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Abstract 
 

Carbon Nanotubes (CNTs) are promising filler materials owing to their 

exceptional mechanical, electrical, thermal and optical properties. Since their discovery in 

1991, a major effort has been made in developing CNT-polymer nanocomposites, 

whereas CNT/ceramic based nanocomposites, in particularly, CNT/silica 

nanocomposites, have been very little studied. This thesis focuses on preparation and 

characterization of novel CNT/silica nanocomposite glasses synthesized by the Sol-Gel 

technology. A comprehensive analysis of their morphological, optical, and electrical 

properties was conducted, and analyzed according to existing theoretical models.  

The nanocomposites hosting matrix is a hybrid organic/inorganic glass prepared 

by the Fast-Sol-Gel (FSG) route. Using specific conditions in the FSG procedure, the 

resultant glasses are nonporous, exhibiting no contraction upon drying. Their analogous 

Classical-Sol-Gel (CSG) glasses, however, are porous, and do exhibit contraction upon 

drying. The FSG glasses are relatively new materials, and their physical and optical 

properties were only meagerly studied. In our present work we have conducted a 

comprehensive experimental research on some previously ignored characteristics such as: 

UV-vis-IR optical absorption and transmission, and the organic content effect on the 

refraction index n, density ρ, thermal expansion coefficient β, and thermo-optic 

coefficient dn/dT. We found that organic residues within the glass decrease the refractive 

index, density, and thermo-optic coefficient. The thermal expansion coefficient, however, 

increases with the organic content. A negative linear dependence of the thermo-optic 

coefficient on the thermal expansion coefficient was obtained. 

CNT/FSG nanocomposites were prepared by using a solution mixing method, 

while CNT/CSG nanocomposites were prepared by means of an in situ polymerization 

technique. Nanocomposites based on FSG hybrid glasses were characterized for their 

nonlinear optical and electrical properties; nanocomposites based on CSG were studied 

for the influence of the CNT concentration on the material porosity. 

We have demonstrated that incorporation of multi-walled carbon nanotubes 

(MWNTs) into the hybrid glasses at very low concentrations (0.02 wt.%) generates new 

nonlinear optical phenomena while maintaining practical transparency (~50%). A strong 

“bleaching” effect was recorded when MWNT/FSG glasses were irradiated with high 

intensity - 1 ns-long pulses at 1064 nm. This nonlinear phenomenon is attributed to 

saturated absorption of the MWNTs, and is analyzed using a three-level energy scheme 
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model. The ground state absorption cross section was estimated as
 

18 22 3 10 cmgs .   , in 

good agreement with the known value per single carbon atom. The cross section for 

excited state absorption was estimated as 19 26 9 10 cmes .   , and is reported here for the 

first time for CNTs. The saturable absorption phenomenon suggests possible applications 

of the MWNT/FSG composites as fast laser passive mode lockers.  

Electrical properties of MWNT/FSG nanocomposites were investigated with 

relation to the percolation theory, described by the  0
t

c      scaling law,  where 

c   is the volume fraction of the conductive filler in the composite, c  is the 

percolation threshold, and 0  and t  are empiric constants related mainly to the filler 

intrinsic electrical conductivity, and the filler dispersion dimensionality, respectively. A 

good agreement was achieved by fitting the theoretical model to the experimental results. 

We obtained
 

0.22c  wt.% and 1.73t  . These values are reported for the first time for 

a silica based system. The maximal conductivity measured for MWNT/FSG 

nanocomposites was   1310 cm    at 2 wt.% CNT. This is a conductivity increase of 

at least 12 orders of magnitude compared to that of pure silica. Materials with electrical 

conductivities in this range can be exploited for applications as anti-static coatings. 

The effect of CNT incorporation on the mesoporous structure of silica was 

investigated in MWNT/CSG nanocomposites. It was shown, that the presence of 

nanotubes affects the resultant material porosity; however the exact nature is not entirely 

clear.  
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1. Introduction 

1.1. Composite and nanocomposite materials 

Composites as a class of materials are known for many millennia, and are found 

in nature and among synthetic materials. Basically, a definition of a classical composite 

is a "continuous system exhibiting inhomogeneity on spatial scales that are much larger 

than atomic, but essentially homogeneous macroscopically". Composite materials are 

formed as a combination of two or more distinct materials, exhibiting desirable properties 

that are different from those of the parent components. 

A typical nanocomposite is a multiphase solid material, where one of the phases 

is a grained material with at least one dimension being less than 100 nm. This class of 

materials includes structures having nanoscale repeat distances between the different 

phase components [2].  In the broadest sense, this definition can include porous media, 

colloids, gels and copolymers, but it typically describes the solid combination of a bulk 

matrix and nano-dimensional phase(s) differing in properties due to dissimilarities in 

structure and chemistry. The nanostructured phase can be zero-dimensional (embedded 

clusters), one-dimensional (Carbon nanotubes), two-dimensional (nanoscale coatings) or 

three-dimensional (embedded networks).  In general, nanocomposite materials can 

demonstrate a large variety of mechanical, electrical, optical, electrochemical, catalytic 

and structural properties that are different than those of the individual components. In 

mechanical terms, nanocomposites differ from conventional composite materials due to 

the exceptionally high surface to volume ratio of the reinforcing phase, and/or its 

exceptionally high aspect ratio. The reinforcing material can be made up of particles (e.g. 

minerals), sheets (e.g. exfoliated clay stacks) or fibers (e.g. carbon nanotubes or 

electrospun fibers). The matrix material properties are significantly affected in the 

vicinity of the reinforcement. The large amount of reinforcement surface area means that 

a relatively small amount of nanoscale reinforcement may establish an observable effect 

on the macroscale. For example, addition of carbon nanotubes increases the electrical and 

thermal conductivity. Other kinds of nanoparticles may result in gross changes in some 

optical and dielectric properties, high temperature durability or mechanical properties 

such as stiffness, strength, and resistance to wear and damage. In general, the nano 

reinforcement material is dispersed into the matrix during processing. The weight 

percentage (sometimes referred to as mass fraction) of the nanoparticles introduced can 

remain relatively low (of the order of 0.5 to 5%) due to the low filler percolation 
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threshold, especially for the most commonly used non-spherical, high aspect ratio fillers 

(e.g., nanometer-thin platelets such as clays, or nanometer-diameter cylinders such as 

carbon nanotubes). 

 

1.2. Carbon nanotube (CNT) based nanocomposites 

Since their discovery by Iijima in 1991 [3], carbon nanotubes (CNTs), have 

received much attention due to their prospective applications. CNTs may be classified as 

single-walled carbon nanotubes (SWNTs) [4], double-walled carbon nanotubes 

(DWNTs) [5] or multi-walled carbon nanotubes (MWNTs) [1]. SWNT and DWNT 

comprise, respectively, one or two concentric cylinders of graphene sheets, whereas 

MWNT comprises several concentric cylindrical shells of graphene sheets (Figs. 1a and 

1b). CNTs are synthesized in a variety of ways, such as arc discharge [3], laser ablation 

[6], high pressure carbon monoxide (HiPCO) [7], and chemical vapor deposition (CVD) 

[8] . 

 

(a)       (b)  

Fig. 1. Schematic illustration of (a) SWNT comprising a single graphene sheet rolled into 
a cylinder and (b) a MWNT comprising several concentric cylinders, where each shell is 
depicted by a different color [9]. 
 

CNTs exhibit unique mechanical, electrical, thermal-, and magnetic properties, as 

well as some nonlinear optical properties. Table 1 [10, 11] provides a list of CNTs typical 

properties. The exact magnitude of the listed properties depends on the nanotubes 

diameter and chirality, and whether they are single-, double- or multi-walled. Depending 

on their structural parameters, SWNTs can be metallic or semiconducting, which further 

expands their prospected range of applications. Because of the nearly one-dimensional 
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electronic structures, metallic nanotubes can transport electrons over long tube lengths 

without significant scattering. This type of conduction is termed “ballistic”. The 

electronic mean free path for metallic SWNTs is of the order of several micrometers [12]. 

Similarly, SWNTs exhibit large phonon mean free paths, resulting in a high thermal 

conductivity (theoretically > 6000 W/mK [11]). Because of these extraordinary 

properties, great enthusiasm exists among world researchers regarding exploration their 

potential as nanofillers. 

 

Table 1.  Typical properties of isolated CNTs [10, 11]. 

Property   SWNT DWNT MWNT 

Tensile strength (GPa) 50-500 23-63 10-60 

Elastic modulus (TPa) ~1 - 0.3-1 

Elongation at break (%) 5.8 28 - 

Density (g/cm3) 1.3-1.5 1.5 1.8-2.0 

Electrical conductivity (Ω-1 m-1) ~106 

Thermal conductivity (W/mK) >6000 - - 

Thermal stability (ºC in air) > 700 

Typical diameter (nm) 1 ~ 5 ~ 20 

Specific surface area (m2/g) 10-20 

 

 

1.2.1. CNT/polymer nanocomposites 

Addition of carbon-based fillers to polymers to increase mechanical strength, 

decrease weight, and increase heat conductivity, is not a novel idea. For example, carbon-

black has been widely utilized to reinforce rubber and plastics. It is also extensively used 

in racing tires to reduce thermal damage. Carbon fibers are also popular engineering 

materials that are used in various industrial fields; for example drive shafts and rear 

spoilers in the automobile industry, fuselage and airplane wings, and pressure vessels and 

windmills for energy production applications. The carbon-based polymer additives with 

the greatest potential are CNTs due to the combination of their extraordinary properties 

detailed in Table 1. The ability to harness the mechanical strengths of CNTs has already 

given rise to new industrial products, for example, sports equipment, such as tennis and 

badminton racquets as well as golf clubs [13]. Some resin families containing fibril 
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MWNTs have been developed [14], and are used to make statically dissipative plastic 

compounds that are molded into a variety of automotive parts where toughness and 

surface quality are important. 

The great challenge in nanotube/polymer nanocomposites is the efficient 

translation of nanotube properties into the polymer matrix. The unique morphology of 

carbon nanotubes turns dispersion into a challenge. From the chemical aspect, CNTs 

have a combination of properties that poses a challenge for generation of chemical bonds. 

Within the tube structure, σ-bonds are strong and localized to maintain the tube skeletal 

configuration, while on the perimeter, π electrons are delocalized, and are available for 

interactions with other atoms, through π–π or Van der Waals forces. In particular, the 

attractive force in SWNT is ~0.5 eV per nanometer of nanotube-to-nanotube contact [15]. 

This fact has two important practical aspects; nanotube aggregation (nanotube to 

nanotube) due to high aspect ratios in combination with high nanotube flexibilities, and 

on the other hand, interfacial bonding with the polymer host (nanotube to matrix). The 

lack of interfacial bonding can lead to fiber pullout during stress, followed by mechanical 

failure. Bundling also disrupts the optical and electronic property characterizations. In 

order to improve the interfacial bonding, the nanotube surface should be activated, a 

procedure generally termed as “functionalization”, which will be discussed further.  

Thus the first stage in production of a nanocomposite is the enforcement of a 

homogenous dispersion of the nanotubes in the polymer matrix. Dispersion techniques 

fall broadly into two main categories; mechanical/physical, and chemical.  

To physically separate bundled tubes tightly held by Van der Waals forces, a 

mechanical force is required. Three main mechanical processes have been partially 

successful: ultrasonication, milling and shear mixing. On a laboratory scale, the most 

popular technique for nanotube dispersion in liquid media is ultrasonication. In this 

method, the nanotube specimens are first mixed with a solvent, and then exposed to 

ultrasonic radiation. The ultrasonication delivers high levels of vibrational energy to the 

system, and is assumed to create expansion and peeling/fractionation of the graphene 

layers. The process starts from the outside and works its way in, with each layer 

fractionating independently from the preceding and subsequent layers. Consequently, the 

process has the potential of making the tube thinner as well as shorter [16, 17]. In 

general, the ultrasonic process is known to cause three particular effects in a liquid: 

bubble nucleation then subsequent implosion (cavitation), localized heating, and free 

radicals formation [18]. It is the cavitation that causes much of the dispersion, but also 
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induces much tube damage. Low frequencies (∼20 kHz) produce larger bubbles which 

lead, to a larger energy distribution as they collapse. Increasing the frequency leads to 

smaller radius bubbles, hence reduced cavitation and smaller energy dissipation. 

The chemical method for CNTs dispersion involves functionalization of the tube 

surface, which also, in a polymer-nanotube composite, improves the interaction between 

each tube and its local matrix environment. Two general classes of chemical dispersion 

methods are considered: one is the covalent method that refers to covalent bond breakage 

across the nanotube surface which disrupts the delocalized π-, and localized σ-bonds, and 

thereby allows the incorporation other species across the shell exterior. The processes 

may preferentially occur at defect sites, or where tube curvature is the highest, i.e. at 

tube-ends. A classical approach for functionalization uses an oxidative route (usually by 

refluxing in nitric acid) to form shortened nanotubes bearing carboxylic acid groups at 

the terminals, that are subsequently converted into other functional groups via standard 

condensation (Fig. 2a and 2b). Alternatively, various reaction protocols can covalently 

functionalize primarily nanotubes sidewalls, which is comparatively less destructive to 

the nanotube length. Though the covalent functionalization may have an advantage in 

dispersing nanotubes into a given matrix, consideration needs to be directed towards the 

amount of defects, hence damage, experienced by the tubes. Mechanical strength of the 

nanotubes appears to be lowered due to introduction of defects along the tube [19]. 

Because these are surface-dependent effects, a multi-walled tube may not be as 

drastically affected as the single-walled varieties. Nevertheless, the overall mechanical 

strength of the nanocomposite material is improved due to better interfacial adhesion 

between the nanotube and the polymer matrix. Another issue to be considered is the 

nanotube electrical properties. Covalent functionalization of sites disrupts the extended π-

electron conjugation, and scatter electrons; thus the electrical conductivity can be 

severely reduced [20].  

The second, non-covalent functionalization is an alternative for tuning the 

nanotubes interfacial properties. The non-covalent functionalization is of particular 

interest, because it does not compromise the CNTs physical properties, but improves 

their solubility and processability. The suspension of CNTs in the presence of polymers, 

such as poly(phenylene vinylene) [21] or polystyrene [22], leads to wrapping of the 

polymer around the CNTs to form supra-molecular CNT complexes (Fig. 2d). The 
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polymer wrapping is achieved by Van der Waals interactions as well as π–π stacking 

between the CNTs and aromatic ring containing polymer chains. 

 

Fig. 2. Schematic illustration of chemical methods for dispersing nanotubes: (a) covalent 
sidewall functionalization; (b) defect group functionalization; (c) non-covalent 
functionalization with surfactants; (d) non-covalent functionalization with polymers [23]. 
 

Another type of non-covalent functionalization involves surfactants which allow 

suspension of nanotubes in aqueous media (Fig. 2c). Surfactants are amphiphilic 

molecules, consisting of hydrophilic heads and hydrophobic tails. The surfactants are 

categorized by three main groups according to the electrostatic charge of the hydrophilic 

head group: (i) non-ionic surfactants, such as polyoxyethylene 8 lauryl (C12EO8), 

nonylphenol ethoxylate (Tergitol NP-7), polyoxyethylene octylphenylether (Triton X-

100); (ii) anionic surfactants, such as sodium dodecylsulfate (SDS), sodium 

dodecylbenzenesulfonate (SDBS), poly(styrene sulfate) (PSS); (iii) cationic surfactants, 

such as dodecyl tri-methyl ammoniumbromide (DTAB), cetyltrimethylammounium 4-

vinylbenzoate (CTVB). The interaction between the surfactants and CNTs depends on 

the surfactant nature, such as its alkyl chain length, head group size, and charge. 

According to Islam et. al. (2003) [24], CNTs are stabilized by hemi-micelles that wrap 

the tube surface in the following manner: the alkyl chain part of adjoining surfactant 

molecules lies flat on the graphitic tube surface parallel to the cylindrical axis, whereas 

the hydrophilic head group is turned towards the aqueous medium [24]. The mechanism 

is illustrated in Fig. 3. The interaction between the alkyl chain and the tube surface 
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becomes stronger when the hydrophobic part of the surfactant contains an aromatic 

group. 

 

 

Fig. 3. Schematic representation of how surfactants may adsorb onto the nanotube 
surface [24]. 
 

In our work we used both the physical and chemical methods of CNTs dispersion. 

Particularly ultrasonication, covalent functionalization with –COOH groups, and 

surfactant assisted dispersion in an aqueous medium. A detailed description is given in 

section 3.1. 

The next step in CNT/polymer nanocomposite preparation is combining the CNT 

suspension with the hosting matrix. Currently, there are several methods used to improve 

CNTs dispersion in polymer matrices, such as solution mixing, melt blending, and in situ 

polymerization. 

Solution mixing is the most common method for fabrication of CNT/polymer 

nanocomposites because it is amenable to small sample sizes. Typically, solution 

blending involves three major steps: suspension of CNTs in a suitable solvent by one of 

the techniques described above. The solvent may also dissolve polymer resins. 

Subsequently, the dispersed CNTs are mixed with a polymer matrix at room-, or at an 

elevated temperature. The nanocomposite is finally obtained by precipitating or casting 

the mixture while allowing the solvent to evaporate. This method is often used to prepare 

composite films. 

Melt blending is another commonly used method. Thermoplastic polymers, such 

as polypropylene, polystyrene, poly(ethylene 2,6-naphthalate), can be processed as 

matrices in this method. The major advantage is, that no solvent is employed. Melt 

blending uses a high temperature and a high shear force to disperse CNTs in a polymer 

matrix, and is quite compatible with current industrial practices. Special equipment, such 
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as an extruder and an injection machine, which are capable of operating at elevated 

temperatures and generating high shear forces, are employed to disperse the CNTs.  

Compared with the solution mixing method, this technique is generally considered less 

effective from the CNTs dispersion aspect, and is limited to low CNT concentrations due 

to the high viscosities of the composites at high nanotube loadings [17]. 

In situ polymerization is an efficient method for realizing uniform dispersion of 

CNTs in a thermosetting polymer. In this method, CNTs are mixed with monomers, 

either in the presence or absence of a solvent, and then these monomers are polymerized 

via addition or condensation reactions with a hardener or a curing agent at an elevated 

temperature. One of the major advantages of this method is that covalent bonding can be 

formed between the functionalized CNTs and the polymer matrix, resulting in improved 

mechanical properties of the composites through strong interfacial bonds. 

In our work we adopted the solution mixing and in situ polymerization techniques 

for preparation of CNT/sol-gel composites. The exact procedures are detailed in section 

3.1. 

 

1.2.2. CNT/ceramics composites 

Since the hosting matrix in our nanocomposites is silica, either pure or hybrid, 

these types of composites belong to the broad family of ceramic materials.  

Although the focus of the research in CNT based nanocomposites has mostly been on 

polymer based nanocomposites, it should be interesting to study the introduction CNTs 

into inorganic materials. It would allow overcoming some drawbacks of polymers such 

as aging, limited temperature range of application, and degradation under high optical 

fluxes. Moreover, the unique properties of CNTs can also be exploited in ceramic matrix 

composites. Ceramic materials exhibit high stiffness and excellent thermal stability, 

combined with a low density; however, their brittleness often impedes their use as 

structural materials. Because of their exceptional toughness, CNTs might be desirable as 

reinforcement for ceramics. The combination of these nanotubes with a ceramic matrix 

could potentially create composites that exhibit a high temperature stability as well as 

exceptional toughness and creep resistance. Many efforts are devoted to develop high-

performance ceramics that can withstand extreme conditions of high temperature, wear 

and chemical attack. Materials possessing these qualities are required in numerous 

advanced applications such as gas turbines, aerospace materials, and automobiles. Apart 
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from structural applications, dispersing conducting metallic nanoparticles can increase 

the electrical conductivity of ceramic materials. In case of transparent ceramics, i.e. 

glasses, incorporation of optically active nanoparticles as CNTs can be utilized for 

production of non-linear optical components such as optical limiters, and laser mode 

lockers and Q-switches.  

As in polymer based nanocomposites, the major concern is to obtain a uniform 

dispersion of nanotubes within the matrix. Over the years, several methods have been 

developed to fabricate CNT/ceramic composites. One of the methods is in situ growth of 

CNTs by chemical vapor deposition (CVD). In this method, CH4: H2 mixtures are 

passed over dispersions of transition-metal catalysts supported on oxide powders (typical 

combinations include Fe, Co or Fe/Co alloys on Al2O3, MgO or MgAl2O4) [25]. These 

composite powders can be then hot pressed to form macroscopic composites. The 

drawback of this method is that eventually, the CNTs are not dispersed uniformly within 

the final composite, despite being uniformly grown over the surface of the oxide 

particles.  

Powder processing is another common technique for CNT/ceramic composite 

fabrication. Results have usually shown that conventional powder processing is not an 

effective means to disperse CNTs homogenously in ceramic or glass matrices; due to the 

geometrical tendency of CNTs to cluster as they are forced into the spaces between the 

larger powder particles during consolidation (Fig. 4a). This is exacerbated by ball milling 

or other aggressive mixing normally required to de-agglomerate the powders, which 

forces the CNTs together. Finally, the high temperatures required to consolidate ceramic 

matrices are likely to damage or completely destroy the CNTs. 

 

 

Fig. 4. Schematic diagram of CNT dispersion in a ceramic matrix; (a) mixing with a 
precursor powder; (b) sol–gel processing [26]. 
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An alternative method for production of ceramic nanocomposite materials is 

using the sol-gel processing. The sol–gel route avoids the geometrical agglomeration 

associated with powders (Fig. 4b) and the low melting point of the matrix helps to avoid 

damage to the CNTs during densification [26]. The sol-gel process is described in detail 

in section 1.3. 

 

1.2.3. Physical properties of CNT-based   
  nanocomposites 

 

In this section we review some of the latest achievements in CNT based 

nanocomposites with respect to preparation procedures and physical properties studied in 

this work.  

We start with examining the effect of CNT on the morphology of porous silica 

(xerogel). Z. Chan et al., (2007) [27] studied the pore structure of CNTs/silica 

nanocomposites at 2.5-26.4 wt.% of CNT. The nanotubes were introduced into the matrix 

by in situ polymerization; however, the exact procedure details are not given. The pure 

xerogel consist of two grades of pores, centered around 8 nm and 15 nm. The authors 

found that at low CNT concentrations (up to 6.5 wt. %) the amount of 8 nm pores 

increases while that of 15 nm pores decreases. Increasing of CNT doping level from 6.5 

to 26.4 wt. %, induces a change in the pore structure in the opposite direction; the pore 

volume of 15 nm diameter increases while that of 8 nm diameter decreases.  C. Zheng et 

al., (2008) [28] found that addition of ~0.02 wt.% MWNT to the silica network,  

increases the typical pore diameter from 10 nm to 18 nm in the composite xerogel. To the 

best of our knowledge, these reports are the only published work that studies the effect of 

CNTs on the pore characteristics in silica based xerogels. In our work, we present a 

continuation of the pore characteristics study as function of CNT loading. 

Nonlinear optical properties of CNT based nanocomposites have been broadly 

explored due to promising optical applications.  In the visible, specifically at 532 and 800 

nm, enhanced absorption and/or scattering were observed at high light intensities, [29-

33]. These effects were termed “optical limiting” by virtually all workers. In the near 

infrared (NIR), mainly saturable absorption was observed [34-44], although several 

studies showed the occurrence of optical limiting at 1064 nm [29, 45-47]. Saturable 

absorption was studied using single-walled carbon nanotubes (SWNTs), which exhibit 
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discrete band transitions [41, 48-50] and a controllable band-gap that depends on the 

tubes diameter [49]. Applications of the SWNTs for laser mode-locking [37-39, 41-43] 

noise suppression [40, 43] and pulse shaping [44] were demonstrated utilizing their fast 

saturable absorption property.  

The fundamental technique for nonlinear properties characterization is the z-scan 

method, which will be further described in section 3.2.2. 

Despite the abundance of studies, comparison of quantitative empirical 

parameters describing the non linear phenomenon is virtually impossible, due to the large 

variability of process parameters, such as the nanotube type (single-walled or multi-

walled, length, diameter, and functionalization procedure), concentration, and the host 

materials.  

Saturable absorption of MWNTs was studied only briefly [34]. In the present 

work a large part of the research is devoted to study the nonlinear phenomena, 

particularly saturable absorption of MWNT nanocomposites. 

A percolation theory can be utilized to explain the electrical conduction behavior 

of composites consisting of conducting fillers (e.g. CNTs) in insulating matrices (e.g. 

ceramics). When the conducting filler content is gradually increased, the composite 

undergoes an insulator-to-conductor transition; the electrical conductivity rises by several 

orders of magnitude over a relatively small increase in the filler content. It is interpreted 

as due to the formation of continuous conducting networks. The filler content where this 

transition occurs is referred to as the “percolation threshold”. Below this threshold, the 

electrical properties change only very moderately with the conducting filler content. In 

this regime, the electrical conductivity can be explained by two mechanisms: electron 

tunneling or electron hopping. In the tunneling model, an electron can tunnel through the 

potential energy barrier between filler particles. This process is schematically represented 

in Fig. 5(a). The tunneling phenomenon is effective at inter-particle distances not 

exceeding ~10Å. In the hopping model, a localized electron can be thermally excited 

over the potential barrier between neighboring filler particles [51]; the hopping rate is 

obviously thermally activated. This process is illustrated in Fig. 5(b). If the potential 

barrier width (i.e., the distance between the two filler particles) is larger than 10Å, 

electrons hop rather than tunnel from one filler particle to the neighboring one. The 

probability for both processes decay exponentially with the inter-filler particle distance. 
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Fig. 5. Schematic representation of (a) electron tunneling and (b) electron hopping over a 
potential barrier Ea. Full circle indicates a free electron residing in a filler particle. 

Above the percolation transition range, multiple conduction paths form in the 

matrix, so that the electrical conductivity of the composite often shows a saturation 

plateau. The electrical conductivity, σ can be related to the concentration by a scaling law 

such as: 

  0
t

c      for c    (1.1) 

where  is the volume fraction of the conductive filler in the composite, c  is the critical 

volume fraction or “percolation  threshold”, and 0  and t  are empiric constants related 

mainly to the filler intrinsic electrical conductivity, and system dimensionality, 

respectively. This behavior is graphically shown in Fig 6.  

(a) Tunneling 

(b) Hopping 
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Fig. 6. Schematic description of the percolation phenomenon and the formation of a 
conducting network in composite materials [52]. 

 
Conventional conducting fillers are usually micrometer-scale metal powders or 

carbonaceous materials, such as carbon black (CB), exfoliated graphite, and carbon 

fibers. In order to exceed the percolation threshold with these fillers, the filler content 

needs to be as high as 10–50 wt.%, resulting in a high density composite of usually poor 

mechanical properties. Using CNTs as conductive fillers enables to minimize the 

aforementioned problems, by facilitating formation of conductive networks even at low 

CNT content, often as low as 0.5 wt.% [52]. This is due to the high aspect ratio of these 

molecules. The percolation threshold for different CNT/polymer nanocomposites is 

demonstrated in Fig. 7. Most polymer nanocomposites exhibit transition from an 

insulator to a conductor at CNT concentrations lower than 5 wt.%.  

 

Fig. 7. Percolation threshold for different CNT/polymer nanocomposites [52]. 
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In contrast with the numerous studies of CNT/polymer nanocomposites, the 

percolation threshold and electrical properties for CNT/ceramic matrices have been 

meagerly studied. Nevertheless, the thumb rule of percolation threshold being below 5 

wt.% is also applicable for inorganic composites. Rul et al., [25] found that for the 

MgAl2O4 matrix, the percolation threshold was 0.64 vol.% CNT, while Shi et al., [53] 

demonstrated a percolation threshold of 1.7 wt.% CNT in a ZrO2 matrix. In SiO2 matrix, 

Guo et al., [54] found that incorporation of MWNTs turned an insulating silica into a 

conductive nanocomposite, with a room temperature conductivity of  approximately 65 

Ω-1m-1. Yet, a percolation threshold for their silica based nanocomposite has not been 

investigated. To the best of our knowledge, no work has yet been conducted towards 

identifying a percolation threshold in silica based matrices. In our work we study the 

percolation phenomena in MWNT/silica system and the nanotube length effect on the 

conductive network formation. 

 

1.3. The Sol-Gel technology 
 

Traditional ceramic and glass technology have always required a high-

temperature chemistry. In the case of glass, a three dimensional network is formed during 

high-temperature melting, and is preserved by supercooling the melt. The emergence of 

the sol-gel processes has changed this situation. A three-dimensional glasslike network is 

grown in a liquid medium at room-temperature, or at slightly elevated temperatures 

(<100ºC). These conditions allow incorporation of organic compounds, which was 

unattainable in traditional glass technology, introducing novel characteristics to the glass. 

Moreover, the flexibility in the chemical process determines the final structure and 

physical properties of sol-gel materials. Therefore the sol-gel technology allows tailoring 

of material properties to accommodate a diverse range of applications. 

The chemistry of the sol-gel process takes place in hydrolysis and condensation 

reactions of the precursors. The starting compounds are usually metal alkoxides, 

M(OR)x, where M is a metal and R is an organic ligand. When a metal alkoxide reacts 

with water, the reaction is termed hydrolysis, because a hydroxyl ion, OH- becomes 

attached to the metal atom, as demonstrated in the following reaction for Si alkoxide: 

Si(OR)4 + H2O → HO−Si(OR)3 + ROH  (1.2) 

Depending on the amount of water and catalyst present, hydrolysis may reach completion 

(so that all of the OR groups are replaced by an OH), or stop while the Si atom is only 
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partially hydrolyzed, Si(OR)4-n(OH)n. Two partially hydrolyzed molecules can link 

together in a condensation reaction, such as 

(OR)3Si-OH + HO-Si(OR)3 → (OR)3Si-O-Si(OR)3 + H2O  (1.3) 

or 

(OR)3Si-OR + HO-Si(OR)3 → (OR)3Si-O-Si(OR)3 + ROH  (1.4) 

This type of reaction continues to build larger and larger silicon-containing molecules by 

polymerization.    

 

1.3.1. Classical-Sol-Gel (CSG) technology 

A typical sol-gel reaction, which will be further referred to as Classical-Sol-Gel 

(CSG), starts with mixing the precursors within a common solvent, alcohol. Once the sol 

has formed, which is a suspension of colloid particles, it can then be deposited on top of a 

substrate to form a film or a coating, or else continue the polymerization process within 

the reaction vessel. A gel is formed by polycondenstaion of the particles. The gel is 

represented by a solid network, with the solvent filling the interconnected pores. Gelation 

point represents the moment when the last link is formed in the chain of bonds that 

constitutes the spanning cluster [55]. At the gelation point, the viscosity of the mixture 

increases sharply. The next step is aging the sol-gel product. During aging, condensation 

of hydroxyl (-OH) groups continues and results in cross-linking and coarsening of the 

silica network.  At room temperature, this process can continue for months. During 

aging, expulsion of the liquid from the pores results in shrinkage of the network and can 

result in about a 30%-90% volume decrease. A drying process excludes the liquid either 

by evaporation, resulting in a xerogel, or via supercritical evacuation, resulting in an 

aerogel. A xerogel is porous silica that can encapsulate guest molecules, which is 

impossible in typical dense glasses. An aerogel is a highly porous silica with above 90% 

voids. During solvent evaporation, solid fracturing is a common problem, due to 

evolution of anisotropical contraction of the network and capillary stress. Sintering 

(baking above 1000 ºC) may be further employed in order to stiffen the silica network. 

However this process diminishes the porous structure of the solid. 

Thus, the CSG process results in a porous silica network that possesses the shape 

of the drying vessel, however with an evident volume reduction. The time required for 

reaching the final bulk product is of the order of several weeks to several months, 

depending on the size of the specimen.  
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1.3.2. Fast-Sol-Gel (FSG) process 

The Fast-Sol-Gel (FSG) method, originally introduced by Haruvy and Webber 

[56] (1991), presents a faster process for fabrication of hybrid organic/inorganic glassy 

materials devoid of cracks and shrinkage. This  method is based on the combination of 

the following principles: 1) Elimination of the common solvent, as originally proposed 

by Avnir [57]. 2) Blocking of at least one constituent of the Si(OR)4 siloxane monomer. 

3) Applying a low (below stoichiometric) water-to-siloxane molar ratio, required by 

equation 1.2 and 4) Performing the process at an elevated temperature (~100°C) and 

elevated pressure (~ 3 atmospheres). These conditions force the chemical reactions 

towards the products. Next, evacuation of the by-products i.e., alcohol and water, is 

employed to yield a viscous resin. The detailed FSG process is given in the appendix A. 

These conditions drive the reaction initially to a linear polymerization, and only 

afterwards to polymer-chain cross-linking enabling the relaxation of the polymer-gel. 

Avoiding the use of a common solvent as well as the continual removal of the liquid 

phase formed during the reaction, significantly decreases the processing time and 

eliminates the contraction volume and fracture formation. The FSG technique allows 

reproducible preparation of materials with well controlled properties. By changing the 

ratio of the precursors or the organic residues, the end material can be varied between a 

silicon rubber and a silica glass. Thus, the mechanical and optical properties of an FSG 

resin can be custom designed for required specifications between these two ends.  

The FSG product is distinctive from the CSG product in several aspects:  

a) The matrix formed is a hybrid organic/inorganic network due to the fact that 

the starting precursors have an organic, non polymerizing group such as the 

methyl group in methyltrimethoxysilane, CH3Si(OCH3)3. 

b) The matrix formed is a dense solid with negligible porosity, due to the fact that 

the gelation occurs in the absence of solvents. 

c) Contraction and fracture of the monolith are avoided. Large monoliths 

(dimension ≥10 cm) and exact mold replication, particularly micro- and nano-

structures [58] can be easily produced.  

d) The polymerization can be delayed by the addition of an appropriate solvent, 

and thus the product can be stored (at temperatures < 10ºC) in its sol condition 

up to several months until the final usage. 
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e) The time to reach a solid monolith is of the order of seconds or hours, 

depending on the curing procedure employed [58]. 
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2. Research objectives 

As indicated above, in the past few years much attention has been focused on 

CNT/polymer nanocomposites, while CNT/ceramic nanocomposites; in particular 

CNT/silica matrices have been only meagerly studied. Owing to the variety of production 

techniques and CNT characteristics (type, dimensions, functionalization procedure) 

comparison between different types of nanocomposites and their properties is not trivial. 

Indeed, various properties of nanocomposites such as nonlinear optical absorption, 

electrical conductivity, mechanical reinforcement and thermal conductivity have been 

studied. Yet, for each type of nanocomposite, only a single property was investigated. 

Thus a comprehensive study of multiple properties of the same nanocomposite material 

is very desirable. 

Accordingly, the goals of our present work are: 

 to study the initial physical properties of novel sol-gel materials prepared by 

the FSG route.  

 to develop physical and chemical methods to incorporate CNTs into FSG and 

CSG matrices.   

 to perform a morphological characterization on composite xerogels, with 

emphasis on pore structure as function of CNT functionalization and 

concentration.  

 to study the nonlinear optical absorption of CNT/FSG composites, especially 

at λ=1064 nm. 

 to investigate the electrical conductivity of CNT/FSG composites. 

 

2.1. Methodology 

The first part of the research focuses on the characterization of the initial physical 

properties of the FSG matrix. The correlation between the composition and the opto-

mechanical properties of FSG matrix is investigated. These properties are studied by 

several methods, such as: infrared and x-ray photoelectron spectroscopy, pycnometry, 

refractometry, thermo mechanical analysis, and thermo-optic coefficient measurement. 

Knowing these parameters serves as a starting point for some property alternation by 

CNTs addition. 
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The second part of the research is dedicated to developing methods for 

introduction of CNTs into both FSG and CSG matrices. Several routes are explored, the 

in situ polymerization and the solution mixing method. Various CNT functionalization 

procedures are studied and compared. 

The morphological properties of the nanocomposites in terms of dispersion 

quality and pore structure are examined by visual micro-inspection and nitrogen 

adsorption, respectively.  

Optical properties such as linear and nonlinear absorption are studied by means of 

spectroscopy and z-scan, respectively.  

The electrical properties of the nanocomposites are studied macroscopically by I-

V measurement, and microscopically by means of scanning probe microscopy. 
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3. Experimental methods 

3.1. Material preparation and processing 

3.1.1. Classical-Sol-Gel (CSG) 

a) Reagents 

COOH functionalized MWNTs of 10-20 nm diameter, 10-30 μm long were 

purchased from Nanostructured and Amorphous Materials Inc. at 95% purity. The 

surface acting agent, Triton® X-100 (TX100) was purchased from Sigma-Aldrich. The 

materials used for the Sol-Gel reaction were tetraethylorthosilicate (TEOS) (98% purity, 

by Aldrich), Ethanol Absolute (Dehaydrated, 99.9% purity by Bio Lab Ltd.), Nitric Acid 

(HNO3) 65% (Analytical grade, by Riedel-de Haen), and Hydrofluoric Acid (HF) 40%, 

(Analytical grade, by Riedel-de Haen). All chemicals were used as purchased. 

b) Sample Preparation  

MWNT dispersions were prepared in water and in ethanol. The former was 

prepared by mixing MWNTs with TX100 at 1:10 weight ratio in distilled water. The 

latter was achieved by mixing MWNTs with ethanol. It should be noted, that the CNT 

concentration values reported in the following chapters are qualitative and calculated 

according to the initial amount of nanotubes added to the dispersion. They do not take 

into account sedimentation and incomplete dispersion of the nanotubes.  

Both dispersions were ultrasonicated using a KUDOS model SK2210HP 

ultrasonic bath (frequency 53 kHz, energy 100W) for 30 minutes at 40% power. 

The silica xerogels were prepared by a two-step sol-gel reaction of 1:4:4 molar 

ratios (TEOS: H2O: EtOH). A typical preparation procedure follows the next recipe: 

10.42 g of TEOS and 9.22 g of EtOH were stirred in a closed vessel for 1 hr. at room 

temperature. Next, 3.6 g of distilled H2O were added to the vessel and stirred for 10 min. 

Subsequently, 200 µl (4 drops) of HNO3 and 100 µl (2 drops) of HF were added to the 

mixture. After each addition, the mixture was stirred for 10 minutes. The sol was poured 

into polystyrene cups and sealed with perforated lids. The cups were placed in an 

ultrasonic bath and ultrasonicated at 30°C until gelation (approximately 5-6 hrs.) 

The composite MWNT/silica xerogels were prepared by two parallel routes. In 

the first route, at the stage of ethanol addition an appropriate amount of MWNT/EtOH 

dispersion was added to the sol-gel reaction. These samples were labeled MWNT-

E/Silica. In the second route, at the stage of water addition an appropriate amount of 
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MWNT/TX100 aqueous dispersion was added to the sol-gel reaction. These samples 

were labeled MWNT-T/Silica. The MWNT concentration in the samples was 0.05, 0.1, 

0.16, 0.33 and 0.5 wt.%. Additionally, reference samples containing aqueous dispersion 

of surfactant only, were prepared at equal concentration of TX100 used in the MWNT-

T/Silica. These samples were labeled TX100/Silica. 

The xerogels were aged at room temperature for several weeks, until complete 

evaporation of the solvents. The resulting samples were dense ceramic glasses that 

contracted to about 10% of its original mold volume.  

 

3.1.2. Fast-Sol-Gel (FSG) 

a) Reagents 

The precursors used for the FSG reaction were tetramethylorthosilicate (TMOS), 

methyltrimethoxysilane (MTMS), dimethyldimethoxysilane (DMDMS), 3-

(methacryloxy)propyltrimethoxysilane (MATMS), dry ethanol, and 0.1 N HCl as the 

catalyst. The precursors (98% purity) and HCl (98% purity) were purchased from Sigma–

Aldrich. Ethanol absolute (dehaydrated, 99.9% purity) and tetrahydrofuran (THF) high 

performance liquid chromatography (HPLC)-grade were purchased from BioLab Ltd. 

Irgacure® 369 photoinitiator was purchased from Ciba. MWNTs of 10-30 nm diameter, 

1-10 μm long were purchased from Nanostructured and Amorphous Materials Inc. at 

90% purity. All chemicals were used as purchased. 

b) Sample preparation 

FSG hybrid glasses were prepared according to process described in section  1.3.2, 

with detailed process temperature and pressure profiles given in appendix A. The 

samples were prepared with different organic/inorganic compositions by varying the 

molar ratio of the precursors. Three types of FSG hybrid glasses were studied in this 

work, labelled “T”, “G” and “N”, which comprised different types of the organic residues 

as shown in Table 2. Type "T" consists of lower organic content than Type "G", and 

Type "N" consists of additional acrylic tail. The corresponding precursors, their molar 

ratio and the total organic content are summarized in Table 2. Samples were prepared in 

form of bulk glasses and thin films.  

Bulk glasses were prepared for dn/dT measurements, Near-IR absorption, and 

Environmental Scanning Electron Microscopy (E-SEM). The glasses were obtained by 

pouring the viscous gel into a 35-mm diameter Petri dish, covering with lid, and curing at 
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65 ºC for 48 hr. The disc-shaped glasses were optically polished to high flatness, yet 

mutually wedged at approximately 1º to allow for spatial out-filtering of the back-surface 

reflections in dn/dT measurements, as further described in section 3.2.1. For dehydration 

assessment, the disk samples were exposed overnight to humid air at a controlled 

humidity in a home-made humidity box, or alternatively immersed in water for 1, 2 or 3 

hr. Drying was performed in a vacuum chamber at room temperature, or in air at 65ºC. 

Table 2. FSG label definition according to the starting precursors and the organic content 

in the hybrid glasses.   

FSG 
label 

Precursor # Molar ratio Total organic content 
(wt.%) 

 I         II III 

T TMOS MTMS  1 : 6.5 19.3 

G TMOS MTMS DMDMS 1 : 5.3 : 1.3 22.7 

N TMOS MTMS MATMS 1 : 5.8 : 0.42 26.5 

T1 TMOS MTMS  1 : 2.2 16.4 

G1 TMOS MTMS DMDMS 1 : 5 : 1.7 23.8 

G2 TMOS MTMS DMDMS 1 : 4.6 : 2.2 24.9 

G3 TMOS MTMS DMDMS 1 : 4.4 : 2.4 25.4 

G4 TMOS MTMS DMDMS 1 : 4.2 : 2.6 25.9 

G5 TMOS MTMS DMDMS 1 : 2.9 : 3.8 29 

 
To obtain thin films suitable for Mid-IR absorption and X-ray photoelectron 

spectroscopy (XPS), the viscous gel (viscosity about 8000 cP) was diluted at 1:1 weight 

ratio with THF. For UV-cured films, the Irgacure® 369 photoinitiator was dissolved in 

THF at 5 wt.% concentration prior to dilution of the viscous gel. The diluted solution 

(viscosity 3–5 cP) was then spin-coated at 5000 rpm on Si wafers to form approximately 

5 µm thick films. The films were cured thermally at 65ºC for 48 hr or alternatively UV 

cured with a 1000 W mercury lamp using MA6 Mask Aligner by Karl Suss.  

Nanocomposite FSG glasses were prepared by adopting the solution mixing 

approach [52]. The MWNTs (s-MWNTs, as will be described in the following section) 

were dispersed in ethanol at a concentration of 1 mg/ml using the above mentioned 

ultrasonic bath, for 1 hr. Correspondingly, a hybrid organic-inorganic glass, comprising 
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19.3 wt.% organic content (label T, table 2 below), was prepared. The resulting viscous 

gel was diluted with THF at a 1:1 weight ratio. The nanocomposite gels were prepared by 

mixing the MWNT/ethanol suspension with an appropriate amount of a diluted gel at 

ambient temperature until the solvents evaporation.  

For optical measurements, bulk samples were prepared by pouring the viscous 

nanocomposite gels into polystyrene cups and covering with perforated lids.  

For electrical measurements, nanocomposites were prepared using different 

length MWNTs and various mass fractions in the range of 0.01 – 2 wt. % (section  3.1.2). 

The electrical conductivity was studied both macroscopically and microscopically. 

At first, two types of nanotubes were incorporated in the FSG glasses: short 

MWNTs (hereafter s-MWNTs) of 1-10 µm typical length, and long COOH 

functionalized MWNTs (hereafter l-MWNTs) of 10-30 µm typical length. Both types 

were dispersed in ethanol by ultrasonication as described above, then incorporated into 

the FSG matrix. Notably, the s-MWNTs dispersion exhibited a better stability and no 

sedimentation compared to the l-MWNTs dispersion. For the goal of reaching the above-

percolation threshold (known to be around 0.5 wt.% in polymer-based systems [52]), the 

nanocomposites were prepared at correspondingly high MWNT concentrations of 2 

wt.%. Films of the nanocomposite gels with typical thickness of ~1 mm were coated on 

top of soda-lime glass microscope slides, and a pair of contact electrodes was deposited 

by Ag evaporation on each sample. For Conductive Atomic Force Microscopy (C-AFM), 

an Ag contact was deposited on one side of the film. In this configuration, the current 

flows between the AFM tip and the deposited contact. For macroscopic electrical 

measurements, the sample surfaces were treated with HF. We found that the best surface 

treatment for microscopic characterization was a gentle etching by plasma asher. 

Apparently an improved electrical contact is due to exposure of the nanotubes above the 

silica surface. 

The samples were cured for 48 hr at ambient temperature, then by additional 48 hr 

curing at 65ºC. Prior to optical characterization, the samples were polished to form thin 

slabs with thickness ranging between 1.0 and 1.6 mm. 

 

3.2. Measurement techniques 

3.2.1. Thermo-optic coefficient (dn/dT) measurement 
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We use a method recently developed by Perets et al. [59] which is based on 

analysis of the temperature dependence of the plate front surface reflectance. A single 

surface reflectance      incR ITITR   of a monochromatic parallel beam at near-normal 

incidence is given by 
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where incI  and  TIR  are the incident and reflected beam intensities, respectively, and 

 Tn  is the temperature T  dependent refractive index of the bulk material. By Taylor 
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where 0T  is a certain reference temperature. Neglecting the second and higher order 

terms in the expansion one obtains 
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for a constant-intensity light source,         0RR0 TITITRTR  . Then one readily 

obtains 
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where  00 Tnn  . In our measurements we chose  C250T , and used a  mW2.5  HeNe 

laser (λ = 632.8 nm) type 5020F by Hughes as the beam source. The reflected light beam 

intensity was measured using an Ophir Optronics detector type PD300. The samples were 

prepared in the form of plates, approximately 10 cm2 in area and 2.5 mm in thickness. 

The two plate surfaces were optically polished to high flatness, yet mutually wedged at 

approximately 1º to allow discrimination of the back-surface reflection. The sample was 

placed in a homemade thermo-cell with its temperature measured with a commercial 

Type T (Copper vs. Copper-Nickel) thermocouple and stabilized according to a preset 

program with a PID Temperature Controller (Eurotherm, model 91) equipped with ITools 

(MRC) software. The thermo-cell temperature was adjusted by heating and cooling of an 

embedded hot plate. Heating was performed by driving a current through an inner 
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resistance coil, while cooling was obtained by passing a stream of liquid nitrogen vapor 

through special conduits in the hot plate. The temperature ranged between 25 and ~120 

ºC. The heating rate was kept low, approximately 0.4ºC/min to allow the entire sample 

reach thermal equilibrium. The experimental setup is illustrated in Fig. 8. 

 

Fig. 8. Schematic description of the experimental setup used for measuring the 
temperature dependence of optical reflectance. 

   The experimental procedure involved the measuring of the front-surface 

reflected light intensity as a function of temperature, plotting the ratio     0RR TITI  as a 

function of T, extracting the slope, and calculating the thermo-optic coefficient by using 

equation (3.4). In order to validate the method accuracy, the thermo-optic coefficient of a 

commercial polycarbonate slab (Makrolon®) was measured, and the result matched the 

reported value by better than  C/102 5   . 
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3.2.2. The Z-scan measurement 

The Z-scan method is a common technique used to characterize nonlinear optical 

properties of materials, including nonlinear absorption, scattering or refraction [60]. A 

sample in the form of a thin slab is moved along the convergence axis (Z-direction) of a 

Gaussian beam emanating from a pulsed laser. This results in variation of the laser beam 

power density impinging the sample, reaching a maximum at the beam waist position. 

Analysis of the transmitted beam intensity as a function of the sample position Z, reveals 

the nonlinear interactions between the light and the sample material. A schematic layout 

of the optical set-up used to characterize the nonlinear optical transmission of 

MWNT/FSG samples is provided in Fig. 9. 

 

Fig. 9. Schematic layout of the Z-scan measurement system. 

The samples were irradiated with 1 ns-long pulses at 1064 nm, ~10 kHz repetition 

rate, from model PULSELAS-P-1064-300-FC-CS diode-pumped, passively Q-switched 

fiber-pumped microchip laser manufactured by ALPHALAS GmbH. The average power 

output was approximately 200 mW. The power was measured using an OPHIR model 

Laserstar power meter. A reference beam for monitoring the pulse intensity was obtained 

using a 3.5% reflecting quartz beam-splitter. The sample was moved along the Z-axis 

using a Newport 426/431 series linear stage of 10 µm resolution. The beam waist radius 

was 0 13 5w . m . The transmitted and the reference signals were measured with 

THORLABS model PDA55 Si detectors, with their output displayed on a TEXTRONIX 

model TDS360 digital real-time oscilloscope. 
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3.3. Characterization methods 

3.3.1. Scanning Electron Microscopy 

The scanning electron microscope (SEM) uses a focused beam of high-energy 

electrons to generate a variety of signals at the surface of solid specimens. Accelerated 

electrons carry significant amounts of kinetic energy. This energy is dissipated by a 

variety of mechanisms caused by the  electron/sample interactions when the incident 

electrons are decelerated in the solid. Signals related to the dissipation mechanisms 

include secondary electrons (used to produce SEM images), backscattered electrons 

(BSE), diffracted backscattered electrons (EBSD) used to determine crystal structures 

and orientations, and photons (characteristic X-rays) used for elemental analysis. 

Secondary electrons and backscattered electrons are commonly used for imaging 

samples: secondary electrons are most valuable for showing morphology and topography 

on samples, and backscattered electrons are most valuable for illustrating contrasts in 

composition in multiphase samples.  

Our samples were measured with an "Environmental SEM" (E-SEM) which is a 

SEM that may operate at "environmental conditions", i.e., at a low vacuum (P < 26 

mbar). In addition, the E-SEM offers high resolution secondary electron imaging of non-

conducting specimens as in our case (silica glasses), obviating the need of coating the 

specimen with a conducting film. 

Our ESEM was equipped with a Quanta 200 field-emission gun. For inspection of 

the MWNTs powder, several grains were deposited on a double-sided carbon tape; for 

inspection of a MWNT/EtOH suspension, a drop was spread on a microscope slide and 

dried; inspection of the composite hybrid glass was performed by examining its cross 

section.  

3.3.2. Surface area and porosity characterization by gas 

adsorption  

Gas adsorption is an experimental method used for the surface and pore size 

characterization of porous materials. Gas adsorption on solid surfaces and inside pore 

spaces is a complex phenomenon. Many theories have been developed to describe this 

process. Some are most appropriate only under specific conditions while others 

applicable under wider circumstances.  
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The physical adsorption of gases by solids increases with decreasing temperature 

and with increasing pressure. The process is exothermic, i.e., energy is released. The 

investigative procedure to study the surface area and pore structure of a porous solid, 

involves the measurement of an adsorption (or desorption) isotherm. The sample (termed 

"adsorbent") is placed in an evacuated tube which is cooled to a cryogenic temperature, 

usually that of liquid nitrogen at its boiling point (77.35 K). The sample is then exposed 

to an "analysis gas" (termed "adsorptive" prior to adsorption and "adsorbate" afterwards) 

at a series of controlled pressures increased incrementally. The total number of gas 

molecules adsorbed per each increment on the surface of the adsorbing material 

increases. The pressure at which adsorption equilibrium occurs is measured, and the 

universal gas law is applied to determine the quantity of adsorbed gas. As adsorption 

proceeds, the thickness of the adsorbed film increases. Any small surface pores are 

quickly filled, then the free surface becomes completely covered, and finally larger pores 

are filled. The process may continue to the point of bulk condensation of the analysis gas. 

Beyond that point, a desorption process is administered, in which the pressure is 

systematically reduced. As with the adsorption, the changing quantity of gas on the solid 

surface is quantified. These two sets of data describe the adsorption and desorption 

isotherms. Analysis of the isotherms yields information about the material surface 

characteristics. The isotherms may exhibit a number of outlines, each revealing 

qualitative information about the sample, such as the pore size and the gas molecules 

affinity to the sample material. 

 Pores are conventionally classified by their internal width (defined as the 

diameter in case of a cylindrical pore and as the distance between opposite walls in case 

of a slit pore) [61]. A micropore is a pore of less than 2 nm internal width; a mesopore 

is a pore of an internal width ranging between 2 and 50 nm; a macropore is a pore of an 

internal width greater than 50 nm.  

The form displayed by an adsorption isotherm (adsorbed amount vs. relative 

pressure P/P0) generally follows one of the six types, as shown in Fig .10. A Type I 

isotherm is characteristic of adsorbents having extremely small pores (microporous 

materials). Micropore filling and therefore high uptakes are observed at relatively low 

pressures.  

A Type II isotherm is typically obtained in the case of a non-porous or a 

macroporous adsorbent, where unrestricted monolayer-multilayer adsorption may occur. 

The knee-shape inflection point of the isotherm, at the low pressure side, is termed "B 
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point". It indicates the stage at which a monolayer coverage is complete, and multilayer 

adsorption begins. 

 A Type III isotherm is convex to the P/P0 axis over the entire range and therefore 

does not exhibit a "B point". This indicates that the attractive adsorbate-adsorbent 

interactions are relatively week, and that inter-adsorbate interactions prevail. 

 

Fig. 10. Adsorption isotherms classification [61]. 

 A Type IV isotherm is typical of mesoporous materials. Its most characteristic 

feature is the hysteresis loop, which is associated with the occurrence of adsorbate 

condensation from a gas-like state to a liquid-like state inside the pores. For brevity, this 

effect is often referred-to as "pore condensation". The limiting uptake over a range of 

high P/P0 results in a plateau of the isotherm, which indicates a complete pore filling. 

The initial part can be attributed to monolayer-multilayer adsorption as in the case of 

type II isotherm. 

 A Type V isotherm shows pore condensation and hysteresis. However, in contrast 

to type IV, the initial part of this adsorption isotherm is related to that of type III, 

indicating relatively weak attractive interactions between the absorbent and the 

adsorbate. 

 The type VI isotherm is very rarely observed. It represents a stepwise multilayer 

adsorption on a uniform, non-porous surface, particularly by spherically symmetrical, 
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non-polar adsorptive. The steps sharpness depends on the homogeneity of the absorbent 

surface, the adsorptive type, and the temperature. 

In this work, we used a Micromeritics ASAP 2020 analyzer to study the surface area 

and porosity of our nanocomposite sol-gel glasses. The adsorbates used for the analyses 

were Kr and N2 gases. 

 

3.3.3. Optical absorption 

 Optical absorption refers to the physical process of light absorption by a material. 

The absorbance is the logarithm of the ratio between radiation intensity falling upon a 

material surface to the radiation intensity transmitted; 

   0 1A ln I I  ,   (3.5) 

where  A   is the absorbance at a specified wavelength  , 1I  is the intensity of the 

transmitted radiation, and 0I  is the intensity of incident radiation. 

According to Beer-Lambert's law, the absorbance in a uniform material, is 

proportional to the thickness l, namely 

   A l   ,   (3.6) 

where α(λ) is the wavelength λ dependent absorption coefficient in units of cm-1. Thus 

the light transmission 1 0T I I is given by 

      10l clT e        ,   (3.7) 

where c is the  molar concentration of absorbing species in the material and ε is the 

extinction coefficient in units of M-1cm-1. 

The absorption coefficient may be expressed as 

   N    ,   (3.8) 

where     is the absorption cross-section of an absorbing species in units 

cm2, and N is the absorbing species density, in units of cm-3. 

Spectroscopy is the study of the interaction of electromagnetic radiation with 

matter. The method uses the absorbance of a material under study at various wavelengths 

to obtain information about atomic and molecular energy levels, molecular geometries, 

chemical bonds, interactions of molecules, and related processes. 

Infrared (IR) spectroscopy is a valuable tool to obtain information about the 

molecular structure of studied compounds. IR radiation stimulates vibrational modes in 
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molecules. Each molecule exhibits a unique absorption pattern between 1000 cm-1 and 

500 cm-1, allowing identification of specific molecules. Absorption patterns between 

4000-1000 cm-1 allow identification of functional groups.  

 The visible and ultraviolet (UV) spectroscopy involves characteristic electronic 

transitions in matter. It may be used to characterize organic molecules that contain certain 

functional groups (chromophores) having valence electrons of low excitation energy. The 

spectrum of a molecule containing these chromophores is complex since the 

superposition of electronic with rotational and vibrational transitions gives a combination 

of overlapping lines that appear as continuous absorption bands. 

 In our work, we studied the optical absorption of FSG glasses in the ultraviolet, 

visible and infrared regions. Mid-IR transmission spectra were recorded with a Bruker 

model VERTEX-70, FTIR spectrophotometer. For each sample, 32 scans were collected 

over the 400-4000 cm-1 range with a 4-cm-1 resolution. NIR, visible and UV transmission 

spectra were measured with a Jasco model V-570 spectrophotometer over the 200-2500 

nm range with a 2-nm resolution. 

 

3.3.4. X-Ray Photoelectron spectroscopy 

 X-ray photoelectron spectroscopy (XPS) utilizes photo-ionization and analysis of 

the kinetic energy distribution of the emitted photoelectrons to study the composition and 

electronic state of a sample surface region (down to 10 nm). The energy of the 

photoelectrons leaving the sample is detected, resulting in a spectrum exhibiting a series 

of peaks. Each element has a characteristic binding energy with corresponding peaks. 

With appropriate sensitivity factoring, the peak area can be used to determine the 

composition of the material surface. The shape of each peak and the binding energy can 

be slightly altered by the chemical state of the emitting atom. Hence XPS can provide 

chemical bonding information as well. XPS is not sensitive to hydrogen or helium, but is 

capable of detecting all other elements. 

 In our work, XPS was used to characterize the elemental composition and 

chemical structure of the FSG samples. The measurements were performed in a ultra 

high vacuum (UHV) chamber (base pressure ~7·10-10 mbar) equipped with a non-

monochromatic Al Kα X-ray radiation source operated at 1486.6 eV and a model CLAM 

2  hemispherical energy analyzer (VG Microtech). The spectrometer was calibrated to the 

position of the 5 23d -line of clean-sputtered Ag of 368.25 eV binding energy. A high 
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sensitivity XPS scan was recorded in the 0-1200 eV energy range for each type of glass 

using a pass energy of 100 eV, while 20 eV pass energy was used for high resolution 

measurements of Si2p, C1s, and O1s. The curve fitting of the core-level XPS lines was 

carried out using the CasaXPS software with a Gausian-Lorentzian product function and 

a non-linear Shirley background subtraction [62]. A Gaussian/Lorentzian (GL) mixing 

ratio was taken as 0.7 for all lines. For quantitative estimations of surface compositions, 

standard atomic photo-ionization cross-section values from the SPECS database were 

used. 

 
3.3.5. Refractometry 

 Refractometry is a technique that measures how light is refracted when it passes 

through a given substance. The angular deviation by which the light is refracted 

determines the refractive index. Refractive index can be used to identify an unknown 

liquid compound, or it can be used as a means of measuring the purity of a liquid 

compound by comparing it to literature values. The index of refraction is calculated by 

Snell's law of refraction: 

1 1 2 2n sin n sin   ,   (3.8) 

where 1  and 2  are respectively the angles of incidence and transmittance of a ray 

crossing the interface between two media of n1 and n2 refractive indices. 

 The refractive indices of FSG glasses were measured with an Abbé refractometer. 

The working principle of Abbé refractometer is based on a critical angle. A light source 

is projected through the illuminating prism, the bottom surface of which is ground such 

that each point on this surface can be thought of as generating light rays traveling in all 

directions. The light is refracted at critical angle at the bottom surface of the measuring 

prism, and then the telescope is used to measure the position of the border between bright 

and light areas. A schematic description of the operation mode of the Abbé refractometer 

is shown in Fig. 11. The telescope inverts the image, so the dark area is at the bottom. 

The refractive index of the sample is calculated from the refraction angle of the 

measuring prism.  

 The room temperature refractive indices n0 of samples described in Table 2, 

section 3.1.2, were measured at λ=589 nm using a Kruss, AR-4D (resolution 0 001. ) 

Abbé refractometer.  One of the samples (reference sample) was measured at three 
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wavelengths (590, 900 and 1550 nm) with an Atago DR-M2/1550 (resolution 0 002. ) 

Abbé refractometer. 

 

 

Fig. 11. Operation principle of Abbé critical angle refractometer. 

 

3.3.6. Helium Pycnometry 

 Gas pycnometry is a common analytical technique that uses a gas displacement 

method to measure volume accurately. Inert gases, such as helium or nitrogen, are used 

as the displacement medium. The sample is sealed in an instrument compartment of 

known volume and the appropriate inert gas is admitted and then expanded into another 

precision internal volume. The pressure before and after expansion is measured and used 

to compute the sample volume. The working equation of a gas displacement pycnometer 

is based on Boyle's law (P1V1=P2V2). The sample volume Vs is given by  

1 21
r

s c
V

V V
P P

 


,   (3.8) 

where Vc is the empty chamber volume, Vr is the reference volume, P1 is the pressure in 

the sample chamber only, and P2 is the pressure after gas expansion into the combined 

volumes. 

 The ratio sm V where m is the sample weight yields the skeletal density. Densities 

of FSG and CSG samples was measured by Micromeritics model AccuPyc II 1340 gas 

pycnometer using a He gas. Additionally, the bulk density of FSG samples was obtained 

as the ratio of the glass weight in air to the volume when immersed in water (Archimedes 

method). 
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3.3.7. Thermo mechanical analysis 

 Thermo mechanical analysis (TMA) is a technique used for measurement of a 

change of a dimension or another mechanical property of the sample while the sample is 

subjected to a controlled temperature change. The expansion measurement determines 

the coefficient of thermal expansion (CTE). A flat-tipped standard expansion probe is 

placed on the sample (a small static force may be applied), and the sample is subjected to 

a gradual heating program. Probe movement records the sample expansion. 

 The linear thermal expansion coefficient of samples described in Table 2, section 

3.1.2, was measured by TMA, using a TA Instruments tool (model 2940). The 

temperature range used was between -100 and +150 ºC. The heating rate was 3 ºC/min. 

 

3.3.8. I-V characterization 

Macroscopic Transport Measurement Setup 

 The measurement setup was built in order to measure high resistances samples 

with variable temperature while keeping the sample optically accessible. The sample is 

located in a liquid He (or N2), cooled to a variable temperature (1.5-300K) by cryostat 

(Janis Cryogenics, model SVT-400). The temperature is set by controlling the 

temperature of He (N2) vapor flowing on the sample using a heater at the He (N2) 

vaporizer outlet, and monitored by two temperature sensors, at the vaporizer and adjacent 

to the sample; the heater and sensors are wired to a 2-channel temperature controller 

(Lakeshore, 325). The voltage is supplied by a source measurement unit (SMU) 

(Keithley, model 2400) and the current is amplified by a current amplifier (DL 

Instruments, 1211) and detected by a digital multimeter (Keithley, model 2100) and 

Oscilloscope (Techtronix, model TDS 1001B). The measurements are conducted in a 

two-probe configuration. 

 

3.3.9. Electrostatic Force Microscopy 

 Atomic Force Microscopy (AFM) is a form of scanning probe microscopy (SPM) 

where a small probe is scanned across the sample surface to withdraw information about 

its properties. The information gathered can be physical, magnetic, or chemical property. 

For example, the AFM microscopic image shows the variation map in height or magnetic 

domains, over the area imaged.  
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 The AFM probe has a very sharp tip, often less than 100Å diameter, at the end of 

a small cantilever. The probe is attached to a piezoelectric scanner tube, which scans the 

probe across a selected area of the sample surface. Interatomic forces between the probe 

tip and the sample surface cause the cantilever to deflect as the sample’s surface 

topography (or other property) changes. A laser light reflected from the back of the 

cantilever measures the deflection. This information is fed back to a computer, which 

generates a topographical map (and/or a map of the other property). The AFM has 

several modes of operation. In the contact mode, the tip is raster-scanned across the 

surface. It is deflected as it moves over the surface corrugation. The tip is constantly 

adjusted to maintain a constant deflection, and therefore constant height above the 

surface. This adjustment is displayed as data. In the noncontact mode, also termed 

"tapping mode", the cantilever is oscillating in close proximity to the surface. A part of 

the oscillation extends into the repulsive regime, and the phase shift of the oscillating 

cantilever relative to the driving signal is measured. 

 One of the options in AFM is current imaging (spreading resistance imaging). 

The conductive mode of AFM (C-AFM) allows probing local conductivity variations 

across medium of conductive samples, along with acquiring information about 

topography and mechanical properties (friction). In order for the current to flow between 

the biased tip and the counter electrode, a percolative network must exist within the 

sample. 

 Electric Force Microscopy (EFM) is a derivative of the AFM designed for local 

observation of surface electric properties. The measurement is performed by a two-pass 

Lift Mode technique. In this method, during the first pass, the tip operates in the tapping 

mode to scan a topographical line. In the second pass, the cantilever is lifted to a 

predefined distance of 10–100 nm in order to minimize van der Waals forces effects. The 

cantilever is biased by a dc voltage, and detects variations in the electrical force gradient 

over the same line while ruling out the influence of surface topography. The electrical 

field formed by the applied voltage creates surface electrical charges which, in turn, 

create a corresponding electrical field affecting the tip’s frequency. A phase difference 

between the tip resonance frequency and the observed one is recorded [63]. An EFM 

image, based on the phase difference, reflects the charge distribution on the sample 

surface. The operating principle of the EFM is shown in Fig. 12. 
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Fig. 12. Schematic illustration of the operating principle of the EFM [64]. 

 The surface of MWNT/FSG films was measured by the EFM mode of the atomic 

force microscope (MultiMode, Nanoscope IV from Veeco). The samples were scanned 

using an Antimony doped Si cantilever tip coated with a thin Cr layer.  
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4. Experimental Results 

4.1. Study of the FSG hybrid glass matrix* 

 As mentioned above, the FSG hybrid glass is a novel material developed during 

recent years. Thus, before introduction of any functional nanoparticles, one needs first to 

study the hosting matrix characteristics. Physical properties of the FSG glasses, in terms 

of morphology, chemical structure, and optical characteristics, were studied and are 

presented in the following sections. 

 

4.1.1. Morphology 

 The classical-sol-gel (CSG) method results in a porous silica network [55]. 

However, due the differences in the chemical procedure (section  1.3.2 above), we expect 

that the FSG hybrid exhibits only negligible porosity. For verification, we studied the 

porous morphology of the FSG glasses by comparison of the skeletal and the bulk 

densities, and inspection of glass cross section using ESEM micrographs.  

 For three FSG hybrids, types T, G and N (Table 2), the measured skeletal 

densities were 1.42, 1.35 and 1.36 g/cm3 (respectively), and were similar to the bulk 

densities measured by the Archimedes method. This indeed is consistent with the 

expected negligible porosity in the FSG hybrid glasses. One may also observe an 

indication for a decrease in the density as a function of organic residues content. In 

contrast, the CSG (xerogel), exhibited a skeletal density of 2.1 g/cm3 (resembling that of 

pure silica), while the bulk density was only 0.7 g/cm3 [65, 66]. This indicates the 

occurrence of a highly porous matrix of 70% porosity.  The reason for the negligible 

porosity of the FSG glass is the elimination of the liquid phase occurrence (methanol and 

water) before the gelation point. The dense and flat surface of T type FSG hybrid glass 

can be seen in the E-SEM image (Fig. 13a), and contrasts with a classical sol-gel (Fig. 

13b) with its characteristic porous surface morphology. The FSG hybrid glass exhibits a 

sealed surface with a roughness of several nanometers and devoid of obvious pores. On 

the other hand, the CSG, presented at same scale (500-nm scale-bar), possesses a 

                                                            
* This chapter was published in part as: M. Pokrass, I. Gouzman, G. Bar, R. Gvishi, Infrared and X-ray 
photoelectron spectroscopy studies of hybrid organic/inorganic fast sol–gel glasses, Optical Materials, 34 
(2011) 341. 
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granulated surface, with an approximately 20-nm grain size and obvious separated pores, 

each approximately 10 nm wide. 

    

Fig. 13. ESEM cross section image of (a) an FSG sample, and (b) a CSG sample.  

 

 Further inspection of the porous structure of FSG glasses was performed by 

surface area and porosity analysis using gas adsorption. The detailed procedure is 

described in section  3.3.2. For the purpose of increased sensitivity, the measurement was 

performed using Kr gas as the adsorptive. The surface area calculated by the Brunauer, 

Emmett and Teller (BET) theory [67] was approximately 0.01 m2/g. On the other hand, 

porous CSG samples, exhibited surface areas of the order of ~600 m2/g. This confirms 

our previous observations of FSG having a nonporous matrix. 

 

4.1.2. Spectroscopy 

 There is a strong need for ultra-low H2O-containing glasses in optical 

applications. Water molecules absorb light in the IR region; avoiding the accumulation of 

water molecules on an optical interface is thus essential.  IR spectroscopy allows the 

assessment of the OH content evolution in the glass network under thermal treatment of 

the precursor gels and exposure to varying humidity environment [68]. In particular, the 

NIR absorption exhibits sub-bands of sufficient resolution to allow recognition of the 

hydrogen bonding character [69]. The present chapter is aimed at characterizing the 

infrared fingerprints of varying composition FSG hybrid materials, and at evaluating the 

water absorption at various loads. Atomic composition was extracted by X-Ray 

photoelectron spectroscopy (XPS) analysis and compared to values calculated from the 

precursors’ initial composition. 

a  b

500 nm 
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 The chemical group composition of the FSG hybrid glasses labeled T, N and G 

was identified by absorption spectra measured in the IR region. In the Mid-IR (Fig .14) 

the main absorption bands are assigned to the skeletal Si-O-Si (1260-1000 cm-1), as well 

as to Si-CH3 internal group vibrations (1272, 782 cm-1) [70] originating from the non-

polymerizable groups in the MTMS (in all three hybrid types) or from DMDMS (in the 

G-type sample) precursors.  
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Fig. 14. Mid-IR absorption spectra of T, N and G-labeled FSG glasses. Typical glass 
thickness – 5 µm. 

Other dominating absorption bands relate to the Si-OH group (921 cm-1) [71-75], which 

is assigned to the hydrolyzed state of the silane precursors, and to the -OH group (broad 

absorption at about 3400 cm-1) [70, 73]. The latter is assigned to contributions of several 

sources: the un-reacted water, the residual methanol, and the above-mentioned 

hydrolyzed silane precursors. As seen in Fig. 15, the intensity of both peaks demonstrates 

significant decrease upon thermal and UV curing due to condensation reaction of the 

Si-OH groups [76]. They may thus be used as indicators for the degree of 

polymerization. 
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Fig. 15. Mid-IR absorption spectra of (a) thermally cured T-labeled FSG sample at 
different curing times, and (b) UV-cured N-labeled FSG sample at different UV exposure 
times. Absorption bands of Si-OH (921 cm-1) and –OH (3400 cm-1) are marked with 
arrows. Typical glass thickness – 5 µm. 
 

 The hydrocarbon species exhibit pronounced absorption bands at 2848 cm-1, 

2937-2975 cm-1, and secondary absorption bands at 1417 cm-1 and 1479 cm-1 [70, 73, 

77]. The C=C and the C=O species vibrational bands can be seen at 1641 cm-1 and 1720 

cm-1, respectively [77, 78], both characteristic of the N-type glass due to the acrylate 

H2C=C(CH3 CO2) residue present in the MATMS precursor. Additional absorption 

peaks at 451 cm-1 and 605 cm-1 are associated with internal vibrations of the Si-O-Si [75, 

79] and Si-C [70] species, respectively. These results are consistent with previous works 

[71-75, 77-79], and allow chemical structure identification of the various types of FSG 

hybrid glasses.  

 Fig. 16 shows the absorption spectra of the FSG hybrid glasses in the NIR region. 

In general, NIR spectra consist of vibrational overtone absorptions of a number of 

fundamental bands absorbing in the 3 to 6 µm (3333 to 1666 cm-1) region. This region is 

especially useful in the detection of functional groups that contain unique hydrogen 

atoms [80]. A strong Si-OH vibrational absorption band can be observed at 2288 nm 

(4370 cm-1); additional silanol together with overlapping bands of water molecules can 

be seen at 1412 nm  (7082 cm-1) [81]. The absorption band at 2468 nm (4052 cm-1) is 

ascribed to C-H bonded species [81], and the 2358 nm (4241 cm-1) band corresponds to 

the –CH3 group [70, 80]. The cluster of bands at the 1672-1868 nm region (5981-5353 

cm-1) are assigned to overlapping bands of internal vibrations of the fundamental C-H 

4000 3500 3000 1500 1000 500
0.0

0.5

1.0

1.5

2.0

A
bs

or
ba

nc
e

Wavenumber (cm-1)

 after coating
 3 hr drying
 24 hr drying
 48 hr drying

4000 3500 3000 1500 1000 500
0.0

0.5

1.0

1.5

2.0

A
bs

or
ba

nc
e 

Wavenumber (cm-1)

 0 sec
 30 sec
 60 sec
 120 sec

(a)  (b)  



41 
 

  

(2800-3000 cm-1), –CH3, and -CH2 groups [82]. An additional absorption peak of the 

methyl group can be seen at 1178 nm (8489 cm-1) [70, 80].

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. NIR absorption coefficient spectra of T, N, and G-labeled FSG glasses. 

The broad absorption band at 1920 nm (5208 cm-1) is assigned to water molecules, 

hydrogen-bonded to surface silanols, and will be discussed in detail in the following 

section. The absorption band related to the double bonded acrylate residue in the N-

labeled glass can be seen at 1392 nm and 2104 nm (7184 and 4753 cm-1, respectively) 

[70, 80]. 

 

 In the following section, we study the dehydration process of FSG glasses using 

spectral analysis. The glasses were exposed to various humid environments, including 

water immersion, as detailed in section  3.1.2. 

 The matrix porous morphology is an essential factor dominating the water 

adsorption. We have previously shown (section  4.1.1) that the FSG is a non porous 

hybrid material. Due to the absence of pores, water molecules are unable to penetrate the 

FSG hybrid matrix, thus unable to induce mechanical stress that often induces cracks in 

porous sol-gel glasses. Furthermore, the FSG hybrid glass is water resistant, in terms of 

permeability, and shows no visible damage upon immersion in water for up to 3 hours. 

However, Fig. 17 shows that water vapor does adsorb to the glass surface through 

hydrogen bonding with surface silanols. 
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Fig. 17. Near-IR absorption spectra of a T-labeled sample at different hydration states 
(exposure to different humidity levels and curing procedures; RH≡ relative humidity). 
Note the gradual increase of the Si-OH--H2O peaks in the order: vacuum drying, thermal 
curing, RH=30 %, RH=50 % and RH=85%. 

 Fig. 18 shows the adsorbed water optical absorption band on an expanded 

wavelength scale. The band is resolved into four Gaussian peaks, centered at 1904 nm 

(5252 cm-1), 1938 nm (5159 cm-1), 1965 (5089 cm-1) and 1991 nm (5023 cm-1). The 

peaks were assigned by Burneau et al. [83] to three different water species adsorbed to 

surface silanols. The species exhibiting different bonding states with surface silanols are 

illustrated in Fig. 19. Water molecules acting as H-bond donors (species S1 and S2) shift 

the wavelength of their deformation mode to lower wavelengths, while the interaction 

through the lone pairs on the oxygen atom (species S0), results in an increase of the 

absorption wavelength [69].  

 The main absorption band at 1904 nm (5252 cm-1) is related to the S2 species 

associated to water molecules, hydrogen-bonded through both water hydroxyls. The 

bands centered at 1938 nm (5159 cm-1) and 1965 nm (5089 cm-1) are respectively related 

to water-bonded molecules through a single hydroxyl (S1), and water hydrogen-bonded 

through the oxygen (S0). The broad signal centered at 1991 nm (5023 cm-1) can be 

mainly accounted for by water molecules adsorbed in a clustered state, experiencing 

intermolecular interaction similar to those in bulk water. 
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Fig. 18. Near-IR absorption spectrum of a T-labeled sample in the 1860-2025 nm range 
after overnight exposure to RH=30%, resolved to isolated absorption bands 
corresponding to different water species. From lowest to highest wavelengths: S2, S1, S0 
and clustered water. 

Fig. 19. Possible water species adsorbed to surface silanols. 

Our assignment of the different peaks follows Takeuchi et al.[69], while Burneau et al. 

[83] provide a somewhat different assignment. In their paper, they attribute the low 

wavelength peak to the S0 species, and the high wavelength peak to the S2 species.  

 Fig. 20 presents the absorption intensity and shape of the main broad band for 

different water loads. The water load was applied in two ways: increasing the relative 

humidity (RH= 0%, 30%, 50%, and 85%), and immersion in water (1, 2, and 3 hours). In 

each case, the same trend was obtained: increase of the water load increases the intensity 
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of the entire band, with some predominance of the S2 species. A similar behavior was 

observed by Takeuchi et al. [69].  
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Fig. 20. Near-IR absorption spectra of a T-type sample in the 1860-2040 nm range at 
various water loads: room temperature vacuum drying, thermal curing at 65°c, relative 
humidity ranging between 30 and 85%, and immersion in water for 1-3 hrs. 
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Fig .21. Peak integral of adsorbed water species S0, S1, S2 and clustered water as function 
of relative humidity (the water load). 

 Fig. 21 shows the integrated area of the bands assigned to the various water 

species as function of relative humidity. RH of 100% was taken as the value measured by 
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the 3 hours immersion in water. It can be seen that at RH=0 % (vacuum drying) there is 

still residual water adsorbed on the surface. The same phenomenon was observed by 

Carteret [22] for Vycor glasses. He observed a complete removal of the adsorbed water 

only by evacuation at 100ºC. On the other hand, Takeuchi et al. [69] report a full 

depletion of residual water for SiO2 by evacuation at room temperature. However the 

same treatment for Al2O3 results in about 8% remainder of the initially adsorbed water 

molecules, which is consistent with our results for the hybrid glass. The cluster and the S0 

peaks exhibit only nominal increases as functions of RH, thus probably indicating that 

sites accommodating these species are virtually filled already at a very low relative 

humidity. In contrast, both S1 and S2 exhibit an initial steep rise as function of RH. The 

S2 species reaches saturation above approximately RH=50%, while S1 continues to rise 

up to an RH of approximately 85%, and only then saturates. These features suggest that 

the cluster and S0 species are strongly bonded to their sites. The S1 and S2, on the other 

hand, appear to exhibit smaller bond strength, as manifested by both the fact that they 

may be almost entirely depleted under evacuation at room temperature, and their higher 

sensitivity to ambient humidity. 

 An important conclusion suggested by the above features is that the hybrid glass 

surface structure provides specific sites of silanol that prefer adsorption of specific water 

species over the other ones. The possibility of different surface structures affecting 

surface water adsorption has been considered in different studies, both experimental and 

theoretical [23, 24]. We propose that the presence of the organic component provides 

varying environments for the surface silanols, hence producing different specialized sites 

for the water species adsorption. 

 XPS results are presented and discussed next. The atomic ratio of Si, C, and O 

was extracted for each hybrid type, and the compositional formula was empirically 

suggested accordingly. Fig. 22 presents an example of an XPS survey scan for a T-

labeled sample in the 0-1200 eV range. This scan shows the presence of all the measured 

elements (C, O, Si) and the Auger line of oxygen, labeled as O (KLL). The elemental 

composition of analyzed samples was estimated from detailed XPS scans of C 1s, O 1s, 

and Si 2p regions. The complete curve-fitting parameters and the elemental composition 

for T-labeled sample is presented in Table 3. (Note, that hydrogen content cannot be 

measured by XPS).  
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Fig. 22. High sensitivity XPS survey of a T-type glass in the 0-1200 eV range. 

 

Table 3. XPS data obtained for a T-labeled FSG hybrid glass 

Atomic Orbital Peak Position (eV) FWHM* Concentration (at.%)

C 1s 288.9 1.609 23.1 

C 1s 291.1 2.000 3.4 

O 1s 536.6 1.725 42.4 

Si 2p 107.4 1.785 31.1 

*FWHM = Full Width at Half Maximum of a particular core level line. 

 

The obtained atomic concentrations, 26.5%, 42.4% and 31.1% for C, O and Si 

(respectively), indicate respectively 16.3%, 34.8% and 44.8% weight percentage. The 

organic content (in this case, -CH3) was thus calculated as 20.4 wt.%. Values obtained 

using this method will be later referred as “measured”. A hybrid glass composition 

SiO1.36(CH3)0.85 was correspondingly suggested. The same approach was adopted for the 

other two (G and N) FSG hybrids. The results obtained for selected cases from all three 

FSG hybrids are summarized in Table 4, along with the organic content calculated from 

the given precursors’ weights ratio (referred to as “calculated”). A good correlation was 

obtained between the two data sets. The correlation is illustrated in Fig. 23. 
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Table 4. Composition of FSG hybrid glasses “measured” by XPS and “calculated” from 
given precursor's weights 

FSG 
label 

Calculated organic 
content (wt.%) 

Measured (XPS) 
organic content (wt.%) 

Suggested glass 
composition 

T  19.3  20.4  SiO1.36(CH3)0.85 

G  22.7  23.5  SiO1.3(CH3) 

N  27.2  28.9  SiO1.5(CH3)0.8(C7H11O2)0.07 
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Fig. 23. Correlation between organic content measured by XPS and calculated 
from starting precursor's.  
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4.1.3. Physical properties as function of organic content 

composition† 

 In this section, we study some of the characteristics of FSG hybrid glasses, such 

as refractive index  n  , density  , thermal expansion coefficient  , and variation of 

the refractive coefficient with temperature dn/dT (also termed the thermo-optic 

coefficient). The effect of organic content (methyl–CH3 group) amount on these 

properties was investigated. The weight fraction of the methyl group in FSG glasses 

ranged between 16 and 29 wt.% as detailed in Table 2, (section  3.1.2). 

 

 The refractive index of an optical medium  n ,T  at given wavelength   and 

temperature T  is an important material parameter. Since it exhibits characteristic 

behavior in the pure material state, it is often used to identify substances, to analyze 

binary mixtures, and to assess molecular weights. 

  Fig. 24 shows the dispersion curve of the refractive index of a reference hybrid 

glass analyzed according to the following two parameter (A and B) Sellmeier equation 

22
0

BA
)1(n

1





   (4.1) 

The A and B empirical parameters were determined from the linear fit of the  2
01 1n   

versus 21   plot for the reference sample measured at 589, 920, and 1550 nm (squares in 

Fig. 24). The fit is shown by the solid line in Fig. 24, and yields A = 0.998 ± 0.006 and 

B = (1.62 ±0.36) x 10-2 (µm)2. For all other samples, the refractive index was measured 

only at 589 nm. To estimate the 632.8 nm (the wavelength used for the analysis of the 

thermo-optic coefficient) refractive index value for those samples, a similar Sellmeier 

relation was assumed, namely possessing the same B value, but a different A such that 

the dispersion curve attains the measured value at 589 nm. The thus calculated dispersion 

curves are shown in Fig. 24 by dotted lines. Their intersections with the vertical line at λ 

= 0.6328 µm establish the estimated refractive indices to be used later for calculation of 

the thermo-optic coefficient (Eq. (3.4), section  3.2.1). The error in each estimate is 

                                                            
† This chapter was published in part as: M. Pokrass, Z. Burshtein, R. Gvishi, Thermo-optic coefficient 
in some hybrid organic/inorganic fast sol-gel glasses, Optical Materials, 32 (2010) 975. 
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approximately ±0.003. The refractive indices deduced for λ = 0.6328 µm are 

summarized in Table 5. 
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Fig. 24. Room temperature refractive index dispersion measured for a reference sample, 
and calculated for the samples described in Table 2 (section  3.1.2) using the same B 
parameter. The A and B parameters are fits for the reference sample to the Sellmeier 
expression given in Eq. (4.1). 

  Fig. 25 shows the room-temperature refractive index of the FSG glasses as a 

function of the –CH3 methyl group content CM. The data points are average values of 

several samples. Apparently, the refractive index decreases with increase in the methyl 

group concentration. An empiric linear fit, with the intercept forced to equal the refractive 

index of pure silica, n = 1.458, is presented as follows: 

 wt.%C101.351.458 M
3n .   (4.2) 

The error in n is ±4x10-3 in the range 16 wt.% < CM < 29 wt.%. 
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Table 5. Room temperature refractive index of hybrid methyl/silica sol-gel glasses 
measured at 589 nm for all samples, and calculated for 632.8 nm according to the 
Sellemeier fit of the reference sample. 

FSG Sample n @ 589 nm n @ 632.8 nm 

Reference Sample 1.43140.001 1.42970.003 

Sample 1 1.44600.001 1.44340.003 

Sample 2 1.43300.001 1.43060.003 

Sample 3 1.42300.001 1.42070.003 

Sample 4 1.43200.001 1.42960.003 

Sample 5 1.42550.001 1.42320.003 

Sample 6 1.42900.001 1.42660.003 

Sample 7 1.42300.001 1.42070.003 

 

16 18 20 22 24 26 28 30
1.415

1.420

1.425

1.430

1.435

1.440

1.445

 = 0.589 m

n = 1.458 - 1.35x10-3C
M

[wt.%]

R
E

F
R

A
C

T
IV

E
 IN

D
E

X
 n

METHYL GROUP CONCENTRATION C
M
 (wt.%)

 

Fig. 25. Room-temperature refractive index at 589 nm of FSG glasses as function of the 
methyl group content. A linear curve with the refractive index of pure silica  1 458n . is 

inset. 
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The observed dependence of the refractive index on the organic content is most likely due 

to the density decrease of the FSG glasses upon increasing the fraction of the organic 

group. Organic matter usually exhibits a lower density compared to the inorganic silica 

matrix. The density effect on the refractive index of polymers has been previously 

discussed [84, 85]. The dependence of the FSG glass density on the methyl group content 

is clearly seen in Fig. 26. 
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Fig. 26. Room temperature density of hybrid methyl/silica sol-gel glasses as function of 
the methyl group content. A linear curve fit is inset. 

 An empirical linear fit reads as follows:  

 wt.%101.61.61cmg 23][ MCρ      (4.3) 

The error in ρ is ±2x10-3 g/cm3 in the range 16 wt.% < CM < 29 wt.%. 

 We suggest that the presence of methyl groups inhibits long-range polymerization 

of the silica network, consequently yielding lower-density hybrid glasses. One may notice 

that the conventional silica density (CM = 0) is ρ = 2.2 g/cm3, different than suggested by 

Eq. (4.3). Thus Eq. (4.3) should be considered valid only in the range of the measured 

densities, namely between 16 and 29 wt.%. 

 With respect to technological applications, the variation of the refractive index n 

on the methyl group concentration could be used for engineering of graded index 

elements such as high-reflectivity and anti-reflectivity coatings, as well as GRIN 

(gradient-index) lenses.  
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 Next, we consider the effect of organic content on the volumetric thermal 

expansion coefficient β. Fig. 27 shows the linear thermal expansion coefficient as 

function of methyl group content (recall that β = 3α, where α is the linear expansion 

coefficient).  
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Fig. 27. Linear thermal expansion coefficient of FSG glasses as function of the methyl 
group content. A linear curve fit is inset. 

 Note, that various samples belonging to the same nominal methyl concentration 

exhibit non-negligibly different expansion coefficients. We attribute this effect to 

irreproducibility in the preparation procedure. The polymerization involved in the FSG 

glass formation depends on a succession of chemical reactions and processes: the 

breaking of methoxy groups, removal of the methyl part, its reaction with water to form 

methanol, and finally the methanol evaporation. This succession is sensitive to the 

temporal temperature and pressure profiles in the reaction vessel, which are 

interdependent. Since one part of the process is exothermic, while another part 

endothermic, requiring external heating, control of the process is not trivial. We thus 

highly recommended improvement in the process control in future studies. Still, the 

results demonstrate a clear tendency of increase in the thermal expansion coefficient with 

increase in the nominal organic content. An empirical linear fit reads as follows: 

 4[10 C] 11.45 0.71 wt.%MC         (4.4) 
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 The error in β is ±1.05x10-4/ºC, in the range 16 wt.% < CM <29 wt.%. As shown 

later, the scatter in β is correlated with scatter in the thermo-optic coefficient dn/dT (Fig. 

30 below). 

 Organic materials usually exhibit expansion coefficients that are 1–2 orders of 

magnitude larger than that of silica. Obviously, this indicates larger in-harmonicity of the 

inter-atomic organic bonds. The presence of the methyl groups in the hybrid glass reduces 

the density of cross-linking Si–O bonds while increasing that of the Si–CH3 bonds. This 

effectively introduces in-harmonic contribution to the matrix vibrations, resulting in 

increase in the thermal expansion coefficient. Notably, the thermal expansion of silica is 

of the order of 10-6/ºC, very different from the value suggested by Eq. (4.4) in the CM = 0 

limit. Thus, the validity of Eq. (4.4) is limited to the measured range of concentrations: 16 

wt.% < CM < 29 wt.%. 

 
 In the following section, we study the thermo-optic coefficient dn/dT as function 

of organic content. In optical applications, knowledge of the refractive index variation 

with temperature is highly significant. Refractive index variation with temperature has 

been observed in all transparent materials, including dielectrics, semiconductors and 

organics. Refractive index variations during temperature change in an optical system that 

consists of several components may cause wave-front distortions. It is thus highly 

important to match the thermo-optic coefficients dn/dT of the different components, and 

in some cases even add a component of an opposite dn/dT value to correct against optical 

distortions.  

  Silica has a positive thermo-optic coefficient of the order of 10-5 /ºC, while 

organic polymers have a negative thermo-optic coefficient of the order of -10-4 /ºC [86]. 

The thermo-optic coefficient in polymers is mainly affected by the thermal expansion 

coefficient [87, 88]. In this section we investigated the effect of the organic material 

content (the methyl group) on the thermo-optic coefficient of hybrid organic/inorganic 

FSG glasses that may serve as optical adhesives aimed at correcting thermally induced 

aberrations in composite optical components.  

 In the past, the conventional method used for measuring dn/dT involved a prism 

coupling to a waveguide formed material [89]. This method allows achieving accuracies 

of the order of 10-4 in the refractive index. However, the need of forming the sample as a 

very thin waveguide (several micrometers thick) complicates the technique. In our study, 

we simplify the sample preparations considerably by using bulky plates, approximately 
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2.5 mm thick. We used the method recently developed by Perets et al. [59] which is based 

on analysis of the temperature dependence of the plate front-surface optical reflectance. 

The method is described in detail in section  3.2.1. 

 In Fig. 28, we provide a demonstration of the method used to obtain the thermo-

optic coefficient. The measured normalized reflectance IR(T)/IR(T0) is plotted as a 

function of temperature T.  
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Fig. 28. Normalized reflectance versus temperature of an FSG glass containing nominally 
23.8 wt.% of the methyl group. 

 

The results exhibit clearly a linear relation, which justifies the neglect of the second and 

higher orders in the Taylor expansion in Eq. (3.2), section  3.2.1. The linear curve slope 

obtained for the specific glass used is (1.66 ± 0.08) x 10-3/ºC. Setting this value in Eq. 

(3.4) and using n0 = 1.421 ± 0.003 (calculated for 632.8 nm – see Fig. 24) yields dn/dT = 

(4.35 ± 0.25) x 10-4/ºC. This value is over two orders of magnitude larger than the air 

thermo-optic coefficient (dnair/dT  10-6/ºC), which justifies the neglect of the ambient air 

refractive index changes in Eqs. (3.1)–(3.4). The thermo-optic coefficient was thus 

calculated for all samples. Fig. 29 presents dn/dT as a function of the methyl group 

concentration.  
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Fig. 29. Thermo-optic coefficient dn/dT of FSG glasses as function of the methyl group 
concentration. 

The linear fit reads as follows 

4 o[10 / C] 3.2 0.29 [wt.%]Mdn dT C      (4.5) 

The error in dn/dT is ±0.7 x 10-4/ºC in the range 16 wt.% < CM <29 wt.%. 

 Apparently, the thermo-optic coefficient values exhibit a large scatter around the 

linear fit given in Eq. (4.5). This is another demonstration of the irreproducibility in the 

glass preparation process, similar to the scatter in the volumetric thermal expansion 

coefficient shown in Fig. 27. We believe that the two effects are correlated in the sense 

that under the preparation procedure used in this study, the nominal methyl concentration 

determined the actual one only approximately. In other words, under the varying process 

conditions, the polymerization was not always complete. To support this conclusion, in 

Fig. 30 we present the thermo-optic coefficient dn/dT as a function of the volumetric 

expansion coefficient β rather than as a function of CM as in Fig. 29.  
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Fig. 30. Thermo-optic coefficient dn/dT of FSG glasses as function of the volume 
coefficient of thermal expansion. 
 

Indeed, a better linear fit is obtained, namely the results exhibit a much smaller scatter 

around the fit curve as compared to that in Fig. 29. The linear fit reads as follows: 

4 o 4 o[10 / C] 1.1 0.45 [10 / C]dn dT     .   (4.6) 

The error in dn/dT is ±0.15 x 10-4/ºC in the range 16 wt.% < CM < 29 wt.%. A similar 

trend of correlation was obtained by Zhang et al. [90]. 

 The most accepted theory describing the thermo-optic effect was developed by 

Prod’homme [91] in 1960. According to this theory, the factors determining dn/dT are the 

volumetric thermal expansion coefficient β and the temperature coefficient of the 

electronic polarizability Φ 

)(
))((

βΦ
n6

2n1n
dT
dn

22
 .   (4.7) 

Usually, both Φ and β are positive quantities. Thus, when Φ dominates, the refractive 

index increases with temperature. In contrast, when β dominates, the refractive index 

decreases with temperature, or in other words, dn/dT becomes negative. Generally, the 

dn/dT value of inorganic materials is a result of competition between Φ and β. For 

example, in silica SiO2, Φ is larger than β, resulting in the well known silica’s positive 

dn/dT. However, the dn/dT value of organic polymers depends virtually exclusively upon 



57 
 

  

the thermal expansion coefficient term because their β’s are always much larger than their 

Φ’s, thus resulting in their negative dn/dT. In hybrid materials consisting of a silica 

matrix and organic polymer additives, it has been considered a good approximation to 

neglect Φ in Prod’homme’s expression (Eq. (4.7) above) [87, 92]. We shall see however 

that this is not a valid approximation in our case. Following Eq. (4.7), one may write 

2 2

6

1 2

dn n

dT (n )(n )
  

 
   (4.8) 

In Fig. 31 we show a plot of Φ as a function of the nominal methyl group content CM. For 

all samples (data points), the electronic polarizability coefficient Φ is negative. Assuming 

independence of Φ on CM, one obtains Φ = (-1.8 ± 0.3) x 10-4/ºC. The negative value of 

Φ is quite unusual, although a negative value has been observed in calamitic nematic 

liquid crystals in the vicinity of the nematic-isotropic phase transition [93]. For 

interpretation of the polarizability coefficient negative value in our case we resort to an 

independent oscillator model of the solid. For the present purpose we model the glass as a 

set of identical bases of volume VC on the nanometer-scale; each basis is composed of a 

silicate network section surrounded by methyl groups separating it from the neighboring 

ones. Each basis exhibits several electronic resonance frequencies ω0j in the UV (ultra-

violet) and in the far-UV regions. Ignoring anisotropy, the contribution to the 

polarizability αej(ω) at angular frequency ω by each resonance is given by [94] 

22222
j0

j
22

j0
jej

i
S)(






)(
                           (4.9)   

where Sj and γj are the strength and width parameters of the j-th electronic resonance, 

respectively. The total polarizability is given by 

   
j

je  .   (4.10) 

The width parameters always satisfy j 0 j  . Usually, visible frequencies ω are 

considerably smaller than all optical transition frequencies, namely 0 j  . To simplify 

considerations, we address the extreme approximation 2 2
0 j  , where Eq. (4.10) reduces 

to 

2
e j 0 j

j

(0 ) S  .   (4.11) 
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Fig .31. Electronic polarizability coefficient Φ calculated by Eq. (4.8) as function of the 
methyl group concentration. 

 The polarizability thermal coefficient is defined as  ed ln dT      . The 

negative value obtained experimentally for Φ means that the polarizability  e   

decreases with temperature. One thus concludes that at least several of the characteristic 

resonance frequencies ω0j must increase with temperature. Such an effect may be 

accounted for by the dominance of the organic component in the hybrid silicate/methyl 

glass in creating the positive thermal expansion coefficient (see discussion in section 

4.1.3 ). We consider that this effect causes reduction in the overlap between adjacent 

silica network sections with increase in temperature, thus enhancing confinement of the 

sections. The electronic energy levels hω0j in the silica sections increase, an effect similar 

to the confinement of an electron in a box. A related effect is the increase of electronic 

energy levels upon size reduction in nano-crystals; see for example [95]. This brings 

about a reduction in the electronic polarizability per Eq. (4.11), hence the negative value 

measured for the polarizability thermal coefficient Φ. 

The above interpretation is obviously of a conjective nature. Thus it is desirable to 

support it (or have it discarded) by temperature dependence measurements of the 

Rayleigh scattering, as well as measurement of optical absorption in the ultraviolet.  
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4.2. CNT/FSG nanocomposites‡ 

 In this section, we explore the effect of carbon nanotubes (CNTs) doping on 

physical properties of Fast-Sol-Gel (FSG) glasses. The nanocomposites were prepared by 

the solution mixing method (section  3.1.2 above). Type T samples (Table 2) were chosen 

as the hosting matrix, and only the CNT concentration was varied.  A photograph 

showing monoliths at various CNT concentrations is shown in Fig. 32.  

 

Fig. 32. Photograph of MWNT/FSG monoliths. MWNT concentration from left to right: 
0.00, 0.02, and 0.20 wt.%. Diameter of each sample is 5 cm. 

The properties studied as function of CNT loading were: surface area and morphology, 

thermo-optic coefficient dn/dT, linear and nonlinear transmission, and electrical 

conductivity. 

 

4.2.1. Surface area and morphology 

 MWNTs were imaged by E-SEM over several steps of the composite glass 

processing. Fig. 33(a) shows a grain of the MWNTs powder along with two other 

particles. The grain appears as a very dense particle of an approximately 25 µm diameter, 

composed of tightly agglomerated nanotubes. The image is a typical micrograph of the 

as-purchased MWNTs powder. As such, the MWNTs cannot be directly used for the 

composite glass preparation. During the first processing step, the MWNTs are dispersed 

in ethanol with the aid of ultrasonication. During ultrasonication, vibrational energy is 

delivered to the system, inducing disentanglement of the agglomerates. Dispersed 

nanotubes of the MWNT/ethanol suspension are shown in Fig. 33(b). The agglomeration 

of the nanotubes appears to have been reduced dramatically. The nanotubes appear quite 

                                                            
‡ This chapter was published in part as: M. Pokrass, Z. Burshtein, R.Gvishi, M. Nathan, Saturable 
Absorption of Multi-Walled Carbon Nanotubes/Hybrid-glass Composites, Optical Materials Express, 2 
(2012) 825. 

 

1 cm 
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isolated, with lengths ranging between approximately 1 and 6 µm. The large distribution 

of lengths implies that the nanotubes were also fractioned by the ultrasonication [16, 17]. 

A cross-section of a MWNT/hybrid-glass is shown in Fig. 33(c). The smooth background 

demonstrates the uniform and nonporous glassy matrix surface, with some nanotube 

edges sticking out. 

 The dispersion process however, did not prevent some inhomogeneous 

distribution of the MWNTs in the glasses from occurring occasionally. This manifested 

itself in the appearance of several “dark dots”, each 10-50 μm in diameter, across the 

uniform slab. 

 As already shown above (section  4.1.1) the FSG samples possess a very low 

surface area due to the absence of pores. Fig. 34 demonstrates that addition of MWNTs 

increases the effective surface area of FSG glasses. The scattering at the lower 

concentration values expresses the range of the measurement error. 

 

 

Fig. 33. E-SEM images of (a) a MWNTs powder grain, as purchased; (b) MWNT/ethanol 
suspension after drying; (c) a MWNT/FSG nanocomposite surface. 

 

 

(a)  (b)

(c)  
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Fig. 34. Surface area calculated according to Brunauer, Emmet and Teller (BET) of 
MWNT/FSG nanocomposites at various MWNT concentrations. 

 The increase in surface area with MWNT concentration is possibly due to increase 

in outer surface roughening. When MWNT are introduced into the matrix, they may form 

aggregates, or disperse individually within the volume of the composite. The aggregates 

or the individual tubes may protrude from the surface as shown in Fig. 32(c), or stay 

covered by a thin film of glass. These corrugations increase the surface area of the 

samples. The surface area appears to reach a saturation at high MWNT loadings (above 

0.2 wt.%). This result can be interpreted as follows: the increase in MWNT concentration 

increases the possibility to form aggregates, and since only the aggregate edge extends 

beyond the surface, saturation is observed at high MWNT concentrations. 

 

4.2.2. Physical properties  

 In the following section, we examine the density of nanocomposite MWNT/FSG 

glasses. Fig. 35 shows the density of MWNT/FSG samples as function of MWNT 

loading. It can be seen that the nanotubes have no effect on the sample density. The 

nanocomposite FSG glasses have an average density of 1.37 0.08 g/cm3. Although the 

MWNT density (1.8-2.0 g/cm3, see Table 1 above) is slightly higher than that of FSG 

(1.38 g/cm3), the effect of nanotube addition on density appears negligible, within the 

density variation of undoped FSG glasses. In any case, the MWNTs fraction added is too 

small to be noticeable in view of the mentioned variations. 
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Fig. 35. Density of MWNT/FSG nanocomposites at various MWNT concentrations. 

 

 Next we consider the measurements of the thermo-optic coefficient. The dn/dT of 

MWNT/FSG nanocomposites as function of MWNT concentration is shown in Fig. 36. 

Due to technical reasons, only 4 points are shown, and our future plans are to complete 

measurements in the 0.02-0.2 wt.% of MWNTs range. However, one can still notice a 

general trend of decrease in dn/dT with nanotube concentration.  
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Fig. 36. dn/dT of MWNT/FSG nanocomposites at various MWNT concentrations. 
 

Turning to Eq. (4.6), this behavior suggests that the thermal expansion coefficient β 

increases with CNT concentration. To the best of our knowledge, direct measurements of 
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β as function of the CNT concentration have never been performed. Still, such a behavior 

has been predicted by classical molecular dynamics [96]. The enhanced thermal 

expansions of the composites were attributed to increase in the excluded volume of 

embedded CNTs as function of temperature [96]. We suggest that this hypothesis be 

verified in a future study by performing a direct measurement of β as function of the 

MWNT concentration in MWNT/FSG nanocomposites. 

 

4.2.3. Optical properties 

 The following section deals with linear transmission (spectroscopy) of 

MWNT/FSG nanocomposites. The effective absorption spectrum of the MWNTs’ 

suspension in ethanol is shown in Fig. 37. The Nd:YAG 1064 nm laser wavelength is 

indicated on the abscissa for reference in our following experiments. The spectrum is 

entirely featureless, exhibiting a decrease in transmission with shortening wavelength. 

Light scattering is most likely the major factor causing the transmission reduction with 

wavelength shortening [49], thus bringing about the “effective” absorption coefficient to 

grow in that direction. The effective absorption spectrum for 0.3 mg/ml MWNT 

concentration in the 400-1500 nm range follows an empirical relation 

 

    1 21 08 2 6cm nm       . . ln ,     (4.12) 

where   is the effective adsorption coefficient and   is the wavelength. The lack of any 

pronounced structure is characteristic of MWNTs [45] as well as of long SWNTs; in the 

latter, pronounced absorption peaks in the vicinity of 1000 nm were observed for only 

very short (<1 µm) tubes [48].  
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Fig. 37. Vis-NIR absorption spectrum of a 0.3 mg/ml MWNTs suspension in ethanol. 

 

 The absorption of the composite glass compared to a pure FSG glass is shown in 

Fig. 38. As in Fig. 37, the Nd:YAG 1064 nm laser wavelength is indicated on the abscissa 

for reference in our following experiments. The composite glass exhibits the 

characteristic absorption bands of silica and its organic residues (section  4.1.3 above), 

superimposed on those of the MWNT background. The MWNT background spectrum 

exhibits a general agreement with that of the MWNT/ethanol suspension provided in Fig. 

37, namely the absorption decreases with  . However, the exact wavelength dependence 

is weaker than in Fig. 37, i.e. it does not follow the empirical relation of Eq. (4.12). One 

can also notice that the absorption peaks in the composite glass are reduced, relative to 

the pure FSG glass. This result can be explained by the fact that the nanotubes substitute 

the absorbing groups in such a way that for the same unit of thickness there are less 

absorbing groups. We assume that light scattering at 1064 nm is negligible, thus the 

absorption coefficient of the MWNT/FSG is 13 7cm.  at 1064 nm for the particular 

MWNTs’ concentration in the measured sample. 
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Fig. 38. Vis-NIR absorption spectrum MWNT/FSG containing 0.02 wt.% MWNT, 
compared to a pure FSG glass. Both spectra corrected for Fresnel reflections. 
 

 Nonlinear absorption of MWNT/FSG nanocomposites 

 

 This section presents a study of saturable absorption of MWNT/FSG 

nanocomposites. Analysis of the nonlinear properties was performed by studying two 

limiting cases: the slow saturable absorber, analyzed by the modified Frantz-Nodvik 

equation, and the fast saturable absorber, analyzed by the steady-state solution of 

Hercher's rate equations [97]. The models allow estimation of ground-, and excited-state 

absorption cross sections, gs
 
and es  respectively, the absorber's effective density N , 

and the excited state decay time  . 

 The nanocomposite MWNT/FSG glasses were studied for their nonlinear optical 

properties at 1064 nm, using the Z-scan technique described in detail in section  3.2.2.  

In the past, analysis of saturable absorption in CNTs was performed using an empirical 

formula [98-100] 

   
0

1 ns
s

I ,
I I

  


    (4.13) 

where I  is the input optical pulse intensity,  I is the intensity-dependent absorption 

coefficient, 0  and ns  are the limits of the linear saturable-, and non-saturable 

absorption coefficients, respectively, and sI  is the saturation intensity (the intensity 
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necessary to reduce the saturable absorption coefficient to a half). In our work, we present 

a refined analysis of the saturable absorption process based on solutions of the basic rate 

equations that describe the energy state population and the photon density kinetics in 

saturable absorbers [97]. These solutions consider two limiting cases: a slow saturable 

absorber yielding a modified Frantz-Nodvik equation, and a fast saturable absorber 

yielding a modified Hercher equation. These expressions relate to a three-level optical 

system as shown in Fig. 39. 

 

Fig. 39.  Schematic diagram of a three-level system used for modeling of saturable 
absorption. Optical transitions are marked with solid arrows; non-radiative intra-band 
transitions are marked with a wiggled one. 

Species at the S(0) ground state band are excited by the incident photons to the S(1) first 

excited state band. The probability for this process is given by the ground-state absorption 

cross section gs . Electrons at the first excited band level can non-radiatively decay to 

the S(1) lowest state level at a very fast rate. Subsequent photons may then induce further 

excitation to the S(2) higher lying band levels, with a cross section es . The effective 

spontaneous decay time   of  S(1) may be assumed to be either very long or very short 

compared to the light pulse duration. Increased light intensity brings about a reduction in 

the ground-state species concentration. If es gs  , the pulsed light transmission 

increases. In practical saturable absorbers, the transmission never reaches 100%, which is 

a result of the photon absorption by species in their S(1) excited state. 

Slow saturable absorber – the modified Frantz-Nodvik Solution 

 The term “slow absorber” is used for the case where the light pulse duration is 

very short compared to the excited state decay time  . An analytical solution for the 

transmission T  of a real saturable absorber is given in a closed form [97] as 

gs

es

S

S

S
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  (4.14) 

where L  is the sample thickness, 0T  is the transmission in the low pulse intensity limit, 

maxT  is the maximal transmission achieved at very high pulse intensities, N  is the 

absorbers density and FNT  is the transmission of an “ideal” saturable absorber  0es    
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T T E
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    exp ,ln    (4.15) 

where  0E  is the input beam fluence in units of photons per unit area. This expression is 

known as the Frantz-Nodvik equation [101]. In the case of a transversely Gaussian beam 

distribution, the half peak beam fluence should appear in Eq. (4.15) instead of  0E [97]. 

 

Fast saturable absorber – the modified Hercher Solution 

 This case occurs when the relaxation of excited atoms is very fast, namely the 

excited-state decay time   is short compared to the pulse duration. The analytical 

solution for the photon flux density (photons per unit time per unit area) is given in a 

closed form [97] as 
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       (4.16)                      

where  0I  is the input beam intensity in units of photons per unit area per unit time, and 

gs es     . This expression is known as Hercher’s equation [102]. In the case of a 

transversely Gaussian beam distribution, the half peak beam intensity should appear in 

Eq. (4.16) instead of  0I [97]. Although equation (4.16) constitutes a closed equation for 

T  as a function of  0I , this expression should be very useful for curve fitting of 

measured data, as one may readily swap between the  0I  and T axes. 

 

Saturable absorption 

 At high light power densities, the sample undergoes a “bleaching” process. This 

can be clearly seen from the Z-scan measurement shown in Fig. 40.  Here, the optical 

transmission is shown as a function of the sample position along the beam path. At low 

laser beam intensities, i.e. at distances beyond ±10 mm from the beam waist (Z = 0), the 

sample transmission is approximately 46 %. As the sample approaches the waist position, 
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the beam intensity increases, which leads to an increased transmission. The nonlinear 

phenomenon of increased transmission at high laser intensities is attributed to a saturated 

absorption of the MWNTs in the glass. 
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Fig. 40. Z-scan measurement: Optical Transmission of MWNT/hybrid-glass containing 
0.02 wt.% MWNT as function of sample position Z along the beam. Beam waist radius  

0 13 5w . m ; sample thickness 1 15L . mm . Scan direction from left to right. 
 

 The overall behavior, however, is not solely related to saturable absorption. 

Particularly, in a fresh sample, starting from one side on the Z axis and scanning towards 

the waist position, some decrease in transmission is obtained at the very close vicinity of 

the waist. It is, however a relatively small effect, that may perhaps be related to 

enhancement of a two-photon absorption process [103]. Furthermore, on moving further 

away from the waist position, the transmission pattern is not symmetrical with that 

obtained while approaching the waist. A mirror-like asymmetry was obtained when the 

measurements were performed in the backward direction. Thus this asymmetry is most 

likely related to some changes in the glass properties induced by the light pulses, that 

develop and persist during the measurement, and quite long afterwards. In our present 

work, we have not further explored the dynamics nor the nature of these changes. Our 

analysis to be provided in Figs. 41 and 42 overlooks the said asymmetry, and in fact 

provides an average. 

 The results of Fig. 40 were modeled by the limiting cases of a slow or a fast 

saturable absorber expression, and are shown in Figs. 41 and 42 respectively. The figures 

show the measured data of the composite hybrid glass transmission as function of the 
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peak pulse fluence and the peak pulse intensity, and their fittings for each model. As the 

peak pulse fluence/intensity increases, the transmission exhibits an increase, which is 

initially linear, but which then saturates. At the turn to saturation, most of the absorbing 

species in the glass have been excited to the S(1) state level by the first arriving photons. 

Later photons impinging the absorbing species exhibit a higher probability for traversing 

the sample. The fact that the saturated value never reaches 100% indicates that excited-

state absorption by an    1 2S S  transition sets in as a result of the enhanced population 

in the S(1) band (Fig. 38). 

 In Fig. 41, we show the same experimental data of Fig. 40 and the calculated fit 

according to the slow saturable absorber model (Eqs. (4.14) and (4.15)), where the optical 

transmission is plotted vs. the peak beam fluence. Justification for attempting this model 

is based on excited state lifetimes of  ~3-10 ns estimated by Miyauchi et al. [104], which 

are in fact quite longer than our pulse duration of only 1 ns. Moreover, Park et al. [105] 

have recently found that the triplet excited-state lifetime is even orders of magnitude 

longer, ~15 µs. As a word of caution, however, we should add that both latter values were 

estimated for SWNTs and not for MWNTs. 

 The physical parameters used for the fit curve in Fig. 41 exhibit reasonable 

agreement with those obtained by several other researchers, at least in the order of 

magnitude. Particularly, the estimated ground state absorption cross section is 

18 22 3 10 cmgs .   , in good agreement with that of a single carbon atom, 

18 21 10 cmgs   , measured at 800nm   [106]. However, our value is still an order of 

magnitude smaller than the value 17 21 10 cmgs  
 
measured at 567nm   [107]. Both 

latter values were reported per single carbon atom in SWNTs. In MWNTs, Ni and 

Bandaru [108] measured 17 21 10 cmgs    per carbon atom at 473 and 633 nm, which is 

approximately a factor of 5 larger than their measured value per single atom in SWNTs. 

Thus the gs   value we have estimated by the slow saturable absorber model is within the 

range of previously reported values per carbon atom in CNTs. The excitation wavelength 

and the embedding matrix [109] may play an important role in determining CNTs’ 

absorption cross sections.  
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Fig. 41. Optical transmission of MWNT/FSG glasses containing 0.02 wt.% MWNT as 
function of the peak beam fluence (same results as Fig. 40). Fit curve is by the modified 
Frantz-Nodvik model (Eqs. (4.14)-(4.15)) for a slow saturable absorber. 
 

 For the excited state absorption cross section we have further obtained (within the 

slow absorber model) the value 19 26 9 10 cmes .   . To the best of our knowledge, this is 

the first time an estimation of es  is reported for CNTs. With respect to other carbon-

nanotube species, the singlet excited state absorption cross section of fullerenes at 532-

540 nm was reported to be in the range of 18 28 18 10 cm  [110], which is larger than 

their ground state absorption cross section. Thus their samples exhibit a reverse saturable 

absorption phenomenon.   

 Another issue to consider is the fact that the estimated absorbers density 

18 32 8 10 cmN .    is about a factor of 5 smaller than the nominal density of carbon atoms 

incorporated into the glass, 19 31 3 10 cmN .   . This discrepancy may perhaps be 

rationalized by assuming that band formation in the MWNTs causes a reduction in the 

effective density of states. 
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Fig. 42. Transmission of MWNT/FSG glass containing 0.02 wt.% MWNT as function of 
peak beam power (same results as Fig. 40). Fit curve by Eq. (4) for a fast saturable 
absorber. 
 

 In Fig. 42, we show the experimental data shown in Fig. 40 and the calculated fit 

according to the fast saturable absorber model (Eq. (4.16)), where the optical transmission 

is plotted vs. the peak beam power. Justification for attempting this alternative model is 

based on numerous reported excited state recovery lifetimes in SWNTs [37, 39-41, 111, 

112] as well as in MWNTs [34], which are usually at least two orders of magnitude 

shorter than our pulse duration of 1 ns. The fit parameters indicated in Fig. 42 are based 

on assuming the value 19 31 3 10 cmN . ,   which is the nominal carbon atom 

concentration in the glass. The ground and excited-state absorption cross-sections 

estimated by the fit curve are 19 25 0 10 cmgs .    and 
19 21 4 10 cmes .   , respectively. 

The estimated excited-state lifetime is 0 45.   ns, consistent with the assumption of a 

fast absorber, yet not very much shorter than the pulse duration of 1 ns. Notably, the two 

sets of fit parameters related to the diametrically opposite assumptions of a slow or a fast 

absorber are quite similar, and physically plausible. We may thus conclude that our 

absorber is neither slow nor fast under the 1 ns long pulses at 1064 nm; namely the 

excited state lifetime   is also of the order of 1 ns, yielding reasonable fits for both model 

assumptions. Obviously, direct measurement of   for every studied sample is of critical 

importance, both for obtaining accurate estimates of the absorption cross-sections, and for 

properly assessing the material suitability in any technological application. It should be 
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desirable to perform a direct measurement of   for correct selection of the saturable 

absorption model. 

 In addition, use of longer as well as shorter pulse duration, and varying repetition 

rates are needed to elucidate the role of the thermal or long-lived effects in the glass 

during irradiation. 

 Note that fitting attempts of our data to a dielectric function of a constant, 

obviously negative Im(χ(3)), always failed. This strongly supports our modeling approach 

of excited state absorption. Still, for the benefit of researchers who are used to assessment 

of nonlinear optical properties through the Im(χ(3)) parameter, its order of magnitude 

derived by us is around |10-10| esu, similar to values obtained by others [37]. 

 With respect to technological applications, saturable absorption allows 

applications for Q-switching, mode-locking, pulse-shaping and noise suppressing in fast 

pulsing lasers [35, 37-44].  

 

4.2.4. Electrical properties 

 In this section we present a study of the electrical properties of our CNT/FSG 

materials. A comparison between the electrical conductivities of s-MWNT and l-MWNT 

nanocomposites is exhibited in Figs. 43(a) and 43(b) respectively. It can be seen, that the 

conductivity of the s-MWNT is very low, reaching (for a similar measurement geometry) 

only nanoamperes even at higher voltages. The I-V curve is non-ohmic, exhibiting a 

relatively low conductivity at low voltages (0 - 5 V), yet a higher, nearly constant 

conductivity at the higher voltages (5 – 80 V). The curve was symmetric with respect to 

the voltage polarity. This behavior suggests that the nanotubes concentration was below 

the percolation threshold, and the conductivity was controlled by either electron hopping, 

or tunneling between adjacent nanotubes (section 1.2.3). The conductivity of this 

nanocomposite was estimated as   185 10 cm     in the high-voltage region. 

 Nanocomposites with l-MWNTs, however, exhibited tens of microamperes 

current at low voltages, together with a clear ohmic resistance curve. This suggests the 

presence of conductivity paths inside the samples, resulting from essentially direct contact 

between adjacent nanotubes, as occurs above the percolation point. 
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Fig. 43. I-V curves of nanocomposites at 2 wt.% MWNT concentration. (a) s-MWNT and 
(b) l-MWNT. Sample dimensions: 0.4 x 7.5 x 6 mm, coated on top of a microscope slide. 

The conductivity of the l-MWNTs nanocomposite was estimated to be 

  1310 cm   , which is 5 orders of magnitude higher than the one obtained for the 

s-MWNTs nanocomposites, and at least 12 orders of magnitude higher than that of pure 

silica [51, 54]. These results are consistent with the theory predicting the percolation 

threshold is inversely proportional to conducting particle length, c d L  , where d is the 

CNTs’ diameter and L  is their length [113]. For comparison, Guo et al. [54] found that 

incorporation of 5 vol.% of MWNTs in silica results in a conductivity of 0.08   1cm  . 

(Note that for MWNTs, 1 2vol.% wt.%  and for SWNTs, 1 1vol.% wt.%  for 

polymer matrices [114]). 

 Turning to the percolation behavior in the l-MWNT/FSG system, we measured the 

macroscopic electrical conductivity of samples with MWNT concentrations in the 0.1 - 2 

wt.% range. The results of these measurements are plotted in Fig. 44. The lowest CNT 

concentration showing measurable electrical conductivity was 0.1 wt.%. Theory (section 

1.2.3) predicts a power law dependence of the electrical conductivity σ on the volume 

fraction of the conducting filler,  tc    , (Eq. 1.1, section 1.2.3). 

(a)  (b) 
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Fig. 44. Electrical conductivity of l-MWNT/FSG nanocomposites as function of the CNT 
content. Inset shows a linear regression at a log-log scale. 

Our fitting curve to the data results in 1.73 0.15t   and 0.22 0.01c   . The fitting curve  

is shown in the linear regression in the inset of Fig. 44.  In summary, the electrical 

conductivity may be written as    1 731 1 44 47 10 0 22
.

cm . wt.% .        
. Since the 

percolation model is valid only for c  , the concentration point below 0.22 wt.% is 

discarded from the analysis provided in the inset. For that reason, this particular point is 

shown by an open symbol in the general graph. The exponent 1.73 0.15t    is somewhat 

lower than the theoretical value 1 94t . , expected for a pure three-dimensional system 

[115]. This deviation could reflect the occurrence of aggregation of CNTs during the 

sample preparation [25, 116]. Interestingly, the same value 1 73t .  was also observed in a 

SWNT-MgAl2O4 system [25]. The other very significant observation is the very small 

percolation threshold value, 0 22c .  wt.% for l-MWNTs observed in our results. This is 

in general agreement with the rule of thumb 0.5c   wt.% for any inorganic 

nanocomposite system [25]. Also note that  a value of 0.64c   vol.%, has been reported 

for SWNT-MgAl2O4 [25]. A percolation of MWNTs in ZrO2 was recorded by Shi and 

Liang [53] at 1 73c .  vol.%, and the critical exponent was determined to be 3 3t . . To 

the best of our knowledge, these are the only works which investigated CNT percolation in 
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inorganic systems. In our work, we report for the first time a percolation theory 

compliance for a silica based system.  

 Bauhofer and Kovacs [114] believed, that given optimized dispersion conditions, 

the percolation threshold for polymer systems should be 0 1c .  wt.% CNTs. However, 

previous observations (section 4.2.3) and results to be presented in the section 4.3 indicate 

that the nanotube dispersion in our samples is not homogeneous. This accounts for the fact 

that the percolation threshold in our system is slightly higher. Furthermore, the nominal 

value of   was calculated theoretically from the amount of CNTs used for the preparation 

of the starting dispersion. As mentioned in section 3.1.2, precipitation was observed at the 

bottom of the dispersion vials. Since only the supernatant was used for the preparation of 

the nanocomposites, the effective CNT concentration is likely to be somewhat lower than 

the quoted nominal value. Hence, the quoted percolation threshold 0 22c .  wt. % should 

be regarded as an upper-limit estimate for the true percolation threshold. We hereby 

suggest that in future works the dispersed nanotubes in the supernatant will be separated 

from the precipitated aggregates by centrifugation and the concentration of the dispersed 

nanotubes will be measured analytically, for example, by means of optical absorption.   

  The MWNT/FSG samples were further characterized microscopically by E-SEM, 

EFM and C-AFM. Fig. 45 shows ESEM images of the nanocomposite at high and low 

magnifications. Individual nanotubes can be clearly seen sticking out of the glassy matrix 

(Fig. 45(a)). However, when a larger area is examined, as shown in (Fig. 45(b)), it is 

evident that the nanotubes distribution within the matrix is inhomogeneous on a 2-m 

scale. This is a manifestation of the incomplete dispersion of the initial l-MWNT/ethanol 

suspension. 
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Fig. 45. E-SEM images of l-MWNT/FSG nanocomposite at 1 wt.% concentration  at (a) 
high and (b) low magnification. 

 EFM measurements were performed to determine the existence of 

conducting elements on the surface by examining the surface charging under an 

applied tip bias. Fig. 46 presents the EFM images of an s-MWNT/FSG 

nanocomposite surface with 0.01 wt.% CNT concentration. The EFM images 

were taken in a lift mode at a height of 25 nm to avoid topographical effects. The 

same area was scanned twice, once at 0 voltage, and a second time at a 10 V bias. 

Figures 46(a) and 46(c) demonstrate the surface morphology of the composite 

glasses while figures 46(b) and 46(d) exhibit the EFM images informative of the 

surface charging. 

 When a 0-V bias is applied, no surface charging occurs, as seen from the 

smooth EFM image (Figure 46(b)). Applying a +10 V bias to the tip, however, 

reveals surface charging due to the presence of conducting particles. The negative 

contrast (dark colors) in the EFM image is attributed to the attractive electrostatic 

forces between the charged tip and the electrically conducting particle [117]. The 

voltage applied between the tip and the sample produces electrostatic forces that 

alter the resonant frequency and the phase shift of the cantilever. When the 

cantilever is far from a conductive tube, these electrostatic forces are independent 

of the tip horizontal displacements. When the tip passes over a tube, it induces 

charge modulation within the tube, resulting in electrostatic attraction forces 

[118], imaged as a negative contrast. The positive contrasts appearing on the top 

of a hill and on a ridge, respectively in the center and in the upper left of the EFM 

image (Fig 46(d)) are attributed to artifacts due to morphological features that 

  

(a) (b) 
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induce drastic leap of the tip. These artifacts are also displayed in the morphology 

images as negative contrasts. The circled spots on Figure 46(d) suggest that these 

protrusions are nanotubes buried below the glass surface. 

 

 

Fig. 46. EFM images of s-MWNT/FSG nanocomposite at 0.01 wt.% concentration. Image 
size - 2x2 µm. (a) Amplitude, and (b) phase images taken at 0 V bias. (c) Amplitude, and 
(d) phase images taken at +10 V bias. Circled spots are areas characterized by negative 
contrasts, which we attribute to nanotubes buried below the surface. 

 C-AFM measurements were performed on l-MWNT/FSG nanocomposites at 2 

wt.% concentration. Topography-, current- and friction- images are presented in Fig. 47 

(a, b and c). A correlation is observed between the surface' irregularities appearing in 

topography image (Fig. 47(a)), the variations in the surface friction (Fig .47(c)) and the 

current distribution (white spots on Fig. 47(b)). These observations indicate that the 

nanocomposite surface consists of different constituent materials having distinctive 

electrical and mechanical properties, corresponding to conductive nanotubes buried in the 

insulating silica matrix.  The edges of the nanotubes can be identified, and are marked by 

arrows in Fig. 47(c). Similar current images of MWNTs dispersed in polyamide-6 were 

recorded by Phang et al. [119]. 

 

 

    

   

Bias: 0 V

Bias: 10 V 

(a)  (b) 

(d) 

(b) 

(c)  

(d) 

  Morphology       EFM image
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Fig. 47. C-AFM images of l-MWNT/FSG nanocomposite at 2 wt.% concentration of 
CNT. Image size – 2x2 µm. (a) Topography image, z-scale: 0-100 nm (b) current image, 
z-scale:  0-25 nA at 1V bias (c) friction image, arrows mark the position of the nanotubes. 

 To conclude, electrical conductivity of nanocomposite MWNT/FSG materials was 

studied and characterized. Microscopic characterization showed that the dispersion of l-

MWNTs within the matrix was inhomogeneous. Nonetheless, a dramatic increase of at 

least 12 orders of magnitude in the conductivity of silica glasses was achieved, shifting it 

from the insulating region to the conductive one. The conductivity of l-MWNT/FSG 

nanocomposites was estimated as   1310~ cm   at 2 wt.% nanotubes load. For the 

first time, the percolation model was used to describe the conductivity increase as 

function of nanotube concentration in the MWNT/silica system, and the percolation 

threshold was identified, 0 22c .  wt.%. 

 MWNT/silica nanocomposite materials developed in this work can be exploited 

for applications where there is a strong need for electromagnetic shielding along with 

mechanical and thermal stability; the latter can be provided by the silica matrix. 

(a) (b) 

(c)



79 
 

  

Furthermore, it would be desirable to explore the electrical conductivities of these 

materials when shaped in a form of a thin film, thus achieving optical transparency 

(transparent electrodes). However, one should consider how the preparation method of 

the film (i.e. spin-coating or dip-coating) will effect the alignment of the nanotubes and 

hence the conductivity of the film. 

 

4.3. CNT/CSG nanocomposites 

 In the following section, we study the effect of CNTs on the porous structure of 

Classical-Sol-Gel (CSG). As mentioned (section  1.3.1), the CSG is a porous silica matrix 

with high surface area (~ 600 m2/g). The porous structure results from the confinement of 

a liquid phase during gelation, evaporation of which leaves the network porous. The pore 

size and distribution depend tightly on the chemical reaction conditions [55]. Addition of 

CNTs to the reaction vessel in the sol-gel polymerization stage (termed in situ 

polymerization, section  1.2.1) was previously reported to change the pore size [27, 28]. 

These reports, however, studied morphological changes at either very high 

concentrations, 2.5-26.4 wt. % [27], or at very low ones, ~0.02 wt. % [28]. Our study 

examines the morphological changes induced by CNTs in the 0.1-0.5 wt.% concentration 

range.  

 

Fig. 48. ESEM micrograph of MWNT/CSG nanocomposite cross section, at MWNT 
concentration of 0.16 wt. %. (a) 500 nm scale bar, and (b) 2 µm scale bar. 

 Fig. 48 shows the ESEM image of a MWNT/CSG nanocomposite at 0.16 wt. % 

MWNT concentration, prepared by the surfactant functionalization route (MWNT-

T/silica). The dark background with roughened surface, shown in Fig 48(a), is the porous 

CSG network, while the spaghetti-like structures are the nanotubes extending beyond the 

(a)  (b) 
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matrix. This image can be compared to the smooth surface of the MWNT/FSG 

nanocomposite in Fig. 33 (section  4.2.1). Inspection of the nanocomposite's cross section 

at a larger scale (Fig. 48(b)) reveals a non uniform distribution of the nanotubes within 

the matrix, reflected in clear areas devoid of CNT filling. This inhomogeneity was 

previously observed in MWNT/FSG nanocomposites (section  4.2.1), and is probably due 

to incomplete de-agglomeration of CNTs during the dispersion stage.  

 The investigation of the surface area and porosity of MWNT/CSG 

nanocomposites was performed by gas adsorption (section  3.3.2). In order to exclude the 

surfactants effect of on porosity, such as micelle imprinting, three sets of samples were 

prepared: MWNT-T/silica, where nanotubes were functionalized using a TX-100 

surfactant, MWNT-E/silica, where nanotubes were dispersed in ethanol, and TX100/silica 

samples containing no nanotubes, only a TX-100 surfactant at concentrations similar to 

MWNT-T samples (section 3.1.1). 

 Fig. 49 shows the isotherms obtained by the gas adsorption measurement of 

MWNT-T/silica nanocomposites at CNT's concentrations of 0.00, 0.10, 0.16 and 0.50 wt. 

%. The isotherms of pure CSG samples (0.00 wt. %) are typical type-IV isotherm with a 

hysteresis loop which is characteristic of mesoporous materials (2 – 50 nm pores). The 

hysteresis phenomenon is illustrated in Fig. 50. The illustration depicts a sorption 

isotherm as expected for adsorption/desorption of a pure fluid in a single mesopore of 

cylindrical shape, in combination with a schematic representation of the appropriate phase 

transition occurring within the pore. The schematic isotherm reveals a vertical pore 

condensation step; however a truly vertical step in the adsorption isotherm is not to be 

expected for any real porous material with a non-vanishing pore-size distribution. This is, 

the wider the pore size distribution, less sharp is the pore condensation step.  
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Fig. 49. Adsorption isotherms of MWNT-T/silica nanocomposites at MWNT 
concentration of 0.00, 0.10, 0.16 and 0.50 wt. % MWNTs. The squares and circles 
represent the adsorption and desorption lines, respectively. Each graph shows 
measurements performed on several samples belonging to the same batch of 
nanocomposites. 
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Fig. 50. Schematic representation of multilayer adsorption and pore condensation in 
single cylindrical pore [1]. The upper graph describes the volume of adsorbed gas as 
function of the relative pressure during adsorption and desorption (details are given in the 
text). Different adsorption stages inside the pore are marked with letters and described 
schematically bellow the graph. 

 At lower relative pressures, the adsorption mechanism in mesopores is similar to 

that obtained on planar surfaces. After completion of monolayer formation (A), a 

multilayer adsorption commences (B). After reaching a critical film thickness (C), 

capillary condensation occurs essentially in the core of the pore (transition from 

configuration C to D). The plateau region of the isotherm reflects the situation where the 

pore is completely filled with liquid and separated from the bulk gas phase by a 

hemispherical meniscus. Liquid evaporation from the pore therefore occurs by a receding 

meniscus (E) at a pressure which is lower than the pore condensation one. The pressure 

where the hysteresis loop ends corresponds again to a situation of an absorbed multilayer 

film which is in equilibrium with a vapor in the pore core and the bulk gas phase. In the 

relative pressure range between (F) and (A), adsorption and desorption are reversible. 
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 Addition of low MWNTs concentrations (below 0.16 wt.%) to CSG samples (Fig. 

49) clearly decreases the pore size, as can be seen from the elimination of the hysteresis 

loop at isotherms corresponding to 0.10 wt.% MWNT. At higher concentrations, the 

MWNTs effect is ambiguous. The hysteresis loop returns at 0.16 wt.% and disappears 

again at 0.5 wt.% MWNTs. Similar results have been observed in MWNT-E/silica and 

TX100/silica sets of samples.  Moreover, the large distribution of measured values in 

samples prepared from the same batch (same sol poured to several molds) illustrates the 

inhomogeneous drying conditions. It should be mentioned that the measurement 

repeatability on the same specimen is very high exhibiting deviations of less than ~1%. 

The inhomogeneity is clearly expressed in the four isotherms measured at 0.10 wt.% 

MWNTs. The shapes of the isotherms are apparently different. The upper two, are typical 

type-I isotherms, which are characteristic of microporous materials (0.4 – 2 nm pore 

diameter) with pore condensation beginning at 0.3 relative pressure. The lower two 

isotherms are transitional stage between type-IV (mesoporous materials) and type-I 

(microporous materials). The pore condensation at these isotherms appears at 0.55 

relative pressures as in pure CSG samples, however without the hysteresis loop. This 

diversity could result from variations in local environment of each sample during the 

drying process. Drying is very sensitive to temperature and humidity, which are a major 

factor in the process' thermodynamics. These conditions, however, could fluctuate in the 

lab during the period of the drying duration (about several weeks) and thus result in 

inhomogeneous samples.  

 Note that the sol-gel drying process is not homogeneous and continuous within the 

entire volume, but rather a gradual process of solvent evaporation, taking place at the 

upper surface of the load. During the process itself, the material experiences variations in 

temperature and inter-pore capillary pressures. Moreover, inhomogeneous distribution of 

nanotubes, as observed previously in MWNT/FSG nanocomposites (section 4.3.2), can 

result in variations in the drying conditions. 

 To conclude, while the presence of nanotubes obviously affects the resultant 

material porosity, its exact nature is not entirely clear. The porosity nature scattering 

among different samples is due to the inhomogeneity arising from poor control of the 

drying conditions. Consequently, the CSG process described in this work needs to be 

improved in terms of control, especially of temperature and humidity. For instance, the 

samples should be dried in a temperature-humidity regulated oven and not just in the open 
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lab. Furthermore, nanotube dispersion should be improved, by using surfactants and 

shorter length CNTs. 

 

5. Discussion 

 The primary goal of this work was to characterize physical properties of hybrid 

organic/inorganic glasses prepared by the FSG route and their CNT nanocomposites. For 

the past two decades, CNTs were used to enhance desired properties of various materials. 

These include increase in electrical and thermal conductivities, mechanical reinforcement, 

and generation of nonlinearity in optical properties. Numerous publications exist in the 

field. However, most reports discuss variations of only a single property as a function of 

the CNT inclusion; furthermore, comparison between results by different groups is 

virtually impossible due to the many system variables, such as the nanotube type and size 

parameters, concentration, dispersion procedures, and the hosting matrix. In particular, 

nanocomposites based on inorganic host materials, especially silica, have been only 

meagerly studied. 

 We aimed to perform a comprehensive study of the CNT/silica system. This was 

achieved by characterization of several physical properties: morphological, electrical, and 

optical. The silica system was prepared by two different routes based on the sol-gel 

technique: The CSG route, yielding pure silica with a porous structure, and an FSG route, 

yielding a nonporous organic/inorganic hybrid.  The FSG glass is a relatively new 

material, and therefore insufficiently investigated. Therefore, the first step in our research 

was to characterize the physical properties of the FSG matrix. A spectroscopic study 

demonstrated that precursors having an organic non-polymerizing end-group exhibit a 

characteristic spectral signature in the IR region. In addition, the absorption spectrum 

might be used for indication of the degree of polymerization. Molecular composition 

estimates based on the precursor’s input concentration exhibited excellent fit to XPS 

measured values. Spectral tracing of water adsorption at various humidity loads showed 

that water molecules adsorb only on the glass surface, most likely to surface silanols. We 

propose that the surface structure provides special silanol sites, each exhibiting an 

adsorption preference for a specific water species. We suggest that in future studies the 

surface spectroscopic characterization will be performed in a reflection mode. Reflection 

spectroscopy is sensitive only to species absorbing on the surface, such as the surface 

silanols, and is mostly indifferent to highly absorbing species (such as CNTs) residing 
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within the sample volume. This may also allow analysis of the CNT effect on the water 

adsorption process.  

 The conclusion that the FSG glass is nonporous was achieved by means of several 

independent observations, including ESEM imaging, comparison between bulk and 

skeletal densities, and surface area and porosity analysis.  

 The FSG glass exhibits some unique properties, such as short production times 

and negligible post-production shrinkage. It is thus a promising candidate for various 

optical applications. One of the key parameters for optical applications is the refraction 

index and its temperature derivative dn/dT (also termed the “thermo-optic coefficient”). 

In our work, we studied the organic content effect on these parameters as well as on other 

physical properties: density ρ and thermal expansion coefficient β. We found that organic 

residues within the glass decrease the refraction index n, the density ρ, and the thermo-

optic coefficient dn/dT. The thermal expansion coefficient β, however, increases with the 

organic content. We obtained a negative linear dependence of the thermo-optic coefficient 

on the thermal expansion coefficient. Using Prod'homme's model, we derived a negative 

value for the electronic polarizability coefficient Φ. The negative sign of Φ is attributed to 

isolation of the silica matrix sections by the methyl groups, causing the sections to 

distance upon increase in temperature. Notably, a negative value of Φ is an unusual result. 

Therefore, we recommend verifying whether similar results are acquired in other systems, 

where β and dn/dT are simultaneously measured. Particularly, in order to confirm our 

conjecture that the characteristic material frequencies in our glasses shift toward the UV 

upon increase in temperature, supporting spectroscopic measurements are highly 

desirable. 

 The next step in our research was to introduce CNTs in both the FSG and CSG 

matrices. Due to different process requirements, different approaches for nanotube 

incorporation were needed. Incorporation of CNTs in FSG matrices was achieved by 

adopting the solution mixing technique. Since the pre-dried FSG can be successfully 

diluted with an organic solvent, nanotubes were dispersed in ethanol, and then added to 

the diluted gel. Incorporation of CNTs in the CSG matrix was performed by an in situ 

polymerization. The CSG process involves several steps, including ethanol, then water 

additions. Nanotube dispersion, either in surfactant assisted aqueous solution or in 

ethanol, was added to the reaction at the proper process steps. The effect of the dispersion 

medium was then investigated.  
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 Many studied have established that homogeneity of CNTs distribution within the 

hosting matrix is one of the crucial factors affecting the thermal, electrical, mechanical, 

and optical properties. Though many efforts have been devoted to the issue, no optimal 

procedure resulting in a perfect homogeneous distribution is yet known. In our work, in 

spite of using different methods and different dispersion procedures, the resulting CNTs 

distribution was not fully homogeneous in either process. Nonetheless, we have 

demonstrated a dramatic effect in optical and electrical properties, as well as in material 

porosity, upon nanotubes’ inclusion. 

 Turning to optical properties, we have studied the thermo-optic coefficient, and 

the linear and nonlinear absorptions as functions of the CNT addition. The thermo-optic 

coefficient showed a decrease with the CNT content. We have already demonstrated in 

Section 4.1.3. that a negative linear correlation exists between the thermooptic coefficient 

dn/dT and the volumetric expansion coefficient β. Therefore, a decrease in dn/dT suggests 

that the CNTs presence increases the thermal expansion coefficient. Though several 

theoretical studies have predicted this very effect, no experimental verification has yet 

been reported, nor has it been done in the present work. We thus highly recommend that 

such studies be done in the future. 

 Linear absorption spectra of CNTs in solution or in hybrid glasses exhibited an 

increased effective absorption at shorter wavelengths, probably due to enhanced light 

scattering. The nonlinear absorption of nanocomposites at low CNT concentration (0.02 

wt.%) was studied using a z-scan technique, which is a powerful tool for characterization 

of optical nonlinear phenomena. We have demonstrated that the nanocomposite glass 

undergoes a “bleaching” process when irradiated with high light power densities.  The 

nonlinear phenomenon of increased transmission at high laser intensities is attributed to a 

saturated absorption of the MWNTs in the glass. In the past, analysis of CNTs saturable 

absorption was performed using an empirical expression. In our work, we present a 

refined analysis of the saturable absorption based on solutions of the basic rate equations 

that describe the energy state population and the photon density kinetics in saturable 

absorbers. These solutions consider two limiting cases: a slow saturable absorber yielding 

a modified Frantz-Nodvik equation, and a fast saturable absorber yielding a modified 

Hercher equation. Our results were modeled with these two limiting cases, and showed a 

good agreement with the measured data. Justification for using both models is based on 

numerous works reporting diametrically opposite excited state lifetimes compared to the 

experimentally used pulse duration. Notably, the two models exhibit quite similar sets of 
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fit parameters, and are physically plausible. We may thus conclude that our absorber is 

neither slow nor fast under the 1-ns-long pulses at 1064 nm; namely the excited state 

lifetime   is also of the order of 1 ns, yielding reasonable fits for both model 

assumptions. We hereby propose that a future direct measurement of the excited state 

lifetime of CNTs in the nanocomposite hybrid glass be performed. Quite arbitrarily, we 

chose the slow absorber model as representative. The ground state absorption cross 

section was thus estimated as 18 22 3 10 cmgs .   , which is in good agreement with the 

known value per a single carbon atom. The cross section for excited state absorption was 

estimated as 19 26 9 10 cmes .   , and is reported for the first time for CNTs. Comparison 

of these values to conventional saturable absorbers based on Cr4+ ions doped in inorganic 

matrices, shows similar values. Particularly, in Cr4+:YSGG the ground state absorption 

cross section is 18 24 5 10 cmgs .    and the excited state absorption cross section is 

19 24 10 cmes    [97]. The nonlinear phenomena of nanocomposites developed in this 

work, allows possible applications in fast laser passive mode lockers. Particularly, such 

applications are limited to power densities below the matrix damage threshold, which is 

approximately ~ 6 GW/cm2. 

 While nanocomposites in the low CNT concentration range (of the order of 0.01 

wt.%) can be utilized as optical components, nanocomposites in the high CNT 

concentration range (of the order of 1 wt.%) can be utilized as electrical components. The 

remarkable enhancement of polymers electrical conductivity upon nanotube inclusion has 

been reported in numerous studies. The phenomenon is modeled by a percolation theory, 

based on formation of a three-dimensional network of conducting nanoparticles within an 

insulating matrix. The declared critical concentration when this network is initially 

formed is termed the “percolation threshold”. This threshold is a function of several 

parameters, such as interaction with the hosting matrix, nanotube type and geometric 

dimensions, and dispersion efficiency. Notably, the percolation phenomenon in inorganic 

matrices was only meagerly studied. 

 In our study we addressed the effect of the nanotubes’ aspect ratio on the 

percolation threshold. Our results confirm the theoretical prediction that the percolation 

threshold is inversely proportional to the aspect ratio of the conducting particle. For a 

MWNT/FSG system, where the nanocomposites were of a high aspect ratio (~300-1000), 

the percolation threshold was 0 22c .  wt.%. This is the first time a percolation threshold 
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is reported for a CNT/silica system, and the value is in accordance with previous works 

preformed on CNT based nanocomposites. By using microscopic characterization of 

these nanocomposites, we have observed the presence of conducting nanoparticles buried 

just underneath the surface. Incorporation of CNTs induced an increase in electrical 

conductivity, reaching a maximal order of   1310 cm   (~12 orders of magnitude 

enhancement). Such high conductivity values in a glass immediately suggest industrial 

applications for antistatic coatings, perhaps even electromagnetic shielding. 

 Incorporation of CNTs within the porous CSG matrix was performed in order to 

investigate the effect of nanotubes presence on the pore structure and distribution. 

Previous reported studies showed that nanotubes alter the silica pore size. However, these 

studies concentrated on either very low (~0.02 wt.%) or very high (2.5-26.4 wt. %) CNT 

concentrations. In our work, we aimed at filling the range between these limits, and study 

the CNT concentration effect on morphology at the 0.1-0.5 wt.% CNT range. We further 

wished to gain understanding of the dispersion effect, particularly the surfactant assisted 

one, on the pore size. To efficiently disperse nanotubes in an aqueous environment, 

surfactants are used above their critical micelle concentration (CMC). Micelle-templated 

silica is a well known solid exhibiting an ordered pore system, of pore size typically 

ranging between 2 and 50 nm. We thus suspected that the presence of micelles within the 

CNT dispersions might affect the pore size distribution in the mesoporous CSG. For 

investigating the above, additional set of samples was prepared using ethanol based 

dispersion. Surprisingly, no significant difference was observed between the two sets of 

samples. Moreover, the addition of low MWNTs concentrations (below 0.16 wt.%) 

decreased the average pore size, turning the silica into a microporous solid. On the other 

hand, at higher concentrations, the MWNTs effect is inconclusive. We have observed 

large differences among the measured values in samples prepared from the same batch. 

These observations suggest that the drying process was inhomogeneous. We hereby 

propose that future be made, where samples will be dried under more strictly controlled 

conditions, such as in a temperature-humidity regulated oven.  

 In conclusion, a number of issues must be addressed when developing 

nanocomposites for specific applications; these are the nanotubes type, the dispersion 

method, the filler concentration, and the filler interactions with the hosting matrix. For 

example, when enhancement of electrical conductivity is desired, one should consider the 

optimum between nanotube length and dispersion efficiency. For nonlinear optical 
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applications however, the aspect ratio has no significant role, thus it would be desirable to 

use short nanotubes shown to result in more homogeneous dispersions. The CNTs effect 

on mechanical reinforcement, though beyond the scope of this work, should also be 

considered.  

 

6. Summary and Conclusions  

 Our study describes the development of techniques and procedures for preparation 

of hybrid organic/inorganic glasses and their CNT nanocomposites. The end materials 

were characterized for a variety of physical, morphological, optical and electrical 

properties. 

 The nanocomposites hosting matrix is a hybrid organic/inorganic glass prepared 

by the FSG route. The FSG process allows control of the physical properties of the final 

product by varying the precursors types and ratio. XPS was used to verify the atomic 

concentrations of Si, C, and O in various types of the hybrid glasses, allowing the 

proposition of an accurate molecular composition of the substance. Specific conditions in 

the FSG procedure result in nonporous glasses, as concluded from a set of observations, 

including comparison between bulk and skeletal densities, ESEM imaging, and surface 

area and porosity analysis.  

 Empirical expressions for several physical properties as function of the glass 

composition were presented.  Particularly, we find a linear correlation between the 

organic content and some physical properties of the glass; the refraction index, density, 

and thermo-optic coefficient decrease with the organic content, while the thermal 

expansion coefficient increases. Spectroscopic analysis of the FSG glass under varying 

humidity loads suggests that the surface structure provides specific silanol sites that favor 

adsorption of specific water species over others. We propose that the presence of the 

organic component provides varying environments for the surface silanols, thus 

producing different specialized sites for the water species.  

 Carbon nanotubes were incorporated within the FSG matrix by solution mixing. 

An ethanol-based dispersion of MWNTs was prepared by ultrasonication, and then 

combined with a diluted gel, following solvent evaporation and drying. In spite of the 

dispersion process, E-SEM imaging reveals an inhomogeneous distribution of the 

MWNTs. 
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 We established that addition of MWNTs to the FSG matrix increases the surface 

area by a factor of ~2 due to surface roughening resulting from nanotube protrusions. The 

nanocomposite density, however, is not affected by the nanotubes addition. The thermo-

optic coefficient dn/dT of MWNT/FSG glasses shows a decrease as function of the CNT 

concentration. This behavior suggests that the expansion coefficient also increases with 

the CNT concentration. While the above tendency was predicted theoretically, it has not 

been measured.  

 Nonlinear optical properties of MWNT/FSG glasses were studied using the Z-scan 

technique. The composites exhibit an approximately 50% visible light transmission, along 

with a strong “bleaching” effect when irradiated with high intensity - 1 ns-long pulses at 

1064 nm. This nonlinear phenomenon is attributed to saturated absorption of the MWNTs 

and is analyzed using both slow and fast saturable absorber models of a three-level energy 

scheme. Both models yield very good fits with reasonable physical parameters. Quite 

arbitrarily, we choose the slow absorber model as a representative. The ground state 

absorption cross section is estimated as
 

18 22 3 10 cmgs .   , which is in good agreement 

with the known value per single carbon atom. The cross section for excited state 

absorption is estimated as 19 26 9 10 cmes .   , and is reported for the first time for 

CNTs. The saturable absorption phenomenon allows possible applications of the 

MWNT/FSG composites as promising candidates for applications in fast laser passive 

mode lockers.  

 Electrical properties of MWNT/FSG nanocomposites were investigated with 

relation to the percolation theory. Comparison between s-MWNTs and l-MWNTs 

confirm the theoretical prediction that the percolation threshold is inversely proportional 

to length of the conducting particle, c d L  . The percolation behavior of the l-

MWNT/FSG system was investigated. A good agreement was achieved by fitting the 

theoretical model to the experimental results. For the first time, the percolation threshold, 

0.22c  wt.% and the critical exponent, 1.73t   are identified for a silica based system. 

Similar values were obtained in polymer nanocomposites. Surface electrical properties of 

these nanocomposites were investigated microscopically, as well. EFM and C-AFM 

measurements indicate that the nanocomposite surface consists of different constituent 

materials having distinctive electrical and mechanical properties, corresponding to 

conductive nanotubes buried in the insulating silica matrix. The maximal conductivity 



91 
 

  

measured for l-MWNT/FSG nanocomposites was   1310 cm    at 2 wt.% CNT, 

demonstrating an increase of at least 12 orders of magnitude compared to pure silica. 

Materials with electrical conductivities in this range can be applied for antistatic coatings 

and transparent electrodes. 

 Carbon nanotubes were additionally incorporated in a CSG matrix by an in situ 

polymerization method. The CSG matrix is a mesoporous silica, with a high surface area 

(~ 600 m2/g). Adsorption isotherms reveal that the presence of nanotubes affects the 

resultant material porosity; however the exact nature is not entirely clear. Further research 

is suggested on samples having higher production repeatability. The latter is likely to be 

achieved by improving the process control. 

 To summarize, this thesis describes a comprehensive characterization of hybrid 

organic/inorganic glasses and their CNT nanocomposites. MWNTs were incorporated by 

different chemical procedures in nonporous FSG, and mesoporous CSG matrices. The 

innovation of this work arises from the focuses on detailed characterization of different 

properties (morphological, optical, and electrical) of the same nanocomposite system. 

Moreover, several physical parameters such as cross section for excited state absorption 

and percolation threshold are reported here for the first time. Furthermore, nanocomposite 

materials developed in the present work can be utilized for applications as functional 

optical and electrical components. 
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7. Appendix A – FSG process Temperature and Pressure Tracing. 
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Fig. A1. Temperature (solid line, left scale) and pressure (dashed line, right scale) profiles 
vs. time of a typical FSG process. The process consists of several principal phases. Phase I 
– precursors mixing and addition of HCl (catalyst) and water at the end. Phase II – self-
heating to ~73 ºC due to exothermic hydrolysis and condensation reactions, followed by 
the reaction vessel heating. Phase III – pressure release, followed by sequences of solvent 
evacuation. During these steps, HCl and water are added to the vessel for completion of 
the condensation reaction. Phase IV – pressure adjustment to atmospheric (1 bar), and 
dilution with a THF solvent. 
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