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Abstract: Single-walled carbon nanotubes (SWCNTs) have been incorporated into a (Pb, Zn) - phosphate glass host by a melt-quenching 
technique. Studies of the optical and electronic properties show that the nanotubes in the composite have suffered conformational 
deformations and attained a band structure of quasimetallic type. The phenomenon has made the composite a good electrical conductor. 
Various possible strains in the nanotubes of the composite such as radial compression, torsion, bending, have been considered and their role 
in modulating the band structures has been analyzed. The mechanism of carrier transport in the composite has been shown to be dominated 
by fluctuation induced tunneling at room temperature and above.   
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1. Introduction: 
Transparent conducting coatings are the essential components of 
most of the electro-optical devices like solar cells, display panels, 
electro-chromic devices etc. After the report of successful bulk 
synthesis of single-walled carbon nanotubes (SWCNTs), much 
attention has been paid to the material considering the prospect of 
its use as transparent conducting coatings. Although reports of 
synthesis of partially transparent metallic-rich SWCNT-coatings are 
available in the literature [1], report of synthesis of optically 
transparent SWCNT based composites is scarce. In the recent years, 
there have been a number studies on the structural strain induced 
band structure modulation [2-5] of SWCNTs. Depending on the 
nanotubes’ chiralities, structural strains such as compression, 
uniaxial stretching, torsion etc may bring about change in the band 
structures of SWCNTs from semiconducting to metallic. Here we 
report that internal stress of a (Pb, Zn)-phosphate glass can induce 
structural deformations and band structures modulation in SWCNTs 
when the latter is incorporated into the former to achieve an 
optically transparent composite 
 
2. Methods: 
The SWCNT - glass composite was prepared by using a mixture of 
carboxylic acid functionalized SWCNT bundles (> 90 %, Sigma 
Aldrich; diameter of bundles = 4.5nm; diameter of nanotubes = 1.3 
- 1.5nm) and a phosphate glass of composition P2O5 = 50, PbO = 
40, ZnO = 9.95 and BaO = 0.05, as a host material. To eliminate the 
carboxylic acid groups from the precursor carboxylic acid 
functionalized SWCNTs by thermal decomposition and side by side 
to keep the resulting hydrogenated SWCNTs encased in the glass 
matrix, the mixture was first heated at 350-400oC (above the Tg = 
315oC of the glass) for several hours under suction until a sintered 
composite mass was obtained. The temperature was then raised to 
760 - 770oC to melt the composite to a fluid as well as to convert 
the hydrogenated SWCNTs into pristine SWCNTs by removing 
hydrogen. The melt was then rapidly quenched to a monolithic 
transparent solid. The method is described in ref. (6). The presence 
of SWCNTs in the composite was ascertained from the HRTEM as 
well as the absorption spectrum of the composite.  
 A film of SWCNTs on a glass slide was prepared by using the 
same solution of carboxylic acid functionalized SWCNT. The 
carboxylic acid groups of the SWCNTs were thermally 
decomposed by heat-treating at 400oC in an inert atmosphere the 
resulting hydrogenated SWCNTs were then converted to pristine 
SWCNTs by removing the hydrogen at 600oC. The absorption 
spectrum showed the presence of SWCNTs in the film. 

 The HRTEM of the composite were recorded in a 300 kV high 
resolution transmission electron microscope, (JEOL, Japan).   
Absorption spectra of the composite as well as that of the SWCNT 
film were recorded at 300K in an UV-Vis-NIR absorption 
spectrophotometer (Shimadzu, Japan).  
The electrical conductivity and resistivity of the composite were 
measured by using a Pico-ammeter (Keithley, USA).   
 
3. Results and Discussion:  
The HRTEM of the composite is shown in Fig. 1. The composite  

               

                Fig.1 HRTEM of the SWCNT/glass composite 
 

clearly shows the existence of randomly oriented both isolated 
(diameter ~ 1.3 -1.5nm) and bundles of SWCNT (dia ~ 2.5 - 3nm). 
The precursor carboxylic acid SWCNTs had individual tube 
diameter in between 1.3 to 1.5nm.  A simple calculation [7] based 
on the diameter distribution data of the SWCNTs, indicated that the 
SWCNTs used were a mixture of (10, 10), (11, 11) arm chair 
metallic, (18, 0) zigzag quasimetallic, (17, 0), (19, 0), zigzag 
semiconducting and other semiconducting nanotubes of different 
possible chiralities.  
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Fig. 2 Base glass corrected absorption spectrum of SWCNT 
of the composite (_____) along with that of the base glass 

(…….) at 300K (sample thickness in both the cases d ~ 0.09 ± 
0.01cm). The absorption spectrum of the SWCNT- film (-----). 

 

Fig. 2 shows the base glass corrected absorption spectrum of 
SWCNT of the composite along with that of the base glass vis-à-vis 
that of the SWCNT-film. The spectrum of the SWCNT- film 
distinctly exhibits two broad absorption bands peaking respectively 
at around 1860 (0.66eV) and 1020nm (1.2eV), and a relatively 
narrow band with maximum at around 700nm (1.77eV). The 
spectrum also shows a high energy absorption shoulder at around 
500-525 nm (2.48 – 2.36eV) on the tail of the strong π – plasmon 
absorption of the nanotubes. The absorption bands observed in the 
spectrum of the SWCNT- film are, in fact, the average absorption 
characteristics of different types of SWCNTs present in the film. 
The two low energy bands and the high energy absorption shoulder 
are assigned [8] respectively as the transitions across the band gaps 
of the first, second and third pairs of one dimensional van Hove 
singularities (VHS) of the density of states of different 
semiconducting SWCNTs, which are marked respectively as S11, 
S22 and S33. The band observed at around 700nm (1.77eV) is 
attributed [8] to the first order metallic/quasi-metallic transitions of 
the SWCNTs. Surprisingly, the corresponding absorption bands of 
the SWCNTs of the composite, exhibit a drastic change in their 
features in respect of energy as well as relative intensities. The S11 

semiconducting band in this case is found to suffer a broadening 
concomitant with a significant lowering of its intensity. 
Interestingly, within this new broad band, a number of poorly 
resolved weak bands [0.64eV (~1930nm) and 0.74eV (~1670nm)] 
distributed respectively on the lower and higher energy side of the 
peak position 0.66eV (1860nm) of the S11 band of the SWCNT 
film, are discernible. Similar broadening and lowering of intensity 
are observed also in the case of the S22 band, but the shift here only 
to the lower energy 1.15eV (~1080nm) side. The semiconducting 
S33 absorption shoulder after suffering a loss in intensity, on the 
other hand, is found to mingle with the M11 metallic band which 
again has suffered a shift to higher energy without making any 
significant loss in its relative intensity [e.g. the 1.77eV (700nm) 
M11 metallic band of the pristine SWCNTs, has  shifted to 
>2.066eV]. The S33 band and the shifted metallic band on mingling 
together have actually created a broad absorption region ranging 
400-600nm (3.10 – 2.06eV) losing their individual identity.   
To ascertain that all these newly observed weak absorption bands 
really belong to the SWCNTs of the composite and are not due to 
the instrumental noise, we recorded the spectra repeatedly. The 
consistency of the spectrum showed that the bands were due to 

SWCNTs of the composite. It is thus observed that the band gap 
energies of its semiconducting nanotubes suffer both increase and 
decrease in their values while the first order metallic bands of its 
metallic nanotubes experience a phenomenon of opening a gap at 
their Fermi energy. There may be two possible reasons of the 
observed changes in the band structure characteristics of the 
SWCNTs of the composite: 1) chemical bonding or electron 
exchange by the host glass with the incorporated SWCNTs (doping 
effect); 2) structural deformation of the SWCNTs by the internal 
stress of the host during the cooling cycle of the composite melt. 
Reports of change of electronic structure of SWCNTs are known 
only in the case of their functionalization [9] or doping with 
reactive elements like K, Cs, I2, Br2 [10] but not just due to 
dispersion in a nonreactive solvent or solid. The present composite 
was synthesized using a previously melted alkali free (Pb, Zn) - 
phosphate glass as a host where every component of the glass are 
chemically bonded to each other and are completely charge 
compensated. Possibility of taking part in bonding or electron 
exchange with the incorporated SWCNTs by any component of the 
glass is remote. Moreover, in the case of a similar C60-fullrene /(Pb, 
Zn)- phosphate glass composite of our previous study [6] no change 
in the absorption spectrum of the fullerene showing chemical 
reaction with the glass was observed. It needs to be mentioned here 
that C60-fullrene being spherically symmetric, internal stress 
induced structural deformation of fullerene in the host is not 
possible. We therefore, rule out that the ‘doping effect’ as the 
reason of observation of band structure modulation of the SWCNTs 
in the composite.   
Stress induced deformation and consequent modulation of band 
structure of SWCNTs; have been reported in a number of studies 
[2-5]. Considering the fact that the present composite was 
synthesized by rapidly quenching a melt of mixture of the glass and 
the SWCNTs from 1033-1043 K to 300 K, generation of different 
types of stress inside the composite is quite possible. The linear 
thermal expansion coefficient of the glass component of the 
composite was measured to be 12.80x10-6 K-1. The inter-tube space 
corrected radial expansion coefficient of SWCNT in the 
temperature region 300K to 800 K, is known to be negative and has 
the value [11] ~ -7x10-6 K-1. Calculation of the volume strain of the 
SWCNTs/SWCNT- bundles of the composite yielded a value 
(ΔV/V) ≈ - 0.02. The bulk modulus of SWCNT being 35GPa [12], 
the value of the compressive stress in the composite turns out to be 
~ 0.70 GPa. Thus the SWCNTs in the composite are expected to 
experience a compressive stress from all its circumferential sides 
and hence suffer from strains like polygonization, radial 
compression etc. Ijima et al [4] studied in details stress induced 
polygonization of 1.4 nm diameter SWCNTs and calculated a 
compressibility factor for such tubes (1/V)dV/P = 0.024 GPa-1. 
Calculation of the compressibility factor of the SWCNTs (d ~ 1.3 -
1.5nm) of our composite yielded a value of ~0.028 GPa-1 which is 
quite close to the value reported by Ijima et al [4]. It is known from 
earlier studies [2, 3] that hydrostatic compression of 
semiconducting SWCNTs always decreases the band gap of their 
E11 band and the phenomenon is independent of the nanotubes’ 
chirality. Similar hydrostatic compression induced decrease in the 
band gap energy was also noted in the case of the E22 
semiconducting bands [3]. The phenomenon of radial compression 
induced quasimetallization of the SWCNTs is attributed to the σ* - 
π* hybridization effect [2] occurring near the maximum curvature 
points of the compressed nanotubes. Internal stress induced radial 
compression of the SWCNTs in the composite is thus expected to 
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bring about a change in their band structure exclusively to 
quasimetallic type.  
Since the SWCNTs in the composite are encased in the matrix of 
the melt-quenched glass, it is inevitable that in the cooling cycle 
due to the shrinkage of the glass the encased SWCNTs/SWCNT – 
bundles, would experience stress also along their length because of 
their micron size length. Such stress would generate strains such as 
axial compression, bending, (clearly visible in the HRTEM image), 
bending related axial stretching, and torsion in the 
SWCNTs/SWCNT - bundles. All these deformations would also 
influence the band structure of the SWCNTs of the composite. Let 
us now analyze the effect of these structural strains in the SWCNTs 
on their band structures. Yang and Han [5], based on the theory of 
Huckle π – electron tight binding model, have derived an equation 
(1) relating the changes in band gap energies (ΔEgap) of different 
SWCNT with the percentage of strain in their structure. The 
equation is however, valid for low strain regime.  

   ΔEgap = sign(2p + 1)3t0 [(1+ ν)σcos3θ + γsin3θ]  ----------(1); 
where σ and γ are the uniaxial and torsional strains acting 
respectively along the tube-axis and the circumference of the 
nanotube, t0 = 2.7 eV, the tight binding overlap integral; ν, the 
Poisson ratio of the nanotube ≈ 0.2, θ is the chiral angle of the 
nanotube and p = -1, 0, 1, such that chiral indices ‘n’ and ‘m’ 
satisfy the condition: n - m = 3q + p, q being an integer.   
According to the equation (1), the axial stretching in the range (0 < 
σ < 1) % would induce changes in the band gap energies of the 
different nanotubes as follows: The arm chair metallic nanotubes 
(10, 10), (11, 11) with p = 0 and θ = π/6, would have no effect on 
their band structures i.e. ΔE = 0. For quasimetallic (18, 0) 
nanotubes with p = 0 and θ = 0, ΔE = +ve, i.e. band gap would 
increase. Similarly for semiconducting (19, 0) nanotubes (p = 1, θ = 
0) there will be an increase in the band gap but the same in the case 
of (17, 0) semiconducting nanotubes [p = -1, θ = 0] there should be 
a decrease in the band gap. In a similar way the effect of axial 
compression (-σ) on the nanotubes may be visualized.   
Considering the effect of torsion (γ), it can be easily understood that 
for both +ve and –ve torsion the arm chair (10, 10), (11, 11) 
metallic nanotubes should suffer positive change in their band gap 
energies while the quasimetallic (18, 0) nanotube will have no 
effect on its band gap. Semiconducting (19, 0) and (17, 0) 
nanotubes should also remain unaffected. The nanotubes of other 
possible chiralities in the composite should also suffer changes in 
their band gap energies under different strains depending on their 
respective chirality. Thus in addition to the effect of radial 
compression the above described strains in the nanotubes will affect 
their band structures as follows: 
1) The first order metallic bands of all metallic [(10, 10), (11, 11) 
arm chair] and quasimetallic [(18, 0) zigzag] nanotubes would shift 
to higher energy; 2) Semiconducting bands of (19, 0) zigzag 
nanotube would shift to lower energy, but those of semiconducting 
(17, 0) zigzag nanotube would have opposite effect; 3) The 
semiconducting bands of nanotubes of other chiralities would have 
shifts either to lower or higher energy depending on their chirality. 
    The absorption spectrum of the SWCNTs of the composite, in 
fact, shows a significant shift of the collective metallic band to 
higher energy compared to the energy of the metallic band of the 
pristine SWCNT film. It also exhibits splitting of the S11 band into 
multiple bands, appearing both in the lower and higher energy 
compared to the energy of the S11 collective band of the film. In the 
case of S22 band, a shift to lower energy is discernible. Thus a 

significant modulation of band structure of the SWCNTs in the 
composite is evident.      
Modulation of band structure of the SWCNTs of the composite is 
further evident from their electrical properties. The glass 
component of the composite is an insulator, so any electrical 
conduction through the composite, should occur by its SWCNT-
network only. Fig. 3 shows the conductance vs. voltage curve of the 
composite vis-à-vis that of the SWCNT-film.  

                

Fig. 3 Conductivity vs. voltage curve of the composite 
vis-à-vis that of the SWCNT-film at 300K. 

The conductance vs. voltage curve of the composite exhibits a 
feature which is similar to the feature reported in case of small- 
band gap metallic (quasimetallic) SWCNTs while the conductance 
vs. voltage curve of the SWCNT-network of the film shows a 
characteristics which is known [13] for semiconducting SWCNTs. 
Actually a small band gap/quasimetallic nanotube shows only a 
moderate off state dip in the conductance when the Fermi-level is 
tuned into its band gap. This is because, its band gap is comparable 
to the thermal energy, Egap ~ kBT. Such a characteristic is clearly 
discernible in the conductance behavior of the composite. A 
semiconducting tube, on the other hand, shows a broad region of 
near-zero conductance because it’s Egap >> kBT, - a characteristic 
which is evident in the conductance behavior of the SWCNT-film. 
The results clearly demonstrate that the band structures of the 
SWCNTs in the composite have changed to quasimetallic type.  
 Arrhenius plot of the temperature dependent resistance data of the 
composite above room temperature is shown in Fig. 4. It exhibits 
two temperature regions of conduction. In the low temperature 
region (T~ near Troom), the resistance changes slowly with an 
activation energy of the order of ~ 18 meV, while in the higher 
temperature limit the resistance falls with a bit faster rate and is 
found to be regulated by an activation energy of ~ 31 meV. A 
crossover- temperature is noted in between 330 - 340 K.  
Generally a network of a pure SWCNT–mat consists of 
nanotubes/bundles of nanotubes of different types, some metallic 
and some semiconducting, which may have inter-tube contacts and 
also intrinsic defects. All these factors act as barriers in the 
conduction process of the mat. SWCNT-network of the present 
composite has only one type of junctions, namely, quasimetallic - 
quasimetallic which are separated by thin layers of the insulator 
glass. Such junctions should make good tunneling contacts. The 
insulator glass layers in the inter-tubes junctions, on the other hand, 
would only increase the net resistance of the contacts but not 
influence the conduction mechanism [14] of the composite.  
Conduction properties of quasimetallic conducting polymers have 
been well explained [15] by the general expression 
           ρ(T) = Aexp(-Tm/T) + Bexp[Tb/(T+Ts)] --------------- (2) 
where ρ(T) = resistance at temperature T, and the first term on the 
right hand side accounts for the quasi-1-D metallic conduction with 
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a characteristic energy kBTm which accounts for the back scattering 
of the charge carriers. A and B, are constants related to the 
geometrical parameters. Tb is a measure of energy (kBTb) required 
for charge carrier tunneling through the barriers, and Ts/Tb is the 
quantum induced tunneling in the absence of fluctuations.    

            
Fig.4 Arrhenius plot of the temperature dependent 
resistance data of the composite. (Ea1, Ea2 are the 

activation energies at the two temperature regimes). 
 

         
Fig.5 Temperature vs. resistance plot of the data of  the 

composite and their fit to the equation (2). 
 

A plot of resistivity vs. temperature data of the composite and their 
fit to the above equation are shown in Fig. 5. The values of Tb, Ts 
and Tm obtained are 350, 332 and 1323K respectively. The energy 
required for charge carrier tunneling (kBTb ) through the barriers in 
the present composite is found to be 30 meV, which is in excellent 
agreement with the value of the activation energy (~31 meV) 
obtained from the Arrhenius plot. The value of the ratio (Ts/Tb) is ~ 
0.94 which is similar to the value (0.84) reported [16] for 
SWCNT/poly (3-octylthiophene) composite with 8% SWCNTs. 
The value of Tm ~ 1323K is also of the order of same magnitude 
reported for the metallic/ nonmetallic nanotubes ropes (1000K). 
Excellent fit of the experimental data of the composite to the 
equation (2) suggests that the carrier transport in the system is 
dominated by the fluctuation assisted tunneling and the metallic 
component behaves like a quasi-1-D metallic conductor.   
 

4. Conclusions: 
Our results show that the band structure of SWCNTs of a sample of 
as synthesized product can be modulated almost totally to 
quasimetallic type by incorporating into the matrix of an 
appropriate inorganic glass. The nanotubes in the glass suffer 
internal stress induced various structural deformations and as a 
result a change in their band structures to quasimetallic type. 
Quasimetallic SWCNT–rich composite functions as an optically 
transparent efficient conductor. The carrier transport in the 
composite is dominated by fluctuation induced tunneling.     
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