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tra of free-standing films, the far-infrared spectral region creates a unique possibility for estimating the 
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1 Introduction 

The use of optical absorption is one of the most widespread methods of characterization of carbon nano-

tubes. In the first approximation, the characteristic near infrared – visible (NIR/VIS) peaks correspond to 

transitions between the Van Hove singularities in the one-dimensional density of states [1] and their 

position gives qualitative information about the chirality of tubes in a network. Individual semiconduct-

ing nanotubes can be identified by combination of absorption and fluorescence insuspensions [2, 3], but 

quantitative information on the composition of a given sample from spectroscopic results (“nanotube 

counting”) is still an open question. For metallic tubes, information from Raman excitation profiles [4] or 

absorption at the first metallic interband transition around 2 eV [5] has been used. The selective decrease 

in absorption of these peaks proved the chirality-selective character of certain sidewall reactions [5]. 

However, this is not the only peak to indicate the presence of metallic tubes. The far-infrared absorption, 

characteristic of metallic nanotubes in pristine, non-doped samples [6, 7] also decreases significantly 

when adding covalent bonds to the sidewalls [8]. Quantification of these results is difficult, however, for 

several reasons: purity of the nanotube samples [9], determination of concentration and density [10], and, 

first and foremost, the mixed nature of all macroscopic nanotube networks. 

 In this paper, we address a fundamental issue regarding evaluation of wide-range nanotube spectra: 

the determination of optical constants from transmission. A carefully established procedure has been 

presented by Itkis et al. [9–11] to determine semiconducting tube concentration from optical density in 

dilute suspensions and thin films. We find that this method cannot be extended to metals, based on far-

infrared transmission; instead, the application of the Kramers–Kronig transformation is unavoidable. 
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2 Basic considerations 

The basic equation for light transmitted through a sample at normal incidence is: 

 
0 0 0
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 Using the approximation for a transparent sample ( 0R @ , 1dα � ), we obtain Beer’s law, the well-

known relation between extinction coefficient and transmittance: 

 logD T xdε= - = . (2) 

 Here 
0T

T I I= /  is the transmittance, ε  the specific (molar) extinction coefficient, x  the concentration 

(for mixtures) and d  the thickness of the sample. D = xdε  is called optical density. The optical density is 

proportional to the power absorption coefficient α  only when reflection can be neglected and the sample 

is sufficiently transparent. Unfortunately, the nomenclature is being confused by the majority of today’s 

spectrometer software, where the measured transmissionis automatically converted to optical density and 

called “absorbance”. Nanotube networks always contain metallic tubes, and because of the free carriers, 

high reflection occurs in the far-infrared region, thus the approximation in Eq. (2) no longer holds. In this 

case, we have to use the Fresnel equations [12] connecting the complex index of refraction N and the 

transmission coefficient t : 
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where c is the velocity of light. The measured quantity is the transmittance T, whose square root is the 

amplitude of the transmission coefficient. The transmission coefficient is an analytical function whose 

phase and amplitude satisfy a dispersion relation. Therefore, the phase can be analytically calculated 

from the integral of the amplitude [13], similar to the Kramers–Kronig transformation of single-bounce 

reflectance: 
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To circumvent the problem of finite frequency range in a real measurement, standard extrapolations 

based on metallic or semiconducting dielectric function models are used at high and low frequencies. 

From T and θ , by numerically solving Eq. (3), the complex index of refraction N  and all other optical 

quantities can be determined. 

 22
N n i N

c

ωκ

κ ε= + , Æ = , = . (5) 

Microscopic theories yield the dielectric function ε , which is directly related to the band structure, 

whereas the index of refraction and the absorption coefficient are more often derived from measurements 

on bulk samples. 

3 Evaluation of measured transmission spectra 

Figure 1 shows the transmittance of a 150 nm thick (thickness measured by atomic force microscopy) 

self-supporting film [13, 14] and the optical functions derived thereof. The left panel illustrates that the 

bulk reflectance (that of a hypothetical semi-infinite, non-transparent sample with the same optical prop-

erties as the present film) is almost perfect in the low-frequency region, where it is caused by the free 

carriers of the metallic tubes. Above ∼3000 cm 1- , the frequency dependence and relative intensities of  
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Fig. 1 Left panel: Wide-range transmission of a 150 nm thick nanotube network and the optical density and bulk 

reflectivity derived thereof (for details, see text). Right panel: Optical density, optical conductivity and power ab-

sorption coefficient. It is apparent that the three can be scaled together above 3000 cm–1, but are substantially differ-

ent below. 

 

the optical density and both the power absorption coefficient α  and the optical conductivity 
1

σ  can be 

linearly scaled. Although in principle only 
1

σ  can be compared to the results of microscopic calculations, 

it is apparent that the correction is negligible for films which are transparent in the whole spectral range.

 Another important aspect is the applicability of Beer’s law for concentration determination and purity 

evaluation. Itkis et al. [9] used the S22 peak for this purpose and they proved that Beer’s law applies to 

this peak both in suspension [10] and transparent airbrushed films [11] provided it is evaluated properly. 

For metallic tubes, Strano [5] used the M11 transition, but quantitative evaluation is hindered in this case 

by the relatively low intensity of this peak and the strong *π πÆ  absorption baseline. Obviously, it 

would be easier to use the far-infrared absorption instead, but the validity of the approximation in Eq. (2) 

has to be tested first. Figure 2 shows the result of a simulation for films of different thickness. Using 

Eq. (3) with N resulting from the data of Fig. 1, we calculated the transmittance T of films with different 

thicknesses between 10 and 1000 nm, then converted these values to optical density log T- . This step 

was followed by standard baseline correction, and the resulting optical density values are depicted as a 

function of thickness. Since we assume uniform thickness, variations in the concentration of nanotubes 
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(metallic or semiconducting) would have similar effect on the spectra. The data show that Beer’s law is 

satisfied for all interband transitions in this thickness range, but fails already at relatively small film 

thickness (∼100 nm) in the free-carrier regime. Therefore if the amount of semiconducting nanotubes 

changes, it can be safely estimated using the optical density of peaks S22 or S11. The same procedure for 

metallic tubes is equally justified using peak M11, but as the absorption coefficient is small, the results 

will be less precise. Using the free-carrier absorption for estimation of metallic nanotubes is more sensi-

tive, however, the evaluation has to include a Kramers–Kronig transformation. 

4 Conclusion 

In conclusion, we demonstrated a method for the estimation of metallic nanotube concentration based on 

wide-range optical spectroscopy. The far-infrared part of the spectrum is a more sensitive indicator of 

metallic tubes than the M22 peak in the visible and does not require baseline correction. Since, however, 

optical density (–log T) scales with optical conductivity only in the low-reflection regions, we have to 

invoke Kramers–Kronig analysis of carefully measured transmission data. 
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