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Figure S1. Fitted Lennard-Jones (LJ) potential of the (a) h-BN/CIPS and (b) 

GR/CIPS heterostructures. The discrete solid circles denote energy values obtained 

from DFT calculations, and the solid lines represent fitted energy curves based on 

the LJ potential.
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Figure S2. (a, b) Top and side views of h-BN/CIPS at PARA state. (c, d) Top and 

side views of GR/CIPS in the PARA state.
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Figure S3. (a) Band structure and (b) LDOS of h-BN/CIPS in the PARA state. (c) 

Band structure and (d) LDOS of GR/CIPS in PARA state. On the left side, solid 

circles represent contributions from certain slabs, and the dashed line denotes the 

Fermi level position. On the right side, dashed orange lines guide the eye to band 

edge tilting within the CIPS layer.
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Figure S4. Schematic illustration of band alignments for heterostructures, including 

(a) type-I, (b) type-II, and (c) type-H alignments.
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Figure S5. Electronic structures of vdW h-BN/CIPS and GR/CIPS heterostructures 

depending on the polarized state in CIPS. Band structures and density of states 

(DOS) of h-BN/CIPS in (a) NEAR and (b) FAR states and GR/CIPS in (c) NEAR 

and (d) FAR states. The left panels show projected band structures, and the right 

panels show the corresponding projected DOS. The Fermi level is set to zero and 

indicated by dashed lines.
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Figure S6. Band alignments of (a) h-BN/CIPS and (b) GR/CIPS at three different 

states.
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Figure S7. Planar-averaged electrostatic potential of (a-c) h-BN/CIPS and (d-f) 

GR/CIPS at three different states. The  and  are the width and height of the 𝑤𝑇𝐵 Φ𝑇𝐵

tunneling barrier.
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Figure S8 Comparison of energy of (a) CIPS monolayer and (b) h-BN/CIPS and (c) 

GR/CIPS heterostructures in different polarization states.
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Figure S9. Temperature-dependent state switching dynamics and barriers in the 

CIPS monolayer. The upper state is selected as the initial state.
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Figure S10. Temperature-dependent state switching dynamics and barriers in h-

BN/CIPS heterostructure. The NEAR state is selected as the initial state.
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Figure S11. Temperature-dependent state switching dynamics and barriers in h-

BN/CIPS heterostructure. The FAR state is selected as the initial state.



13

Figure S12. Temperature-dependent state switching dynamics and barriers in h-

BN/CIPS heterostructure. The PARA state is selected as the initial state.
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Figure S13. Temperature-dependent state switching dynamics and barriers in 

GR/CIPS heterostructure. The NEAR state is selected as the initial state.
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Figure S14. Temperature-dependent state switching dynamics and barriers in 

GR/CIPS heterostructure. The FAR state is selected as the initial state.
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Figure S15. Temperature-dependent state switching dynamics and barriers in 

GR/CIPS heterostructure. The PARA state is selected as the initial state.
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Figure S16. (a) Energy barriers for interlayer Cu+ migration as a function of vertical 

position in CIPS-based heterostructures. The upper and lower panels corresponding 

to GR/CIPS and h-BN/CIPS, respectively. (b) Energy barriers for interlayer Cu+ 

migration as a function of vertical position in bilayer CIPS.
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Figure S17. (a) Phonon dispersion and vibrational density of states in the CIPS 

monolayer. (b) Characteristic phonon vibrations of in-plane (IP) and out-of-plane 

(OOP) Cu displacement in the CIPS monolayer, orange vectors denote the vibration 

patterns of Cu atoms, while light-blue vectors correspond to all other atoms.
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Figure S18. (a) Stacking energies of the GR/CIPS heterostructure. (b) Shifting 

process to generate the energy surface in (a), with blue arrows indicating the relative 

shifting directions of the CIPS layer within the xy plane, the color bar represents the 

change in total energy of the supercell.
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Figure S19. (a) Element-projected density of states (DOS), (b) band structure, and 

(c) electronic potential of the CIPS monolayer.
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Table S1. Fitted parameters for the interlayer interactions using the LJ potential.

Heterostructure  (meV)𝜀 σ ( )Å

h-BN/CIPS-NEAR 627.32 2.869

h-BN/CIPS-FAR 505.59 2.891

GR/CIPS-NEAR 618.28 2.906

GR/CIPS-FAR 541.06 2.909

Table S2. Structural parameters of the free-standing CIPS monolayer in NEAR and 

FAR states, including the polarization direction, dipole moment ( ), and the 𝑃𝑝𝑜𝑙𝑎𝑟

averaged bond lengths of P-P bonds ( ) and S-P bonds at both sites (  𝑙𝑃 ‒ 𝑃 𝑙𝑁𝐸𝐴𝑅, 𝑆 ‒ 𝑃

and ).𝑑𝐹𝐴𝑅, 𝑆 ‒ 𝑃

Polarization 
state

Polarization 
direction

 (𝑃𝑝𝑜𝑙𝑎𝑟

𝑒 ⋅ Å/𝑢.𝑐.
) 

(𝑙𝑃 ‒ 𝑃 Å

)
(𝑙𝑁𝐸𝐴𝑅,𝑆 ‒ 𝑃 Å

)
(𝑙𝐹𝐴𝑅,𝑆 ‒ 𝑃 Å

)

CIPS-NEAR ↑ 0.080 2.254 2.063 2.025

CIPS-FAR ↓ -0.080 2.254 2.025 2.063

note:  denotes the dipole moment induced by ionic polar displacement within the CIPS 𝑃𝑝𝑜𝑙𝑎𝑟

layer.
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Table S3. Structural deformation of passivation layers in heterostructures.

Heterostructur
e

state

Polarization 
direction

 (𝑃𝑡𝑜𝑡𝑎𝑙

) 𝑒 ⋅ Å/𝑢.𝑐.
 ( )Δ𝑙 Å

h-BN/CIPS-
NEAR ↑ 0.082 -0.013

h-BN/CIPS-
FAR ↓ -0.045 -0.013

GR/CIPS-
NEAR ↑ 0.101 -0.001

GR/CIPS-
FAR ↓ -0.034 -0.001

note:  indicates the total dipole moment of the entire heterostructures, including 𝑃𝑡𝑜𝑡𝑎𝑙

contributions from cationic polar displacement within the CIPS layer and dipole moment 

induced by interfacial charge transfer.  denotes the difference in average bond lengths of Δ𝑙

B-N and C-C bonds for the h-BN/CIPS and GR/CIPS heterostructures, respectively. The 

DFT calculated B-N and C-C bond lengths are 1.450  and 1.425 .Å Å

Table S4. Structural deformation of the CIPS layer in heterostructures, including 

average bond length differences of P-P bonds ( ) and S-P bonds at both sides (∆𝑙𝑃 ‒ 𝑃

 and ).∆𝑙𝑁𝐸𝐴𝑅 𝑠𝑖𝑑𝑒, 𝑆 ‒ 𝑃 ∆𝑙𝐹𝐴𝑅 𝑠𝑖𝑑𝑒, 𝑆 ‒ 𝑃
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Heterostruct
ure

state

Polarization 
direction

 (𝑃𝑡𝑜𝑡𝑎𝑙

) 𝑒 ⋅ Å/𝑢.𝑐.
( )Δ𝑙𝑃 ‒ 𝑃 Å

Δ𝑙𝑁𝐸𝐴𝑅 𝑠𝑖𝑑𝑒,𝑆 ‒ 𝑃 
( )Å

Δ𝑙𝐹𝐴𝑅 𝑠𝑖𝑑𝑒,𝑆 ‒ 𝑃 
( )Å

h-BN/CIPS-
NEAR ↑ 0.082 0.002 0.002 -0.002

h-BN/CIPS-
FAR ↓ -0.045 -0.022 -0.001 0.001

GR/CIPS-
NEAR ↑ 0.101 -0.019 -0.003 -0.002

GR/CIPS-
FAR ↓ -0.034 0.013 -0.002 -0.009

Table S5. Fitted parameters for interlayer interactions using the Buckingham 

potential.

Heterostructure  ( )Δ𝑑0 Å
a (meV)

b 

( )Å ‒ 1 c (meV)  (GPa)𝐶33

h-BN/CIPS-NEAR 3.52 6.70 × 106 2.428 3.57 × 106 14.3
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h-BN/CIPS-FAR 3.54 5.97 × 106 2.427 3.14 × 106 10.7

GR/CIPS-NEAR 3.54 6.82 × 106 2.403 3.86 × 106 11.3

GR/CIPS-FAR 3.58 5.97 × 106 2.390 3.49 × 106 10.4

Table S6. Schottky barrier heights of the GR/CIPS heterostructure.

Heterostructure  (eV)Φ𝑛  (eV)Φ𝑝 contact type

GR/CIPS-NEAR 0.27 1.34 n-type

GR/CIPS-PARA 0.15 1.51 n-type

GR/CIPS-FAR 0.05 1.58 quasi-Ohmic

Table S7. Tunneling barrier width ( ), tunneling height ( ), and tunneling 𝑤𝑇𝐵 Φ𝑇𝐵

probability ( ) of carriers across h-BN/CIPS and GR/CIPS in the NEAR and FAR 𝑃𝑇𝐵

states.

Heterostructure  (Å)𝑤𝑇𝐵
 (eV)Φ𝑇𝐵 (%𝑃𝑇𝐵

)

h-BN/CIPS-NEAR 2.13 5.67 0.55

h-BN/CIPS-FAR 2.12 5.95 0.50
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GR/CIPS-NEAR 2.13 5.69 0.55

GR/CIPS-FAR 2.08 5.95 0.55

Table S8. Fitted barrier height of Cu switching ( ) in the CIPS monolayer and h-∆𝐹

BN/CIPS and GR/CIPS heterostructures at different temperatures.

Temperature (K) (meV∆𝐹𝐶𝐼𝑃𝑆 

)
(me∆𝐹ℎ ‒ 𝐵𝑁/𝐶𝐼𝑃𝑆 

V)
(meV∆𝐹𝐺𝑅/𝐶𝐼𝑃𝑆 

)

290 201.4 155.5 199.2

310 209.0 185.2 191.7

330 257.3 204.0 214.5

350 220.1 205.7 257.1

370 210.1 229.5 243.5

390 185.7 185.7 237.6

410 183.1 176.2 234.6

450 169.7 160.7 219.9

500 167.0 149.2 204.7

550 142.4 145.7 192.6
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note:  values are extracted by setting the NEAR state as initial state.∆𝐹

Table S9. Lattice constants of unit cells in free-standing monolayers.

Monolayer Lattice constant (Å)

h-BN 2.512

GR 2.468

CIPS-FE 6.124

Table S10. Lattice constants and lattice mismatch (δ) of heterostructures.

Heterostructure Lattice constant (Å) δ (%)

h-BN/CIPS 16.312 1.75

GR/CIPS 16.168 0.02

Table S11. Electrostatic potential of vacuum regions in h-BN/CIPS and GR/CIPS 

heterostructures.

Heterostructure 𝑉𝑣𝑎𝑐𝑢𝑢𝑚,𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑑𝑒 𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  𝐶𝐼𝑃𝑆 𝑠𝑖𝑑𝑒 ∆𝑉

h-BN/CIPS-NEAR 3.264 2.811 0.45
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h-BN/CIPS-PARA 3.057 2.931 0.13

h-BN/CIPS-FAR 2.840 3.085 0.25

GR/CIPS-NEAR 3.442 2.878 0.56

GR/CIPS-PARA 3.222 3.025 0.20

GR/CIPS-FAR 2.992 3.183 0.19

note:  denotes the  and  𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑑𝑒 𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  ℎ ‒ 𝐵𝑁 𝑠𝑖𝑑𝑒 𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  𝐺𝑅 𝑠𝑖𝑑𝑒

for the h-BN/CIPS and GR/CIPS heterostructures, respectively.  is determined ∆𝑉

as .∆𝑉 =  |𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  𝑝𝑎𝑠𝑠𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑑𝑒 ‒ 𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  𝐶𝐼𝑃𝑆 𝑠𝑖𝑑𝑒|

Section I. Methods of first-principles simulations

First-principles calculations are performed relying on density functional theory 

(DFT) within the projector augmented wave (PAW) formalism as implemented in 

the Vienna ab initio Simulation Package (VASP).1 The Perdew-Burke-Ernzerh of 

generalized gradient approximation is used to describe the exchange-correlation 

interactions,2 while the Grimme-D3 method is adopted for the interatomic vdW 

interactions.3 The wavefunctions are expanded on a plane-wave basis set employing 

a cutoff energy of 500 eV. The Brillouin zone is sampled using a  k-point 4 × 4 × 1

mesh. All the structures are relaxed until the total energy converges to within 10-5 

eV and the Hellman-Feynman force on each atom is less than 0.01 eV/Å. For the 
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2D thin film model, the slabs from neighboring cells are separated by a vacuum 

layer of 20 Å to avoid spurious interactions. Furthermore, a dipole correction is 

applied along the  direction. The polarization values are calculated by directly 𝑧

integrating the product of charge density and atomic position without adopting the 

Berry phase method.4 The climb image-nudge elastic band (CI-NEB) method is 

applied to compute the energy migration pathway for Cu+ interlayer moving. Most 

of the data post-processing is performed using the VASPKIT plugin.5 The atomic 

structure views are obtained through the VESTA software.6 

The interface Schottky barrier heights (SHBs) are defined and calculated as 

for electrons and  for holes, according to Φ𝑛 = 𝐸𝐶𝐵𝑀 ‒ 𝐸𝐹𝑒𝑟𝑚𝑖 Φ𝑝 = 𝐸𝐹𝑒𝑟𝑚𝑖 ‒ 𝐸𝑉𝐵𝑀

the Schottky-Mott model,7 where  and  are the CBM and VBM of CIPS 𝐸𝐶𝐵𝑀 𝐸𝑉𝐵𝑀

layer, and  is the Fermi level of the heterostructure. An Ohmic contact forms 𝐸𝐹𝑒𝑟𝑚𝑖

when  or  approaches zero; otherwise, a Schottky contact exists.Φ𝑛 Φ𝑝

To quantitatively determine the free-energy barrier of Cu+ switching, molecular 

dynamics (MD) simulations are performed for both the freestanding CIPS 

monolayer and the heterostructures across temperatures ranging from 290 K to 550 

K in increment of 20 K. The MD simulations are performed using the machine 

leaning force field (MLFF) approach implemented in VASP. The MLFF is trained 

using Gaussian process regression with Bayesian error estimation, relying on a “on-

the-fly” process for the selection of training structures. The MD simulations adopt 

an isothermal–isochoric (NVT) ensemble relying on a Nosé–Hoover thermostat. 
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The production runs are performed in larger  supercells based on the 3 × 1 × 1

constructed heterostructures in Figure 1d, e. For each temperature, a 10 ps MD is 

carried out with a timestep of 1 fs. The final 5 ps of equilibrated trajectories are used 

to drive . 𝑟𝑍

In the MD simulations, the temperature-dependent vibrational density of states 

( ) are calculated as: 8, 9𝑉𝐷𝑂𝑆

                (1)
𝑉𝐷𝑂𝑆(𝜔) =

𝑡𝑚𝑎𝑥

∫
0

𝑒 ‒ 𝑖𝜔𝑡𝐶𝑣(𝑡)𝑑𝑡

                     (2)
𝐶𝑣(𝑡) =

𝑁

∑
𝑖 = 1

〈𝑣𝑖(0)𝑣𝑖(𝑡)〉
〈𝑣𝑖(0)2〉

where  is the normalized auto-correlation function of atomic velocity, 𝐶𝑣(𝑡)

subscript  represents the -th Cu atom among N Cu atoms, and  is the atomic 𝑖 𝑖 𝑣(𝑡)

velocity at time .𝑡

Section II. Simulation models

The optimized lattice constants of these monolayers are listed in Table S9, showing 

good agreement with experimental results.10-12 Additionally, appropriate supercells 

and isotropic lattice mismatching for monolayer stacking are considered to 

eliminate unphysical internal stress and enhance structure stability. The hexagonal 

 slab of the passivation layer (h-BN or GR monolayer) is 43 × 43 × 1
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constructed to match the  slab of CIPS. The lattice mismatch ( ) is 7 × 7 × 1 𝛿

1.75% for h-BN/CIPS and 0.02% for GR/CIPS (Table S10). The lowest-energy 

stacking configuration is determined by shifting the h-BN or GR layer relative to 

the CIPS layer within the whole xy plane, and the lowest-energy structures are 

shown in Figure 1, with the corresponding 2D energy surface presented in Figure 

S18.

Section III. Polarization switching acting on structure and electronic properties

For the h-BN/CIPS heterostructure, h-BN exhibits slight B-N bond deformation in 

both polarization states, whereas the CIPS layer undergoes pronounced vertical 

compression with shortened P-P bond length (decrease of ~ 0.022 , see Table S4) Å

in the FAR state, while negligible deformation in the NEAR state (increase of ~ 

0.002 , see Table S4). For the GR/CIPS interface, the CIPS layer experiences Å

compression-stretching deformation with distorted S-P bonds upon switching from 

the NEAR state to the FAR state, induced by the concerted switching of Cu+ ions, 

while the GR layer remains rigid with negligible changes. This is consistent with 

the larger bending moduli of the GR monolayer compared to h-BN and CIPS.13-15 

Recent experiments and theoretical calculations on bulk-phase CIPS also reveal its 

much smaller Young’s moduli compared with h-BN and GR.16-20 Therefore, h-BN 

and GR are appropriate capping layers to mechanically protect the inner, relatively 

“softer” CIPS layer.
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An examining of the electronic properties of 2D vdW monolayers helps in 

understanding the more complicated scenarios in heterostructures. The GR 

monolayer is a zero-gap semiconductor with a Dirac cone, composed of the lowest 

conduction band (CBM) of carbon  orbital and highest valence band (VBM) of 𝜋 ∗

carbon  orbital, with the Fermi level located at the K point. Its semi-metallic 𝜋

characteristic is relatively sensitive to external stress and impurities.21-23 In contrast, 

the h-BN monolayer is an insulator with a wide direct gap located at the K point. 

For FE CIPS, the monolayer exhibits a band gap of 1.62 eV at the  point (Figure Γ

S19a, b). The CBM primary originates from In and S atomic states with minor 

contributions from Cu and P, while its VBM stems from hybridized states of Cu and 

S. The intrinsic dipole of FE CIPS is 0.080  per unit cell.𝑒 ∙ Å

Band alignment diagrams are constructed from calculated vacuum energy 

references and FE-dependent work functions, providing a quantitative description 

of the interfacial electronic structure. This model corresponds to the idea vdW-

contact limit. Extrinsic inhomogeneities, such as induced by trapped hydrocarbons 

or fabrication-induced disorder, may reduce spatial uniformity but do not affect the 

underlying ferroionic-governed configuration mechanism.

The projected band structure and density of states (DOS) of these two 

heterostructures in both the NEAR and FAR states are shown in Figure S5. In the 

NEAR state, h-BN/CIPS exhibits a direct band gap (1.57 eV) at the  point, with Γ

dominant VBM and CBM states originating from CIPS. In contrast, at the FAR 
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state, an indirect band gap emerges due to a relative upward shift of the valance 

band of h-BN, reducing the band gap to 1.24 eV (Figure S5a, b). Thus, polarization 

reversal significantly influences the electronic structure of h-BN/CIPS. For the 

GR/CIPS heterostructure, the Dirac cone of GR is preserved (Figure S5c, d). In the 

NEAR state, there is an apparent lift of band degeneracy at the M point, composed 

of  orbitals of GR. Interestingly, upon switching the contacting CIPS into the FAR 𝜋

state, the Dirac cone shifts above the Fermi level (Figure S5d), implying p-type 

doping in GR at the FAR state.

The variation in  induces different interfacial electrostatic potential drops (𝐸𝑒𝑓𝑓

) between the two sides of the heterostructures. For h-BN/CIPS, ∆𝑉

, determined as the difference ∆𝑉 = |𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  ℎ ‒ 𝐵𝑁 𝑠𝑖𝑑𝑒 ‒ 𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  𝐶𝐼𝑃𝑆 𝑠𝑖𝑑𝑒|

between the electrostatic potentials on the h-BN ( ) and CIPS (𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  ℎ ‒ 𝐵𝑁 𝑠𝑖𝑑𝑒

) sides, decreases from 0.45 eV in the NEAR state to 0.24 eV in 𝑉𝑣𝑎𝑐𝑢𝑢𝑚,  𝐶𝐼𝑃𝑆 𝑠𝑖𝑑𝑒

the FAR state. Similarly, for GR/CIPS,  reduces from 0.56 eV in the NEAR state ∆𝑉

to 0.19 eV in the FAR state (also see Figure S7 and Table S11).
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