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Abstract. Perovskite holds great significance in numerous fields, such as optoelectronic devices. Its 
rich structure, adjustable band gap, and good stability make it a promising material. Given the need 
to enhance the photoelectric efficiency of perovskite, clarifying the underlying mechanism is of 
utmost importance. The Monte Carlo method emerges as a powerful tool that provides strong 
support for exploring this mechanism. This paper aims to offer a brief introduction to the Monte Carlo 
method and its development and expound on its application in perovskite research. It is applied in 
multiple aspects, including perovskite magnetism. By simulating the magnetic properties of 
perovskite materials, researchers can gain insights into the magnetic behavior and its influence on 
the overall performance. Additionally, in the area of ultrafast dynamics, the Monte Carlo method 
helps to understand the rapid processes that occur in perovskite materials, providing valuable 
information for improving their response times. Moreover, it is used for calculating exciton binding 
energy, which is essential for understanding the optical and electrical properties of perovskite. 
Through these applications, the Monte Carlo method contributes significantly to the advancement of 
perovskite research and the development of more efficient perovskite-based devices. 
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1. Introduction 

Perovskite materials have attracted much attention due to their unique structure and excellent 

properties, and they have shown great application potential in many fields, such as solar cells and 

light-emitting diodes [1]. At present, the research on perovskite materials is in a stage of rapid 

development and is of great significance in improving energy conversion efficiency and improving 

the performance of optoelectronic devices. However, to fully exert the advantages of perovskite 

materials, it is necessary to deeply study its various characteristics and potential mechanisms. 

At present, there are some major problems and challenges in the field of perovskite research. On 

the one hand, the research on core issues regarding perovskite materials is still in the exploratory 

stage. For example, the understanding of the magnetic mechanism of perovskite materials is still 

incomplete, and there is uncertainty in photovoltaic performance modeling parameters. On the other 

hand, in some technical applications, there are directions and technical bottlenecks that have not been 

fully studied. For example, in perovskite optoelectronic devices, issues such as how to more 

accurately quantify the contribution of photon cycling need to be urgently solved. 

Currently, the potential of Monte Carlo methods in perovskite research is gradually emerging, and 

many studies have focused on the application of Monte Carlo methods in perovskite materials. 

Relevant research results include using different types of Monte Carlo methods to study the 

thermodynamic, magnetic, and photovoltaic properties of perovskites. This paper shows the unique 

advantages of the Markov Chain Monte Carlo (MCMC) method in dealing with complex multi-

parameter nonlinear models of perovskites. It presents that Kinetic Monte Carlo (KMC) can simulate 

time-dependent processes such as carriers and excitons in chalcogenide materials and that Quantum 

Monte Carlo (QMC) can be used to calculate exciton binding energies in low-dimensional materials. 

Although the above studies have made important progress, perovskite research still faces many 

challenges, such as an incomplete understanding of the magnetic mechanism of perovskite materials 
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and uncertainty in photovoltaic performance modeling parameters. This article aims to review the 

latest progress of Monte Carlo methods in perovskite research and discuss future research directions.  

This article will first discuss different types and applications of Monte Carlo methods in perovskite 

research, including the characteristics and application examples of MCMC, KMC, and QMC. Then, 

it will explore the application of Monte Carlo methods in the study of magnetic behaviors of 

perovskites and the application of Monte Carlo methods in quantifying the efficiency performance of 

perovskite optoelectronic devices. Finally, it will summarize the role of Monte Carlo methods in 

perovskite photovoltaic performance modeling and future research directions, providing new 

perspectives and ideas for research in this field. 

2. Monte Carlo Methods in Perovskite Research 

The Monte Carlo method is a computational approach that uses random sampling to solve 

problems. In perovskite research, it can be used to study thermodynamic and magnetic properties. 

MCMC, KMC, and QMC are developed from it. MCMC is useful for sampling complex distributions. 

KMC models time-dependent processes. QMC deals with quantum systems and perovskite electronic 

structure. 

2.1. MCMC 

Ultrafast transient absorption (TA) spectroscopy is an indispensable technique used to study 

excited-state dynamics in perovskites. The formation mechanism of TA spectra usually involves 

multiple complex physical and chemical processes, such as relaxation of excited states, energy 

transfer, chemical reaction and other related processes [2]. The mathematical models corresponding 

to these processes often contain multiple interrelated parameters, and the relationship between these 

parameters and spectral characteristics may be nonlinear. The classical MC method relies on 

independent sampling from known simple distributions, so it is challenging to directly apply it to such 

complex, unknown-form distributions and deal with parameter correlations.  

However, the MCMC method can be combined with other spectral analysis methods, such as 

global fitting and spectral simulation, to improve the accuracy and reliability of the fit. A Markov 

chain is a sequence of random variables where the probability of each variable depends only on the 

state of the previous variable. Building on this concept, the MCMC method constructs a Markov 

chain where the generation of each sample point depends on the previous sample point. This makes 

the samples no longer independent but have a certain correlation. It can effectively explore the 

parameter space and find the combination of parameters that best match the experimental data.  

M. Ashner et al. introduced an alternative TA data fitting protocol based on target analysis with 

MCMC sampling [3]. This approach proposes and fits a kinetic model using nested optimization. The 

MCMC algorithm samples and visualizes parameter space uncertainty. It recasts in Bayesian 

inference, calculates posterior probability with an uninformed prior and normal distribution 

assumption. An affine invariant MCMC algorithm runs efficiently without manual tuning. The 

method constructs histograms from Markov chain samples to represent posterior probability 

distribution and uncertainty. It visualizes fit quality and aids model selection with fit uncertainty 

information. 

In conclusion, the MCMC method combined with the right model design is highly effective in 

fitting transient absorption data. It provides intuitive visualizations and quantifications of model 

uncertainties and includes multiple checks for internal consistency. The MCMC method is broadly 

applicable to any data set to be fit using global or target analysis or any other parametrized model that 

is robust to noise and has higher computational efficiency in exploring high-dimensional parameter 

spaces. 
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2.2. KMC 

KMC is a stochastic simulation method that focuses on modeling the time evolution of a system. 

It is particularly useful when dealing with systems where the dynamics involve discrete events that 

occur at random times. In KMC, the state of the system evolves according to a set of predefined 

transition rates. Each transition event represents a possible change in the system's configuration, such 

as the movement of a particle or a chemical reaction. The simulation progresses by randomly selecting 

and executing these events based on their probabilities.  

In perovskites, KMC has been applied to model various time-dependent processes. For carrier 

dynamics, KMC can simulate the movement and recombination of charge carriers. The carriers can 

be modeled as particles that hop between different sites in the perovskite lattice according to certain 

transition rates. These rates can be determined based on physical parameters such as carrier mobilities 

and trap densities [4].  

KMC can also model exciton dynamics. Excitons are bound electron-hole pairs that can move and 

interact within the perovskite material. KMC can simulate the formation, diffusion, and dissociation 

of excitons by considering the relevant transition events and their rates. By accurately modeling these 

time-dependent processes, KMC provides valuable insights into the performance and behavior of 

perovskite-based devices, such as solar cells and light-emitting diodes. 

2.3. QMC 

The QMC method is based on the principles of statistical mechanics and solves the wave functions 

and energies of quantum many-body systems by random sampling. The method can efficiently deal 

with complex quantum many-body problems and, in some cases, can provide higher accuracy than 

traditional approximation methods. 

Excitons are present in low-dimensional chalcogenide semiconductor materials due to the 

quantum-limited domain effect of low-dimensional chalcogenides. Excitons are important in 

characterizing the optical properties of semiconductors, and the absorption and complexation of 

excitons directly affect the light absorption and luminescence of semiconductors. Soavi et al. 

computed the biexciton binding energy in graphene nanoribbons (GNRs) by means of guide-function 

QMC simulations [5]. Similarly, we propose that QMC simulations can be utilized to calculate 

exciton binding energies in low-dimensional chalcogenide materials. The Hamiltonian quantities of 

the system are first constructed, and appropriate quantum Monte Carlo algorithms are chosen, such 

as Variational Monte Carlo (VMC) and Diffusion Monte Carlo (DMC) (VMC approximates the 

system's ground state wave function by optimizing the trial wave function, while DMC projects the 

system's ground state wave function by a random walk). Random sampling and computation are then 

performed, and the exciton binding energy is usually obtained by calculating the difference between 

the total energy of the system in the presence of excitons and the energy of the system in the absence 

of excitons. 

QMC methods can provide more accurate results than traditional approximation methods, 

especially for strongly correlated systems and low-dimensional materials. Systems with complex 

electronic structures and many-body interactions can be dealt with efficiently. It is also applicable to 

different types of materials and nanostructures, including semiconductors, insulators, and two-

dimensional materials. 

3. Monte Carlo Studies of Magnetic Behaviors in Perovskites 

3.1. Magnetic Property Investigations 

In magnetic research, the Monte Carlo method is usually used to simulate the thermodynamic 

behavior of magnetic systems, such as magnetization and hysteresis loops. This method is based on 

the energy model of the magnetic system. For perovskite materials with complex magnetic structures, 

the Monte Carlo method has unique advantages. For example, for perovskite systems with multiple 
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magnetic ion interactions, the Monte Carlo method can simulate the spin coupling and interaction 

between these ions, thereby studying the macroscopic magnetic behavior of materials. Additionally, 

it can simulate the magnetic response of perovskite materials under different magnetic field 

conditions. By changing the magnetic field strength and direction in the simulation, the magnetic field 

response characteristics, such as magnetization and hysteresis loops of the material, can be obtained. 

This is of great significance for studying the application of perovskite materials in magnetic fields, 

such as magnetic storage and magnetic sensors. 

For perovskites containing transition metal elements, first-principles calculations can determine 

the electronic configuration and spin state of transition metal ions, thereby explaining the source of 

magnetism of the material. The commonly used first-principles calculation method is density 

functional theory (DFT). For perovskite materials with semi-metallic characteristics, first-principles 

calculations can reveal the differences in the spin-up and spin-down electronic band structures and 

the influence of these differences on magnetism. 

Researchers usually combine these two methods to understand the magnetism of perovskites more 

comprehensively. S. Amraoui et al. used first-principles calculations and MCS, investigating the 

structure, electronic and magnetic properties of double perovskite Sr₂TiMoO₆. Energy calculations 

indicate that it has an antiferromagnetic order. Moreover, through MCS, the exchange coupling of 

Sr₂TiMoO₆ was studied, and some interesting phenomena, such as first-order phase transitions and 

multiple hysteresis loops, were discovered, which makes Sr₂TiMoO₆ a promising candidate material 

for spintronics applications [6].  

3.2. Magnetic Materials and Phase Transitions 

The Monte Carlo method can effectively study the magnetic phase transition behavior of 

perovskite materials. By simulating the spin state distribution of the system at different temperatures, 

the magnetic phase transition temperature of the material can be determined, that is, the transition 

temperature from different magnetic states such as paramagnetism to ferromagnetism or 

antiferromagnetism. This is very important for understanding the variation law of the magnetism of 

perovskite materials with temperature. 

Percolation-induced ferrimagnetism is an intriguing field. When certain microstructures or 

electronic states in materials interact through the percolation process, ferrimagnetism may occur. The 

study of this phenomenon can provide ideas for designing new magnetic materials. The Ising model 

is a simple model used to describe magnetic systems. It assumes that atoms or spins can only take up 

or down two states and that there is an interaction between adjacent spins. The Ising model can be 

used to study physical properties such as phase transitions and critical phenomena of magnetic 

materials and can be numerically simulated by the Monte Carlo method. B. Boughazi investigated 

the ground-state phase diagrams, the magnetic properties and the hysteresis behavior of the quadruple 

perovskite oxide CaCu3Mn2Os2O12 by using the Monte Carlo simulation (MCS). This work uses MCS 

to study the magnetic properties and magnetic hysteresis behavior of the ferrimagnetic mixed-spin 

(1/2, 2, 3/2) Ising spin configuration of CaCu3Mn2Os2O12 quadruple perovskite under the influence 

of various physical factors, including temperature, exchange coupling, and crystal field. The stable 

phases were ascertained by performing numerical calculations on the ground-state phase diagrams. It 

is demonstrated that the system exhibits extremely rich critical behavior, encompassing critical 

endpoints, compensating events, and phase transitions of both the first and second order [7]. 

4. Photovoltaic Performance Modeling 

Perovskite materials can be widely used in devices such as solar cells and OLEDs due to their 

excellent photoelectric properties. The Monte Carlo method plays an important role in the research 

and development of perovskite solar cells and OLED devices, providing a powerful tool for the in-

depth understanding of device physics and optimizing device performance.  
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4.1. Variability of Modeling Parameters 

One possible method for producing renewable energy that can convert sunlight directly into 

electrical energy is solar photovoltaics. Regarding perovskite-based solar cells (PSCs), their 

remarkable physical properties—such as strong optical absorption, high charge carrier mobility, and 

high photovoltaic conversion efficiency—are helping them gain increasing recognition in the solar 

cell industry. When only a few of the researched modeling parameters are changed individually, the 

goal of the current mathematical modeling of PSCs is typically to achieve optimal device performance 

for the desired design of PSCs. In contrast, a stochastic approach like MCS might be used to solve 

this problem.  

The performance of a solar cell was originally calculated using MCS by Manfredotti and Meliga 

[8]. Watkins et al. later used this dynamical MCS approach to investigate how the shape of an organic 

bulk heterojunction solar cell affects its internal quantum efficiency [9]. In order to model the 

morphological fluctuation of organic bulk heterojunction solar cells and its effects on photovoltaic 

parameters, Neupane et al. recently developed a kinetic MCS [10].  

Xue et al. conducted a Monte Carlo simulation based on a mechanistic model for meso-structured 

perovskite solar cells. The primary conclusion is that the three most important factors affecting cell 

performance are the holen mobility in the hole-transporting layer, the thickness of the hole and 

electron-transporting layers, and their respective layers. Applied result to record cell (23.2% 

efficiency), expecting 1.8% increase to 25% [11]. 

4.2. Sensitivity Analysis for Organic Light-Emitting Diode (OLED) Efficiency 

Monte Carlo simulation can be employed to study the defect state density and distribution in 

perovskite OLED devices and their impact on device performance. This is beneficial for optimizing 

the device preparation process, reducing the generation of defects, and enhancing the luminous 

efficiency and stability of the devices. The Monte Carlo method can simulate the light absorption, 

emission, and transmission processes in perovskite OLED devices, aiding researchers in 

understanding the optical properties of the devices, such as the emission wavelength and light 

intensity distribution, thereby guiding the design and optimization of the devices. 

Due to the energetic disorder caused by the structural disorder, the current density in OLEDs is 

filamentary rather than uniform. M. Mesta et al. utilized the three-dimensional kinetic Monte Carlo 

(3D-KMC) model to confirm that the emission in OLEDs is not uniform; instead, the emission occurs 

on certain preferred molecular sites [12]. Moreover, in phosphorescent OLEDs, loss processes such 

as triplet-polaron quenching and triplet-triplet annihilation have an impact on efficiency. R. Coehoorn 

et al. extended the 3D-KMC method to integrally include the charge transport and all excitonic 

processes, which can predict the dependence of the lifetime of phosphorescent OLEDs on the 

materials and layer stack parameters [13].  

5. Conclusion 

In conclusion, The potential of Monte Carlo methods in perovskite research is gradually emerging. 

Methods such as MCMC, KMC, and QMC have their respective applications. MCMC can improve 

the accuracy and reliability of fitting transient absorption data when combined with other spectral 

analysis methods. KMC can simulate time-dependent processes like carriers and excitons in 

perovskites. QMC can calculate exciton binding energies in low-dimensional materials. In the study 

of magnetic behaviors of perovskites, Monte Carlo methods can simulate thermodynamic behaviors 

like magnetization and hysteresis loops and study magnetic phase transition behaviors. Combined 

with first-principles calculations, it can provide a more comprehensive understanding of perovskite 

magnetism. In photovoltaic performance modeling, Monte Carlo simulation can analyze the impact 

of modeling parameter changes in perovskite solar cells and the defect state density and distribution 

in perovskite OLED devices on device performance. It provides a powerful tool for the application 

of perovskite materials in fields such as solar cells and light-emitting diodes, helping to deeply 
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understand device physics and optimize device performance. It also promotes research on the 

characteristics and potential mechanisms of perovskite materials, offering new ideas and methods for 

improving energy conversion efficiency and enhancing the performance of optoelectronic devices.  

However, perovskite research still faces many challenges, such as an incomplete understanding of 

the magnetic mechanism and uncertainties in photovoltaic performance modeling parameters. Monte 

Carlo methods may have large computational amounts and be time-consuming when dealing with 

complex problems. In future research, Monte Carlo methods can be further improved to enhance their 

computational efficiency and accuracy to better handle complex issues in perovskite research. 

Strengthen the study of the magnetic mechanism of perovskite materials and deeply explore the 

relationship between the microstructure and macroscopic properties by combining multiple methods. 

Continuously optimize photovoltaic performance modeling and more accurately determine the key 

factors affecting the performance of perovskite solar cells and OLED devices through Monte Carlo 

methods to provide more reliable guidance for practical applications. 
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