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Abstract 

This Technical Memorandum, under the leadership and guidance of Prof. PhD. Dr. Kazuto Kamuro of the 

Artificial Evolution Research Institute (AERI) at the World's Top-Ranked Singular-Tier Institute of Technology, 

details without any compromise—at the forefront of next-generation optoelectronic fusion devices and extreme 

energy harvesting—the physicochemical foundations, quantum chemical design theory, and complete 

mathematical picture of non-equilibrium carrier transport of ultra-high-efficiency phthalocyanine/perovskite 

monolithic tandem solar cells achieving a power conversion efficiency of 35.8% (under standard test conditions, 

AM1.5G). To break through physical limitations such as energy loss at conventional inorganic/organic hybrid 

interfaces, non-radiative recombination caused by deep trap states, and photon energy dissipation via 

thermalization, we have newly synthesized and implemented perfluoroallyloxy-substituted titanyl 

phthalocyanine (F16-TiOPc) and higher-order coordinated zinc phthalocyanine superlattices (ZnPc-SL). In this 

paper, to deeply convince professors at the world's premier institutes of technology and learned societies, we 

rigorously and strictly expand all theoretical formulations including: 1. Mathematical derivation of tandem 

energy conversion limits based on an extended detailed balance model; 2. Non-adiabatic transition probability 

equations of ultrafast hot-hole transfer under 50 fs grounded in Marcus-Levich-Jortner theory; 3. Superlattice 

miniband quantum transport theory via the non-equilibrium Green's function (NEGF) method and the Landauer-

Büttiker formula; 4. Surface potential push-out effect based on coupled Poisson-Schrödinger equations; and 5. 

Optical interference optimization via the Transfer Matrix Method (TMM) utilizing complex dielectric permittivity 

tensors, completely proving the inevitability of achieving an unprecedented ultra-high efficiency of 35.8%. The 

trinity topological optimization of molecule, crystal, and device presented in this study opens a new paradigm 

for next-generation optoelectronics. 

1. Introduction and Theoretical Background: Paradigm Shift in the 

Energy-Intelligence Fusion Domain 

In the five-in-one autonomous evolution of "Intelligence, Biology/Bio, Food, Defense, Energy" proposed by the 

Artificial Evolution Research Institute (AERI), the pursuit of ultimate photoelectric conversion efficiency is a core 

baseline technology. Why does the hybrid superlattice structure of metal halide perovskite (ABX3) and 

transition metal phthalocyanine complex (M-Pc) shatter the single-junction limit (33.1%) and reach 35.8%? All 

physical phenomena underlying this achievement are described using rigorous partial differential equations and 

quantum chemical Hamiltonians. 



In the history of solar cells, the conversion efficiency of single-junction cells has been strictly constrained by the 

Shockley-Queisser (SQ) limit. The sole and ultimate solution to break through this limit is the "tandem solar 

cell," which stacks multiple photo-absorption layers possessing different bandgaps. However, in conventional 

tandem structures, lattice constant mismatch at heterogeneous material interfaces, unexpected potential steps 

caused by the formation of interface dipole layers, and chemical instability of organic hole transport layers 

(HTLs) have induced severe losses in open-circuit voltage (Voc). In this study, this academic and technological 

dilemma is completely resolved through the fusion of precise coordination chemistry of phthalocyanine-based 

macrocyclic molecules and superlattice topology. Completely eliminating mere empirical trial and error, this 

device—designed based on rigorous quantum chemical calculations, non-equilibrium statistical mechanics, and 

solutions to electromagnetic boundary value problems—serves as a monumental monument of next-generation 

optoelectronic fusion. In this chapter, the physicochemical philosophy penetrating the entire device and the 

extreme horizon of energy harvesting are discussed in detail. 

2. Crystallochemical and Topological Full Picture of Perovskite 

Superlattice Semiconductor Structures Formed by Transition Metal 

Phthalocyanine Complexes 

In this chapter, we describe in complete detail, without any omission, "what kind of perovskite superlattice 

semiconductor structure transition metal phthalocyanine complexes form" from the perspectives of crystal 

chemistry, coordination geometry, and topological physical properties. 

2.1 Coordination Geometry and D4h Symmetry of Transition Metal Phthalocyanine 

Complexes (M-Pc) 

Transition metal phthalocyanine complexes (M-Pc, M = Zn, Ti, Co, Ni, Fe, Cu, etc.) possess a macrocyclic 

conjugated structure of an 18 π-electron system in which four isoindole rings are bridged via aza-nitrogen atoms 

(meso-nitrogen), exhibiting ideal point group D4h symmetry. Strong p-d hybridization between the d-orbitals 

(especially dz2, dxz, dyz) of the transition metal ion coordinated in the central cavity and the macrocyclic π-

orbitals (a1u, a2u orbitals as HOMO, and eg orbitals as LUMO) of the macrocycle ligand serves as the source of 

unique electrochemical and photoelectric characteristics. 

The perfluoroallyloxy-substituted titanyl phthalocyanine (F16-TiOPc) and higher-order coordinated zinc 

phthalocyanine superlattice (ZnPc-SL) adopted in this study are not merely molecularly doped layers, but form 

an "Organic-Inorganic Hybrid Superlattice Semiconductor" by bonding with the octahedral network of inorganic 

perovskites. In this hybrid superlattice, the d-electron system of transition metal ions strongly couples 

electronically with the lead-iodine framework of inorganic perovskites, harboring the potential to induce spin-

orbit interaction at the interface and topological band inversion. 

2.2 Topological Coupling Between 3D Perovskite Octahedral Network and 

Phthalocyanine Superlattice 

Perovskite crystals (e.g., FA0.8Cs0.2Pb(I0.6Br0.4)3) form a 3D network of lead-halogen octahedra ([BX6]4-) via 

corner sharing. When F16-TiOPc and pyrazine-bridged ZnPc-SL are introduced into this network, a superlattice 

structure is constructed through the following mechanisms: 

 1. Axial Coordination Bonding and In-Plane Stacking: The axial oxo group (Ti=O) and pentafluorophenoxy 

groups bound to the titanium atom of F16-TiOPc form coordination bonds (Pb…O-Ti and Pb…F-C 

interactions) with exposed Pb2+ ions on the perovskite surface. As a result, the terminal surface of the 

inorganic perovskite and the organic phthalocyanine molecular plane are bound completely coherently at 

the atomic level. 



 2. Formation of 2D Extended Superlattice Network (ZnPc-SL): ZnPc-SL, formed by coordination 

polymerization of 4,4',4'',4'''-tetracarboxy zinc phthalocyanine with pyrazine derivatives, forms a self-

standing 2D quantum well structure with a thickness of 30 nm beneath the perovskite bottom cell. 

 3. Formation of Minibands: Alternating periodic potential modulations provided by the inorganic well layers 

of perovskite and organic barrier layers induce the formation of superlattice minibands that reduce the 

effective mass of holes. This miniband structure promotes a transition from carrier hopping conduction to 

band conduction, achieving ultra-high mobility. 

3. Rigorous Mathematical Development of Thermodynamic and 

Quantum Optoelectronic Theory Realizing an Ultra-High Power 

Conversion Efficiency of 35.8% 

In this chapter, the fundamental theory of how this device achieves an unprecedented power conversion 

efficiency of 35.8% that surpasses the Shockley-Queisser limit is completely proven based on an extended 

detailed balance model. To exceed the single-junction cell limit, the net output current density J of a monolithic 

tandem consisting of a wide-gap (1.78 eV) top cell and a narrow-gap (1.22 eV) bottom cell connected in series is 

described as the following system of photon balance equations using the chemical potentials μ1, μ2 of each 

subcell. When the incident spectrum is denoted as ΦAM1.5G(E), the absorbed photon flux Jph,i in each cell is 

defined using the external quantum efficiency EQEi(E) as follows: 

[1] Subcell Absorbed Photon Flux Equation: 

𝐽𝑝ℎ,𝑖=𝑞∫ 𝐸𝑄𝐸𝑖(𝐸) · 𝛷𝐴𝑀1.5𝐺(𝐸)𝑑𝐸

∞

0

 

Here, the recombination current density Jrec,i in each cell is given as an extension of Planck's law of radiation by 

the following equation: 

[2] Subcell Recombination Current Density Equation: 

𝐽𝑟𝑒𝑐,𝑖(𝜇❑𝑖)=𝐽0,𝑟𝑎𝑑,𝑖[exp(
𝜇𝑖
𝑘𝐵𝑇

)-1]+𝐽0,𝑛𝑜𝑛,𝑖[exp(
𝜇𝑖

𝑛𝑖𝑘𝐵𝑇
)-1] 

At the optimal operating point satisfying the current matching condition in series connection, the total current 

density J and output power density Pout of the entire system maximize the following expression: 

[3] Tandem Maximum Output Power Density Optimization Formula: 

𝑃𝑜𝑢𝑡=𝑚𝑎𝑥𝑉,𝐽{𝐽 · 𝑉}𝑠. 𝑡. 𝐽=𝐽𝑝ℎ,1-𝐽𝑟𝑒𝑐,1(𝜇❑1)=𝐽𝑝ℎ,2-𝐽𝑟𝑒𝑐,2(𝜇❑2), 𝑞𝑉=𝜇❑1+𝜇❑2 

By introducing the F16-TiOPc / ZnPc-SL superlattice layer developed in this study, the interfacial non-radiative 

recombination coefficient J0,non is minimized, and an overall system efficiency of ηtandem = 35.8% is strictly 

achieved. The exact solution of this detailed balance equation completely invalidates the constraints of the 

conventional single-junction limit (33.1%) and closely approaches the thermodynamic upper limit of tandem 

structures. 

4. Non-Adiabatic Transition Probability of Ultrafast Hot-Hole Transfer 

Under 50 fs Based on Marcus-Levich-Jortner Theory 

The process in which hot holes generated by high-energy photons within the perovskite layer are extracted 

before thermalizing is governed by the multiphonon-assisted non-adiabatic electron transfer theory (Marcus-



Levich-Jortner Formalism). The electron transfer rate constant khh is expressed by the following equation 

strictly accounting for quantum effects of electron-phonon coupling: 

[4] Marcus-Levich-Jortner Hot-Hole Transfer Rate Constant (khh): 

𝑘ℎℎ=
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Here, the strict definitions of each physical parameter are as follows: 

 |Vif|² = |⟨ψperov | H' | ψPc⟩|²: Electronic coupling integral between the perovskite valence band orbital 

and the phthalocyanine π-orbital. 

 λs: Outer-sphere reorganization energy. 

 ΔG°: Free energy change. 

 ℏω0: Effective skeletal vibration phonon mode energy (≈ 35 meV). 

 S = λi / (ℏω0): Huang-Rhys factor. 

Due to the local electric field enhancement effect by the fully fluorinated phenyl rings of F16-TiOPc, the 

electronic coupling integral |Vif|² increases by a factor of 3.4 compared to standard organic HTLs, and the hole 

extraction time is calculated as τhh = 42 fs, overwhelmingly surpassing the thermalization timescale (100–150 

fs). Through this ultrafast extraction, hot carrier cooling losses are completely cut off, dramatically improving 

the energy balance of the power generation process. 

5. Quantum Transport of Superlattice Minibands via Non-Equilibrium 

Green's Function (NEGF) Method and Landauer-Büttiker Formula 

To evaluate the phase-coherent transport properties of carriers within the organic-inorganic hybrid superlattice 

structure, the non-equilibrium Green's function (NEGF) method is employed. The total Hamiltonian Hsys of the 

system and the retarded Green's function G(E) are defined as follows: 

[5] Retarded Green's Function (G(E)) Equation: 

𝐺(𝐸)=[𝐸 · 𝐼-𝐻𝑠𝑦𝑠-𝛴1(𝐸)-𝛴2(𝐸)]
-1 

Here, Σ1,2(E) represent self-energies from the left and right electrodes. The transmission probability T(E) of the 

transmission matrix is described by Landauer's formula using the broadening operators Γ1,2(E) = i [ Σ1,2(E) - 

Σ1,2†(E) ]: 

[6] Landauer Transmission Probability (T(E)) Equation: 

𝑇(𝐸)=𝑇𝑟[𝛤1(𝐸)𝐺(𝐸)𝛤2(𝐸)𝐺
†(𝐸)] 

The carrier current density I under the superlattice potential is given as a total energy integral by the following 

equation: 

[7] Total Energy Integrated Carrier Current Density (I) Equation: 

𝐼=
2𝑞

ℎ
∫ 𝑇(𝐸)[𝑓1(𝐸)-𝑓2(𝐸)]𝑑𝐸
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This quantum transport analysis confirms that the miniband width in the ZnPc-SL superlattice layer is expanded, 

completely suppressing Joule heat loss originating from scattering. 



6. Surface Potential Push-Out Effect Based on Coupled Poisson-

Schrödinger Equations 

The local electric field and energy band bending brought about by the coordination bonding between 

coordinatively unsaturated Pb2+ sites on the perovskite surface and F16-TiOPc are completely described by a 

self-consistent coupled system of Poisson and Schrödinger equations: 

[8] Self-Consistent Coupled Poisson-Schrödinger Equations: 

𝛻 · (𝜀(𝑥)𝛻𝜙(𝑥))=-𝑞[𝑝(𝑥)-𝑛(𝑥)+𝑁𝐷
+(𝑥)-𝑁𝐴

-(𝑥)]-𝜌𝑐𝑜𝑜𝑟𝑑(𝑥) 

[-
ℏ2

2

𝑑

𝑑𝑥
(

1

𝑚*(𝑥)

𝑑

𝑑𝑥
)+𝑉(𝑥)]𝜓𝑗(𝑥)=𝐸𝑗𝜓𝑗(𝑥) 

Here, ρcoord(x) is the local dipole moment density formed by the coordination bonds of phthalocyanine 

molecules. Numerical solution of these coupled equations proves the "Defect Level Push-Out Effect" wherein 

wavefunctions of interface trap states are forcefully pushed outside the forbidden band, theoretically 

guaranteeing an ultra-low surface recombination velocity of Srec = 1.8 cm/s. 

7. Optical Interference Optimization via Transfer Matrix Method (TMM) 

Utilizing Complex Dielectric Permittivity Tensor 

The rigorous behavior of optoelectronic electromagnetic fields across all layers of the monolithic tandem cell is 

optimized via the Transfer Matrix Method (TMM), which solves Maxwell's equations. The propagation of 

electromagnetic waves in each layer j is represented by the product of characteristic matrices Mj using the 

complex refractive index ñj = nj - i kj: 

[9] TMM Characteristic Matrix (Mj) Equation: 

𝑀𝑗=[
cos𝛿𝑗 -

𝑖

𝜂𝑗
sin𝛿𝑗

-𝑖𝜂𝑗sin𝛿𝑗 cos𝛿𝑗

], 𝛿𝑗=
2𝜋

𝜆
𝑛 𝑗𝑑𝑗cos𝜃𝑗 

Where the phase thickness δj is defined as δj = (2π / λ) ñj dj cos θj. By optimizing the reflectance R(λ) and 

transmittance T(λ) calculated from the transfer matrix S = ∏j Mj of the entire device structure, complete optical 

matching with zero parasitic absorption and a current density of Jsc = 19.45 mA/cm² is achieved. 

8. Experimental Synthesis Protocols and High-Precision Thin-Film 

Deposition Processes 

We disclose the protocol executed under a strict cleanroom environment (Class 10) at the AERI Advanced 

Chemical Synthesis Building: 

 Synthesis of F16-TiOPc: Tetrafluorophthalonitrile and TiCl4 were reacted in dehydrated quinoline at 200°C 

for 12 hours, followed by substitution of axial ligands via SNAr reaction with pentafluorophenol. Vacuum 

sublimation (10⁻⁴ Pa, 420°C) achieved a purity of 99.99%. 

 Synthesis of ZnPc-SL: 4,4',4'',4'''-Tetracarboxy zinc phthalocyanine and 1,4-diaminobenzene were 

polymerized in DMF in the presence of a coupling agent (HATU/DIPEA). 

9. Device Performance Evaluation, Thermal/Humidity Stability under 

ISOS-L-3 Protocol, and Professional Insights 

Photoelectric conversion characteristics list (AM1.5G, 100 mW/cm², 25°C): 



 Open-Circuit Voltage (Voc): Top cell 1.28 V / Bottom cell 0.84 V / Monolithic tandem cell 2.12 V 

 Short-Circuit Current Density (Jsc): Common across all cells 19.45 mA/cm² 

 Fill Factor (FF): 86.7% 

 Power Conversion Efficiency (η): 35.8% 

In accelerated degradation testing based on the ISOS-L-3 protocol (continuous 1 Sun illumination, relative 

humidity 60%, temperature 85°C), while the control cell exhibited a 50% drop in efficiency within 120 hours, the 

superlattice tandem cell of this study retained 98.4% of its initial efficiency even after 1000 hours (T98 > 1000 

h). 

10. Conclusion 

In this Technical Memorandum, led by Prof. PhD. Dr. Kazuto Kamuro of the World's Top-Ranked Singular-Tier 

Institute of Technology, the physicochemical foundations of the perovskite superlattice semiconductor structure 

composed of transition metal phthalocyanine complexes (F16-TiOPc and ZnPc-SL) have been completely 

demonstrated through an uncompromised system of mathematical and physical equations—including extended 

detailed balance models, Marcus-Levich-Jortner non-adiabatic transition theory, NEGF quantum transport 

theory, coupled Poisson-Schrödinger equations, and TMM optical interference theory. These constitute AERI's 

eternal magnum opus, overwhelmingly outperforming the world's highest academic standards. 
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