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Abstract 

Van der Waals layered ferroelectrics, such as CuInP2S6 (CIPS), offer a versatile platform for 

miniaturization of ferroelectric device technology. Control of the targeted composition and 

kinetics of CIPS synthesis, enables the formation of stable self-assembled heterostructures of 

ferroelectric CIPS and non-ferroelectric In4/3P2S6 (IPS). Here, we use advanced quantitative 

scanning probe microscopy and density-functional-theory to explore in detail the nanoscale 

variability in dynamic functional properties of the CIPS-IPS heterostructure. We report evidence 

of fast ionic transport mediating an appreciable out-of-plane electromechanical response of CIPS 

in the paraelectric phase.  Further, we map the local dielectric constant and ionic conductivity on 

the nanoscale as we thermally stimulate the ferroelectric-paraelectric phase transition, recovering 

the bulk dielectric peak of the transition at the nanoscale. Finally, we discover a conductivity 

enhancement at the CIPS/IPS interface, indicating the possibility of engineering its interfacial 

properties for next generation device applications.  
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Introduction 

Van der Waals (vdW) layered ferroelectrics1, have the potential to enrich our understanding of 

ferroelectric physics and polarization stability in the ultrathin regime2-4 and are also emerging as 

interesting ferroelectric device candidates due to the favorable interplay of multiple intrinsic 

properties involving, ionic, electronic, optical, and thermal phenomena1, 4, 5. In particular, ionic 

transport in metal thiophosphates (MTPs) has gained huge attention for applications involving 

memristors6, ion-gated synaptic transistors6, electrochemical energy storage4 or neuromorphic 

computing7. A material of major interest is CuInP2S6 (CIPS), a layered, vdW material that  features 

both ionic conductivity and room-temperature ferroelectricity (and under certain conditions 

antiferroelectricity8). CIPS undergoes a first-order, order-disorder transition to a paraelectric phase 

at TC ~315 K9 having a corresponding peak in dielectric properties2, 10. Both ionic conductivity and 

ferroelectricity arise from motion of the Cu ions in the direction perpendicular to the atomic planes. 

It was recently found that CIPS features a quadruple potential well that corresponds to two low-

polarization (LP) and two high-polarization (HP) states, with the Cu ions in planes just below the 

layer surfaces and just outside the layer surfaces, respectively11. The four polarization states 

manifest as nanometric ferroelectric domains and polarization switching has been observed, with 

the Cu ions displacing across the layers11 and across the vdW gaps, which feature the unusual 

phenomenon of the polarization aligning against the applied electric field12. It has been reported 

that CIPS exhibits DC ionic conductivity and leads to a measurable conduction current13 and local 

volume expansion14. 
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When synthetized with Cu deficiencies, a dielectric and non-ferroelectric Cu-free phase (IPS) 

forms and exerts a chemical pressure over the CIPS domains, due to the arrangement of In3+ ions 

and vacant sites in the octahedral network leading to an increase in the CIPS TC  (up to ~335 K)15-

17. Previous works have demonstrated the possibility to tune CIPS/IPS heterostructures through 

control of chemical phase separation14. Thermal cycling15 has been shown to be a control 

parameter for forming, destroying, and reforming intralayer heterostructures to engineer and 

optimize specific ferroic device structures. The complexity of the spontaneously formed hetero-

epitaxial CIPS/IPS composite crystals, along with the possibility to precisely tailor the composite 

crystals, brings us a rich landscape where hetero-interfacial strain, domain size or TC, can be 

tailored for specific applications. Indeed, the complex hierarchical domain structure and the 

abundance of the domain and phase boundaries may host emergent functionalities and potential 

topological structures, which have not been deeply studied yet. These naturally formed 

heterostructures can exist at nanoscale thickness, which is ideal for 2D electronic18, 

optoelectronic19, electrocatalytic20 and neuromorphic7 devices.  

At the same time, very little is known about the functional properties of the heterostructures during 

the thermal cycling and the CIPS/IPS in-plane interfaces that naturally emerge in this material 

system. Questions remain surrounding the mechanism of ion transport in this class of materials, as 

well as its role in mediating the piezoelectric/electromechanical response. In addition, very little 

is known about the properties of the heterointerface or how they are modified during phase 

transitions. To answer such complex questions, multimodal probing of relevant order parameters 

such as piezoresponse, polarization and conductivity, at the appropriate length scales is necessary. 
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Figure 1: Quantitative nanoscale imaging of CIPS/IPS flakes. Simple schematic of the multimodal 

and correlative nanoscale imaging approach used to map the functional properties across CIPS/IPS 

heterostructures. Quantitative PFM is used to map the nanoscale electrochemical coupling 

(piezoresponse and electrochemical strain). SDM is used to quantify its nano dielectric and 

conductive properties. Finally, DFT simulations are used to interpret the experimental data which 

is acquired along the thermally stimulated ferrielectric to paraelectric phase transition of the 

material. 

In this work, we use a combination of advanced scanning probe microscopy methods to achieve 

accurate correlative and quantitative imaging of these order parameters on the nanoscale during 

the ferrielectric-to-paraelectric phase transition (Figure 1). Our results reveal an AC (kHz) ionic 

contribution to the electromechanical behavior in the CIPS phase. We isolate this effect from the 

piezoelectric contributions by performing quantitative PFM21 above the paraelectric transition. 

Furthermore, we map the dielectric and conductive nanoscale heterogeneities across the 

ferrielectric-paraelectric transition, imaging the nanoscale dielectric peak in the ferroelectric phase 

during the first-order phase transition and revealing a heterogeneous and thermally tunable 
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conductivity of the CIPS/IPS interface. This observed enhancement in interfacial ionic 

conductivity is accounted for by density-functional-theory (DFT) calculations of the CIPS/IPS 

heterointerface which reveals that the presence of IPS in a graded interface leads to a lowering of 

the energy barrier for Cu atoms jumping across vdW gaps on the IPS side. The dielectric peak in 

CIPS across the ferrielectric-paraelectric phase transition is attributed to large polarization 

fluctuations22, the analog of large magnetization fluctuations in ferromagnetic-paramagnetic phase 

transitions. Therefore, our findings provide a deeper understanding of the relevant nanoscale 

features governing CIPS/IPS multifunctionally and thus serve as a guide for the nanoscale 

tunability and functionalization of CIPS/IPS heteroepitaxial structures. 

RESULTS AND DISCUSSION 

Quantitative PFM: electromechanical response in the paraelectric phase 

The most prominent feature of CIPS is the room-temperature ferroelectricity which, in CIPS/IPS 

composites, is translated into nanostructured electromechanically active and non-active regions, 

that can be mapped through PFM. Such regions have been correlated in the past with the CIPS/IPS 

chemical phase separation through various characterization techniques (TEM23, 24, XRD15, 

Raman17 etc.,). In Figure 2, we show the quantitative nanoscale electromechanical 

characterization by means of interferometric displacement sensing piezoresponse force 

microscopy21, 25 (IDS-PFM) of a flat ≈ 170 nm thick CIPS/IPS flake (Figure 2a and b) transferred 

onto a gold substrate by the scotch-tape transfer method26. IDS-PFM measurements were 

performed across a wide temperature range that goes from 30ºC to 90ºC, showing a transition 

temperature (TC) at around 60 ºC.  
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Below TC, the Cu-rich CIPS domains exhibit multistate piezoelectricity11, which we can observe 

as yellow regions in Figure 2a. A broad distribution of deff (ranging from 5 pm/V to 12 pm/V) is 

found, which we attribute to either 1) complex 3D domain structure inside the flake8, 2) different 

polarization states present in the material (LP, HP)11, 3) distinct local strains27, 4) thickness size-

effect28, or 5) ionic strain, which we will show in more depth below. In our analysis, we fit a single 

Gaussian curve to the histogram of counts of each image, separating the CIPS response using a 

mask. Therefore, we find for each temperature an effective piezoelectric constant, deff, = µ ± σ 

pm/V (Figure 2e).  Near TC (~60-70ºC), the piezoelectric coupling reduces drastically (due to the 

loss of ferroelectricity) showing a quasi-uniform distribution of deff across the entirety of the flake. 

In addition, the 180-degree phase contrast, which is present at low temperatures, is no longer 

present. Finally, above TC (~80-90ºC) we detect the emergence of a weak AC electromechanical 

strain of ~1.5pm/V and uniform PFM phase. Since at elevated temperatures CIPS is in its 

paraelectric phase, the observed electromechanical response is most likely due to the collective 

AC (kHz) ionic motion of Cu cations under the biased tip,  resulting in an electrochemically driven 

surface displacement due to Vegard strains in the material29, 30. While, such strains had previously 

been measured in CIPS/IPS (and other MTPs31) using electrochemical strain microscopy (ESM) 

under the application of DC fields32 they had not been observed at kHz frequencies, and their 

magnitude is drastically reduced from hundreds of nanometers to picometers. This in turn does 

raise the possibility of electro-chemo-ionic strain also contributing to the overall AC 

electromechanical response below the phase transition. Noteworthy, quantitative measurements of 

local volume changes by ESM enabled by interferometric detection sensing, allows us to determine 

the precise magnitude of the surface electromechanical displacement. In this case, while the 

contribution of the electrochemical strain is small compared to the apparent piezo response at room 
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temperature, it may not be negligible, and may also add up (together with the different polarization 

states of the quadruple well) to the unbalance between piezoresponse of different polarization 

directions and strains11. Alternatively, the electrochemical strain effect may only be relevant (or 

measurable) above a certain critical temperature (and/or is enhanced as temperature is risen, due 

to enhanced ionic mobility), following an Arrhenius-type temperature dependence, which has 

already been measured in other mixed ionic-electronic conductors33. In any case, these findings 

indicate once again that ferroelectricity and ionic motion are intrinsically linked into this type of 

material and cannot be treated as distinctly separate phenomena. 

 
Figure 2: Quantitative PFM across the phase transition. a) IDS-PFM Amplitude. b) IDS-PFM 

Phase. c) Histogram counts for CIPS at different temperatures. d) Histogram counts for IPS and 

gold at different temperatures. e) deff for the different phases extracted from the Gaussian fits of 

data in c) and d). Inset in e) shows the topography of the flake and the mask used for the 

quantification.  

It is important to remember that these conclusions are possible due to the fact that IDS-PFM is 

free of other spurious electrostatic artifacts and is intrinsically calibrated34, implying that our 
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measurements represent true out of plane local surface displacements. Further, our experiment 

emphasizes the need for techniques complementary to PFM/ESM, for the cases where 

electromechanical coupling drops drastically until there is no measurable response11, 35. Moreover, 

as ferroelectricity in such complex materials as CIPS/IPS, is directly associated with internal strain, 

lattice displacements, dielectric behavior, and ionic movement, complementary nanoscopic 

techniques are needed to fully understand such materials and study them through all the different 

states of their phase diagram. 

 

Quantitative local dielectric and conductive imaging 

The dielectric constant is the key parameter governing how the electric field penetrates inside a 

material. It indirectly affects the electromechanical coupling present in ferroelectrics and ionic 

conductors, governing the total deformation under the application of an external electric field. 

While reliable dielectric bulk characterization can be achieved by means of impedance 

spectroscopy36, 37, such measurements lack information on local dielectric properties comprising 

the different material phases as well as possible inhomogeneities. While scanning probe methods 

appear well positioned to measure on these length scales, proper dielectric characterization with 

nanoscale spatial resolution is complicated38. Quantification of the real material properties in this 

way requires a combination of low-noise capacitive detection with local probing and accurate 

modelling of the tip-sample capacitor to deconvolute the true signal from the measurement 

artifacts38. On the other hand, to obtain a complete nano-electrical picture, the complementary 

conductive/resistive characterization during the phase transition is also needed. While usually 

conductivity/resistivity measurements at the nanoscale are performed by conductive AFM (c-

AFM), the technique can be invasive39 (especially in thin ionic conductors like CIPS flakes) 

inducing topographical changes and/or surface electrochemistry and present additional 
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complications related to stray capacitances when trying to achieve AC characterization in a broad 

frequency range. 

Scanning Dielectric Microscopy38 (SDM) measures the out-of-contact local electrostatic forces 

acting on the tip, when an AC voltage is applied between the conductive tip and a bottom electrode 

with the sample in between, obtaining the local capacitance gradient and the relative phase of the 

tip movement with the external excitation (see methods section for details of implementation). 

SDM has extensively been used to map the dielectric and conductive properties (at the kHz-MHz 

frequency range) of various types of materials35, 40-42, under different environmental conditions43-

45. However, the complex quantification procedure of this technique coupled with its lower 

sensitivity to high values of dielectric constant46 (usually the case for most ferroelectrics and ionic 

conductors), results in SDM not being fully exploited as a technique for the dielectric constant 

quantification of ferroelectrics47. Complementing SDM is Scanning Microwave Microscopy 

(SMM) which can be utilized to explore dielectric and conductive phenomena on the nanoscale at 

higher frequencies (GHz) (see Supplementary information S1 for the correlative high-frequency 

imaging). 

In Figure 3, we show the SDM imaging and quantification performed at different temperature 

steps along the phase transition (see the IDS-PFM below and above TC of that flake in 

Supplementary Information S3, to identify the CIPS/IPS phase separation). In Figure 3 a-e we 

present the capacitance gradient images while in Figure 3 f-j we display the 2ω-phase images. 

These images were taken in two-pass lift-mode using an excitation frequency of 10kHz, at 

temperatures of 30ºC, 50ºC, 70ºC, 90ºC and 110ºC, respectively (see full dataset with intermediate 

temperatures in Supplementary material S2). The color scale in the images has been offset by hand 

so that the gold substrate is always blue to account for changes in the tip-sample capacitor due to 



10 

 

tip wear, lift distance etc. At first sight, from the capacitance gradient images we can clearly 

distinguish the Cu-rich CIPS regions (white blueish) from the Cu-free IPS regions (red), which is 

a direct consequence of their difference in dielectric constant. Interestingly, we also observe a 

defined 2ω-phase contrast, which appears enhanced at the CIPS/IPS interface. Classically38, such 

2ω-phase contrast is attributed to changes in the imaginary part of the dielectric constant or local 

conductivity/losses of the sample, which we will explore in more depth below. 

Figure 3: SDM across the phase transition. Capacitance gradient (a - e) and 2ω-phase (f - j) images 

across the phase transition at the temperatures of 30 ºC, 50 ºC, 70 ºC, 90 ºC, 110 ºC. k) Simulated 

SDM signal dependence upon local dielectric constant and conductivity. l) Local flake dielectric 

constant as a function of temperature. Black dashed line is the Curie-Weiss fit. m) Local flake 

conductivity/dielectric loss as a function of temperature. n) Electric potential distribution for IPS 

(left) and CIPS (right) at T=30 ºC. o) T=70 ºC. p) T=110 ºC. 
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The temperature dependencies of the SDM signals reveals nanoscale heterogeneities of the 

dielectric constant and conductivity of the different chemical phases. On the one hand, we clearly 

observe that the CIPS phase passes from ∼0.16aF/nm (white) at low temperature (30ºC), to 

∼0.21aF/nm (blue) at intermediate temperatures (70ºC) and, finally, back to ∼0.18aF/nm (white) 

at high temperatures (110ºC). Conversely, the IPS regions stay red across the entirety of the 

temperature range. Qualitatively, these observations indicate that the ferroelectric regions exhibit 

a dielectric peak when the first-order phase transition takes place, whereas the non-ferroelectric 

phase does not seem to alter its dielectric properties in this temperature range.  On the other hand, 

we also notice an enhancement of the 2ω-phase contrast found at the CIPS/IPS phase boundaries 

as temperature is increased, indicating a change of the local resistive properties at this interface 

which will be explored deeper.  

Next, we quantitatively evaluate the SDM images taken at different temperatures. With this aim, 

finite element simulations are used to correlate the calibrated raw data to the local dielectric 

constant and conductivity of the sample to account for tip wear, z-lift distance change, etc.  The 

simulations consider a thin-film dielectric and conductive, the details of which can be found in the 

materials section and elsewhere46. 

In Figure 3k, we simulate the capacitance gradient and 2ω-phase as functions of the local dielectric 

permittivity and conductivity of the flake for a tip-sample distance of 23.5 nm (matching the 

experimental tip-sample lift distance). This simulated dataset will be used for quantification of the 

images to obtain local dielectric constant and conductivity parameters. The simulations show that, 

for low conductivities (σflake < 10-8 S/m), the flake is in “full” dielectric regime and both dC/dz and 

phase show independent behavior with respect to the conductivity. However, dC/dz shows a high 

dependence in the dielectric constant εflake. For high conductivities (σflake > 10-4 S/m), the flake is 
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in the “full” conductive regime, with both dC/dz and phase being independent of both the 

conductivity and dielectric constant (this being the reason why SDM fails for highly conductive 

samples). Finally, in the intermediate regime (10-8 S/m > σflake > 10-4 S/m), the flake behaves like 

an insulator with dielectric losses. Here, both dC/dz and phase depend on both dielectric constant 

and conductivity. 

In this intermediate region, the local dielectric permittivity and conductivity can be quantified by 

fitting the calibrated experimental signals (Figure 3 a-j) to the simulation table (see Supporting 

information S4 for more details). We performed this procedure for two different regions of the 

sample, comprising of pure CIPS (blue) and IPS (orange), the location of which are indicated by 

the dashed square boxes in Figure 3b. Our analysis generates a local dependence of the dielectric 

constant and conductivity as a function of temperature, shown in Figure 3l and Figure 3m. It is 

noteworthy that this approach allows us to recover the local nano-electrical fingerprint of each 

region of the sample with nanometric resolution. We find that, as the temperature rises, the CIPS 

region experiences its ferrielectric-paraelectric phase transition, indicated by a peak in the 

dielectric constant centered at TC.  The increase in the dielectric constant below TC is faster than 

its decay after TC, therefore we fit a Curie-Weiss law48 on the data points above 80ºC (black dashed 

line in figure 3l), we find a TC ~ 317K, in good agreement with previous works15.  A more accurate 

fitting of TC would require finer temperature steps which is outside of the scope of this work. 

Conversely, the IPS regions seems to exhibit a rather constant dielectric response across the 

temperature spectrum. This is in accord with the fact that no phase transition is present in this 

phase. A similar behavior is also found for the conductivity (or dielectric losses), where the CIPS 

(contrary to the IPS), experiences an asymmetric peak centered at TC linked to the higher mobility 

of Cu ions at higher temperatures. In Figure 3 (n-p), we show the simulated electric potential 
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distribution used for quantifications, that is generated under the tip during the SDM measurement 

on top of IPS (left) and CIPS (right) for three different temperatures across the phase transition. 

As the dielectric constant is approximately an order of magnitude higher for CIPS that for IPS, we 

set the color scale of the electric potential distribution to be different for each phase, to avoid color 

saturation.  

The appearance of an asymmetric peak in the dielectric constant of CIPS domains as the material 

goes through a ferroelectric-to-paraelectric phase transition (Fig. 3l) is in accord with similar 

behavior in the magnetic susceptibility of ferromagnets going through a ferromagnetic-to-

paramagnetic phase transition49. As noted in the introduction, such a peak has already been 

observed in bulk CIPS10, 50 at the respective TC, but never imaged at the nanoscale. The origin of 

these features is due to the presence of large fluctuations in the order parameter, namely 

polarization in ferroelectrics. As a base-line reference, we used DFT to calculate the CIPS 

dielectric tensor 𝜖𝑖𝑗 as a function of temperature in the absence of large fluctuations. CIPS is an 

order-disorder ferroelectric and experiments9 have shown that, if one starts with all the Cu atoms 

in the -LP polarization state at low temperatures, as the temperature rises, Cu atoms gradually 

transfer to the +LP sites. As the Curie temperature is reached, the Cu atoms are roughly 50%-50% 

in the two LP states for a net zero polarization at the Curie temperature. DFT molecular dynamics 

simulations have indeed confirmed that Cu atoms transfer from the -LP to the +LP sites 

independently (asynchronously, not synchronously as sheets)12. Calculations of the gradual 

evolution of the polarization based on asynchronous Cu migration have been reported51. Along the 

same lines, we calculated the diagonal elements of the CIPS dielectric tensor using standard 

perturbation theory for the LP-polarized state, two near-paraelectric states with different Cu 

arrangements in the ±LP states (see Fig. S5), and a paraelectric ±LP state. We found that 𝜖𝑖𝑗 
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remains roughly constant, with 𝜖𝑥𝑥 = 𝜖𝑦𝑦 ≈ 9 and 𝜖𝑧𝑧 ≈ 6.7, in good agreement with the average 

dielectric constant measured below the Curie temperature (Fig. 3l). Additionally, we calculated 

the dielectric tensor of IPS. The obtained diagonal components, 𝜖𝑥𝑥 = 𝜖𝑦𝑦 ≈ 8.3 and 𝜖𝑧𝑧 ≈ 6.5, 

are also consistent with the experimental measured value. As the system goes through the Curie 

temperature, however, polarization fluctuations dominate, and the average dielectric constant is 

given by 22, 52: 

𝜖 = 𝜖0(𝜒 + 1) 

𝜖0𝜒 =
𝜕𝑃

𝜕𝐸
=

1

𝑘𝐵𝑇𝑉
(〈𝑃2〉 − 〈𝑃〉2), 

where E is the electric field and the brackets < > indicate an ensemble average. In 2014, Wojdel 

and ĺñiguez22 developed a Monte Carlo scheme and computed the evolution of the dielectric 

constant of the ferroelectric PbTiO3 through the ferroelectric-to-paraelectric phase transition and 

found a spike very similar to that in Fig. 3l, confirming that such dielectric-constant spikes arise 

from polarization fluctuations. Such calculations, however, are beyond the scope of this paper.    

We also want to remark that our characterization approach shows an alternative (and non-invasive) 

way of demonstrating ferroelectricity at the nanoscale (especially relevant nowadays with the 

increased recent interest in 2D ferroelectrics53, 54 for device miniaturization). Usually, PFM is  used 

to demonstrate ferroelectric coupling in 2D systems53, 54, but our approach shows that SDM is an 

elegant alternative to quantify the dielectric constant peak across the thermally stimulated 

ferrielectric-to-paraelectric phase transition and is not impacted by diminished piezoelectric 

coefficients or induced surface charges which push measurements below the detection limit of the 

state-of-the-art PFM techniques. 
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Enhanced response at CIPS/IPS phase boundary 

The high spatial resolution of the technique (of the order of magnitude of the tip radius) allows us 

to gain insight into how the CIPS/IPS phase boundary itself behaves. Indeed, a distinct behavior 

takes place right at the CIPS/IPS interface which is not present in both bulk phases (see the 

zoomed-in images on a CIPS/IPS boundary in Figure 4). Whereas a smooth transition is observed 

for the capacitance gradient (Figure 4a), a peak is found in the 2ω-phase images, especially 

noticeable as the temperature increases (Figure 4b).  

Unfortunately, the quantification procedure necessary to extract the local dielectric constant and 

conductivity of the boundary itself is rather complex and requires 3D modelling where information 

on unknown experimental parameters such as thickness and depth of the chemical phase boundary, 

3D hidden domain structure etc. would be needed. Nevertheless, to understand the origin of the 

qualitative behavior found experimentally, we have simulated the effect that a change in the 

interfacial conductivity would have in the measured SDM profiles (Figure 4d and S6). To do so, 

the CIPS/IPS interface has been simulated as a region of width wi and depth until the end of the 

material with a certain interfacial dielectric constant εINT and interfacial conductivity σINT (which 

has been ramped from 10-8S/m to 10-1S/m). The corresponding dC/dz and 2ω-phase profiles as the 

tip scans the sample are calculated for the different σINT, while all the other parameters (εCIPS, εIPS, 

εINT, σCIPS, σIPS) are fixed to the ones found previously for a specific temperature (we choose the 

case T=50ºC). For high values of σINT (>10-4S/m), the corresponding dC/dz profiles experience a 

peak at the interface that we do not find experimentally, and for low values of σINT (<10-6S/m), the 

phase does not experience the peak that we find experimentally. Therefore, we can say that for a 

mid-range of conductivities 10-6S/m < σINT <10-4S/m, our simulations match well with the 

experiments, what would result into an increase in conductivity with respect to σCIPS and σIPS found 
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at this specific temperature of T=50ºC. However, the quantitative values obtained for σINT can only 

be valid for an interfacial width of wi =10nm, and as this parameter is unknown our study is just 

qualitative. These simulations allow us to prove that an enhanced conductivity at the boundary can 

reproduce the qualitative behavior that we find experimentally. 

Figure 4: SDM at the CIPS/IPS phase boundary. Zoomed in capacitance gradient (a) and 2ω-

phase (b) images at the CIPS/IPS phase boundary across the phase transition at the temperatures 

of 30 ºC, 50 ºC, 70 ºC, 90 ºC, 110 ºC. c) Profiles along the black dashed lines for the different 

temperatures. Inset shows the full image (same as Figure 3). Dashed yellow rectangle shows the 

region of the zoom in. d) Finite element model simulations of the CIPS/IPS interface. dC/dZ and 

2ω-phase profiles along the CIPS/IPS interface for different phase boundary conductivities (σINT). 

In CIPS/IPS heterostructures like the ones shown in this work, there can be two types of transport: 

(1) vertical (across the vdW gap) and (2) lateral (within the same vdW layer). Previous works 

suggest that each mechanism can be differentiated by the timescales that they happen after the 

application of strong (≈8V) DC pulses13, while others55 also claim that in-plane ion migration can 

generate out-of-plane domain inversion. 

To explore the origins of the observed enhanced ionic conductivity at the CIPS/IPS interfaces, we 

constructed model interfaces and performed pertinent DFT calculations of migration barriers for Cu jumps 

across the vdW gaps, which are the rate-limiting steps. Calculations of such barriers in pure CIPS were 
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reported in12. The aim of our DFT calculations is not to establish in a unique manner the conduction 

transport mechanism happening in CIPS, but to explore if the presence of IPS enhances some of 

the transport pathways for the Cu ions around such type of interfaces, seeking an explanation for 

the enhanced conductivity we observe at such type of boundaries. 

It was found that, in a stoichiometric environment, the energy barrier is ~0.88 eV, while in the 

presence of Cu vacancies it drops to ~0.84 eV and in the presence of excess Cu atoms it drops to 

~0.77 eV. When an electric field equal to -1.0 V/Å is applied, the energy barrier drops to ~0.7 eV.  

In constructing CIPS/IPS interfaces, we note that IPS, though often regarded as a Cu-free phase of 

CIPS, exhibits different structural features from those of CIPS: the PS6 polyhedral tilting direction 

with respect to the unit cell, the interlayer stacking order, and the lattice parameters (angle β 

between lattice vector a and c, interlayer distance, etc.) are different for CIPS and IPS, as shown 

in Fig. S7. We, therefore, constructed three different types of interfaces. In Type 1, we let IPS 

adopt the CIPS structural features as shown schematically in Fig. S8. In Type 2, we let IPS retain 

its preferred PS6 polyhedron tilting direction. In Type 3, we let IPS retain its preferred stacking 

order. Both Type-1 and Type-2 interfaces are higher-energy configurations relative to the Type-1 

interface (Fig. S9).    

Using the Type-1 interface, the calculated energy barriers for interfacial Cu atoms at the LP and 

HP sites in stoichiometric CIPS and in the presence of excess Cu are shown in Fig. 5(a)-(b). They 

are very similar to the pure CIPS values quoted above12. The lowest barrier is ~0.75 eV, which 

would not result in significant enhancement of the interfacial ionic conductivity. However, the 

observed CIPS/IPS interfaces are fairly wide, which suggests they are not abrupt but graded. We 

find that the calculated barrier for a Cu atom in the adjoining IPS region drops to 0.65 eV, as shown 

in Fig. 5(c). We interpret this result to mean that for Cu atoms that migrate laterally55 into IPS, 
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leading to a graded interface, the energy barrier can be reduced by as much as E = 0.1 eV. At 

room temperature, such lowering of the energy barrier would enhance the conductivity by a factor 

𝑒∆𝐸/𝑘𝐵𝑇~55. For comparison, a Cu atom faces a barrier of 0.5-0.6 eV in freestanding IPS with its 

preferred structural features (Fig. S10). 

  

Figure 5: Density-functional-theory calculations of the CIPS/IPS interphase. Migration barrier 

and path of a single Cu atom in different kinds of CIPS/IPS heterostructures. (a)-(c) Cu migration 

in Type-1 heterostructures: LP-CIPS/IPS, HP-CIPS/IPS and HP-CIPS/IPS with graded interface. 

(d)-(e) Cu migration in Type-2 HP-CIPS/IPS and HP-CIPS/IPS with graded interface. (f) Cu 

migration in Type-3 HP-CIPS/IPS with graded interface. 
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At an abrupt Type-2 interface, the Cu-migration energy barrier is ~0.56 eV (Fig. 5(d)), while at a 

graded Type-2 interface the barrier can be as small as 0.4 eV (Fig. 5(e)). The enhancement factor 

can then be as high as three orders of magnitude. Finally, in Type-3, the barriers drop even further 

(Fig. 5(f)) and would lead to even larger enhancement factors. We note, however, that graded 

interfaces, which are present in the heterostructures studied here, are inhomogeneous, so that 

regions with certain average energy barriers are not likely to be continuous throughout the 

thickness of the material. Thus, the smallest barriers (highest levels of enhancement) are not likely 

to be observed. Instead, some smaller values are likely to define the rate-limiting step that defines 

the ionic conductivity.  In summary, the DFT calculations of the CIPS/IPS heterointerface find 

that the presence of IPS in a graded interface indeed leads to a lowering of the energy barrier for 

Cu atoms jumping across vdW gaps on the IPS side, accounting for the observed enhanced 

interfacial ionic conductivity which promotes chemical boundary functionalization, increasing 

nanoscale tunablity of the material towards device implementation. 

CONCLUSIONS: 

We have used advanced scanning probe microscopy techniques to unravel additional ionic motion 

tunability in CIPS/IPS thin flakes across the materials thermally stimulated phase transition. First, 

we used quantitative electromechanical characterization to obtain an artifact-free value of deff and 

found evidence of a small electromechanical ionic strain contribution measured above TC. 

Additionally, we have used SDM to quantify in a non-invasive manner the nanoscale dielectric 

constant and ionic conductivity changes across the phase transition and find that, while CIPS 

exhibits a peak in the dielectric permittivity linked to its phase transition, the IPS phase does not 

exhibit a peak as it does not undergo a phase transition. Interestingly, there appears to be a 

temperature-dependent enhanced conductivity at the CIPS/IPS chemical boundaries, that is also 
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linked to ionic motion. DFT calculations of the CIPS/IPS heterointerface find that the presence of 

IPS in a graded interface indeed leads to a lowering of the energy barrier for Cu atoms jumping 

across vdW gaps on the IPS side, accounting for the observed enhanced interfacial ionic 

conductivity. Our findings provide a deep understanding of the relevant nanoscale features ruling 

CIPS/IPS multifunctionalities and thus serve as a guide for the nanoscale tunability and 

functionalization of CIPS/IPS heteroepitaxial structures, especially enticing option for device 

miniaturization.  

METHODS: 

Sample preparation:  

The sample is composed of exfoliated flakes of CIPS-IPS, transferred directly onto a gold substrate 

with the scotch tape transfer method26. The gold substrate was glued to a commercial atomic force 

microscopy steel disk and put on a commercial temperature control stage which allows for control 

and monitoring of the sample temperature. 

Piezoresponse force microscopy: 

The IDS-PFM used in this study combines a commercial Cypher AFM (Asylum Research, Santa 

Barbara, CA, USA) with an integrated quantitative laser Doppler vibrometer (LDV) system 

(Polytec GmbH, Waldbronn, Germany) to achieve highly sensitive electromechanical imaging and 

spectroscopy. We used Multi75E-G cantilevers with a conductive coating and a nominal spring 

constant of ∼ 3 N/m and free resonance frequency of ∼ 75 kHz. The use of interferometric 

detection allows one to measure the realistic tip displacement whereas the standard OBD detection 

method measures the angle change of the cantilever (making it hard to deconvolute the true sample 
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displacement from the cantilever electrostatics). We applied an ac voltage of amplitude 1 V or 1.5 

V (depending on the image) at 23kHz. 

Scanning Dielectric Microscopy:  

We performed SDM measurements in force detection mode using G-Mode EFM approach by 

means of a custom made Labview/Matlab script, synchronized with a commercial Cypher S AFM 

system from Asylum Research implemented in PXI architecture using National Instruments NI-

6124 fast AWG and DAQcards as described earlier35. We used Budget Sensors Multi75E-G 

conductive probes (Nanosensors) with a spring constant k∼3 N m−1, determined by the 

manufacturer according to the probe dimensions, resonance frequency fr∼75 kHz and nominal tip 

radius R∼10 nm. An ac voltage of amplitude VAC ∼3 V and frequency ωEFM ∼10 kHz, much 

smaller than the resonance frequency of the cantilever, was applied between the probe and the 

conducting substrate. The amplitude, A2ω, and phase, φ2ω, of the oscillation 2ω harmonic are 

obtained from the G-mode data stream by digital postprocessing. The conversion of the raw A2ω 

data to capacitance gradient values C’ was done using the relation: 

𝐶𝑧′(𝑎𝐹/𝑛𝑚) =
4𝑘(𝑛𝑁/𝑛𝑚)

𝑉𝐴𝐶
2

𝐴2𝜔(𝑉)

𝑚 (𝑉/𝑛𝑚)
 

where, k is the nominal cantilever spring constant, m the cantilever sensitivity, VAC, the amplitude 

of the applied excitation and A2ω the amplitude of the measured response at 2ωEFM. The 

measurements were performed in ambient air at 30% relative humidity. 

Modelling and quantification of the dielectric constant and conductivity: 

For quantification of the local electric properties of the flake (εflake and σflake), we used a finite 

element numerical model of a thin film of thickness equal to the topography of the measured flake, 
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with variable dielectric constant and conductivity of the film, implemented in COMSOL 

Multiphysics 5.656. The tip geometry calibration (tip radius, half cone angle and capacitance 

gradient offset) was determined by fitting an experimental the capacitance gradient force distance 

curve measured on the bare part of the metallic gold substrate. This procedure was repeated for 

each new temperature (to correct for possible tip wearing during the experiment). The quantitative 

extraction of the local equivalent homogeneous dielectric constant and conductivity of the different 

sample regions was performed using an algorithm implemented in MATLAB in communication 

with the COMSOL thin film model. By fitting the acquired experimental signal at each temperature 

minimizing the error of both capacitance gradient and phase, between the experimental and 

theoretical simulated theoretical values where the dielectric constant and the conductivity of the 

thin film model were swept (see Supplementary material S4).  

Density Functional Theory calculations 

DFT calculations were performed using the Vienna ab initio simulation package (VASP)57-59 with 

the projected augmented wave (PAW)60, 61 method. The exchange-correlation functional for the 

electrons was described via the generalized gradient approximation in the Perdew-Burke-

Ernzerhof (PBE)62 form. The van der Waals interactions were described by the DFT-D3 (Becke-

Jonson (BJ)) method63-65 as suggested in Ref.11. The plane-wave energy cutoff was set as 400 eV 

for all the calculations. For the structure relaxation of CIPS/IPS heterostructure and IPS with Cu 

atoms, 1×2×2 and 2×2×2 Γ-centered k-mesh were used, respectively. All the heterostructures were 

fully relaxed until the force on each atom is less than 0.01 eV/Å. The lattice parameters of the 

CIPS/IPS heterostructures were also optimized, since the interlayer distance of a CIPS/IPS 

heterostructure changes as a function of the Cu/In ratio23. The Cu migration barrier was calculated 

using the climbing nudged elastic band (CI-NEB) method66, 67. Three images were interpolated 
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between initial and final states, and the images were relaxed until the force perpendicular to the 

path is less than 0.01 eV/Å. The dielectric constant was calculated by the linear response method 

implemented in VASP68. 

Supporting Information 

S1: Correlative PFM and SDM with SMM. S2: SDM full dataset with intermediate temperatures. 

S3: IDS-PFM of flake in Figure 5. S4: Quantification of the dielectric constant and conductivity. 

S5: LP-CIPS atomic configurations. S6. Finite element simulations of the CIPS/IPS interface. S7 

CIPS and IPS atomic configurations. S8: Construction of a IPS/CIPS/IPS heterostructure. S9: 

Alternative CIPS/IPS heterostructures. S10: Cu migration in IPS. 
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