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Abstract The band gaps of self-assembled single-walled
carbon nanotube (SWNT) films have been determined
through curve fitting using the semi-empirical Tauc and
Davis–Mott model, based on the measurement of optical
absorption at the visible and near infrared range. This study
provides a practicable option for the determination of band
gaps for ultra-thin SWNT films or multi-walled carbon nan-
otube films whose vHs peaks cannot be well resolved in
absorption spectra.

PACS 61.46.Fg · 78.67.Ch · 81.07.De · 42.70.Qs ·
71.20.Tx

1 Introduction

The band gap is the most important parameter in the physics
of semiconductors, especially for those widely used in op-
toelectronic applications. Single-walled carbon nanotubes
(SWNTs) have been proved to be a promising material for
short-wavelength photovoltaic devices [1, 2]. For individual
nanotubes, theoretical calculations as well as experimental
results have shown that the fundamental energy gap is zero
in the metallic nanotubes and on the order of about 0.5 eV
in semiconducting nanotubes [3]. The gap in the semicon-
ducting nanotubes varies as a function of the tube’s chiral-
ity. Scanning tunneling microscopy (STM) studies have re-
vealed that well-spaced and symmetric structures, called van
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Hove singularities (vHs), appear in the local density of states
of SWNTs due to their one-dimensional (1D) nature of the
conduction electron states [4, 5]. All of the bands have a di-
rect band gap, which allows electronic transitions between
the valence and conduction band to proceed without the in-
tervention of phonons. Thus, for a single nanotube, there
are multiple bands that could participate in optoelectronic
processes, spanning a wide range of energies. Hence, when
forming in macroscopic structures, it should be possible to
obtain a continuous response over a broad spectral range by
combining multiple nanotubes of different bands gaps.

A bulk SWNT sample consists of a mixture of metallic
and semiconducting nanotubes [6]. The band gaps of nan-
otube macrostructures differ from that of individual nan-
otubes. For example, a super-small energy gap of 1–3 meV
has been identified in nanotube bundles in long SWNT
strands [7]. As two-dimensional nanotube structures, initial
advances [8–12] indicate that CNT films could emerge as
new building blocks in macroscale transparent and flexible
electronics [13]. For example, photovoltaic effects of bulk
heterojunctions of nanotube films over silicon wafers have
been reported [14–17], showing great potential for future
high-efficiency and light-weight solar cells. Hence, the de-
termination of band gaps for these nanotube structures is of
utmost importance.

The band gap is usually deduced from the ultravio-
let/visible/near infrared (UV/vis/NIR) absorption spectrum
of the material at the absorption edge. For CNTs, it has been
found that the optically excited states of SWNTs are ex-
citonic in nature due to the many-body interactions in the
excited-state properties of one-dimensional systems and the
exciton binding energies represent a large fraction of the
band gap [18]. The well-resolved optical absorption peaks
can be associated with the vHs in the density of states for
SWNTs if the energy of the incoming photon matched a
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Fig. 1 (a) SEM and (b) AFM
images of SWNT film 145 nm
thick

vHs [19]. The band gaps Eii
S (ith vHs with i = 1,2, . . .)

can also be estimated according to Eii
S = 2iaC–Cγ/d [20],

where aC–C is the carbon-carbon bond length, γ is the near-
est neighbor Hamiltonian overlap integral, d is the diame-
ter of nanotubes, which can be obtained from electron mi-
croscopy and Raman spectra analysis. In this work, optical
absorption spectra of self-assembled SWNT films [12] were
measured at visible and near infrared range (400–2500 nm).
We treat SWNT films as amorphous semiconductors and re-
evaluate the semi-empirical Tauc and Davis–Mott model,
which could well interpret optical absorption data at the ab-
sorption edge for amorphous materials. The band gaps have
been determined by comparing E11

S with the values deduced
from the model. This study provides a general approach to
estimate the band gaps for thin films of CNTs and other
nanomaterials.

2 Experimental

Self-assembled SWNT films were prepared directly using a
floating chemical vapor deposition method [12]. Free stand-
ing transparent films were obtained by post treatment em-
ploying a combination of air oxidation and acid purifica-
tion. The films have a continuous matrix and perfect uni-
formity (as shown in Fig. 1) thanks to the direct synthesis
and deposition technique. The films with high surface area
and electrical conductivity have been used as counter elec-
trodes in dye-sensitized solar cells to improve the energy
conversion efficiency [21]. Purified SWNT film was trans-
ferred to a highly polished quartz substrate to make a confor-
mal and uniform coating. Optical absorption spectra of the
films were taken by spectral transmittance measurements us-
ing a Perkin Elmer, precisely Lambda 950 UV/vis/NIR op-
tical spectrometer. Film morphology and thickness were in-
vestigated by scanning electron microscopy (SEM, Hitachi
S3600N) and atomic force microscopy (AFM, 5100 SPM,
Agilent Technologies).

Fig. 2 Typical UV/vis/NIR transmission spectra of SWNT films,
(a) t = 35 nm, (b) t = 55 nm, (c) t = 145 nm

3 Results and discussion

Figure 2 shows the optical transmittance curves as a func-
tion of wavelength for SWNT films of different thicknesses.
The vHs associated optical absorption peaks could be de-
tectable even if the film thickness is down to 35 nm. For a
145 nm thick film, it can be seen that the high transmission
(T > 65%) occurs in the wavelength range of 500–1500 nm.
The strong UV absorption centered on ∼280 nm is due to
π -plasmon absorption. Three prominent peaks, at 1852 nm
(0.67 eV), 1001 nm (1.24 eV) and 680 nm (1.82 eV), orig-
inate from the first (E11

S ) and second (E22
S ) vHs transitions

of semiconducting SWNTs and the first vHs transitions of
metallic SWNTs (E11

M ), respectively [3].
Here, E11

S can be considered as the band gap (Eg) of
the SWNT film, which is very crucial to the optoelectronic
applications of SWNTs. Since SWNTs have direct transi-
tions, we further apply two models for the determination of
band gaps for crystalline or amorphous materials on the self-
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Fig. 3 (a) The absorption coefficient (α) as a function of photon energy (Eph). (b–d) Tauc and Davis–Mott plots: (αEph)
3 as a function of Eph

assembled SWNT films. The relation between the optical
absorption and Eg for a direct transition can be expressed
by (1) or (2).

For a crystalline material [22], we have

(α)n = A(Eph − Eg) (1)

For an amorphous material (Tauc and Davis–Mott model)
[23–25],

(αEph)
n = B(Eph − Eg) (2)

where Eg is the optical band gap, A and B are two constants,
Eph is the photon energy (Eph = hν) of the incident light.
n is an index characterizing the type of optical transition.
The absorption coefficient (α) is defined by the Lambert-
Beer law and can be calculated from the optical transmit-
tance.

α = − lnA/t (3)

where A is the absorbance, A = −lgT ; T is the transmit-
tance, t is the film thickness. The optical band gaps can be
obtained from the extrapolation of the best linear parts of the
curves at α = 0 near the band edge region.

Starting from the transmittance of SWNT films (Fig. 2),
the dependence of α on Eph is drawn in Fig. 3(a). In the two
models mentioned above, n is the most important parameter
for the determination of Eg . For crystals, n = 2 for a direct
allowed transition [22]. For amorphous materials, it has been
suggested that n = 2 or 3/2, depending on whether the di-
rect transition is allowed or forbidden [25]. We first plot α2

vs. Eph based on (1) and find no obvious linear part near the
absorption edge. All vHs peaks are intensified in the range
of 0.4–2 eV and can be read unambiguously from the plot.

Table 1 E11
S and Eg obtained from the vis/NIR spectra and the Tauc

and Davis–Mott model

t (nm) E11
S (eV) Eg (eV)

n = 3/2 n = 2 n = 3

35 0.73 0.38 0.56 0.70

55 0.71 0.35 0.54 0.68

145 0.67 0.34 0.51 0.65

We then plot (αEph)
n vs. Eph based on (2) with different

index values: n = 1/2,3/2,2 and 3. n = 1/2 gives negative
values of Eg , while n = 3/2 and 2 yield smaller Eg com-
pared with E11

S , indicating they are not suitable in the case
of SWNT films. The presence of metallic tubes will mod-
ify the electronic states and optical transitions of the films
and result in allowed transitions rather than forbidden tran-
sitions of sole semiconducting tubes. Hence, a larger index
n (>2) is expected. The best fit was obtained for n = 3,
as it gives the near-perfect linear curves for three samples
in the band edge region (Fig. 3(b–d)) and an Eg compa-
rable to E11

S (Table 1). Equation (2) is a semi-empirical
equation and has been applied to amorphous and polycrys-
talline semiconductors, e.g. diamond-like carbon films [26]
and ZnO thin films [27]. It is not based on a firm theoretical
model; Eg deduced here only provides a reference for the
band gap of the SWNT film. The variations between Eg to
E11

S (∼0.03 eV) suggest that the index n needs to be op-
timized further (even to a fractional value) and might be
varied for nanotube films obtained by other methods. The
likelihood of applying the Tauc and Davis–Mott model on
SWNT films provides a practicable option for the determi-
nation of band gaps for ultra-thin SWNT films or MWNT
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films [14] whose vHs peaks cannot be well resolved in ab-
sorption spectra.

It is worth noting that the band gaps (both E11
S and Eg)

show a thickness dependence and increase inversely with
film thickness (Table 1). In general, the thickness depen-
dence of the band gap can be associated with two major
factors: the density of dislocations (or disorder) and the
change in barrier height [28]. In the present case, thinner
films are likely to introduce some amount of disorder in the
films due to the low tube coverage and subsequently enlarge
the band gaps. On the other hand, the increasing band gap
with decreasing film thickness is similar to its length depen-
dence [29], indicating an increasing barrier height in thinner
films. This dependence suggests that the band gaps of CNT
films could be tailored to some extent by controlling their
thicknesses.

4 Conclusion

In summary, the Tauc and Davis–Mott model has been ap-
plied to SWNT films to estimate their band gaps. An index
n = 3 is obtained by comparing the optical gaps obtained
from the vHs peaks with the band gaps deduced from the
model. This method is only based on measurements of the
vis/NIR absorption and provides an alternative approach to
study the optical and electrical properties of the macrostruc-
tures of nanotubes and other nanomaterials.
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