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1. Introduction 

The theory of the saturable absorption in single-walled carbon nanotubes (SWNT) is based on the solution of 

the system of the quantum kinetic equations for electron density matrix elements taking into account both 

intraband and interband transitions [1,2]. The numerical solution of the system describes the saturation effect 

between two sub-bands. Since the SWNT has many sub-bands and interband transitions between some of them 

should be taken into account, the study of the SWNT nonlinear response in a wide frequency range is rather 

complicated. That is why the non-linear response of the film comprising SWNTs of different configurations has 

not been theoretically studied yet. The best way to overcome this obstacle is to consider the analytical solution 

of the kinetic equations in the case of the steady state incident field. 

2. Theoretical model and description of the SWNT film  

In this work, the approximate analytical solution of kinetic equations in the rotating-wave approximation 

was used to obtain axial surface conductivity of SWNT at arbitrary intensity of the incident field. Both intraband 

and interband transitions were taken into account. Effective medium theory was used to obtain the effective 

conductivity and absorption coefficient of thin film comprising SWNTs of different configurations. The theory 

takes into account only single-scattering by individual SWNTs. The electron tunneling between the tubes was 

neglected. For the analysis, the model film comprising 5 semiconducting and 4 metallic types of SWNTs and 

having a thickness of 38 nm was taken. The average diameter of the carbon nanotubes was 1.5 nm. All types of 

semiconducting (metallic) tubes were taken in the same concentration and were randomly oriented in the plane 

of the film. The ratio of the amount of semiconducting tubes to metallic ones equaled 2. The chosen model film 

had the same absorptance in the wavelength range 400 – 2500 nm as the SWNT film used in z-scan experiment 

on the observation of the optical saturation effect. This range includes two interband transitions S11 and S22 in 

semiconducting SWNTs and the interband transition M11 in metallic SWNTs. The background optical 

absorption in realistic SWNT film due to π-plasmon effect and the presence of the defects and impurities was 

not taken into account in the theoretical consideration of the model SWNT film.  

3. Theoretical results  

The saturation intensity of the SWNT film has been calculated in a wide frequency range. It has been found 

that the saturation intensity increases with the frequency due to a decrease of the dipole moment of the 

intrerband transitions in SWNTs. The spectrum of the saturation intensity was found to have a deep near the S11 

absorption band. The central frequency of the deep is red shifted with respect to the central frequency of the 

absorption band. This is due to the Burstein-Moss effect – the blue shift of the absorption edge due to the 

electron occupation of the bottom of the conduction band. 

It has been shown that the broadening of the S22 absorption band due to the distribution of SWNTs over the 

diameter leads to an increase of the saturation intensity up to two times, whereas the broadening of the S11 band 

is not so strong to change saturation intensity at the frequency of S11 absorption band. 

The formula describing the dependence of the absorption coefficient on the incident intensity for two-level 

atoms is usually used in the experiment to extract the saturation intensity of the media. It has been found that 

this formula is applicable for SWNT films if the intensity of the incident field is less than the saturation 

intensity. Otherwise, the extracted saturation intensity would be overestimated. The influence of the pulse 

duration on the extracted saturation intensity has been also analyzed. 

Thus, obtained theoretical results demonstrate the physical mechanisms responsible for the saturable 

absorption in the SWNT films and clarify the main features observed in the spectrum of the saturation intensity 

in near-infrared and visible ranges.     
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