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Abstract—Radiative rectification is one of the newest solutions for thermal building insulation. It is a 
phenomenon which has good analogy with electronic diode principle. It consists on being blocking for 
solar radiations in summer and passing radiations in winter. Among materials which have rectification 
capacity, Vanadium dioxide (VO2) offers good applicability to building insulation with quite good 
rectification efficiency. VO2 has a transition temperature around 68°C. Under this temperature, the 
material has a semiconductor crystallographic structure; therefore it becomes transparent to visible and 
infrared solar spectra. Above 68°C, the crystallographic structure of VO2 changes to a metallic state for 
which it becomes more reflective to the same spectra. This semiconductor/metallic transition influences 
the optical properties of VO2 which are highly dependent to temperature and wavelength. These 
properties are refractive index n(T,λ) and extinction coefficient k(T,λ), they are necessary in the optical 
study of VO2 insulation capacities. Determination of these properties is purely experimental using 
ellipsometry techniques. In this work we suggest a method for numerical determination of these optical 
properties. This method uses the Particle Swarm Optimization (PSO) algorithm and it is based on the 
theoretical model of Lorentz oscillators at VO2 nanoparticles scale. We calculated n(T,λ) and k(T,λ) for 
3 temperatures and compared them with experimental results. This comparison showed good agreement 
between numerical and experimental results.  

Vanadium-dioxide, radiative rectification, building insulation, optical properties, optimization algorithms. 

I. INTRODUCTION 

Vanadium dioxide is a metal oxide that attracts many research teams over the world. It offers thermo-chromic 
properties depending on its semiconductor/metallic phase transition around 68°C [1, 2]. VO2 has many potential 
applications as a photonic device. In our case, we are trying to use VO2 as a smart solution for radiative 
rectification applied to thermal building insulation, a smart solution because of its thermo-chromic properties 
highly dependent to temperature. At temperatures less than 68°C, VO2 has a semiconductor crystallographic 
structure, with inter-atomic distances which allow high radiative transmission. Above 68°C, VO2 switches to a 
metallic structure with small inter-atomic distances, thus VO2 become more reflective to solar radiations. VO2 is 
proposed for application to building glazing as smart window coatings by C.G. Granqvist et al [3]. The 
transition temperature too high compared with the comfort temperature is one of the limitations for smart 
windows application.  G.V. Jorgenson et al [4] and W. Burkhardt et al [5] proposed a solution to decrease the 
VO2 transition temperature by doping with some materials such as tungsten (W), Fluoride (F) and Molybdenum 
(Mo) with calculated concentrations to adjust the transition temperature around 25°C.  The second limitation is 
related to high absorption in the visible part of solar spectrum, this phenomenon was noticed experimentally by 
C.G. Granqvist et al [6] and Y. Gao et al [7], and numerically O. Iken et al [8] using the kubelka Munk method. 

The study of thermo-chromic properties of VO2 requires data of optical constants (refractive index n (T, λ) 
and extinction coefficient k (T, λ)) for different temperatures above and under transition. The determination of 
those two properties is purely experimental, thus it requires simple fabrication and characterization by 
ellipsometry [9]. This process is expensive and the equipments are not always available, therefore, a numerical 
alternative could be a good solution to acquire optical constants.  
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In this paper, we present a numerical method to found VO2 optical constants. This method uses the particle 
swarm optimization (PSO) algorithm [10] which is inspired from the social behavior of birds flocking in their 
food finding process. A bird flock does not have any leader, therefore, birds follow one of the members of the 
group that have the closest position with a food source (potential solution), this position will be transmitted to 
other members in the flock and a convergence phenomena occurs to optimize the food source position. This 
intelligent algorithm begin from a random point in the search space and uses its memory to record its best 
position, every bird for example will remember the global best position for all the flock (Global Best) and also 
his individual best position (Local Best). Those two positions change dynamically depending on the velocity of 
the population which is one of the most important parameters for the algorithm convergence. The PSO 
algorithm like other optimization algorithms [11, 12] needs an objective function with parameters to optimize. 
In our case, the objective function is the equation describing the theoretical model of Lorentz oscillators. This 
model calculates the dielectric constant as a function of photon energy by the sum of three Lorentz oscillators 
which describe interbands transition between energy levels of Oxygen and Vanadium atoms [13]. 

The objective of this work is to estimate the optical constants of VO2 just by having an idea about the 
variation interval of the 3 Lorentz oscillators’ parameters. The PSO algorithm uses this interval as the search 
space and tries to found the optimal parameters combination that gives the minimum of the objective function. 
Using this method, we estimate numerically the refractive index and the extinction coefficient values for 3 
temperatures around the VO2 metal /semiconductor transition. A comparison with experimental results reported 
by H. Kakiuchida et al [13, 14] is done. 

The next section presents the theoretical model used in this work and also some details about the PSO 
algorithm. In the results section, we expose our findings with discussion and comparison. We conclude with a 
results recapitulation and perspectives. 

II. THEORY 

Lorentz oscillators’ model was computed as an objective function for the PSO algorithm in the aim of 
estimating numerically the dielectric constant of VO2 and then extract refractive index n(T, λ) (real part of the 
dielectric constant) and extinction coefficient k(T, λ) (imaginary part of the dielectric constant).  

A. Theoretical model of Lorentz oscillators  

Dielectric constant or permittivity expresses the atoms behaviour in a material when electric field is applied 
[15]. This behaviour was modelled by Lorentz as the interaction of the electric field with the charge of the 
electron which is considered as a mass bounded to the nucleus of the atoms by a spring, thus this interaction 
causes stretching and compression of the spring, which would set the electron into oscillating motion. These 
oscillations are related to the electronic configuration and the densities of states at the atomic orbital level. 
Every free carrier in the peripheral bands inside an atom is considered as an oscillator and can be described by 
its amplitude Amj, energy Ej and its dumping coefficient Brj with j the index of the oscillator.  

In our case, vanadium dioxide VO2 dielectric constant can be written as a sum of three oscillators (j = 3) [13, 
14].  
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EP is the photon energy of the incident radiations with c the speed of light, h the Planck constant and λ the 
wavelength,   is the dielectric constant at pE   . The first oscillator (j=1) is related to the interband 

transition from the oxygen (O) 2p band to the empty vanadium (V) 3d band, it corresponds to the reduction of 
the energy gap between the 2p band of oxygen and the vanadium empty 3d band lowered down to the Fermi 
level. The second oscillator (j=2) is due to the transition of trapped carriers between split 3d bands, it is the 
primary factor of the weak broad absorption in the near-infrared region according to H. Kakiuchida et al [13]. 
The third oscillator (j=3) is attributed to the existence of another interband transition at the metallic phase.  

Equation (1) is used as the objective function of the PSO algorithm with the oscillator’s amplitude, energy 
and dumping coefficient as variables to be optimized. 

B. Particle Swarm Optimization algorithm 

The particle swarm is an algorithm for finding optimal regions of complex search spaces through the 
interaction of individuals in a population of particles according to M. Clerc et al [10]. The individual particles 
are attracted stochastically toward the positions of their own best fitness achieved so far and the best fitness 
achieved so far by any of their neighbours. The particles population is initialized with random positions and 
velocities and an objective function is evaluated using the particle’s positional coordinates as input values. In 
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this work, those coordinates are represented by the values of the Lorentz oscillators parameters (Amj, Ej, Brj and 
 ) and the search space is built by their variation intervals (low (l) and high (h) bounds) as vectors (tab.1). The 

optimization result is a vector which belongs to the search space presented by the Matrix (2) and verifies the 
local minimum -for every value of the photon energy (wavelength) - of the objective function.  
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Table 1.  Lorentz oscillator’s parameters bounds 

Parameters   Am1 E1 Br1 Am2 E2 Br2 Am3 E3 Br3 

T < 
68°C 

Low 3 42 3.5 1 4 1.35 1 1 1 1 

High 5.5 44 3.6 1.4 5 1.36 1.4 1 1 1 

T = 
68°C 

Low 3 30 3.2 0.6 9 0.5 1.3 1 0.5 0.5 

High 5.5 35 3.3 0.9 14 0.9 1.5 2 2 0.7 

T > 
68°C 

Low 4.8 23 3.1 0.7 16 0.5 0.7 1 2.5 0.5 

High 5.2 25 3.3 1 18 1 1 2 2.6 0.7 

The values presented in (tab.1) are approximated using experimental curves presented by Kakiuchida et al 
[13]. Those curves describe the evolution of Lorentz oscillator’s parameters as function of temperature. 

This search process is repeated several times (20 runs) to be sure of the reproducibility of the optimization 
results, every run spends around 34 seconds. The particles population used in this optimization is composed of 
100 individuals with 100 generations. Our objective function is a complex equation, thus the fitness of the 
optimization solutions is also complex. The PSO convergence characteristics for this application are presented 
in (fig.1, 2).  

  
                      Fig. 1. Fitness convergence of the real part                                          Fig. 2. Fitness convergence of the imaginary part 
              (refractive index) versus generations at λ = 2000nm                              (extinction coefficient) versus generations at λ = 2000nm 

 The PSO convergence characteristics show a good convergence for the two parts (real and imaginary) of the 
fitness function. After 100 generations, the best fitness values stay close to 2.697 for the refractive index and 
4.032 for the extinction coefficient at a wavelengths around λ =2000nm for T > 68°C (VO2 at metallic state). 
Almost after 19 generations, the fitness values remain constant and increasing more generations does not 
decrease the best values. 

III. RESULTS AND DISCUSSION 

We used the Particles swarm optimization algorithm to estimate the optical properties (refractive index n and 
extinction coefficient k) of VO2 at the semiconductor state (< 68°C), at the transition (= 68°C) and at the 
metallic state (> 68°C).  The theoretical model of Lorentz oscillators (eq.1) was used as the objective function to 
be optimized by the PSO algorithm. This model calculates directly the dielectric constant by optimizing its 10 
variables initialized by lower and upper bounds (tab. 1). This method of optimization gives us some interesting 
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results (fig.3, 4, 5), compared to the experimental results given by Kakiuchida et al [13, 14] and C.G. Granqvist 
et al [6], our results are in good agreement and show a high similarity with an average error of about 7,5%  with 
experimental ones.  

 
                  Fig. 3. Refractive index and extinction coefficient                                        Fig. 4. Refractive index and extinction 
                         versus wavelength at semiconductor state.                                           coefficient versus wavelength at transition. 

 
Fig. 5. Refractive index and extinction coefficient versus wavelength at metallic state. 

We can observe in figure 4 and 5 some distortions in the curves near 1500 nm.  Those distortions are due to 
some minor errors during the convergence process of the algorithm. As a result, we obtain some shifted points 
on the n and k curves, spatially in fig.4 because at the transition T = 68°C, the interval between low and high 
bounds is much larger than at T < 68°C and T > 68°, thus, this large interval influences the fitness function and 
disperses slightly the estimated points. Even with those calculations errors, the results are in good agreement 
with experimental results presented in literature. 

IV. CONCLUSION 

In this work, we presented a numerical characterization of VO2; we succeeded the determination of the 
refractive index and the extinction coefficient using the particles swarm optimization algorithm and based on the 
theoretical model of Lorentz’s oscillators. The results we obtained are similar to the experimental ones, we 
calculated the percentage of differences and found it around 7,5% which is a good argument for the use of those 
results in further works about VO2 insulation based systems. 
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