximum Ilﬂ <2).
OFF

In conclusion, we have employed DFT and NEGF methods
to investigate the electronic and transport properties of
ferroelectric bilayer MoS,, containing four distinct types of
domain walls (DWs). Our results show that the formation of
DWs induces a surface charge reconstruction that significantly
enhances the ferroelectric polarization (P) in the neighboring
domains. The enhancement of P is dependent on both the
width of the ferroelectric domain and the type of connected
DWs. Specifically, ferroelectric domain connected by
DWyz,cos(x) shows larger enhancement of P at smaller width

of ferroelectric domain; in contrast, ferroelectric domain
connected by DW,c o) shows stronger enhancement of P
at larger width.

The formation of DWs also directly impacts the device’s
transport characteristics. DWs that induce compressive strain
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in their lower layer drastically suppress the FeSFET’s
conductance. This suppression is most pronounced at a gate
voltage range of —1 V < V; < 0 V, where the maximum
current ratio (I,,/Ipw) for devices with DWjc oq0) and
DW,,cos2) 2re 99.1 and 33.5, far exceeding the intrinsic (Ligson/

1,,,) ratios of 6.5 and 3.8, for transportation along armchair and
zigzag axis, respectively. We note that the presence of multiple
domain walls along the transport axis can lead to even more
substantial Ippe suppression, further increasing the Ion/Iogg.
Our findings also provide a compelling explanation for the
substantial discrepancy in experimentally measured Ioy/Iogr
Exfoliated MoS,—FeSFETs,”'" expected to feature predom-
inantly low-energy DW; . (x) that exhibit conductivity similar

to that of pristine ferroelectric domains, consistently yielding
low Ioy/Iope (around 1.1). In contrast, the naturally strained
MoS,—FeSFETs fabricated via CVD methods'® are more
prone to forming highly resistive strained domain walls, which
accounts for their significantly enhanced Iy/Iogp This work
underscores domain wall engineering as a potent strategy for
boosting MoS,-based FeSFET performance, pushing capa-
bilities beyond the material’s intrinsic limits.
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