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ABSTRACT:  Probing and manipulating the intriguing nonlinear optical responses in van der Waals 

(vdW) ferroelectrics offer opportunities for their applications in nanophotonics. Here, we report the 

observation of giant and tunable second-harmonic generation (SHG) in ferroelectric CuInP2S6 (CIPS) 

and CIPS/MoS2 heterostructures. The results show that CIPS, ranging from multi-layer to bulk-like 

samples, all exhibits strong SHG with giant anisotropy. The SHG anisotropy is attributed to the local 

strain along a-axis that naturally exists in CIPS, as evidenced by piezoresponse force microscopy 

measurement. We have further realized the strong modulation of SHG in CIPS by interfacing with 

monolayer MoS2. A combination of polarization, temperature and thickness-dependent SHG and 

photoluminescence analyses shows that the nonlinear optical signal control in CIPS/MoS2 

heterostructures is unrelated to the polar symmetry of CIPS and MoS2, but is driven by light 

absorption mediated interfacial coupling. Our study provides a material platform based on vdW 

ferroelectric heterostructures for achieving dynamic control of nonlinear optical responses, which 

shows great potential applications in modern nanophotonics. 
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INTRODUCTION 

In recent years, two-dimensional (2D) van der Waals (vdW) ferroelectrics have attracted intensive 

research interest as they can retain robust ferroelectricity down to the monolayer limit and show great 

potential applications in nanoelectronics and optoelectronics.1-3 Typical 2D ferroelectric materials 

include CuInP2S6 (CIPS) with out-of-plane polarization,4 SnTe with in-plane polarization,5 and α-

In2Se3 with intercorrelated in-plane and out-of-plane polarization.6 Among them, CIPS is one of the 

most stable 2D ferroelectrics, with the Curie temperature (TC) above room temperature,4, 7 which is 

critical for practical applications. It also exhibits many distinct physical properties, such as high ionic 

conductivity,8 strong thermal anisotropy,9 giant negative piezoelectricity and electrostriction,10-11 

inverse ferroelectric switching,12 and high-efficiency catalysis.13 CIPS can be further interfaced with 

other vdW materials into ferroelectric heterostructures, making them promising for multifunctional 

and reconfigurable device applications such as nonvolatile memories,14-16 vdW negative capacitance 

transistors,17 and ferroelectric diodes and tunnel junctions.18-19 All of above applications are based on 

the ferroelectric and electrical characteristics of CIPS. However, the optical properties, especially the 

nonlinear optical responses of 2D ferroelectrics and ferroelectric heterostructures remain not well 

explored,20 limiting their potential applications in modern nanophotonics, such as photovoltaics,21 

photodetectors,22 optical filters,23 quantum light sources,24 ultrathin polarizers and waveplates.25-26  

The optical second-harmonic generation (SHG) is one of the most important nonlinear optical 

phenomena in polar materials, which has been demonstrated in a wide range of 2D materials, from 

semiconducting layered transition metal chalcogenides (e.g., MoS2, MoSe2, GaSe, GaTe) to 

insulating h-BN.27-31 The SHG emissions from these 2D materials are due to their broken inversion 

symmetry and large second-order nonlinear susceptibility, but the strong signal is only allowed in 

monolayer and few-layer samples owning to wave propagation and light absorption effects.27-28 

Strong SHG has also been experimentally discovered in 2D ferroelectrics with in-plane polarization32 
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or dipole locking.33 However, the intrinsic property and modulation of nonlinear optical responses in 

out-of-plane dominated 2D ferroelectrics like CIPS have not been fully explored to date.34-35 

In this study, we report the intrinsic optical SHG response in ferroelectric CIPS and giant 

modulation of SHG in CIPS by interfacing with transition metal dichalcogenide (TMDC) atomic 

layers. Experimental results show that the CIPS exhibits excellent SHG performance from few-layer 

to bulk-like dimension, which can be attributed to the broken inversion symmetry in all layer numbers. 

In addition, strong anisotropic SHG polarization patterns are observed in CIPS with different 

thicknesses, suggesting that a strain along the a-axis of CIPS naturally exist, as evidenced by 

piezoresponse force microscopy (PFM). By interfacing CIPS with monolayer (1L) MoS2, we achieve 

strong modulation of SHG signals at the heterostructures. The tailored SHG signal at CIPS/1L-MoS2 

heterointerface is unrelated to the polar symmetry coupling, as evidenced by polarization-dependent 

SHG measurements, but can be attributed to the light absorption mediated interfacial coupling, as 

firmly confirmed by a combination of temperature and thickness-dependent photoluminescence (PL) 

and SHG analyses. Our study points to a materials strategy based on vdW ferroelectric 

heterostructures for designing photonic applications in nonlinear optics and nanophotonics.  

RESULTS AND DISCUSSION 

Giant and Anisotropic SHG Response in Ferroelectric CIPS. Few- to thick-layer CIPS flakes are 

mechanically exfoliated from bulk crystals and transferred onto the fused silica substrate. The 

topography and thickness of CIPS flakes are identified by optical imaging and atomic force 

microscopy (AFM). 2D CIPS belongs to monoclinic space group (Cc) at room temperature (Figure 

1a).36 To confirm its chemical structure, we have performed Raman analysis. Figure 1b shows the 

Raman spectrum of a thick-layer CIPS. Several active modes are observed, including the vibration 

peak for the cations (Cu+ and In3+) at 297.4 cm-1, δ(S-P-P) mode at 157.4 cm-1, δ(S-P-S) mode at 

269.9 cm-1, and ν(P-P) mode at 377.7 cm-1, consistent with the previously reported ferroelectric CIPS 

structures.37-38 We then use a homemade optical system to investigate the nonlinear optical responses 
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in CIPS. By introducing an 800 nm femtosecond (fs) laser beam (𝑒̂𝑒𝜔𝜔) as an excitation source and 

focusing onto the sample surfaces at normal incidence, an emission spectrum with strong peak at a 

wavelength of ~400 nm is detected (not shown), which is frequency doubled signal of the excitation 

laser. In addition, the emitted peak intensity follows a square power law behavior as a function of 

incident laser power (Figure 1c), further confirming the second-harmonic emission ( 𝑒̂𝑒2𝜔𝜔 ). The 

detected SHG signal from CIPS reveals its non-centrosymmetric structure. As illustrated in Figure 1c 

inset, the Cu, In, and P-P pair form triangular patterns within a CIPS layer. Also note that the displaced 

Cu and In atoms form hexagonal in-plane polar lattices, suggesting that the inversion symmetry is 

broken in CIPS, which is considered to be the origin of the SHG from CIPS. The nonlinear effect 

observed in CIPS makes it a promising candidate for various nonlinear optical applications, such as 

wavelength conversion, light generation, and modulators.    

Next, we investigate the SHG intensity as a function of CIPS layer thickness. Figure 1d shows the 

optical image of a CIPS flake on fused silica with thicknesses ranging from about 10 to 300 nm. The 

corresponding SHG imaging (Figure 1e) shows the obvious thickness-dependent optical contrast. 

Figure 1f displays the dependence of SHG signal on CIPS thickness (d). Below 50 nm (d < 50 nm), 

the SHG intensity increases linearly with thickness (ISHG ∝ d). This thickness scaling behavior is 

different from most of other vdW structures (e.g., AgInP2S6,39 2H TMDCs,27 etc.) but is similar to 

that of 3R TMDCs,40 revealing that the stacking order in layered CIPS is along the same direction. 

Therefore, the total SHG intensity is considered to the sum of contributions from individual CIPS 

layers, ISHG = nI0, where n and I0 are the number of layer and the SHG intensity for 1L CIPS, 

respectively. When d is between 50 nm and 110 nm, the SHG intensity decreases with increasing d, 

which may be explained by nonlinear optical signal reabsorption as well as reflection of incident light 

in thick-layer sample.28, 41 Interestingly, SHG intensity starts to slowly increase again as the CIPS 

thickness is beyond 110 nm and reaches a maximum as d is close to bulk-like dimension (~300 nm). 

The likely reason is that a structural phase transition occurs at a critical thickness (dc ~ 110 nm),42 and 
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this phase transition may significantly change the intrinsic optical characteristics (e.g., nonlinear 

absorption coefficient, refractive index, etc.) of ferroelectric CIPS.    

To probe the effect of crystal structure symmetry in CIPS, polarization-resolved SHG measurement 

is performed on the sample with different layer thicknesses (Figure 1g). An excitation laser beam is 

linearly polarized and focused onto the sample, with the analyzer direction (open yellow arrow) 

parallel to the incident laser polarization (red solid arrow). The polarized SHG signal is collected in 

reflection mode by rotating the sample within the x-y plane from angle φ = 0o to 360o in 10o steps. 

Figures 1h and 1i represent the polarization-resolved SHG from a multilayer (~18 nm) and a thick-

layer (~133 nm) CIPS, respectively, in Figure 1g. As expected, the hexagonal symmetry of the shifted 

Cu and In atoms (Figure 1c inset) leads to a characteristic six-fold petal pattern. In addition, for both 

samples the two petals lying along φ ≈ 83o and 263o direction (b-axis) show stronger polarization. 

Here, we define the polarization ratio as Imax/I0, where Imax is the maximum enhanced SHG 

polarization intensity along b-axis direction and I0 is the maximum SHG intensity along a mirror 

plane. The ratio of Imax/I0 for CIPS in Figure 1h and 1i is the same, which is estimated to be ~1.35. 

This anisotropic SHG pattern behavior appears in CIPS flakes with various thicknesses (Figure S1), 

and the polarization ratio is insensitive to the layer thickness.  

To understand the angular dependence of SHG and establish a relationship between SHG response 

and ferroelectricity, we perform an in situ PFM study. Figures 1j and 1k show the vertical PFM (V-

PFM) amplitude images taken on the CIPS sample with thickness of 18 nm and 133 nm, respectively, 

in Figure 1g. The CIPS film exhibits isolated and highly-ordered rod-shaped nanodomains with 

uniform upward polarization (Pup) direction.43-47 In addition, the domains with rod shapes are 

observed in CIPS flakes with various thicknesses (Figure S2a and S2b), which is different to the 

previously reported results.4 At the same time, we have performed lateral PFM (L-PFM) measurement 

(Figure S2c and S2d). The L-PFM signal on the same domain region is very weak and close to the 

noise level, further confirming that the nanodomains in CIPS possess out-of-plane polarization. The 
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long axis of these rod-like domains is always along the a-axis of CIPS, and is perpendicular to the 

maximum enhanced SHG polarization direction (b-axis) (Figure 1h-i and Figure S1). Similar highly 

ordered nanodomains have been reported in other as-grown 2D ferroelectrics, such as monoclinic 2D 

KNbO3 with low-symmetry phase,48 which was ascribed to the large lattice strain energy stored in 

the low-symmetry lattice. Based on these analyses, it is reasonable to assume that the observed rod-

like nanodomains (⊥ b-axis) and the enhanced SHG polarization (∥ b-axis) are probably due to the 

magnified asymmetric structure in CIPS caused by the naturally forming strain along a-axis direction 

(𝜀𝜀𝑎𝑎). In this scenario, the anisotropic SHG pattern behavior in CIPS can be qualitatively described as 

follows:49-50  

𝐼𝐼SHG = |A cos3(𝜑𝜑 + 𝜑𝜑o) + B cos3(𝜑𝜑 + 𝜑𝜑o) − C sin3(𝜑𝜑 + 𝜑𝜑o)cos (𝜑𝜑 + 𝜑𝜑o)|2,                      (1) 

where A, B, and C are three parameters that are related to tensor elements and/or strain 𝜀𝜀𝑎𝑎 of CIPS. 

Here, the first term indicates the symmetry property of CIPS, while the latter two terms reflect the 

strain effect. 

The unusual second-harmonic behaviors observed in CIPS can be exploited to design more 

complex nonlinear optical responses in CIPS-based heterostructures. In previous studies, CIPS has 

been integrated with 2D semiconductors to construct electronic devices such as ferroelectric field 

effect transistors and negative capacitance transistors.2 While 2D TMDCs also exhibit excellent 

nonlinear optical properties, the SHG response at the heterointerface between CIPS and TMDC is yet 

to be explored. 

Tunable SHG Response in CIPS/1L-MoS2 Heterostructures. 1L TMDCs, such as MoS2, have 

been shown to exhibit strong SHG response due to broken inversion symmetry,27, 31 which can be 

tuned by an interfacial ferroelectric layer.23, 51 As a case study, we explore the second-harmonic 

response at CIPS/1L-MoS2 heterointerface (Figure 2a). Figure 2b shows the optical image of a 40 nm 

CIPS flake after two 1L MoS2 with different crystal orientations partially transferred on top, forming 

CIPS/1L-MoS2 heterostructures, which are labeled as CIPS/MoS2(#1) and CIPS/MoS2(#2), 
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respectively. Figure 2c shows the corresponding SHG image as in Figure 2b taken in the reflection 

mode with no analyzer applied. The SHG intensity of individual 1L MoS2 is stronger than that of 

CIPS. Moreover, two CIPS/1L-MoS2 heterostructure regions exhibit the same SHG intensity, which 

is about one order of magnitude weaker than that from individual 1L MoS2. To understand this SHG 

modulation effect, we need to identify the dominant interlayer coupling mechanisms between CIPS 

and MoS2, which may include polar symmetry, light absorption, etc.    

Previous studies of 1L MoS2 interfaced with ferroelectric oxide Pb(Zr,Ti)O3 have revealed strong 

modulation of SHG due to the interfacial polar coupling.23, 51 From the point of view of polar 

symmetry, the SHG response from CIPS/1L-MoS2 heterostructure should be a coherent superposition 

of the SH fields from individual CIPS and  1L MoS2 layers, with a phase difference depending on the 

stacking angle.52 To probe the possibility of polar symmetry coupling, we first analyze individual 

CIPS, 1L MoS2, and CIPS/MoS2 heterostructure in Figure 2b by polarization-resolved SHG. The 

incident light polarization is along the x-axis. As shown in Figures 2d-f, the polar plots of parallel 

polarization-resolved SHG for individual CIPS, 1L-MoS2(#1) and 1L-MoS2(#2) all exhibit six-petal 

patterns, confirming the three-fold rotational symmetry in MoS2 as well as the crystalline orientation 

of each flake (inset). Also note that the petals for CIPS are along the direction close to that of 1L-

MoS2(#1), but differ about 30o from 1L-MoS2(#2), which leads to two different stacking angles in 

the two CIPS/1L-MoS2 heterostructures. The polarization-resolved SHG taken at each CIPS/MoS2 

heterostructure region (red curves in Figures 2e-f) also shows a six-petal polarization pattern, but with 

petals lying along the same direction as the corresponding individual 1L MoS2. This clearly indicates 

that the SHG response in the heterostructure is insensitive to the stacking angle. Thus, the strong 

modulation of SHG in CIPS by interfacing with 1L MoS2 (Figure 2c) cannot be explained by the 

coupling of polar axes.  

To further confirm the SHG signal at CIPS/1L-MoS2 heterointerface is not determined by the polar 

coupling between CIPS and MoS2, we perform in situ temperature-dependent SHG imaging (Figure 
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3a) using the same sample of Figure 2b. Figure 3b shows the temperature dependence of the SHG 

intensity for 1L MoS2, CIPS, and CIPS/1L-MoS2 heterostructure. As expected, 1L MoS2 is insensitive 

to the temperature, which keeps stable SHG signal intensity during the entire heating (25 oC  90 

oC) and cooling (90 oC  25 oC) process. In contrast, the SHG signal for CIPS is stable below TC 

(~47 oC), gradually decreases as the temperature is raised, and almost vanishes at high temperature 

(T = 90 oC). Upon cooling, both SHG signal and V-PFM amplitude (bottom insets) recover to the 

initial levels, indicating that an reversible structural change (from nocentrosymmetric to 

centrosymmetric) accompanying the phase transition (from ferroelectric to paraelectric) occurs in 

CIPS around TC.20 Surprisingly, the thermal behavior of SHG at CIPS/1L-MoS2 heterointerface is 

similar to that of individual 1L MoS2, which is independent of temperature. It suggests that, whether 

CIPS is in ferroelectric or paraelectric phase state, the SHG signal in CIPS/1L-MoS2 heterostructure 

can be well controlled. This result provides strong evidence that the tailored SHG signal at the 

heterointerface is not caused by the polar symmetry coupling. After comparison, we also note that 

the SHG signal at high temperature disappears in CIPS but still exists in CIPS/1L-MoS2 

heterostructure. It demonstrates that the SH field generated from CIPS/1L-MoS2 heterostructure 

mainly originate from 1L MoS2 rather than ferroelectric (or paraelectric) CIPS, which is consistent 

with polarization-resolved SHG analysis (Figures 2d-f). 

The light absorption mediated interfacial coupling offers another mechanism to tune the optical 

properties of CIPS/1L-MoS2 heterostructure. To evaluate this scenario, we first compare the room-

temperature PL spectra of 1L MoS2, CIPS, and CIPS/1L-MoS2 heterostructure (Figure 4a-c). Figure 

4a shows the PL spectrum of 1L MoS2, which can be fitted using a mixed Gauss-Lorentzian mode 

with three peaks associated with the negative trions (A- at 1.85 eV, red line) and neutral excitons (Ao 

at 1.88 eV, purple line; B at 2.00 eV, green line).53 As shown in Figure 4b, the CIPS exhibits a broad 

PL spectrum, with an emission peak (C, blue line) located at about 2.07 eV, consistent with the 

previous report.13 Interestingly, after forming CIPS/1L-MoS2 heterostructure by transfer of 1L MoS2 
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on top of CIPS, the PL intensity of 1L MoS2 is significantly reduced, while no significant change is 

observed for PL signal of CIPS (Figure 4c). It suggests that the PL response of 1L MoS2 can be well 

modulated by CIPS. Furthermore, we perform in situ temperature-dependent PL measurements on 

1L MoS2, CIPS, and CIPS/1L-MoS2 heterostructure (Figure S3). As expected, the thermal behavior 

of PL emissions for both individual 1L MoS2 and 1L MoS2 on CIPS (Figure 4d) is insensitive to the 

temperature, while the PL signal for both individual CIPS and CIPS in heterostructure gradually 

decreases as the temperature is increased due to the phase transition (Figure 4e). These observed PL 

modulation behaviors are very similar to those of SHG modulation. We thus conclude that CIPS-

induced light absorption interfacial coupling plays a critical role in both PL and SHG signal control 

in CIPS/MoS2 heterostructures. In addition, it has been reported that light absorption related 

interfacial coupling sensitively depends on the layer distance.28, 54 We, therefore, design a sandwich 

structure by inserting a Al2O3 thin film (Figure 4d and Figure S4) to investigate the effect of interlayer 

spacing on PL response of 1L MoS2 on CIPS. Figure 4e compares the PL spectra of individual 1L 

MoS2, 1L MoS2 on CIPS, and 1L MoS2 on CIPS/Al2O3. The light absorption mediated interfacial 

coupling is reduced for the CIPS/1L-MoS2 heterostructure with a ~4.5 nm Al2O3 insertion, as 

indicated by the PL intensity of 1L MoS2, which is stronger for 1L MoS2 on CIPS/Al2O3 than that 

directly interfaced with CIPS.  

To understand the role of CIPS as the light-absorbing layer for the tailored SHG response, we 

quantitatively analyze the effect of CIPS layer thickness on the signal intensity of CIPS/1L-MoS2 

heterostructure. Figure 5a-b shows the optical and SHG images of a 1L MoS2 transferred on top of a 

CIPS flake with layer thicknesses ranging from about 5 to 40 nm. As shown in Figure 5c (left panel), 

the SHG intensity of CIPS/1L-MoS2 heterostructure decreases exponentially with the layer thickness 

of CIPS, with the signal in the heterostructure approaching the intensity comparable to the signal of 

40 nm CIPS. To evaluate the capability of CIPS in SHG modulation, the intensity change is 

normalized, which is defined as (𝐼𝐼MoS2 − 𝐼𝐼CIPS MoS2⁄ )/𝐼𝐼MoS2. As shown in Figure 5c (right panel), the 
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SHG intensity for 1L MoS2 has been efficiently modulated by the thick-layer CIPS, with a 

modulation depth up to 80 %, which suggests that the tailoring effect is related to the bulk state of 

CIPS. In addition, we have analyzed CIPS thickness-dependent PL peak intensity and intensity 

difference for CIPS/1L-MoS2 (Figure S5 and Figure 5d), where a similar tailoring effect is obtained. 

It is thus reasonable to assume that the thickness-dependent SHG and PL signal modulation is also 

originated from the light absorption effect via CIPS layers. The schematic in Figure 5e illustrates that 

the generation of SHG from CIPS/1L-MoS2 heterostructure is a two-stage process: the electric field 

of SHG light is first generated in 1L MoS2, and then partially absorbed as it propagates through CIPS 

layer. The thicker the CIPS, the more SHG signal of 1L MoS2 is absorbed. In this scenario, CIPS/1L-

MoS2 heterostructure with the same CIPS thickness should exhibit different SHG responses in the 

reflection (R-SHG) and transmission (T-SHG) modes, namely, 𝐼𝐼R−SHG < 𝐼𝐼T−SHG . To prove this 

model, we map both the R-SHG and T-SHG responses for the same CIPS/1L-MoS2 sample shown 

in Figure 2 using the same imaging condition (Figure S6). As expected, we observe higher SHG 

intensity from CIPS/1L MoS2 heterostructure in the transmission mode than that in the reflection 

mode, yielding strong support to the scenario for the light adsorption mediated interfacial coupling 

between CIPS and MoS2.  

CONCLUSIONS 

In summary, we report the giant and tunable second-harmonic responses in out-of-plane dominated 

ferroelectric CIPS and CIPS/1L-MoS2 heterostructures. The CIPS exhibits strong and anisotropic 

SHG responses ranging from multi-layer to bulk-like thickness. Polarization-resolved SHG together 

with in situ PFM measurements reveal that the local strain along a-axis naturally forms in the 

exfoliated CIPS. Moreover, we have realized the strong modulation of SHG in CIPS by interfacing 

with monolayer MoS2. We show that the tailored SHG signal at CIPS/1L-MoS2 heterointerface is 

unrelated to the polar symmetry coupling, but is driven by light absorption mediated interfacial 

coupling, as firmly evidenced by a combination of polarization, temperature, and thickness-
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dependent SHG and PL analyses. On the other hand, the total SHG signal in CIPS/MoS2 

heterostructure is reduced. In the near future, we will interface CIPS with other vdW semiconductors, 

searching for the material combination that can achieve both enhanced SHG signal and high 

tunability. Our study not only enhances the understanding of the nonlinear optical properties of 2D 

ferroelectrics, but also provides a strategy for implementing vdW ferroelectric heterostructure in 

nanoscale nonlinear optical modulator, optical information storage, and nonlinear optical imaging.  

METHODS 

Preparation of CIPS Samples and CIPS/1L-MoS2 Heterostructures. The bulk CIPS and MoS2 

were purchased from HQ Graphene Tech. CIPS flakes with different layer thicknesses were prepared 

by mechanical exfoliation from their bulk single crystals, and then transferred onto a transparent fused 

silica substrate. CIPS/1L-MoS2 heterostructures were prepared by a dry transfer technique.28, 55 First, 

1L MoS2 flake was exfoliated onto a Gel-film surface, while few- to thick-layer CIPS flake was 

exfoliated onto a fused silica substrate. Second, 1L MoS2 flake on Gel-film was aligned with the CIPS 

on fused silica under an optical microscopy, and then transferred on top of CIPS, forming CIPS/1L-

MoS2 heterostructures. The layer thicknesses of CIPS and MoS2 flakes were determined by a 

combined AFM, optical microscopy, and Raman spectroscopy. 

SHG Measurements. SHG measurements were carried out in the homemade nonlinear optical 

microscopy system. Briefly, a linearly polarized Ti:Sapphire femtosecond laser beam (wavelength: 

800 nm, duration: 100 fs, repetition rate: 80 MHz) passed a polarizer and was then focused onto the 

sample surfaces with normal incidence using a water-immersed objective lens. The SHG signals were 

collected in reflection geometry by PMT detector. In most cases, the signal was collected with no 

analyzer inserted. For the polarization-resolved SHG measurements, we fixed the incident light and 

analyzer polarization, and collected the SHG signal by rotating the sample within the x-y plane from 

angle φ = 0o to 360o in 10o steps. For the temperature-dependent SHG measurements, the sample was 
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placed on a programmable hot plate, then slowly heated to the target temperature and held for 1 

minute before SHG imaging.   

Raman and PL Measurements. Raman and PL measurements were performed in a micro-Raman 

system (Renishaw InVia plus, Renishaw). Raman and PL signal were collected by focusing a 532 nm 

laser beam onto the sample surfaces through a 50× objective lens.  

PFM Measurements. Both vertical and lateral PFM measurements were performed in a Bruker 

Multimode 8 AFM system with the conductive PtIr-coated tips (SCM-PIT). For PFM imaging, an 

AC voltage of 0.5 V was applied during scanning. 
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Figure 1. Observation of anisotropic SHG in ferroelectric CIPS. (a) Schematic of atomic structure 

for CIPS. (b) Raman spectrum for a thick CIPS layer. (c) Excitation laser power dependence of the 

SHG intensity from a thick-layer CIPS. The solid line is fitted with a slope of 1.9 ± 0.2. Inset: top 

view of the CIPS crystal structure. (d) Optical image of an exfoliated CIPS flake with different layer 

thicknesses on fused silica substrate. (e) SHG mapping of the same CIPS sample in (d). The red arrow 

indicates the incident light polarization. (f) SHG signal as a function of CIPS layer thickness. (g) 

AFM image of an exfoliated CIPS flake with two different layer thicknesses. The laboratory 

coordinate system is shown as inset. (h-i) Polar plots of parallel polarized SHG intensity for (h) 18 

nm and (i) 133 nm thick CIPS in (g) as a function of the sample rotation angle φ. The dots are 

experimental data with fits in solid lines. The red solid (yellow open) arrows in (g) mark the incident 

light (analyzer) polarization. (j-k) Vertical PFM amplitude images taken on the sample in (g) at blue 

boxed area (j) and red boxed area (k). The crystalline orientations of CIPS are shown as insets.  



  

 21 

 
Figure 2. SHG characterization of CIPS/1L-MoS2 heterostructures. (a) Schematic of CIPS/1L-

MoS2 heterostructure. (b) Optical image and (c) SHG mapping in the reflection mode of a thick-layer 

CIPS flake after two 1L MoS2 with different crystal orientations partially transferred on top. The 

regions of CIPS, 1L-MoS2(#1), and 1L-MoS2(#2) are, respectively, labelled with red, yellow, and 

green dotted lines. The red arrow in (c) indicates the incident light polarization. No analyzer is applied. 

(d-f) Polar plots of parallel polarized SHG intensity for the sample in (b) as a function of the sample 

rotation angle 𝜑𝜑, taken at regions of (d) CIPS, (e) 1L-MoS2(#1) and CIPS/MoS2(#1), and (f) 1L-

MoS2(#2) and CIPS/MoS2(#2). The dots are experimental data with fits in dashed lines. The 

laboratory coordinate system, and crystal orientations of CIPS and MoS2 are shown as left insets.    
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Figure 3. Temperature-dependent SHG response in CIPS/1L-MoS2 heterostructures. (a) In situ 

temperature-dependent SHG imaging of the CIPS/1L-MoS2 heterostructure in Fig. 2b. (b) SHG 

intensity versus T curves for 1L MoS2 (blue), CIPS (black), and CIPS/1L-MoS2 heterostructure (red). 

Bottom insets: vertical PFM amplitude images of CIPS taken at room temperature before (left) and 

after (right) heating treatment.  
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Figure 4. PL characterization of CIPS/1L-MoS2 heterostructures. (a-c) Room temperature PL 

spectra of the (a) 1L MoS2, (b) CIPS, and (c) CIPS/1L-MoS2 heterostructure. The red, purple, and 

green dashed lines are A-, A°, and B excitons originated from 1L MoS2, while the blue dashed line is 

C excitation originated from CIPS. (d) Temperature dependence of the excitations A- and A° extracted 

from 1L MoS2 and CIPS/1L-MoS2 heterostructure. (e) Temperature dependence of the excitation C 

extracted from CIPS and CIPS/1L-MoS2 heterostructure. (f) Optical image of CIPS/1L-MoS2 

heterostructure on SiO2/Si substrate, with (left) and without (right) inserting a ~4.5 nm Al2O3 film 

between CIPS and 1L MoS2. (g) Room temperature PL spectra of the 1L MoS2, CIPS/Al2O3/1L-MoS2, 

and CIPS/1L-MoS2 in (f).  
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Figure 5. The effect of CIPS layer thickness on SHG response in CIPS/1L-MoS2 

heterostructures. (a) Optical and (b) SHG images of a 1L MoS2 transferred on top of a CIPS flake 

with different layer thicknesses. The yellow and red dotted lines mark the MoS2 and CIPS, 

respectively. The red arrow in (b) indicates the incident light polarization, and no analyzer is applied. 

(c) SHG intensity (left) and intensity difference (right) for CIPS/1L-MoS2 sample in (a) as a function 

of CIPS layer thickness. (d) PL peak intensity of A excitation (left) and intensity difference (right) 

for CIPS/1L-MoS2 sample as a function of CIPS layer thickness. (e) Schematic illustration of SHG 

process at CIPS/1L-MoS2 heterointerface in reflection mode.  
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