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Abstract 
Organic-inorganic hybrid materials combine the structural tunability and strong nonlinear optical responses 

of organic chromophores with the robustness, ordering and functional diversity of inorganic frameworks. 

Over the past decade the field has expanded from isolated hybrid crystals to metal-organic frameworks 

(MOFs), hybrid halide perovskites, covalent organic frameworks and glass ceramics, each offering distinct 

structural levers to tune second and third order NLO responses. This review summarizes recent progress 

correlates crystal structure motifs with observed NLO performance (SHG, two-photon absorption, saturable 

absorption, third-order susceptibility) describes characterization and computational tools used to probe 

structure property relationships and highlights rational design strategies and outstanding challenges for 

deploying hybrid NLO materials in devices. We provide an outlook on promising directions including hybrid 

perovskites, MOF engineering for phase-matching and waveguiding and combined experimental 

computational workflows for targeted non centrosymmetric crystal design. 

Keywords: nonlinear optics, organic–inorganic hybrids, Second Harmonic generation, Metal 

organic frameworks, hybrid perovskites, structure property relationships. 

 

 

1. Introduction 

Nonlinear optics (NLO) phenomena in which 

optical properties depend on light intensity (e.g. 

second-harmonic generation, two photon 

absorption) underpin frequency conversion, 

ultrafast photonics, optical switching and bio 

imaging. Historically, inorganic crystals (e.g., 

LiNbO₃, KTP) dominated high-performance NLO 

devices because of large macroscopic 

susceptibilities and good optical quality. Organic 

molecules, especially push-pull chromophores, 

exhibit very large hyperpolarizabilities at the 

molecular level but often suffer from 

centrosymmetric packing or poor thermal or optical 

stability when assembled into bulk materials. 

Organic–inorganic hybrid materials aim to unite the 

complementary strengths: the large molecular 

hyperpolarizability of organics and the structural 

ordering, mechanical robustness and processing 

advantages of inorganic hosts. Recent years have 

seen an explosion of hybrid classes (MOFs, hybrid 

perovskites, hybrid glass ceramics, functionalized 

inorganic frameworks) engineered expressly for 

NLO responses. This review examines how 

structural features at molecular and extended scales 

symmetry, polarity, donor acceptor alignment, 

confinement and dimensionality determine 

macroscopic NLO properties and it summarizes 

tools and strategies to design and evaluate hybrid 

NLO crystals. Several recent comprehensive 

overviews and targeted studies provide context for 

the structure property focus of this review [1]. 

 

 

2. Classes of organic–inorganic hybrid NLO 

materials 

2.1 Hybrid halide perovskites and low-

dimensional perovskites 

Hybrid organic-inorganic perovskites typically 

ABX₃ frameworks with organic A site cations 

exhibit rich optoelectronic behaviour. When 

crystallographic arrangements break inversion 

symmetry via chiral organic cations or polar 

distortions, robust second order NLO effects like 

SHG, electro-optic responses can appear. Two-

dimensional (2D) layered HOIPs are particularly 

attractive because layered structures can support 

large exciton binding energies and tuneable 

dielectric screening, enabling enhanced nonlinear 

responses in thin films and nanosheets. Recent 

studies have reported engineered chiral HOIPs and 

phase engineered perovskites with sizable SHG and 

tuneable phase transitions that modulate NLO 

signals [2]. 

2.2 Metal–organic frameworks (MOFs) and 

coordination polymers 

This framework provides a modular platform for 

ordering nonlinear chromophores within extended 

porous networks. By selecting non centrosymmetric 

linkers, chiral ligands or asymmetric coordination, 

MOFs can be designed to possess net polar point 

groups and measurable second order NLO activity. 

Advantages include precise spacing and orientation 

control of active units, porosity for guest 

incorporation (e.g. dyes) and potential for thin film 

growth and orientation control all beneficial for 

engineering phase-matching and integrated 

photonics. Reviews and recent experimental 
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demonstrations underline increasing success in 

MOF-based NLO and lasing applications [3]. 

2.3 Hybrid crystals, glass ceramics and organic–

inorganic salts 

Polar organic-inorganic salts and hybrid crystals 

(e.g. ammonium organic complexes, sulfonate 

salts) have been explored widely. Glass ceramic 

hybrids and polar hybrid salts can offer thermal and 

mechanical stability while maintaining second-

order susceptibilities. Novel polar hybrid phases 

and thermally reversible transitions have been 

reported with interesting NLO switching behaviour 

[4].  

2.4 Covalent organic frameworks (COFs) and 

covalent hybrids 

Although purely organic, COFs and covalent 

hybrids containing inorganic nodes or guests 

provide ordered porous networks capable of large 

third order responses, work on COF NLO 

properties is recent but promising for saturable 

absorbers and broadband NLO devices [5]. 

3. Structural determinants of NLO behaviour 

Understanding how structural motifs map to NLO 

performance requires connecting scales: molecular 

hyperpolarizability (β, γ), supramolecular 

alignment and macroscopic symmetry. 

3.1 Symmetry and non-centrosymmetric 

Non centrosymmetric crystal symmetry is a 

prerequisite for second-order effects such as SHG 

and Pockels (electro-optic) effects. Molecularly 

large β is insufficient if chromophores pack Centro 

symmetrically. Thus, strategies revolve around 

enforcing polar packing by using chiral organic 

cations /linkers, constructing asymmetric 

coordination environments in MOFs or by 

exploiting polar phase transitions. Examples 

include chiral HOIPs and designed non 

centrosymmetric MOFs that display measurable 

SHG [6]. 

3.2 Molecular hyperpolarizability and donor–

acceptor design 

At the molecular level, push pull architectures 

(donor-π-acceptor) yield large hyperpolarizabilities. 

Embedding such chromophores into a rigid 

inorganic matrix or coordinating to metal centres 

can preserve their optical response while reducing 

aggregation induced quenching. Rational molecular 

design (strong donors, rigid π-conjugation, 

polarizable substituents) remains central to 

enhancing β and by extension, macroscopic χ 
(2)

 

when polar order is achieved [7]. 

 

 

3.3 Confinement, dimensionality and dielectric 

environment 

Confinement within 2D layers (layered perovskites) 

or in MOF channels affects excitonic behaviour, 

local field factors and effective nonlinear response. 

Reduced dimensionality can enhance local fields 

and exciton mediated nonlinearities, increasing two 

photon absorption or resonant SHG under certain 

conditions. Dielectric contrast between organic and 

inorganic sublattices modifies local field 

corrections used in converting molecular β to bulk χ 
(2)

 [8]. 

3.4 Metal centres, coordination geometry and 

charge transfer 

In MOFs and coordination polymers, the choice of 

metal centres and their coordination geometries 

control electronic coupling and possible charge 

transfer transitions, which can boost resonant 

nonlinear responses. Transition metals with 

accessible d-d or charge-transfer transitions have 

been used to engineer strong third order responses 

and resonant SHG [9]. 

4. Synthesis and structural control strategies 

4.1 Directed crystallization and templating 

Controlling crystallization conditions (solvent, 

temperature, cation choice, growth additives) 

enables selection of polar vs. centrosymmetric 

polymorphs. For Hybrid Organic–Inorganic 

Perovskites, organic cation stereochemistry 

(chirality, asymmetry) and solvent templating have 

been successful in obtaining non centrosymmetric 

phases. MOF synthesis leverages ligand design and 

modulators to bias topology and symmetry [10]. 

4.2 Post synthetic modification and guest 

inclusion 

In MOFs and porous hybrids, guest molecules 

(dyes, chromophores) can be incorporated post 

synthetically to introduce strong dipoles or specific 

orientation. Likewise, ionic exchange and post 

synthetic functionalization help fix chromophore 

orientation for macroscopic polar order [11]. 

4.3 Thin film growth, oriented films and domain 

engineering 

For practical photonic devices, thin films with 

controlled orientation are essential. Methods 

include vapor deposition of Hybrid Organic–

Inorganic Perovskites, epitaxial growth, layer-by-

layer MOF thin films and solution processing with 

external field assisted alignment. Oriented films 

help achieve phase-matching conditions and 

increased effective nonlinear coefficients. Recent 

reports highlighted orientation control to enhance 

third order NLO in MOF films [12] 
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5. Characterization methods for NLO properties 

5.1 Second-harmonic generation (SHG) 

measurements 

SHG microscopy and Maker fringe measurements 

remain standard to quantify χ 
(2)

. Maker fringe 

analysis yields relative effective nonlinearity and 

can probe phase-matching, resonant SHG 

(wavelength near electronic transitions) provides 

increased sensitivity but must be interpreted with 

caution [13] 

5.2 Electric-field-induced second harmonic 

(EFISH) and hyper-Rayleigh scattering 

EFISH measures molecular hyperpolarizability in 

solution and is valuable for screening 

chromophores. Hyper-Rayleigh scattering provides 

ensemble β estimates in colloids or solutions. These 

methods complement solid state SHG which 

reflects packing and macroscopic symmetry [14] 

5.3 Z-scan and pump probe for χ (3) and 

ultrafast dynamics 

Open and closed aperture Z-scan provide real and 

imaginary parts of χ 
(3) 

for third order effects (two-

photon absorption, optical limiting). Pump probe 

and time resolved spectroscopy elucidate excited 

state lifetimes and resonant contributions to NLO 

responses [15] 

5.4 Structural and computational 

characterization 

Single crystal X ray diffraction (SCXRD) is crucial 

to establish symmetry, polar axes and ordering. 

Complementary first principles calculations (DFT, 

time dependent DFT) estimate molecular β, tensor 

components and optical spectra, increasing work 

employs combined experiment theory workflows to 

predict promising polar packings and to rationalize 

observed χ 
(2)

 magnitudes [16] 

6. Representative recent advances (selected 

examples) 

 Chiral HOIPs with resonant SHG: 
Incorporating amino acids and chiral organic 

cations generated HOIPs with intrinsic non-

centrosymmetry and resonant enhancement of 

SHG, showing that bio derived chiral organics 

are a viable route to polar perovskites. [17] 

 MOFs engineered for NLO and lasing: 
Reviews and experiments demonstrate MOFs 

designed with non-centrosymmetric topologies 

and dye incorporation that yield measurable 

SHG and even lasing behaviour, pointing to 

integrated photonic possibilities. [18] 

 Tuneable NLO in oriented MOF thin films: 
Growth orientation control and electric field 

gating have been shown to modulate third order 

nonlinearities in MOF thin films, a promising 

avenue for tuneable optical limiters or 

modulators. [19] 

 Rational design strategies: Studies outline 

design principles that combine strong 

molecular β with symmetry control via 

asymmetric coordination or steric caging to 

achieve high performance hybrid NLO crystals. 

[20] 

7. Design rules and strategies  

1. Ensure non centrosymmetric packing: use 

chiral linkers, asymmetric cations or 

intercalated polar guests to break inversion 

symmetry.  

2. Maximize molecular β while preventing 

centrosymmetric aggregation: rigidified 

donor acceptor chromophores embedded in 

inorganic hosts retain high β and avoid 

cancellation.  

3. Control dimensionality and dielectric 

environment: 2D layered architectures and 

host guest dielectric contrast can boost local 

fields and resonant enhancements.  

4. Leverage coordination chemistry: metal 

centres and coordination geometry can tune 

charge transfer resonances and third-order 

responses.  

5. Pursue oriented thin films and domain 

control for device integration, phase-matching 

considerations require careful 

thickness/orientation engineering [21-22]. 

8. Applications and device perspectives 

Organic-inorganic hybrid NLO materials [23-24] 

are suitable for: 

 Frequency conversion in integrated photonics 

(on-chip SHG and sum/difference frequency 

generation). 

 Ultrafast optical switching and modulators 

leveraging large χ 
(2)

/χ 
(3)

. 

 Saturable absorbers and optical limiters for 

pulsed laser systems (COFs, MOFs, layered 

perovskites). 

 Biphotonic imaging (two-photon absorption, 

SHG imaging probes) where tuneable 

resonances are advantageous. 

Translating promising laboratory crystals into 

devices requires addressing optical damage 

thresholds, environmental stability (moisture, 

thermal) and scalable oriented film fabrication.  

9. Challenges and open problems 

 Stability vs. performance trade-offs: Many 

hybrid halide perovskites degrade under 

moisture/illumination, balancing high NLO 

activity with long term stability is critical.  

 Scaling and orientation control: Achieving 

macroscopic polar order over wafer scales for 

integrated photonics remains nontrivial [25]. 
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 Comprehensive theory-to-experiment 

pipelines: Predicting how molecular β maps to 

bulk χ(2) in complex hybrid architectures still 

requires improved multiscale models and 

benchmarking.  

 Toxicity and environmental concerns: Lead 

based HOIPs are effective but raise toxicity 

issues, lead-free design paradigms are active 

research areas [26]. 

10. Future outlook 

Promising directions [27] include: 

 Chiral hybrid perovskites and biomolecular 

templating: Using biomolecules (amino acids, 

peptides) to impose chirality/polar order and 

impart biocompatibility.  

 MOF-photonic integrated devices: 

Combining oriented MOF films with 

waveguides for on-chip frequency conversion 

and electrically tuneable NLO elements.  

 High throughput computational screening 

coupled with synthetic modularity: 

Accelerating discovery by screening 

ligand/metal combinations and predicting 

favourable polar packings.  

 Lead-free hybrid platforms: Developing 

alternative metal centres and halide free 

architectures for safe, scalable NLO devices.  

11. Conclusion 

Organic–inorganic hybrid materials present an 

exceptionally rich design landscape for nonlinear 

optics. By combining molecular hyperpolarizability 

with engineered supramolecular order and 

inorganic robustness, researchers have 

demonstrated a growing portfolio of hybrid crystals 

and films with measurable second and third order 

non-linearities. Continued progress will depend on 

precise control of symmetry and orientation, 

improvements in environmental stability and tighter 

integration of computational prediction with 

targeted synthesis. The hybrid approach promises a 

versatile route toward compact, tuneable NLO 

components for integrated photonics, ultrafast 

optics and bioimaging. 
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