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ABSTRACT: Two-dimensional (2D) ferroelectrics promise ultrathin
flexible nanoelectronics, typically utilizing a metal—ferroelectric—metal
sandwich structure. Electrodes can either contribute free carriers to
screen the depolarization field, enhancing nanoscale ferroelectricity, or
induce charge doping, disrupting the long-range crystalline order. We
explore electrodes’ dual roles in 2D ferroelectric capacitors, supported
by first-principles calculations covering a range of electrode work
functions. Our results reveal volcano-type relationships between
ferroelectric—electrode binding affinity and work function, which are
further unified by a quadratic scaling between the binding energy and
the transferred interfacial charge. At the monolayer limit, charge transfer
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dictates the ferroelectric stability and switching properties. This general characteristic is confirmed in various 2D ferroelectrics
including a-In,Se;, CulnP,S¢, and SnTe. As the ferroelectric layer’s thickness increases, the capacitor stability evolves from a charge-
transfer-dominated state to a screening-dominated state. The delicate interplay between these two effects has important implications

for 2D ferroelectric capacitor applications.
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he discovery of 2D ferroelectrics, specifically those with

out-of-plane polarization (F,p) such as a-In,Se;"” and
CulnP,S,,”* has profoundly reshaped our understanding of
ferroelectricity at the nanoscale. Recent experiments show that
van der Waals (vdW) stacked bilayers, even if they are
composed of nonferroelectric monolayers, can be transformed
into ferroelectrics through sliding and twisting opera.tions,s_9
thereby greatly expanding the family of 2D ferroelectrics with
Pop- These 2D ferroelectrics, benefiting from the uniform
atomic thickness, absence of surface dangling bonds, and
scalability in the lateral dimension, are intensely studied as
critical components in a wide array of device types, including
those used in neuromorphic computing and ultrathin flexible
nanoelectronics.'”'" Notably, 2D a-In,Se; stands out for its
exceptional carrier mobility, semiconducting bandgap, and
robust room-temperature monolayer-limit %, even against
unscreened depolarization field (&;) under open-circuit (OC)
electrical boundary conditions.”'* Shortly after its discovery in
2017, this 2D ferroelectric was swiftly adopted in the
fabrication of ferroelectric semiconductor field effect tran-
sistors'” and ferroelectric memristors."

Most ferroelectric-based electronics, such as ferroelectric
random-access memory and ferroelectric tunneling junc-
tion,'*"> employ a two-terminal metal—ferroelectric—metal
(MFM) sandwich structure in which a ferroelectric is
sandwiched between two metal electrodes. It is widely
recognized that the interface between metal and ferroelectric

© XXXX American Chemical Society

WACS Publications

. . ) C o 16-19
layers can have significant impacts on device properties.

Specifically, the screening of interfacial polarization bound
charges by the metallic electrodes is crucial for the stabilization
of Fyp normal to the interface. It can be reasonably deduced
that F,p in a 2D ferroelectric, intrinsically stable under OC
boundary conditions, would be further stabilized when placed
between electrodes as the screening could reduce the
depolarization field. However, another perspective arises
when considering the work functions of the electrodes. The
2D ferroelectric in an MFM might experience charge doping
due to the charge transfer between the electrodes and the
ferroelectric layer."””°™** Given the ultrathin nature of 2D
ferroelectrics and the sensitivity of spontaneous polarization to
charge doping, a pressing question emerges: Which effect
predominates at the nanoscale, and consequently, how does
this influence the stability of %, considering these two
competing effects? Using In,Se; as a representative example,
here, we elaborate the potential outcomes stemming from the
interplay between screening and interfacial charge transfer. As
shown in Figure la, monolayer In,Se; consists of five atomic
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Figure 1. (a) Structures of 2D a-In,Se; with out-of-plane polarization
(Pop), P'-In,Se; with in-plane polarization (%), and nonpolar f-
In,Se;. An isolated free-standing monolayer is under open-circuit
(OC) electrical boundary conditions. (b) Illustration of the potential
outcomes of an MFM capacitor resulting from the competition
between screening and interfacial charge transfer effects. The
screening of the depolarization field by the electrodes could further
stabilize the a phase under short-circuit (SC) boundary conditions
(left). In contrast, electrodes with low work functions might
effectively charge dope the a phase to suppress the ferroelectricity

(right).

planes of triangular lattices in a Se—In—Se—In—Se order and
can crystallize in multiple phases. In monolayer a-In,Se;
(space group P3ml), a vertical displacement of the middle
Se layer along the z-axis leads to #p; in contrast, the " phase
exhibits an in-plane polarization (£p) due to an in-plane shift
of the central Se layer. The high-temperature B phase is
nonpolar with a space group of P3m1. Previous studies based
on first-principles density functional theory (DFT) calculations
have revealed that the free-standing monolayer f-In,Se; and
/'-In,Se; are higher in energy (E) by 0.1S and 0.05 eV per S-
atom unit cell (uc), respectively, than the a phase under OC
conditions, that is, E°“(a) < E°¢(f') < E°C(f)."** This is
consistent with a relatively high ferroelectric—paraelectric (a
— f3) phase transition temperature of 700 K as observed in 3
nm thick a-In,Se; crystals.” In an MFM heterostructure
incorporating a monolayer a-In,Se;, a potential outcome is
that the a phase may be further stabilized relative to the
phase under short-circuit (SC) boundary conditions. This
stabilization could occur because the free carriers in the
capping electrodes might screen the surface polarization bound
charges, thereby reducing the depolarization field. Such a
scenario, where the screening effect is predominant, is denoted
as ES“(a) < ES¢(B) in Figure 1b. Conversely, electrodes with
low work functions might effectively dope the monolayer a-
In,Se; with electrons. This could lead to a strong screening of
the dipole—dipole interactions, which are crucial for the
emergence of ferroelectricity. Such charge doping likely causes
E5¢(a) > ES(P), potentially quenching the ferroelectricity.
Considering these conflicting outcomes, comprehending the
intricate interplay between screening and interfacial charge
transfer becomes essential for advancing and fine-tuning
nanoelectronics based on 2D ferroelectrics.

Here, we address the fundamental question above by
analyzing the binding energy (E,) between monolayer In,Se,
in different phases and a range of metal electrodes with varying

work functions (Wy;), employing first-principles DFT calcu-
lations. Our results reveal a volcano-type relationship with a
flattened top between E, and W,. A unified relationship
between E, and the amount of charge (Q) transferred at the
interface is established, given by E, = —yQ* with y as a constant
independent of the polar state or phase. In particular, the
nonpolar f phase binds more strongly to low-work-function
(LW) electrodes compared to the polar @ and f’ phases.
Consequently, monolayer In,Se; favors the nonpolar  phase
when sandwiched by LW electrodes, whereas it transitions to
the polar & phase in the presence of high-work-function (HW)
electrodes. The substantial impact of interfacial charge transfer
on the ferroelectric stability proves to be a prevalent feature for
2D ferroelectrics including CulnP,S¢ (CIPS) and SnTe.*
Finally, we observe a crossover from charge-transfer domi-
nance to screening dominance with increasing thickness of the
ferroelectric layer in an MFM structure composed of
symmetric LW electrodes and In,Se;. This transition is
accompanied by the spontaneous formation of a buffer layer
near one electrode, yielding an intrinsically asymmetric MFM
capacitor. These insights into the mechanisms governing
charge transfer and screening at the nanoscale have important
implications for the design of 2D ferroelectric-based ultrathin
nanoelectronics.

All DFT calculations are performed using Vienna ab initio
simulation package (VASP)*** with the Perdew—Burke—
Ernzerhof (PBE) density functional’”” and the projector
augmented wave (PAW) method.*® Various factors, including
the interface chemistry and strain conditions due to the
electrode—ferroelectric lattice mismatch, can substantially
affect the electronic structure of the metal—ferroelectric
interface, making it challenging to disentangle their individual
contributions. Here, we select 2D metallic materials with lattice
constants close to the ground-state values of a-In,Se; as
electrodes. This approach offers two key advantages. First, the
electrode—ferroelectric interface in vdW heterostructures of
2D materials is free from dangling bonds and less affected by
the lattice mismatch. Second, the extensive variety of 2D
metallic materials available in DFT-based database, such as
C2DB,*”*° allows for the selection of electrodes with both the
desired lattice constants and a range of work functions. We
therefore examine 18 2D electrodes with work functions
ranging from 2 to 10 eV (details in the Supporting
Information). When screening the 2D material database to
select 2D metal electrodes of different work functions, we used
the criterion that the lattice mismatch between the electrode
and a-In,Se; should be below 2%. Therefore, fixing the in-
plane lattice constants of different electrodes to the ground-
state value of the monolayer of a-In,Se; (4.06 A) during
structural optimizations introduces a relatively small strain
effect. The work functions of 2D electrodes are calculated
based on the optimized structures with the in-plane lattice
fixed at 4.06 A. The van der Waals correction is considered
using the Grimme’s DFT-D3 method during the structural
optimization of MFM capacitors. All calculations are
performed using a plane-wave cutoff energy of 500 eV, a 7 X
7 X 1 Monkhorst—Pack k-point grid, an energy convergence
threshold of 1 X 107® eV, and a force convergence threshold of
1 X 1077 eV/A. The vacuum layer along the z direction is
thicker than 15 A, and the dipole correction is employed to
remove the artificial electric field and unphysical dipole—dipole
interactions between different periodic images.
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We start by computing the binding energy of 2D In,Se; atop
a metallic electrode, defined as Ey, = Ey,op — Eyp — Ey. Here,
E,p and Ey; denote the energies of isolated monolayer In,Se;
and the electrode, respectively, while Ey,,p, represents the total
energy of the bilayer. We consider three phases of In,Se;: a, £/,
and f3, all observed experimentally.”' —>* In the case of the a-
In,Se;-based bilayer heterostructure, there are two config-
urations to consider. One has Fyp pointing away from the
electrode, and the other has #,, pointing toward the electrode,
labeled as a,, and g, in Figure 2a, respectively.
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Figure 2. (a) Monolayer In,Se; atop an electrode for binding energy
(E,) calculations. 2D metallic materials with lattice constants
comparable with a-In,Se; are chosen as the electrodes. The specific
electrode shown here is Ti,], (Wy = 3.28 eV) with I and Ti atoms
colored in dark blue and light blue, respectively. (b) Volcano-type
relationships between E, and electrode work function W)y, for four
different bilayer configurations. Vertical dashed lines mark the work
functions of In,Se; in different phases and polar states. (c) E, as a
function of the quantity of charge transfer (Q) at the interface. The
gray line is the quadratic fit, E, = —yQ>

As illustrated in Figure 2b, the plots of Ey, versus Wy curves
reveal volcano-type relationships with flattened tops for all
bilayer heterostructures. For a specific configuration of In,Se;,
the magnitude of E;, decreases (becomes less negative) nearly
linearly with the increasing Wy, value within the LW region.
This is followed by a Wy-insensitive zone (flattened top) when

Wy is comparable to the work function of In,Se; (W,p,
represented by vertical dashed lines in Figure 2b). In the HW
region where W) is substantially greater than W, the binding
strength increases with increasing Wy, Importantly, when the
In,Se; layer is electron-doped by the adjacent LW electrode
(Wy < 4.5 eV), the nonpolar  phase exhibits the strongest
interaction with the electrode, followed by a,,, and ', with ag,
being the weakest. This sequence largely aligns with the order
of Wjp: 8 has the highest at 6.3 eV, followed by a,, at 5.6 eV
and ag, at 4.5 eV. We note that the work functions of a,, and
a4, correspond to the work functions of negatively charged and
positively charged surfaces of a-In,Se;, respectively, and their
difference arises from the built-in depolarization field across
the monolayer.35’36 In contrast, in the HW region (Wy > 6.5
eV), ay, with the lowest work function interacts most strongly
with the electrode, whereas the other three types of In,Se;
monolayers have comparable binding energies. These volcano-
type relationships cannot be explained by the screening effect.
Instead, the evident dependence of E, on the difference
between Wy and W,y highlights the importance of the
interfacial charge transfer.

We find that the distinct volcano-type relationships
presented in Figure 2b can be consolidated into a single
scaling relationship between E, and the amount of charge (Q)
transferred at the interface. A negative Q indicates electron
transfer from the electrode to monolayer In,Se; typically
occurring in the LW region. The hole doping (Q > 0) of the
monolayer In,Se; is observed near the HW electrodes.
Remarkably, as shown in Figure 2c¢, the binding energies of
72 bilayer heterostructures (constructed using 18 electrodes
and 4 states of 2D In,Se;) are well captured by the quadratic
equation Ey = —yQ?% with y = —19.7 V/e. This quadratic
scaling of E, with Q naturally explains the volcano-type
relationships between E, and W), as IQl is proportional to |
W,p — Wyl. The Wy-insensitive plateaus correspond to weak-
charge-transfer regions, where Q| < 0.05 e/uc. Results from
these model calculations demonstrate conclusively that charge
transfer dictates the binding strength between the electrode
and the monolayer. The observed universal quadratic relation-
ship, E, = —yQ?, can be understood by using a parallel plate
capacitor model. The interaction energy between two
oppositely charged plates, separated by a distance d and

2
carrying charges +Q, is given by E = _&?_ed’ where €, is the
0

vacuum permittivity. This naturally leads to a quadratic
dependence on Q, providing an intuitive explanation for Ej
x —Q~

The pronounced interaction between monolayer S-In,Se;
and LW electrodes implies that the § phase might become
energetically favored over the @ phase in an MFM trilayer
when E, overcompensates for the intrinsic energy difference
between these two phases. This is confirmed by DFT
calculations on realistic capacitor models with atomic positions
tully relaxed, while vdW correction is also implemented during
structural optimizations. Two trilayer heterostructures are
considered, labeled as MaM and MM (see the insets in
Figure 3a). Their relative thermodynamic stability is gauged by
the energy difference defined as AE = E(MaM) — E(MM). It
is easy to derive that

AE « [E°(a) — E°°(B)] + [Ey(a,,) + Ey(ay,) — 2E,(8)]
(1)
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Figure 3. (a) Relative thermodynamic stability between MaM and MM as a function of W),. The solid black line represents the linear fit, and the
gray area represents the 95% confidence region. The vertical red dashed line marks the critical value of Wy, below which the MM capacitor
configuration is more stable than MaM. Switching barriers in monolayer (b) CuInP,S; and (c) SnTe without and with electrodes.
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Figure 4. (a) Evolution of relative stability of n layers of In,Se; sandwiched between Ti,], electrodes. The energy of an MFM consisting of n layers
B-In,Se, denoted as nf, is chosen as the energy reference. The capacitor with n — 1 layers of a-In,Se; and one buffer layer (BL) has the lowest
energy. The BL adopts the f§ phase at n = 2 but the §’ phase for n > 3. (b) Schematic illustrating the evolution of the capacitor’s structure with

increasing thickness of the ferroelectric layer due to the competing charge transfer and screening effects.

Since the freestanding monolayer a-In,Se; is more stable than
pf-In,Se;, E°C(a) — E°S(B) < 0. However, if E,(f) is
significantly more negative than Ey(a,,) and Ey(ag,), the
second (positive) term in eq 1 overcompensates for the first
negative term, reversing the thermodynamic stability between
the a and f phases. Indeed, as Figure 3a illustrates, MM is
more stable (AE > 0) than MaM for electrodes with Wy, < 5.3
eV, whereas MaM becomes the favorable configuration for
HW electrodes.

The significant influence of interfacial charge transfer on
ferroelectric stability is a common characteristic of 2D
ferroelectric-based capacitors. Taking CIPS with %5, and
SnTe with #, as examples, we calculate the switching barriers
under SC electrical boundary conditions (AUS®) with
electrodes of LW and HW, respectively (see computational
details in the Supporting Information). As shown in Figure 3b,
the presence of HW electrodes substantially lowers the
switching barrier in monolayer CIPS by 0.14 eV/uc. This
effect can be understood as follows. Analogous to eq 1, the
magnitude of AU’C can be approximated by the energy
difference between the ferroelectric (FE) phase and the
reference paraelectric (PE) phase in a capacitor

AU o« AUC + [2E,(PE) — Ey(FE,;)) — Ey(FEy,)]

2)
where AU ~ E°“(PE) — E9“(FE) is the switching barrier in
an isolated monolayer. Contrary to f-In,Se;, the paraelectric
phase of CIPS exhibits a stronger binding affinity to HW
electrodes than does its ferroelectric phase, with E,(PE) being
more negative than Ey(FE). As a result, HW electrodes
enhance the stability of the paraelectric phase relative to the
ferroelectric phase, effectively lowering the switching barrier
(red line). Moreover, the ferroelectric phases of CIPS
demonstrate stronger interaction strengths with LW electrodes
than the paraelectric phase, resulting in AUSC being higher
than AUC (blue line). For monolayer SnTe encapsulated by
HW electrodes, the effect of charge transfer is similar to that in
CIPS: the paraelectric phase is stabilized by HW electrodes
more than the ferroelectric phase. Since AU®® (1.3 meV) is
small in SnTe,** the in-plane ferroelectricity is then fully
suppressed, leading to a nonpolar ground state. Interestingly,
LW electrodes promote in-plane ferroelectricity, indicated by
an increased switching barrier and a ground state characterized
by larger ferroelectric displacements (Figure 3c). These
findings indicate that despite the distinct E,—W); relationships
in different 2D ferroelectrics, the significant role of interfacial
charge transfer in influencing the ferroelectric stability within
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an MFM capacitor is a common characteristic across these
materials.

A pertinent question naturally arises: how does the
increasing thickness of the ferroelectric layer influence its
stability, particularly considering the competing effects of
charge transfer and screening from the electrodes? Since HW
electrodes already stabilize a-In,Se; at the monolayer limit, our
discussion below will focus on LW electrodes, represented by
Ti,I, (Wy = 3.28 eV). We fully optimized the atomic positions
of an MFM capacitor consisting of n layers of In,Se;
sandwiched between Ti,I, electrodes. In the case of n = 2,
the bilayer a-In,Se; becomes more stable than the bilayer f-
In,Se;, as reported in Figure 4a. According to eq 1, it is
straightforward to derive AE = E(MnaM) — E(MnfiM) =
n[E°(a) — E°(B)] + [Ey(ap) + Ep(ag,) — 2E(f)]. As the
first term, negative and representing bulk contribution, scales
with 7 and the interfacial contribution remains nearly constant,
it is unsurprising that the intrinsic thermodynamic stability of
the a phase dominates. Interestingly, in the lowest-energy
configuration, the bottom layer is in the polar a phase, while
the top layer adopts the nonpolar § phase functioning as a
buffer layer (BL; see the insets in Figure 4a). This suggests that
IE°C(ar) — E°C(B)| < Ey(ag,) — Eu(B). For n > 3, the capacitor
with a BL, denoted as (n — 1)a + BL, is always energetically
favored over the multilayer a@-In,Se;, denoted as na. An
intriguing difference from the n = 2 case is that BL adopts the
B’ phase instead of the ff phase. Detailed charge analysis reveals
that the amount of charge transferred from the top electrode to
the adjacent f5-In,Se; decreases with increasing thickness (see
the Supporting Information). Since E, scales with Q? the
reduced binding affinity at #n = 3 is insufficient to stabilize f-
In,Se; over f'-In,Se;. The evolution of the capacitor’s
structure with increasing thickness of the ferroelectric layer is
illustrated in Figure 4b. The spontaneous formation of an
asymmetric capacitor with symmetric electrodes could be
important for the design of ferroelectric tunneling junctions.

In summary, we have investigated the interplay between the
interfacial charge transfer and screening effects in 2D
ferroelectric capacitors. The key difference between these
two effects is that the screening effect dose does not depend on
the work function of the electrode, while charge transfer
strongly depends on the work function difference between the
ferroelectric and the adjacent metal electrode. Consequently,
the screening effect plays an important role in thicker
capacitors due to its Coulombic nature, whereas charge
transfer strongly affects the layer adjacent to the electrode,
making it primarily a local effect. Our extensive model
calculations of 72 bilayer heterostructures, involving monolayer
In,Se; in different phases and polar states sandwiched by 2D
metallic electrodes, reveal a volcano-type relationship between
the binding energy and electrode work function. Distinct
volcano-type relationships observed among various phases and
polar states of In,Se; can be unified into a robust quadratic
correlation linking the binding energy with the amount of
charge transferred at the interface. At the monolayer limit, it is
the interfacial charge transfer that determines the relative
thermodynamic stability among competing In,Se; phases in an
MFM capacitor. This significant role of interfacial charge
transfer in dictating ferroelectric stability and switching barriers
is also observed in CulnP,Ss and SnTe, confirming its
prevalent importance across 2D ferroelectrics. With increased
ferroelectric layer thickness, we observe a transition from a
charge-transfer-dominant regime to a screening-dominant

regime. In capacitors with multilayer In,Se;, the spontaneous
emergence of a buffer layer next to the electrode on one side
leads to an inherently asymmetric structure. The insights
gained from this study provide useful guidelines for the future
design and optimization of next-generation ferroelectric
nanoelectronic devices, underlining the significance of interface
engineering in these applications.
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