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Abstract 

Two-dimensional (2D) organic-inorganic perovskites are an emerging class of materials with a 

great potential since a wide variety of large functional chromophores can be regularly incorporated. 

Among this new type of materials, hybrid perovskite systems incorporating strong electron acceptor 

molecules are considered as a promising approach to design a new type of functional 2D perovskites 

for optoelectronics. In this work, a rare example of organic-inorganic 2D perovskite incorporating 

strong acceptors such as naphthalene diimide (NDI) building blocks between inorganic sheets is 

presented. This hybrid architecture is easily obtained via a solution deposition process to form highly 

air-stable thin films with a structure consisting of inorganic perovskite monolayers of metal-halide 

octahedra separated by bi-layers of NDI-based organic cations. The presence of strong electron-

accepting moieties in this multifunctional donor-acceptor hybrid heterostructure led to a scarce type II 

heterojunction in which the excitons can be efficiently dissociated via the electron transfer process and 

in which holes and electrons can be easily confined in the inorganic and organic sublayer, respectively. 

Such an ultimate p-n heterojunction showed improved photoconduction properties with a photocurrent 

multiplied by 40 under white-light illumination in comparison to a similar 2D perovskite structure 

containing simply inert alkyl chains as organic components. 
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Introduction 

Two-dimensional (2D) organic-inorganic perovskites are an emerging class of materials with a great 

potential since a wide variety of functional chromophores can be regularly incorporated, resulting in 

elaborate electronic or optoelectronic devices such as light-emitting diodes (LEDs), solid-state lasers, 

field-effect transistors (FETs), solar cells, and photodetectors.1–4 2D hybrid perovskites differ from 

their tri-dimensional (3D) counterparts by the presence of large organic cations that lead to a layered 

structure consisting of 2D inorganic metal-halide octahedra layers separated by organic cations. 

Generally, these organic cations incorporated in 2D perovskites are simple alkyl- or phenyl alkyl-

ammonium salts and, except for their effect on the inorganic sheets separation, they do not contribute 

any specific functionality or optoelectronic properties to the system.5–10 

Recently 2D perovskites incorporating more complex organic cations have been widely investigated. 

For instance, in the pioneering works of Mitzi et al., 2D perovskites based on quaterthiophene 

diammonium cations were successfully prepared. In this work, the authors investigated the structure-

property relationships of such a hybrid material and examined the photoluminescence (PL) and 

electroluminescence (EL) properties of the organic part.11,12 Recently, several new functional organic 

cations such as large electron-rich aromatic molecules,13–15 donor-acceptor π-conjugated systems14,16 

and charge transfer complexes17 have also been incorporated into 2D perovskites. These hybrid 

materials showed promising properties such as an enhanced out-of-plane conductivity by tunneling 

through the organic layers13 and the controllability of either organic or inorganic layers’ PL by the fine-

tuning of the organic cation’s energy levels.14 

Hybrid perovskite systems incorporating strong electron acceptor molecules are also considered as 

a promising approach to design a new type of “functional” 2D perovskites. In such structures, the 
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bandgaps for the inorganic and organic layers can be offset, leading to a hybrid donor-acceptor 

heterostructure, i.e., type II quantum well system, in which the wells for the holes and electrons are 

located in different layers.18–20 This configuration is particularly interesting because it can lead to 

strongly enhanced charge separation and the formation of long-lived mobile charge carriers useful for 

optoelectronic devices. For instance, a few examples of hybrid perovskite structures incorporating 

perylene (PDI)21 or naphthalene (NDI)22–24 diimide derivatives as acceptor units have been reported, 

providing efficient charge carrier separation and ambipolar conduction. However, all these hybrid 

heterostructures were designed based on quasi 2D perovskite systems as inorganic layers and almost 

no “pure” 2D perovskite incorporating PDI or NDI strong acceptors has been synthesized and 

investigated yet, except the very recent report by S. Nussbaum et al..25 

Herein, we report a stable 2D perovskite structure (monoNDIC8)2PbI4 consisting of inorganic 

monolayers of metal-halide octahedra separated by bi-layers of NDI-based monoammonium organic 

cations monoNDIC8. We investigated the thin film structure and morphology of this organic-inorganic 

architecture, as well as its crystal structure. We also explored the impact of the strong electron-

accepting NDI moieties in the donor-acceptor hybrid heterostructure (monoNDIC8)2PbI4 on its 

electronic, photophysical and charge separation properties in comparison with that of a “more 

conventional” non-functional 2D perovskites (C8)2PbI4, incorporating simple alkylammonium salts 

as the organic cation. Finally, we investigated the photoconductivity properties of this D-A hybrid 

material in device configuration to clarify its potential for optoelectronic applications. 
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Results and discussion 

Synthesis and characterizations. To prepare the 2D perovskites, (monoNDIC8)2PbI4 and (C8)2PbI4, 

we designed and synthesized, as a first step, the two organic cations of monoNDIC8 and C8 (see the 

chemical structures in Figure 1a). The detailed synthetic procedures for the target organic cations are 

given in the supporting information section. The 2D perovskite thin films of (monoNDIC8)2PbI4 and 

(C8)2PbI4 were prepared by a typical one-step spin-coating method from precursor solutions with a 

ratio between the ammonium salt and PbI2 of 2:1 (see experimental methods). UV-vis absorption and 

PL spectra of the two thin films were firstly measured to confirm the 2D perovskite formation. Both 

(monoNDIC8)2PbI4 and (C8)2PbI4 absorption spectra showed sharp excitonic absorption peaks 

located at 500 nm and 511nm, respectively, which are associated with the bandgap of the inorganic 

frameworks and are characteristic for pure 2D layered lead iodide perovskites.11,18,26 In addition to the 

excitonic peak, the absorption spectrum of (monoNDIC8)2PbI4, shows an intense structured band 

between 300 nm and 400 nm which corresponds to the absorption of the NDI cores confined inside 

the organic sublayers as evidenced in Figure S1a.  

The PL spectra of (monoNDIC8)2PbI4 and (C8)2PbI4 thin films present sharp emission peaks (with 

a full width at half maximum of 20 nm) located at 511 nm and 521 nm, respectively, indicating that 

the PL spectra originates from inorganic perovskite sublayers (Figure 1c).14,18 However, the observed 

PL for a (monoNDIC8)2PbI4 thin film is significantly quenched compared to that of a (C8)2PbI4 thin 

film. This observation suggests a possible photoinduced charge transfer between the perovskite 

monolayers and the NDI components leads to charge separation, as already observed in quasi-2D and 

2D perovskites23,24,25 based on NDI salts, and perovskite nanoplatelets surrounded by PDIs.21 To 

investigate the effect of the NDI cores confined in the 2D perovskite structure on the exciton lifetimes, 
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we performed picosecond time-resolved PL measurements using a streak camera (Figures 2a and 2b). 

Here, we compared the PL decays of (monoNDIC8)2PbI4 and (C8)2PbI4 to clarify the effect of alkyl-

NDI and simple alky chain sublayers (Figure 2c). Noticeably, the PL lifetime of the 

(monoNDIC8)2PbI4 perovskite structure (~ 30 ps) is significantly reduced compared to that of 

(C8)2PbI4 (~ 200 ps), suggesting the presence of a rapid electron transfer to the electron-accepting 

NDIs from the excitons in the inorganic sheets. It is also interesting to note that a small residual 

emission of the NDI cores can be observed for the (monoNDIC8)2PbI4 thin film (Figure S1b), 

indicating that the charge separation between the organic and inorganic sublayers is not complete, 

which is probably due to the presence of the long alkyl spacer separating the perovskite monolayers 

and the NDI units. 

 

 

Figure 1. a) Chemical structures of the monoNDIC8 and C8 organic cations. b) Normalized UV-vis 

absorption and c) PL spectra of (monoNDIC8)2PbI4 and (C8)2PbI4 perovskite thin films (For 

emission spectra in solid line, lex = 390 nm with a normalized O.D.). 
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Figure 2. Photoluminescence of a) monoNDIC8 and b) (C8)2PbI4 thin films as a function of time and 

wavelength. c) Comparison of the PL temporal decay of monoNDIC8 and (C8)2PbI4 thin films 

showing the fluorescence quenching that could be explained by electron transfer to NDI units. 

 

 

The thin film structures of (monoNDIC8)2PbI4 and (C8)2PbI4 perovskites were then investigated 

by X-ray diffraction (XRD). Their out-of-plane and in-plane XRD patterns are shown in (Figures 3a 

and 3b). Both out-of-plane patterns show a series of intense, sharp and equidistant reflections 

corresponding to the (h00) spacing of the 2D layered perovskite structure and indicating a long-range 

lamellar order with high crystallinity (Figures 3a and 3b, bottom). In addition, for both 

(monoNDIC8)2PbI4 and (C8)2PbI4 thin films, no lamellar reflections are observed in the in-plane 

XRD patterns, suggesting a preferential orientation of the layered structure with the organic and 

inorganic perovskite sublayers parallel to the substrate (Figure 3a and 3b, top). Based on the lamellar 

reflections in the out-of-plane XRD patterns of both (monoNDIC8)2PbI4 and (C8)2PbI4 thin films, 

the interlayer spacings (d) between the inorganic perovskite sublayers were calculated to be 38.6 Å 

and 18.7 Å, respectively. We note that the d-spacing value of 18.7 Å obtained for the (C8)2PbI4 thin 
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film is in good agreement with the value reported in the literature (d = 18.6 Å) and extracted from the 

crystal structure of (C8)2PbI4 (see Figure S2).7 Regarding the d-spacing observed in the 

(monoNDIC8)2PbI4 thin film (d = 38.6 Å), such a large value suggests a probable bilayer organization 

of the organic cations monoNDIC8 that is consistent with the larger cross-section of the NDI cores 

than that of the simple alkyl chains, precluding their interdigitation. 

To further investigate the structure of (monoNDIC8)2PbI4, bulk crystals were prepared by 

antisolvent vapor diffusion method from a precursor solution (see supporting information) and the 

obtained single crystals were resolved using single crystal X-ray diffraction. The side view of the 

layered organization of a (monoNDIC8)2PbX4 crystal is displayed along the b-axis in Figure 3c, left 

(for more structure details, see Supporting Information and Table S1). The crystal structure clearly 

confirms the bilayer organization of the monoNDIC8 salts between the halide perovskite monolayers 

and shows an interlayer spacing of around 41 Å which is consistent with the large value previously 

observed for (monoNDIC8)2PbI4 thin films. The crystal structure also evidences the herringbone 

packing of the NDI cores in the plane of the NDI sublayers (Figure 3d, right) which is known to be a 

favorable 2D molecular packing arrangement for efficient layered charge transport.27,28     
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Figure 3. X-ray patterns of a) (monoNDIC8)2PbI4 and b) (C8)2PbI4 perovskite thin films. Bottom 

and top patterns correspond to out-of-plane and in-plane measurements, respectively. c) (Left) 

Representation of the monoclinic single crystal structure of the 2D perovskite (monoNDIC8)2PbX4, 

view along b-axis of the lamellar sequence showing the bilayer organization of NDIs between the 

halide perovskite monolayers. (Right) Representation of the herringbone arrangement of NDI aromatic 

cores inside an NDI sublayer. (Note that hydrogen atoms are removed for clarity) 

  

The stability of the (monoNDIC8)2PbI4 and (C8)2PbI4 perovskite materials towards moisture was 

also considered in view of practical applications. To this end, the thin films of (monoNDIC8)2PbI4 

and (C8)2PbI4 were continuously exposed to an ambient environment and their degradation was 

monitored by XRD. As a result, the (C8)2PbI4 2D perovskite shows poor stability towards ambient 
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conditions,  as over 30% of the intensity of its original first-order diffraction peak was lost in the 

XRD patterns after only 4 h of exposure (Figure S4a). This degradation is consistent with the previous 

investigations performed on 2D halide perovskites based on mono-alkylammonium cations showing 

that oxygen and moisture can easily penetrate through the simple hydrophobic alkyl chain barrier layer 

due to the small size and weak intermolecular interaction of the aliphatic chains.14 In contrast, the 

(monoNDIC8)2PbI4 2D perovskite shows better stability than the (C8)2PbI4, since no decrease of the 

first-order diffraction peak was observed in the XRD patterns after one week of exposure to air and a 

loss of only 5% after 60 days (Figure S4b). This improved stability is due to the incorporation of NDI 

units, which are bulky, hydrophobic, and can be seen as aggregated building blocks with strong 

intermolecular interactions that can effectively block the oxygen and moisture penetration into the 

inorganic perovskite sublayers. This promising result is consistent with the recent reports of 2D halide 

perovskites incorporating large π-conjugated organic ammonium cations, also showing an improved 

intrinsic stability.14,20,29 

Since 2D organic-inorganic hybrid halide perovskites present a quantum-well structure, the 

determination of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) alignments/offsets between the organic and inorganic perovskite sublayers is one of 

the key parameters for future optoelectronic applications. Thus, we investigated the band alignments 

in our two, 2D perovskite systems. To this end, we measured the HOMO and LUMO levels for 

(C8)2PbI4 and (monoNDIC8)2PbI4 perovskite thin films, as well as the NDIC3 derivative (See SI for 

the chemical structure), by photoelectron spectroscopy (PES) and low-energy inverse photoemission 

spectroscopy (LEIPS). Theoretically, the HOMO and LUMO levels of NDIC3 represent those of the 

organic sublayers in (monoNDIC8)2PbI4, since they share the same NDI core with just a small 
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difference in alkyl chain length. According to the PES data, the HOMO levels of (C8)2PbI4, 

(monoNDIC8)2PbI4, and NDIC3 are -5.87, -5.80, and -6.42 eV, respectively (Figure S5). LEIPS 

measurements show that the LUMO levels of (monoNDIC8)2PbI4 and NDIC3 are -3.63 and -3.71 eV, 

respectively (Figure S6). Unfortunately, we could not detect the LUMO level of (C8)2PbI4 by LEIPS 

due to its severe degradation under the electron beam exposure, and this later was approximated to be 

-3.49 eV from the UV-vis optical bandgap and the HOMO energy level determined previously by PES. 

All these data are summarized in Figure S7 and Table S2. Not surprisingly, (C8)2PbI4 exhibits energy 

levels arising from the valence band (VB) and conduction band (CB) of the inorganic perovskite 

sublayers which is consistent with previous results obtained on 2D halide perovskites incorporating 

simple alkylammonium cations.14 Regarding (monoNDIC8)2PbI4, its HOMO level is similar to that 

of (C8)2PbI4, indicating that the lowest energy level of (monoNDIC8)2PbI4 also corresponds to the 

VB of inorganic perovskite sublayers. This result is consistent with the very deep HOMO level 

determined for NDIC3. However, the LUMO level measured for (monoNDIC8)2PbI4 is much deeper 

than that of (C8)2PbI4 and it is perfectly equal to NDIC3 LUMO value. Therefore, we can conclude 

that the (monoNDIC8)2PbI4 can form a type II heterojunction leading to a hybrid donor-acceptor 

structure in which the excitons can be efficiently separated into the holes and electrons located in the 

inorganic and organic sublayer, respectively (Figure 4).30 Such a p-n heterojunction is fully consistent 

with the PL quenching of the inorganic sheets in the (monoNDIC8)2PbI4 structure and supports the 

claim of an electron transfer process occurring from the CB of the inorganic perovskite monolayers to 

the LUMO of the NDI organic bilayers.  
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Figure 4. Relative energy levels (band alignments) of organic (gray lines) and inorganic (purple 

lines) sublayers for the hybrid 2D perovskite (monoNDIC8)2PbI4 and schematic representation of the 

charge separation and electron transfer processes occurring in this type II quantum well structure (VB, 

valence band; CB, conduction band; HOMO, highest occupied molecular orbital; LUMO, lowest 

unoccupied molecular orbital). The yellow line represents the work function of gold (Au).  

 

 

The type II quantum well structure of (monoNDIC8)2PbI4 2D perovskites is expected to strongly 

enhance charge separation and the formation of long-lived charge carriers that are promising for 

optoelectronic devices. We therefore, investigated the photoconduction properties of the 

(monoNDIC8)2PbI4 perovskite with the aim of comparing them to those obtained with (C8)2PbI4. To 

this end, we prepared two different devices based on thin films of (monoNDIC8)2PbI4 and (C8)2PbI4 

perovskites spin-coated onto Si/SiO2 substrates. Planar, interdigitated gold (Au) electrodes were then 

deposited by thermal evaporation through a shadow mask on top of the perovskite films (Figures 6 and 

S8). This device configuration was chosen since (monoNDIC8)2PbI4 and (C8)2PbI4 perovskite thin 
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films show a preferential orientation of their lamellar structure parallel to the substrate (see above), 

leading to predominant in-plane charge transport. Note that the film thicknesses of the 

(monoNDIC8)2PbI4 and (C8)2PbI4 2D perovskites were adjusted to 37 and 19 nm, respectively, in 

order to have almost the same number of inorganic perovskite sheets (ca. ~10) within each film. 

The crystallinity and morphology of the (monoNDIC8)2PbI4 and (C8)2PbI4 perovskite thin films 

were also studied by grazing-incidence wide-angle X-ray scattering (GIWAXS) and atomic force 

microscope (AFM). The GIWAXS patterns are shown in Figures 5a and b and corroborate the lamellar 

structure expected of both films. More importantly, both patterns of (monoNDIC8)2PbI4 and 

(C8)2PbI4 confirm the ideal orientation of  the lamellae, parallel to the substrates in both films as 

shown by the exclusive concentration of the lamellar reflections on the pattern meridian and the 

vertical distribution of the other (hkl) reflection series. The average crystallite size of 

(monoNDIC8)2PbI4 and (C8)2PbI4 in the thin film planes was also determined from the (400) spot 

width using the Scherrer equation with shape factor K = 0.9 and it was found to be quite similar for 

both films; between 7 and 10 nm.31,32 The AFM images evidenced very homogeneous and uniform 

layers for both (monoNDIC8)2PbI4 and (C8)2PbI4 films with a root-mean-square RMS roughness of 

less than 5 nm, even at large probe sizes such as 20x20 µm (Figures 5a, b, S10 and S11). They also 

show a terrace-and-step morphology with step heights of about 38 Å and 18 Å for the 

(monoNDIC8)2PbI4 and (C8)2PbI4 thin films, respectively, consistent with the d-spacings obtained 

from XRD and GIWAXS measurements (d = 38.6 Å and 18.7 Å). Overall, these results demonstrate 

that (monoNDIC8)2PbI4 and (C8)2PbI4 2D perovskite films present a comparable morphology with 

large crystalline domains and a similar orientation of the layered structures (parallel to the substrate), 

suitable for the investigation and comparison of the photoconduction properties. 
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Figure 5. Grazing incidence X-ray scattering (GIWAXS) patterns of a) (monoNDIC8)2PbI4 and b) 

(C8)2PbI4 2D perovskite thin films prepared on SiO2/Si substrates for device fabrication. Topography 

AFM images of c) (monoNDIC8)2PbI4 and d) (C8)2PbI4 2D perovskite thin films prepared on SiO2/Si 

substrates. 

 

The devices based on the oriented thin films of (monoNDIC8)2PbI4 and (C8)2PbI4 perovskites, 

measured at the same driving voltage of +50 V, exhibit a photocurrent upon illumination with a 

Xenon white-light source at a power density of ca. 50 mW cm-2 and a dark current in the range of 

several hundreds of fA (Figure 6b). Importantly, the (monoNDIC8)2PbI4 perovskite devices showed 

a photocurrent above 0.6 μA, which is significantly higher than that obtained with the (C8)2PbI4 

devices , which are in the order of nA. Therefore, we assume that this ~40-fold enhancement 

observed in the (monoNDIC8)2PbI4 perovskite devices (Figure 6b) originates from the separated 

holes and electrons generated by the charge transfer process between the organic and inorganic 

sublayers, occurring after the photoexcitation.  
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To better understand the photoconduction properties of the two perovskite structures, 

photocurrent-voltage dependent measurements were also carried out. The driving voltage applied 

between the two electrodes was gradually increased from 0 V to 100 V and the evolution of the 

photocurrent was recorded (Figure S12). As expected, both (C8)2PbI4 and (monoNDIC8)2PbI4 2D 

perovskite devices showed an increase in the photocurrent with the increase of the driving voltage 

since a higher electric field would accelerate the drift speed of the charge carrier within the film. 

However, their photocurrent-voltage dependence showed two distinct characteristic behaviors. 

While the (C8)2PbI4 2D perovskite devices showed a photocurrent increase, this latter attenuates 

with the voltage increase (Figure S12a). On the contrary, (monoNDIC8)2PbI4 2D perovskite 

devices showed a more pronounced superlinear behavior with the voltage increase (Figure S12b). 

In the case of the (C8)2PbI4 2D perovskite, since the photogenerated charge carriers (holes and 

electrons) are confined within the inorganic perovskite sheets, the voltage increase would lead to 

the acceleration of their speeds, resulting in the enhancement of the recombination probability. 

However, in the case of (monoNDIC8)2PbI4 2D perovskite devices, the presence of NDI sublayers 

allows, in addition to the enhanced dissociation of the excitons (charge transfer process), the 

confinement of free holes and electrons in the two distinct sublayers, with the positive and negative 

charge carriers located on the inorganic perovskite sheets and on the organic sublayers, respectively. 

Consequently, the separated holes and electrons can independently migrate within their respective 

channels with the voltage increase, reducing the charge recombination probability. Here, we should 

note that the increment of the gradient in the J-V curve suggests the possibility of enhanced 

mobilities at higher voltages. 
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Figure 6. a) Schematic illustration of the device structure fabricated for the photoconduction 

property investigation of (monoNDIC8)2PbI4 and (C8)2PbI4 thin films. The gold (Au) interdigitated 

electrodes were deposited by thermal evaporation through a shadow mask with a channel length of 50 

µm. b) Photocurrent of (monoNDIC8)2PbI4 and (C8)2PbI4 2D perovskite devices detected between 

the two electrodes at a constant voltage of +50 V. The samples were illuminated by a Xenon white-

light source at a power density of ca. 50 mW cm-2. 

 

The photoconduction properties were then studied using the irradiation of a monochromatic light. 

We firstly conducted photocurrent-wavelength dependent measurements to check the photoexcitation 

efficiency at different wavelengths (Figure S14). The photocurrent-wavelength dependent profiles of 

both (C8)2PbI4 and (monoNDIC8)2PbI4 2D perovskite devices are almost identical to their 

corresponding UV-vis spectra (Figures 1b and S14). Based on these results, we decided to excite only 

the inorganic perovskite sublayers at the maximum of the excitonic peak wavelength. Thus, we 

irradiated the (C8)2PbI4 and (monoNDIC8)2PbI4 devices using a monochromic light at 511 and 498 

nm, respectively, at a power density of ca. 4 mW cm-2. Under a driving voltage of +80 V, the 

(monoNDIC8)2PbI4 2D perovskite devices showed photocurrent above 0.12 μA, while only ~10 nA 

of photocurrent was observed for the (C8)2PbI4 2D perovskite device (Figure S15). As a result, the 

(monoNDIC8)2PbI4 perovskite device showed an enhanced photocurrent of nearly 10 times than that 
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of (C8)2PbI4 ones under monochromic light. Note that this ratio is probably slightly underestimated 

by considering that the optical density (OD) of the (monoNDIC8)2PbI4 layers is around 0.2 at 498 

nm, while the optical density (OD) of (C8)2PbI4 layer is about 0.3 at 511 nm, indicating less exciton 

formation in the (monoNDIC8)2PbI4 layer (Figure S13). The photocurrent-voltage dependent curves 

of (C8)2PbI4 and (monoNDIC8)2PbI4 perovskite devices under monochromic light illumination were 

also recorded (Figure S16), and demonstrated similar behavior as those obtained under white-light 

illumination. 

 

Conclusion 

To summarize, we have designed a rare example of “pure” organic-inorganic 2D perovskite 

incorporating strong NDI acceptors between its inorganic sheets. We demonstrated that such a hybrid 

architecture could be easily obtained, resulting in air-stable thin films prepared via a solution 

deposition process. We evidenced that the structure consists of inorganic perovskite monolayers of 

metal-halide octahedra separated by bi-layers of NDI-based organic cations. The presence of strong 

electron-accepting moieties in this multifunctional donor-acceptor hybrid heterostructure led to a 

unusual type II heterojunction in which the excitons can be efficiently dissociated via the electron 

transfer process, and in which the holes and electrons can be easily confined within the inorganic and 

organic sublayer, respectively. Such an ultimate p-n heterojunction showed improved photoconduction 

properties (under white-light illumination) with a photocurrent 40 times greater than a similar 2D 

perovskite structure containing simply inert alkyl chains as organic components. We are convinced 

that such stable, layered D-A hybrid materials could be very interesting for the development of high-

performance optoelectronic devices such as photodetectors or for photovoltaic conversion. This work 
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also supports the great potential of the organic–inorganic 2D halide perovskites which are a new class 

of multifunctional materials easily tunable by chemical engineering of its functional organic building 

blocks. 
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