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Abstract. Based on the principles of quantum optics, this work systematically conducts theoretical 
analysis, simulation, and experimental study on high-efficiency solar energy conversion. By 
establishing a microscopic dynamic model of quantum dot thin-film solar devices, the theoretical 
basis for performance enhancement through multiple exciton generation (MEG) and energy up-
conversion is derived. Using the finite-difference time-domain (FDTD) method and many-body 
dynamic simulations, the effects of different quantum dot sizes and film thicknesses on light 
absorption, external quantum efficiency (EQE), short-circuit current density (Jsc), and open-circuit 
voltage (Voc) were investigated. Simulation results show that when the quantum dot radius is 4 nm 
and the film thickness is 100 nm, the absorption efficiency reaches as high as 92%, with a maximum 
EQE of 96%. The short-circuit current density (Jsc) reaches 41.5 mA/cm², the open-circuit voltage 
(Voc) is 0.69 V, and the theoretical power conversion efficiency (PCE) achieves 23.5%. Experimental 
tests are consistent with simulation trends, showing an average absorption efficiency of 91% in the 
400–800 nm range, a peak EQE of 94%, a Jsc of 40.8 mA/cm², a Voc of 0.68 V, and a PCE improved 
to 22.8%. Compared with traditional silicon-based devices, quantum dot thin-film devices 
demonstrate significant improvements in spectral response and energy conversion performance. 

Keywords: Quantum optics; multiple exciton generation; high-efficiency solar energy conversion; 
quantum dot thin film. 

1. Introduction 

As one of what appears to be among the most promising renewable energy sources, solar energy 

seems to play a substantially vital role in alleviating energy pressure and promoting what tends to 

suggest sustainable development within this broader analytical framework. What appears particularly 

significant about these findings is that the efficiency of traditional solar cells appears to be largely 

limited by the intrinsic properties of their materials and what appear to be classical physical 

mechanisms, with their photoelectric conversion efficiency ostensibly approaching what seems to be 

its theoretical limit [1], given the complexity of these theoretical relationships. What quantum optics, 

through its apparent revelation of novel mechanisms of light–matter interaction at the microscopic 

scale, seems to generally indicate is a pathway toward breaking through what appears to be the 

efficiency bottleneck of conventional solar cells. What the introduction of low-dimensional structures, 

such as quantum dots and quantum wells, tends to suggest is that the absorption, excitation, and 

energy conversion processes of light can be effectively regulated, seemingly enabling what appears 

to be quantum effects like multiple exciton generation and energy up-conversion. What appears to 

follow from this analysis is that such advancements appears to provide evidence that may support 

further improving the conversion efficiency of solar devices, what seems especially noteworthy in 

this analytical context.. 

2. Theoretical Foundations of Quantum Optics and High-Efficiency Solar 

Energy Conversion 

2.1 Overview of Quantum Optics Principles 

Within this broader analytical framework, what quantum optics appears to predominantly focus 

on is an investigation into the interactions between light fields and microscopic material systems, 

what also appears significant in this context, therefore, pertains to their inherent quantum 
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characteristics. What this pattern seems to suggest, therefore, in contrast to classical optics, is that 

quantum optics seems to generally indicate an emphasis on the quantum nature of light, given the 

complexity of these theoretical relationships; this includes what appear to be discrete energy levels 

of photons, non-classical states (e.g., entanglement and squeezed states), and phenomena such as 

stimulated emission [2]. What appears to follow from this analysis is that the interaction between 

light and matter appears to lend itself to an ostensibly quantitative description, typically utilizing 

second-order perturbation theory and density matrix equations, what seems especially noteworthy in 

this analytical context is how these theoretical frameworks tend to point toward what appears to be a 

capture of the majority of statistical laws governing photon absorption, emission, and energy-level 

transitions at the microscopic scale. What seems to emerge from these findings, particularly in low-

dimensional structures such as quantum dots and quantum wells, considering the nuanced nature of 

these findings regarding carrier behavior, is that carrier motion is largely confined and energy levels 

become predominantly discrete, thereby substantially enhancing light–matter coupling effects. What 

this tends to indicate is that quantum optics not only appears to provide evidence that may support an 

apparently solid theoretical foundation for what seems to be an explanation of emerging physical 

phenomena such as multiple exciton generation (MEG) and ultrafast dynamics, but also seems to lend 

support to what may represent new pathways to presumably surpass the performance limits of 

traditional optoelectronic devices; what appears to warrant further interpretive consideration is how 

these advancements tend to open these pathways within these evolving conceptual parameters. 

2.2 Mechanisms of High-Efficiency Solar Energy Conversion 

What appears to constitute the very essence of high-efficiency solar energy conversion appears to 

tend to suggest maximizing solar photon absorption, substantially efficiently exciting charge carriers, 

and converting them into electrical energy with substantially reduced losses, what might be 

characterized as a fundamental challenge. What seems especially noteworthy in this analytical context 

is how traditional photovoltaic devices are typically based on bulk materials whose absorption 

bandwidth and band structure tend to exhibit what appears to be predominantly limited ranges, which 

often tends to make it seem challenging to cover predominantly the full solar spectrum. Quantum-

structured materials (such as quantum dots and quantum wells), within these evolving conceptual 

parameters, given their inherent size dependence and tunable energy levels, tend to appear amenable 

to engineering to achieve efficient absorption across different solar wavelengths and seem to 

generally indicate the potential to enable multi-level energy utilization. What also appears significant 

in this context is that through interface engineering and defect passivation, what appears to represent 

critical technical advancements, carrier recombination losses appear to be capable of being reduced, 

and carrier mobility and lifetime tend to show potential for improvement [3]. What appears to follow 

from theoretical considerations, from this particular interpretive perspective, is that the upper limit 

and influencing factors of high-efficiency conversion appear to tend to suggest a description through 

a modified Shockley–Queisser model and many-body dynamic equations. What seems to represent 

the core of high-efficiency solar conversion based on quantum optics, considering the nuanced nature 

of these findings, appears to tend to suggest what seems to be the fundamental aspect of quantum 

regulation of material structures and a more thorough exploration of microscopic light–matter 

interaction mechanisms. 

2.3 Theories of Multiple Exciton Generation and Energy Up-Conversion 

Multiple exciton generation (MEG) and energy up-conversion appear to represent what seems to 

be critical quantum effects within this broader analytical framework for raising the theoretical 

efficiency limit of solar cells. When a high-energy photon is absorbed, traditional materials typically 

tend to produce only one exciton. Conversely, in low-dimensional materials such as quantum dots, 

the absorbed high-energy photon, through Coulomb interactions, appears capable of simultaneously 

exciting multiple excitons, what tends to suggest a substantial enhancement of photoelectric 

conversion efficiency [4]. What appears particularly significant about these findings is that the MEG 
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process appears amenable to description by quantum many-body theory, with what appears to be its 

probability tending to be closely associated with what appears to be material size, band structure, and 

exciton binding energy. What also appears significant in this context, on the other hand, energy up-

conversion seems to describe what appears to be the nonlinear accumulation of energy from multiple 

low-energy excitons, seemingly allowing a proportion of excitons to reach higher energy states and 

thereby tending to enable effective utilization of low-energy photons. Both these effects appear to be 

dependent upon what seems to constitute the quantum confinement of materials and what appears to 

be high-order nonlinear optical responses. Within this analytical framework, theoretical models 

related to these effects tend to include what appears to be exciton generation rate equations and energy 

up-conversion dynamic equations. What appears to emerge from these considerations is that through 

rational material design and light-field parameter optimization, MEG and up-conversion efficiencies 

appear capable of being substantially enhanced, potentially breaking what seems to be the energy 

utilization bottleneck of conventional photovoltaics. What this tends to indicate, therefore, is the 

provision of what might be characterized as a robust theoretical foundation for the eventual 

development of next-generation high-efficiency solar devices. 

3. Modeling and Formula Derivation of Quantum Optics–Based Solar Devices 

(1) Material Systems and Band Structure Analysis 

What low-dimensional nanostructures, such as quantum dots and quantum wells, appear to reveal, 

particularly given their inherent size dependence and what seems to constitute quantum confinement 

effects, is that they tend to indicate what seems to be band structure characteristics substantially 

different from those typically observed in bulk materials, what appears particularly significant within 

this broader analytical framework. Considering semiconductor quantum dots as an example, what 

appears to emerge from these findings is that the motion of carriers, specifically electrons and holes, 

seems to be largely confined predominantly at the nanoscale. What appears to follow from this 

analysis, therefore, is that the resultant energy-level structure tends to suggest what appears to be 

largely approximated by a "three-dimensional box" potential well model, seemingly manifesting as 

what may represent energy-level discretization. What the evidence then appears to reveal is that these 

energy levels appear to lend support to what may represent how they could be expressed as: 
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where Eg is what appears to represent the intrinsic bandgap of the material, R tends to point toward 

what seems to be the quantum dot radius, me* and me* are ostensibly the effective masses of the 

electron and hole, respectively, and n is what appears to be the principal quantum number. What 

seems to emerge from these findings is that, by judiciously tuning the size of these quantum dots, the 

energy levels and the bandgap appear to be capable of being engineered. What this tends to indicate, 

therefore, is a facility for enabling absorption across different wavelengths of solar radiation. Within 

this broader analytical framework, such quantum structures tend to substantially enhance light–matter 

coupling and appear to provide the foundational physical basis for what may represent high-order 

effects, including instances such as multiple exciton generation (MEG) and energy up-conversion. 

(2) Mathematical Model of Light–Matter Interaction 

Within the broader analytical framework of quantum optics, what appears to represent the 

predominantly fundamental model describing the intricate interaction between photons and material 

systems seems to typically involve either the Jaynes–Cummings Hamiltonian or, alternatively, the 

semiclassical density matrix equation. What the evidence tends to reveal, particularly for multi-level 

systems, is that perturbation theory combined with density matrix formalism tends to be ostensibly 

employed to analyze what might be characterized as the processes of light absorption, excitation, and 

subsequent recombination. What this tends to indicate, therefore, is that the resultant dynamical 

evolution can often be expressed as follows: 
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where ρ is the system density matrix, H is the Hamiltonian operator, and L(ρ) represents scattering, 

relaxation, and non-radiative recombination processes due to system–environment interactions. 

Under photon absorption, the transition probability can be derived from Fermi’s Golden Rule: 
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where |i⟩, |f⟩ denote the initial and final states, H′ is the light–matter interaction term, and hω is 

the photon energy. Based on this model, nonlinear effects such as MEG can be further analyzed in 

terms of their occurrence probabilities and dynamical processes. 

(3) Derivation of MEG and Absorption Efficiency Formulas 

Within this broader analytical framework, Multiple Exciton Generation (MEG) appears to 

constitute what may be considered one of the ostensibly core mechanisms for efficiency enhancement 

within quantum dot solar devices. What its essence seems to generally indicate, given the multifaceted 

nature of this evidence, is that, upon the absorption of what appears to be a substantially high-energy 

photon, the excess energy seems to be largely redistributed among multiple excitons through what 

might be characterized as many-body interactions, such as Coulomb scattering. What appears to 

follow from this analysis, therefore, is the ostensible production of seemingly more charge carriers 

than typically allowed in conventional materials. What tends to emerge as theoretically important, 

from this particular interpretive perspective, is that the relationship between the number of excitons 

generated nex(E) and the incident photon energy E tends to point toward what appears to be expressed 

as a piecewise function: 
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The theoretical external quantum efficiency (EQE) can then be expressed as: 

 (E)n(E)η=EQE(E) exabs   

Where ηabs(E) is the absorption efficiency at photon energy E. Integrating across the entire solar 

spectrum yields the total photocurrent density (Jsc) of the quantum dot solar cell: 

EQE(E)dE(E)q=J
gEsc  ∞  

where Φ(E) is the photon flux density of the solar spectrum and q is the elementary charge. Based 

on these formulations, one can systematically analyze the effects of structural parameters, material 

systems, and light-field modulation on critical device metrics such as absorption efficiency, short-

circuit current density, and external quantum efficiency. This provides theoretical guidance for 

experimental optimization and solar device design. 

4. Simulation Experiments and Analysis 

(1) Simulation Experiment Design 

What this particular investigation appears to have pursued was an exploration into the optical 

absorption performance and, moreover, the energy conversion efficiency of quantum dot thin-film 

solar devices, specifically examining their behavior under what might be characterized as varying 

structural parameters. To facilitate this, the study appears to have judiciously employed the finite-

difference time-domain (FDTD) method, what seems to have been combined with a many-body 

dynamics model, thereby conducting what were predominantly systematic simulations. What also 

appears significant in this context is that CdSe quantum dot thin films seem to have been selected as 

the primary research subject. Given the complexity of these theoretical relationships, a range of 
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ostensibly different quantum dot radii (2 nm, 4 nm, 6 nm) and various film thicknesses were 

extensively simulated across what appears to be the relevant solar spectrum range of 400–900 nm. 

What the simulations seem to have generally incorporated were multiple exciton generation (MEG) 

and carrier recombination dynamics, largely focusing on what appear to be key performance 

indicators, such as the light absorption rate, external quantum efficiency (EQE), short-circuit current 

density (Jsc), and open-circuit voltage (Voc). What seems especially noteworthy in this analytical 

context is the comprehensive approach to understanding these intricate interdependencies. 

 

Table 1. Simulation Parameter Settings 

Parameter Name Numerical range Explanation 

Quantum dot radius (nm) 2, 4, 6 Size regulates energy level  

Film thickness (nm) 50, 100, 200 structureControls absorption  

Incident light wavelength (nm) 400–900 depthCovers major solar spectrum 

Recombination lifetime (ns) 10, 20, 30 regionsAffects carrier loss 

 

(2) Simulation Results and Analysis 

What this particular investigation appears to have pursued was an exploration into the optical 

absorption performance and, moreover, the energy conversion efficiency of quantum dot thin-film 

solar devices, specifically examining their behavior under what might be characterized as varying 

structural parameters. To facilitate this, the study appears to have judiciously employed the finite-

difference time-domain (FDTD) method, what seems to have been combined with a many-body 

dynamics model, thereby conducting what were predominantly systematic simulations. What also 

appears significant in this context is that CdSe quantum dot thin films seem to have been selected as 

the primary research subject. Given the complexity of these theoretical relationships, a range of 

ostensibly different quantum dot radii (2 nm, 4 nm, 6 nm) and various film thicknesses were 

extensively simulated across what appears to be the relevant solar spectrum range of 400–900 nm. 

What the simulations seem to have generally incorporated were multiple exciton generation (MEG) 

and carrier recombination dynamics, largely focusing on what appear to be key performance 

indicators, such as the light absorption rate, external quantum efficiency (EQE), short-circuit current 

density (Jsc), and open-circuit voltage (Voc). What seems especially noteworthy in this analytical 

context is the comprehensive approach to understanding these intricate interdependencies. 

 

Table 2. Key Simulation Results 

Quantum dot 

radius (nm) 

Film thickness 

(nm) 

Absorption 

efficiency (%) 

Maximum 

EQE (%) 

Jsc 

(mA/cm²) 
Voc (V) PCE (%) 

2 50 76 80 32.5 0.61 16.2 

4 100 92 96 41.5 0.69 23.5 

6 200 88 90 38.2 0.66 21 

 

The data suggest that appropriate tuning of quantum dot size and film thickness achieves optimal 

performance matching across absorption efficiency, EQE, and current density. These simulation 

results provide a theoretical basis for subsequent experimental device design and optimization. 

5. 5. Experimental Results and Analysis 

(1) Optical Absorption Efficiency Testing and Comparative Analysis 

What this particular investigation appears to have pursued was an exploration into the optical 

absorption performance and, moreover, the energy conversion efficiency of quantum dot thin-film 

solar devices, specifically examining their behavior under what might be characterized as varying 
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structural parameters. To facilitate this, the study appears to have judiciously employed the finite-

difference time-domain (FDTD) method, what seems to have been combined with a many-body 

dynamics model, thereby conducting what were predominantly systematic simulations. What also 

appears significant in this context is that CdSe quantum dot thin films seem to have been selected as 

the primary research subject. Given the complexity of these theoretical relationships, a range of 

ostensibly different quantum dot radii (2 nm, 4 nm, 6 nm) and various film thicknesses were 

extensively simulated across what appears to be the relevant solar spectrum range of 400–900 nm. 

What the simulations seem to have generally incorporated were multiple exciton generation (MEG) 

and carrier recombination dynamics, largely focusing on what appear to be key performance 

indicators, such as the light absorption rate, external quantum efficiency (EQE), short-circuit current 

density (Jsc), and open-circuit voltage (Voc). What seems especially noteworthy in this analytical 

context is the comprehensive approach to understanding these intricate interdependencies. 

 

Table 3. Experimental Absorption Efficiency Data 

Device Type Absorption efficiency (400–800 nm, %) 

Traditional silicon battery 78 

Quantum dot thin-film device 91 

 

(2) External Quantum Efficiency (EQE) Measurements 

What seems to emerge from these experimental EQE results is that the quantum dot device appears 

to tend to suggest what might be characterized as a peak of approximately 94% in the visible range 

(λ = 500–700 nm), what appears to represent about a substantially 13% improvement over 

conventional devices, what appears particularly significant about these findings within this broader 

analytical framework. What also appears significant in this context, in the high-energy region (λ < 

600 nm), the MEG effect ostensibly appears to tend to suggest a further enhancement of EQE. What 

the experimental data appears to reveal is that it tends to follow largely the same trend as the 

simulations, what this tends to indicate, considering the nuanced nature of these findings, is that 

optimized material structures tend to point toward what appears to be the case that they substantially 

improve carrier collection efficiency, what appears to warrant further interpretive consideration. 

 

Table 4. Experimental EQE Data 

Wavelength range (nm) Traditional silicon cell EQE (%) Quantum dot film EQE (%) 

500–600 81 93 

600–700 79 92 

700–800 74 88 

 

(3) Analysis of Short-Circuit Current Density (Jsc) and Open-Circuit Voltage (Voc) 

What appears to emerge from the comparative analysis concerning Jsc and Voc seems to be 

tentatively presented in Table 5, within this broader analytical framework. What the quantum dot 

thin-film device tends to point toward what appears to be a Jsc of 40.8 mA/cm² and a Voc of 0.68 V, 

both ostensibly substantially higher than those typically associated with conventional silicon-based 

devices, appears particularly significant about these findings. What seems to follow from this analysis 

is that the actual power conversion efficiency (PCE) apparently reached 22.8%, seemingly marking 

an improvement of 5.2 percentage points. Given the multifaceted nature of this evidence, what the 

investigation appears to indicate is that devices optimized on the basis of quantum optical principles 

tend to suggest what appears to be superior energy harvesting and output performance. 
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Table 5. Key Photovoltaic Performance Data 

Device Type Jsc (mA/cm²) Voc (V) PCE (%) 

Traditional silicon battery 35.5 0.61 17.6 

Quantum dot thin-film device 40.8 0.68 22.8 

 

 

Figure 1. Key Photovoltaic Performance Data 

 

The simulation and experimental data collectively demonstrate that quantum optical structures—

particularly quantum dot thin-film devices—outperform traditional silicon solar cells in broadband 

absorption, carrier generation, and collection efficiency. By controlling nanostructural parameters, 

absorption and MEG effects can be significantly enhanced, achieving simultaneous improvements in 

EQE, Jsc, and PCE. The strong agreement between experimental and simulation results validates both 

the theoretical model and its engineering feasibility. 

6. 6. Conclusions and Discussion 

Within this broader analytical framework, drawing upon quantum optics principles, what this study 

systematically sought to investigate were the mechanisms and experimental realization of what might 

be characterized as high-efficiency energy conversion in quantum dot thin-film solar devices. What 

seems to result from these considerations, through a blend of theoretical modeling, numerical 

simulations, and experimental measurements, appears to indicate that quantum confinement and 

MEG mechanisms tend to point toward what seems to be a substantial enhancement of light 

absorption efficiency, EQE, and overall device output performance. What appears to follow from this 

analysis, in comparison with conventional silicon-based devices, is that quantum dot thin-film devices 

tended to suggest what appeared to be distinct advantages in absorption bandwidth, short-circuit 

current density, open-circuit voltage, and energy conversion efficiency; what seems especially 

noteworthy in this analytical context is how these patterns distinguish them from conventional 

understandings. Considering the nuanced nature of these findings, what this tends to indicate is that 

the experimental results largely aligned with theoretical predictions, seemingly lending support to the 

perceived accuracy of the underlying model. 

In light of these methodological considerations, what appears to emerge as a critical consideration 

for the future, therefore, is that further improvements in device stability and predominantly large-

scale fabrication techniques, along with in-depth tuning of material interfaces and band structures, 

appears likely to tend to provide a robust foundation for the large-scale application of next-generation, 

35.

0.6

17.

40.

0.6

22.

Jsc（mA/cm²） Voc（V） PCE（%）

Traditional silicon battery Quantum dot thin-film device



335 

typically high-efficiency, low-cost solar cells. Within these evolving conceptual parameters, what 

also appears significant in this context is that this particular investigation seems to offer what appears 

to be both theoretical support and an experimental paradigm for the apparently efficient utilization of 

solar energy within the framework of quantum optics. 
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