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1. Introduction 

1.1 Background and motivation 

In the electromagnetic spectrum, the terahertz (THz) radiation is located be-
tween the microwave and infrared frequencies, with wavelengths from 3 mm 
to 30 μm. Both microwave and infrared technologies are well developed, but 
the terahertz band is often called as the terahertz gap because of the underde-
veloped technology. The developments of passive and active devices operating 
at low THz frequencies require novel solutions and materials.  

Nanomaterials like carbon nanotubes (CNTs) and silver nanowires (AgNWs) 
are of increasing interest in a wide range of applications in an ultra wide fre-
quency range: from microwave and THz to optical frequencies (e.g. 
[Bandaru2007, Otsuji2012]). Such materials possess unique properties, which 
are not observed in conventional ones. In the literature one can find theoretical 
investigations of nanomaterials or experimental studies of composite materi-
als containing CNTs or nanowires (NWs) [Slepyan1998, Hanson2005, 
Burke2006, Shuba2009, Slepyan2010a, Shuba2012, Polley2015]. Physical 
properties of individual nanoparticle have been widely studied as well [Santa-
vicca2008]. However, most of the works up-to-now have been carried out ei-
ther at low GHz or optical frequencies [Black2002, Rosenblatt2005, Hao2006, 
Dragoman2006]. 

The aim of the thesis is the experimental, theoretical and computational 
studies of the electrical and optical properties of pristine nanomaterial layers 
in the wide frequency range from millimeter waves to optics. The main objec-
tive of this thesis work is to develop nondestructive method for nanomaterial 
characterization. 

Graphene is a nanomaterial that has received a huge research interest since 
it first isolated from graphite in 2004 [Geim2007, Novoselov2004, Katsnel-
son2007, Koppens2011, Dumitrica2012], but its characterization is outside the 
scope of this thesis.  
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The most important novelties of this work are: 

 Experimental studies of nanomaterial layers in wide frequency range 
from 75 to 320 GHz.  

 Developing the analytical models for extraction of the electrical pa-
rameters of nanomaterial layers. 

 Numerical calculations of the structures, containing CNT or AgNWs 
layers. 

 Fabrication and characterization of the transparent conductive layers 
based on AgNWs.  

1.2 Organization and scientific contributions of the thesis 

Content of the thesis schemed in Figure 1. The thesis is based on six publica-
tions – all of the publications relate to the main goal of the thesis. For example, 
for propagation constant measurements and estimation of conductivity of 
AgNWs at mm-wave frequencies, the sample layers have been fabricated using 
the technique described in Publication [V], which reports studies of optical 
properties of the layers.  

 
 
Figure 1. Schematic drawing of the research content.  

The thesis consists of introduction, 5 chapters and conclusion. Chapter 2 in-
troduces properties of the selected nanomaterials and methods of their char-
acterization and fabrication. Chapter 3 describes high frequency measure-
ments [I, II]. Chapter 4 introduces the novel methods for estimation the prop-
agation characteristics, based on previous experimental results and a new the-
oretical models. Based on experimental results in [II], Publication [III] re-
ports the estimation of dielectric constant of CNT layers. Publication [IV] de-
scribes an extended analytical model for exraction of conductivity of CNT lay-
ers, and in Publication [VI] this approach is applied for AgNWs layers. Finally, 
Chapter 5 deals with AgNWs transparent conductive coatings – their fabrica-
tion method and studies of their electrical and optical properties [V]. Chapter 
6 is the Summary of publications and Chapter 7 refers to Conclusions and fu-
ture work. 
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2. Physical properties of nanomaterials 

2.1 Properties of carbon nanotubes 

 
Since the discovery of the carbon nanotubes by Iijima in 1991, they have be-

come an extensively studied material [Iijima1991]. They take the form of cy-
lindrical carbon molecules, Figure 2, and have novel properties that make 
them potentially useful in a wide range of applications in electronics, optics, 
nanotechnology and other fields of materials science [Ajayan2001, Baugh-
man2002, Schnorr2011]. They are called “nanotubes” because of their size - 
the diameter of a nanotube is about a few nanometers, while they can be up to 
several tens of micrometers in length. 

0.5-2 nm

1-100 mμ

 
Figure 2. Structure and dimensions of a single carbon nanotube [Zarbin2007 ]. 

 
The carbon nanotube (CNT) has a structure of a rolled single layer of gra-

phene [Aqel2012]. It has unique electronic properties that are determined 
with the chiral vector, Ch = (m, n), see Figure 3. The dual index (m, n) deter-
mines the way in which a graphene monolayer is “rolled” to a tube with a ra-
dius of [Qin2006]:  

 

,   (1) 

 
where b=0.142 nm is the graphene lattice constant. 
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Figure 3. Carbon nanotube configurations with the chiral vector Ch and basis vectors  and 

, [Rao2013]. “Zigzag” and “armchair” directions indicate the way of “rolling” the graphene.  

 
It is known, that CNTs with different indices of n and m conform materials 

with different structures and with different physical properties. If m = n and if 
m – n is a multiple of 3, the nanotubes are all metallic and others are semicon-
ducting ones.When m = 0, the nanotubes are called “zigzag”, when n = m, the 
nanotubes are called “armchair”, and other states are called “chiral” 
[Qin2006]. 

The carbon nanotubes have extraordinary strength and unique electrical 
properties [Durkop2003, Lu2006, Saito1998]. However, properties of an in-
dividual CNT differ from those of a CNT layer. Typically, the fabrication tech-
nology seems to give about one third of metallic CNTs and two thirds of semi-
conducting ones. Additionally, the obtained layer can contain CNTs united in 
bundles, as a result of the growth process. The layer normally contains CNTs 
with different chiralities and lengths. A typical image of a CNT layer at the pol-
yethylene terephthalate (PET) substrate is presented in Figure 4. The CNTs 
are randomly distributed along the surface, the surrounding medium is called 
“host matrix”.  

 

Host matrix

CNT

 
Figure 4. CNT network on the substrate, SEM image.  
 
Applications of CNTs 
Microwave, millimeter and submillimeter wave applications of the CNTs in-

clude many concepts [Dragoman2005]. Passive and active devices such as fil-
ters [Prokudina2005], diodes [Manohara2005], oscillators [Sazonova2004], 
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mixers [Rosenblatt2005], MEMS [Generalov2015], NEMS [Lee2012], THz de-
tectors [Chudow2012, He2014, Ryzhii2016] are already under development, 
and results are very promising. Detectors based on aligned CNTs have a strong 
polarization dependence with respect to the alignment direction, therefore it 
can be used as a polarizer [Kawano2015]. Devices, which possess a tempera-
ture gradient due to a difference in heat transfer along the CNTs exposed with 
radiation, are studied in [Fedorov2013]. The electronic structure of CNTs pro-
vides many interesting applications in photonics and electronics 
[Avouris2008]. They have huge potential in biomedical applications 
[Shuba2011]. Moreover, the thickness determines the applications of the CNT 
layers. Thin layers (up to 100 nm) possessing high transmittance and low re-
sistivity can be utilized for fabrication of transparent conductive films, as re-
placement of indium tin oxide (ITO) [Donner2006, Kaskela2016, 
Miyata2008]. High porosity thick films are excellent materials for, e.g., fuel 
and solar cells [Aitola2016], supercapacitors [Chen2013], battery applications 
[de la Casas2012], and for gas filtering [Hu2010].  

2.2 Properties of silver nanowires 

Nanowires made of silver can form two-dimensional (2D) random networks 
at the substrates such as glass, plastic, etc. These 2D networks can serve as 
conductive electrodes. Silver is the material used in a large variety of applica-
tions; it has high electrical conductivity (6.3·107  S·m-1) and the highest thermal 
conductivity (429 W·m-1 ··K-1). A SEM image of typical AgNWs on PET sub-
strate is presented in Figure 5. The optical properties of metallic nanowires 
differ from the bulk metals [Schider2001]. Such phenomenas as photoconduc-
tivity, luminescence and optical absorption were studied in [Ruda2005]. 

 

Host matrix AgNWs

 
Figure 5. SEM images of AgNWs on PET substrate. 

 
Many methods for AgNW film fabrication have been recently implemented: 

vacuum filtration [Xu2016], transfer printing onto PET substrates [Wu2004], 
air-spraying [Kim2013] from AgNW suspension and others [Lu2010]. 

Electron transport properties of NWs [Song2013] are very important for 
electrical and electronic applications as well as for understanding the unique 
one-dimensional carrier transport mechanism [Kharche2011]. The diameter, 
roughness, chemical composition, and geometrical orientation of the nan-
owires are very important parameters, which determine the electron transport 
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mechanism of nanowire layers. A ballistic type of transport phenomenon ex-
ists due to natural small dimensions (in order of nanometers); hence, the car-
rier “mean free path” is longer than the wire length [Johnson1972]. It was 
shown that the conductivity of AgNWs can be changed (due to structural 
changes) by light illumination and applying an external electric or magnetic 
bias field [Murakoshi2002].  
 
Applications of AgNWs 

The main application is transparent conductive films based on NWs 
[Haacke2007, Jeong2015, De2009, Akter2012, Lu2010]. They are widely used 
in a large variety of applications such as displays [Jeong2015], touch sensors 
[Lewis2000], solar cells [Granqvist2007], antennas [Komoda2014, 
Song2014b], etc. [Lu2010, Ye2014, Noh2014]. They might be used for THz 
wave generators, filters, modulators, and detectors, but measurements must 
be performed to see how THz waves can interact with NWs. 

2.3 Nanomaterials in this work 

CNT layers with different optical transparencies and thicknesses were depos-
ited from the reactor onto a 125 μm PET substrate. For production of measured 
CNTs, the aerosol method based on ferrocene vapor decomposition in CO at-
mosphere was used. Optical transmission measurements were performed in 
the range of 400 – 2200 nm wavelengths with Perkin Elmer UV-vis-NIR spec-
trophotometer to estimate the thickness of the CNT layer, see [Nasibulin2011]. 

 
The AgNWs provided by Seashell Technologies were used in the experiments. 

Several dimensions (diameter (d) / length (l)) of nanowires were taken for 
comparison: d=56, 73 and 106 nm and l=10.4, 12.6 and 32 μm. Initially 
AgNWs were suspended in iso-propanol (IPA) with the concentrations of 25 
mg/ml. For propagation constant measurements, AgNWs can be measured at 
the filter substrate, not transferred onto PET, since such filter is a dielectric. 

To prepare AgNW layers on the PET substrate, the following procedure was 
used: 

 80 ml (3 drops) IPA dispersion was added to 500 ml of deonised H2O. 
 Ultrasonic treatment 30 min. 
 Filtration of desired volume of dispersion (in range 20 – 150 ml) to 

provide a certain layer thickness. 
 Transfer from nondried nitrocellulose filter on 125 μm thick PET sub-

strate, using roll-to-roll coating on a heated plate. 
 Self drying at ambient conditions for a few minutes. 
 Mechanical pressing (10 tons between 2 copper polished plates 29×24 

mm2, 0.14 GPa) to increase contact area between nanowires. 
 

The resistivity of the films was measured using 4-point probe cylindrical head 
(Jandel) connected to a RM3000 test unit. Perkin Elmer Lambda 950 UV-vis-
NIR spectrophotometer was used for the optical characterization. 

For more details concerning the nanomaterial layers, see Section 3.1.2. 
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2.4 Characterization methods 

Usually, nanomaterial characterization refers to the scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), energy dispersive 
X-ray (EDX), optical absorption, photoluminescence (PL), and Raman spec-
troscopy [Dresselhaus2005, Dresselhaus2007, Zardo2010]. All of those meth-
ods offer the possibility of quick and non-destructive characterization.  

Optical absorption spectrum gives positions of the interband transitions, 
which correspond to excitation of charge carriers in CNTs depending on diam-
eter and chirality. The transitions can be used to identify nanotube chirality 
[Rao2013].  

The optical properties of AgNWs have been studied intensively with employ-
ing different optical characterization and analytical techniques. In 
[Black2002] the infrared absorption measurements allow one to calculate the 
complex dielectric constant of bismuth nanowires by means of effective me-
dium theory. Moreover, metallic nanowires have an interesting absorption ef-
fect due to surface plasmons [Noguez2007, Ben2015].  

Also there are types of conductivity characterization measurements, such as 
4 point probe method [Smith1958] or semiconductor device analyzer (SDA) 
[www.agilent.com] connected to a probe station.  

2.4.1 Microwave, mm-wave and T Hz characterization 

Study of dielectric properties suppose the measurements of the complex per-
mittivity and permeability of the materials. Permittivity is a measure of the 
ability of a material to be polarized by an electric field. Complex permittivity 
consists of the real and imaginary parts ( -j ). The real part ( ) is a 
measure of the amount of energy from an external electrical field stored in the 
material. The dielectric constant of a material  is the ratio of permittivity ( ) 
to the permittivity of vacuum . Since the dielectric constant is just a ratio of 
two similar quantities, it is dimensionless. The imaginary part ( ) is also 
known as loss factor, and it is zero for lossless materials. The loss factor is a 
measure of the amount of energy loss in the material under an external electric 
field. The ratio of the imaginary part to the real part of the complex permittiv-
ity called loss tangent, tanδ. 

Another important material property is the complex permeability, which 
consists of a real part, representing the amount of energy from an external 
magnetic field stored in the material, and the imaginary part representing the 
amount of energy dissipated due to the magnetic field. Measurement on the 
complex permeability is only used for magnetic materials. Most materials are 
non-magnetic and thereby, their permeability is very near to the permeability 
of free space.  

A vector network analyzer (VNA) is an instrument that can measure scatter-
ing (S)-parameters, namely reflection and transmission coefficients, Figure 6 
[Agilent2004, Shoaib2016].  
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Figure 6. Schematic drawing of two-port network.  

 

The S-parameter matrix is most commonly used for the 2-port network. 
[Pozar2011, Räisänen2003]. The relationship between the incident and re-
flected waves (normalized voltage waves) and the S-parameter matrix is given 
by:  
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where a and b are the incident and reflected waves, respectively, and Snm are 
the scattering parameters (reflection and transmission coefficients). The S-pa-
rameters are complex numbers, i.e., they have both amplitude and phase, both 
of which a VNA can measure.  

There are many techniques developed for the complex permittivity and per-
meability measurements [Vainikainen2000]. For instance, transmission line 
technique, open ended coaxial probe technique, free space technique, and res-
onator technique. Each technique has limitations, e.g., to specific frequencies, 
materials, etc. 

 

2.4.2 Dielectric rod waveguide technique 

Dielectric rod waveguides are frequently used in radio engineering devices, 
especially at frequencies above 100 GHz. There are waveguides, directional 
couplers, phase shifters etc., which are based on them. The dielectric rod wave-
guide (DRW) has lower losses than the standard metal waveguides [Li-
oubtchenko2003] and has no cut-off frequency. Many types of DRWs are used 
in different applications. The most promising DRWs for applications in active 
and passive devices are made of dielectrics with high dielectric constant as they 
can be better matched with the standard metal waveguides. Moreover, the use 
of semiconductors (Si, GaAs, etc.) allows one to combine them with standard 
semiconductor technologies. In order to decrease matching losses, the taper-
ing sections are used for transitions, see Figure 7. If a dielectric has the loss 
tangent of about 10-4 or better and the permittivity of 10-15, losses can be ex-
pected to be in the order of 5 dB/m at 150 GHz while 10-12 dB/m is typical for 
the standard metal waveguide at these frequencies. 
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Figure 7. Schematic drawing of DRW [Lioubtchenko2003]. 
 

The DRW is an open transmission line, so electric and magnetic fields pene-
trate through waveguide walls to air. If one wall of the DRW is covered with 
nanomaterials, the surface impedance of this wall will change and, therefore, 
the propagation constant and losses of the guided wave will change as well. 
Propagation constants of dielectric waveguides, loaded with nanomaterials 
can be extracted from S-parameter measurements using a VNA [I-II]. 

 

2.5 Numerical simulations 

Numerical simulations with Ansoft High Frequency Structural Simulator 
(HFSS) software has been used in ccurrent study [II-IV]. The schematic view 
of the simulation setup is shown in Figure 8. Standard WR-10, WR-6, WR-5 
and WR-3 metal waveguides were used for the input and output. The dimen-
sions of the DRW corresponded to the ones used in the measurements: 1.0×0.5 
mm2 cross section, total length of 60 mm with 6 mm tapers, and the CNT layer 
coverage length was 20 mm. 

 

Figure 8. Image of simulation setup taken from HFSS; from [IV]. 
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3. Millimeter wave measurements of 
nanomaterials 

3.1  Propagation constant measurements 

3.1.1 DRW fabrication and installation 

  
For the measurements of propagation constant, monocrystalline sapphire 

was cut along the optical axis with cross section dimensions of 1.0 × 0.5 mm2, 
with the tapering length of 6 mm. These dimensions correspond to the fre-
quency range of 75-110 GHz, according to [Lioubtchenko2003]. Since DRW 
has no cut-off frequency, it enables broad band operation [Generalov2014]. 
Hence, the same waveguide dimensions can be used with WR-10, WR-6, WR-
5 and WR-3 metal waveguides, simply varying the length of the insertion, as 
shown in Figure 9. 

 
 

Figure 9. Schematic view of the DRW inserted in metal waveguides used for diferent fre-
quency bands (from 75 to 320 GHz); from [IV] 

 

For measurements, the DRW is supported by a Styrofoam or Rohacell holder 
and then inserted into standard metal waveguide, connected to a VNA, see Fig-
ures 10 and 11. Depending on the frequency range, the DRW is inserted to the 
metal waveguides in the full or partial length of the tapering section, without 
a direct connection to the metal to avoid possible reflections. The DRW is 
placed so, that the wide walls are parallel to the narrow walls of the metal 
waveguides, since in this case the field of the TE1 0 mode in the metal waveguide 
excites the fundamental  mode [Marcatili1969] in the DRW. The electric 
field vector is parallel to the wide walls of the DRW. Such an excitation pro-
vides the best matching between the DRW and the rectangular metal wave-
guide [Lioubtchenko2005].  
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Figure 10. Schematic drawing of experimental setup; from [III].  

 

 
 
Figure 11. Photography of experimental setup. DRW supported by a Rohacell holder and con-
nected through metal waveguides to VNA; from [VI].  

 

3.1.2 Sam ple preparation 

Iso-propanol suspension of AgNWs LN ST 447 from Seashell technology, 
with diameter d of 56 nm and a length L of 10.5 μm was prepared in three 
different dispersions with concentrations of: 0.484 mg/ml, 0.969 mg/ml and 
1.937 mg/ml. The dispersions underwent the ultrasonic treatment for 30 
minutes. Then, using vacuum filtration through the Millipore nitrocellulose 
filter, the dispersions of AgNWs was transferred to the polyethylene tereph-
thalate (PET) substrate, by means of press transfer method at a heated plate, 
under temperature of 120°C. Heating is used to increase the contacts between 
the nanowires [Song2014a]. Prepared concentrations correspond to the thick-
nesses of the AgNWs layers of 1.6 μm, 3.2 μm, and 6.5 μm, respectively. Thick-
nesses were measured with the Dektak/XT profilometer.  

CNT layers with different optical transparencies (Table I) were collected 
from the reactor to the filter, using two methods. For samples number 1, 2 and 
3, a reactor with a variable maximum temperature from 880 to 1200 °C was 
used. The total flow rate through the ferrocene cartridge was 350 cm3/min. 
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The growth chamber has an internal diameter of 22 mm and a length of 550 
mm) inserted inside the tube furnace. For samples number 5 and 6 a scaled-
up reactor with an internal growth chamber of 150 mm in diameter and 1.5 m 
in length was used. It was operated at a total flow rate of 4000 cm3/min at a 
temperature of 880°C. 

Then the CNTs transferred from the filter onto a PET substrate by pressure. 
The filter is removed carefully using tweezers. This method provides a homo-
geneous layer. TEM studies show that the length of CNTs in the layer varies 
from 5 to 40 μm, and the diameter varies between 1.2 and 1.4 nm. Optical 
transmission measurements in the range of 400-2200 nm wavelengths were 
performed with Perkin Elmer UV-vis-NIR spectrophotometer [www.perki-
nelmer.com]. The resistivity of the films was measured using 4-point probe 
cylindrical head (Jandel) connected to a RM3000 test unit [four-point-
probes.com].  

For DRW measurements samples of PET with CNTs and AgNWs layers were 
made by cutting 20 mm long and 0.5 mm wide strips. The samples of nano-
matrial layers were deposited on top of the narrow wall of the DRW.  

 
TABLE I 

Resistiv ity, transparency and thicknesses of CNT lay ers on PET used in measure-
ments. 

№ Resistivity, 
Ω/□ 

Optical Transparency, 
% 

Thickness 

PET dielectric Reference 130 μm 

1 140 67.6 59 nm 

2 170 73 42 nm 

3 230 79.5 25 nm 

5 460 90 12 nm 

6 930 95 10 nm 

3.2 Measurement results of AgNW layers 

Results of S21 parameter measurements for AgNWs in the frequency range of 
75-110 GHz are presented in Figure 12. Prior to deposition of nanomaterials, 
an empty DRW was measured for comparison. Then the AgNW layers with 
different thicknesses were placed on the top of the DRW one by one. One can 
see in Figure 12 that the losses increase due to presence of the AgNW layer, 
and that a thicker layer results in more losses. The level of losses is almost 
stable with frequency for each particular layer. Figure 13 shows measured re-
flection coefficient. This graph demonstrates that S1 1  of the DRW remains the 
same for different layers and without them.  
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Figure 12. Measured S21 for DRW loaded and unloaded with different thicknesses of AgNW 
lay ers; from [VI]. 
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Figure 13. Measured S11 for DRW loaded and unloaded with different thicknesses of AgNW 
lay ers.  
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3.3. Results of CNT layer measurements 

 
Figures 14, 15 and 16 show S-parameters obtained from CNT measurements. 

S21 and S1 1  demonstrate that the loading of DRW with a CNT layer causes re-
markable propagation losses, but does not change the reflection. Introduced 
losses decrease with increasing frequency. In addition, there is a big difference 
in lossess of thinner and thicker layers, however also this difference decreases 
with increasing frequency. One can see that such differences become very 
small toward the high frequencies, Figure 14. Sometimes more transparent 
layer is needed, sometimes it is better to use a thicker layer (for example, to 
control the deposition). The layer’s thickness affects the conductivity (the 
thicker the layer – the better the conductivity), and this is the key parameter 
for many devices. S11 (Figure 16) is stable with frequency and remain the same 
for different layers.  
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Figure 14. Measured S21 of empty DRW and DRW loaded with CNT layers. 

 

Measurement accuracy is an important issue to understand obtained results. 
First of all, the deposition method introduces some complexities. Placing of 
the sample on the top of a narrow DRW wall is a challenging task since sub-
strate can cover the DRW non-uniformly, because it may be slightly convex or 
concave and therefore the CNT layer may not touch the DRW evenly. Second-
ary, the layer can not be placed 100% parallel to the DRW, it may be displaced 
by a small angle. Hence, an error in a few dB can occur. It is worth to mention, 
that Figure 14 combines results for different types of nanotubes (described in 
Section 3.1.2.). Statistical combination of those samples has a goal to show that 
behaviour and main tendency relates to any types of CNT layers. 
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Figure 15. Measured S21 of empty DRW and DRW loaded with different CNT layers in the 
frequency  range from 7 5 to 320 GHz; from [IV]. 
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Figure 16. Measured S1 1  of empty  DRW and DRW loaded with CNTs lay ers. 

 

It was speculated that the decrease of the losses versus frequency could be 
due to the fact that field strength outside the DRW gets weaker the higher the 
frequency is. Therefore, the field propagation at high frequencies could be in-
sensitive to the loading. In order to prove that this is not the reason for the 
observations, special experiments were carried out. 

The sapphire DRWs with cross sections of 1×0.5 mm2 and 0.6×0.3 mm2 were 
used for measurements in the frequency range of 110-170 GHz. Figure 16 
shows results with these two different DRWs, loaded and unloaded with CNTs. 
For empty DRWs the level of losses is the same. One can see that there is no 



29 
 

significant difference between different cross sections of DRW. The small dif-
ference in DRWs, covered with CNTs, in the beginning of the measured range, 
could be explained by sample deposition. The narrower the rod, the more dif-
ficult it is to make the sample deposition.  
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Figure 17. Measured S21 of empty and CNT-loaded DRWs of dfferent dimensions.  

 

3.4. Conclusions of the chapter

Measurements of AgNW and CNT films using dielectric rod waveguide were
implemented in the frequency range from 75 to 320 GHz, using a DRW with a
cross-section of 1×0.5 mm2. The level of losses, found experimentally for 
DRW loaded with CNTs varies from 5 to 40 dB, depending on the frequency
and layer’s thickness. AgNWs layers at DRW cause losses in the range of 2-4
dB. The obtained results are used in the following work as a base for estimation
of effective parameters of the nanomaterial layers.
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4. Dielectric constant calculations 

Full-wave analysis of an unloaded DRW is a rather complicated task. It gets 
even more complicated with the presence of the CNT layer. The use of com-
mercial simulators, e.g. HFSS, is practically impossible due to two reasons. 
The first one is an extremely small thickness of the CNT layers, which is tens 
of nanometers, that cannot be imposed as a parameter in the HFSS simulation. 
The second one is that the e ective dielectric parameters of the CNT layers are 
not enough studied. However, permittivity of the CNTs embedded in solutions 
was discussed in [Shuba2011].  

One of the solution can be extracting the required parameters from experi-
ments. In order to do it the following work plan was carried out: for description 
of the loaded DRW, a simple model based on electric wall approximation was 
developed and the transfer matrix method was used. Such an approach allows 
deriving analytical dispersion equation for the DRW, loaded with a CNT layer. 
However, a solution of the dispersion equation, i.e., the propagation constant 
of the waveguide modes kz, can only be found numerically. 

The well-known numerical models developed by [Marcatili1969] and 
[Goell1969] can be used, but such an analysis becomes more complicated with 
a presence of a layer with different dielectric constant at one wall of the DRW. 

In this chapter, a method for permittivity estimation of a multilayered DRW, 
where one of the layers is a nanomaterial layer, is discussed. And, a method 
for estimation the conductivity of nanomaterials at low THz frequencies is im-
plemented. Conductivity is obtained using numerical calculations, which take 
into account the finite length of nanoparticles and their number density. 

4.1 Electric wall model 

The structure under study is shown in Figure 18. It is a two-layered structure, 
consisting of the dielectric (sapphire) layer and the CNT layer, surrounded 
with vacuum from the top and bottom, and bounded with electric walls from 
the left and right sides. The model describes a rectangular DRW with a high 
dielectric constant ( DRW) and the CNT layer with an unknown dielectric con-
stant ( CN T). Both sapphire and CNT layers are anisotropic dielectrics, charac-
terized with the relative permittivity tensors:  

     (3) 

 
For the rectangular DRW, the anisotropy axis is the z-axis, and for the CNT 

layer, it is the y-axis, because the CNTs are randomly oriented in the xz-plane. 
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Note, that due to their high surface conductivity, CNTs practically do not in-
teract with the electric field directed perpendicularly to the CNTs.  

In contrast to a DRW surrounded with vacuum ( ) from all unloaded sides 
(Figure 18 a), dispersion of a waveguide bounded with PEC on the yz-side walls 
(Figure 18 b) can be described analytically independently on the number of 
layers along the y-axis. Since the CNT layer is deposited on the narrow DRW 
wall and the y-component of the electric field vector varies along x, we have to 
bound our structure along the wide wall, see Figure 18 b. The narrow side of 
the cross-section (along the x-coordinate) was extended in order to take into 
account penetration of the field into air in a real waveguide. Namely, the ex-
tended size was taken to be wex t = 0.9 mm instead of w = 0.5 mm. 

 
 

Figure 18. Schematic cross-sections of the DRW with the CNT layer: a) experimental/simu-
lated case, b) extended cross-section for the PEC wall model. Dashed vertical lines in b) show 
the original cross-section; from [III].  

 
Independently on a number of layers of the DRW, electromagnetic modes in 

the considered structure can be separated into two classes: the TEy modes with 
Hy=0 and the TMy modes with Ey=0. Note, that the usual separation of prop-
agating along the waveguide modes into TE and TM with respect to the z-axis 
is impossible if the transverse wave vector component kx ≠ 0. The transfer ma-
trix for the TEy  and TMy  modes reads as:  

 

 (4) 

 
where expressions for ky follow from the dispersion equation for waves prop-
agating in uniaxial crystals, which can be found in [Landau1984], and for a 
DRW with the anisotropy axis directed along the z-axis: 

 

,  (5) 

 
and for the CNT layer, with the anisotropy directed along the y-axis:  

 

.  (6) 

Here k0 is the wave number in free space, and kx=π/wext. The relative permea-
bility of all media is assumed to be 1. The transverse wave impedance for the 



 

32 
 

TEy-modes reads as: 
 

,   (7) 

 
where η is the wave impedance in vacuum. For free space area the transverse 
wave impedance is:  

Z0=jη    (8) 

 
Here the sign at square root corresponds to exponential field decaying in the 
air. 

The transfer matrix of two-layered structure can be expressed as: 
 

,   (9) 
 

where hDRW and hCN T are the thicknesses of the rectangular dielectric and CNT 
layers, respectively. Relations between field components at y=0 and 
y=h=hDRW+hCN T can be expressed as: 

 
Ex(h)=B11Ex(0)+B12Hz(0)    

       Hz(h)=B21Ex(0)+B22Hz(0).  (10) 
 
Taking into account that Ex(h)=Z0Hz(h) and Ex(0)=-Z0Hz(0), dispersion 

equation can be expressed as: 
 

B1 1+B22+ Z0B21+B12/Z0=0.   (11) 
 

The main di culty is in finding the complex roots. Equation (11) was solved 
numerically using subroutine DZANLY from FORTRAN IMXL library. For 
verification of the model, we compared our results with results, obtained using 
the Marcatili method [Marcatili1969]. As one can see from Figure 19, our ap-
proximate method gives reasonable results, especially taking into account that 
the Marcatili method gives understated values at low frequencies.  

 
Figure 19. Comparison of the normalized propagation constant (kz/k0), calculated with Mar-
catili method (solid line) and with the electric wall model (dashed line) for sapphire DRW with 
1 .0×0.5 mm 2 cross-sections and ε =1 1 .56 , ε||=9.39; from [III]. 
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Dielectric constant can be calculated by fitting the electric wall method with 

experimental results obtained in [II]. The tangential component of complex 
permittivity of the CNT layer can be estimated by fitting the electric wall model 
with measurement results.  

The fitting returns ε =1−j5×103 and εǁ =εe for the transversal and longitudinal 
components of the CNT layer permittivity, respectively. Since the imaginary 
part of permittivity is high, the real part practically does not a ect the attenu-
ation, thus we can take it to be 1.  

Attenuation constant α [II], calculated from measurement results and ob-
tained numerically for di erent CNT films with the same permittivity of 
ε =1−j5×103 is shown in Figure 20.  
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Figure 20. Attenuation constant α, extracted from measurements (solid curves) and obtained 
numerically (dashed curves) for  ε =1−j5×103, found using the fitting procedure, for CNT films 
with different thicknesses of 60 nm  (1 , 1 ’), 42 nm (2, 2 ’),  and 25 nm (3 , 3 ’) [III]. 

4.2 Conductivity of carbon nanotube layers up to 320 GHz 

Effective medium models of CNT composites were developed for periodically 
arranged CNTs [Garcia-Vidal1997, Mikki2009, Nefedov2011] and CNTs, ran-
domly oriented in 3D space [Deng2008, Slepyan2010a]. In framework of the 
effective medium theory, an individual CNT is considered as a conducting cyl-
inder characterized with a complex permittivity, which is obtained using avail-
able models. A general and most accurate quasi-classical model, which takes 
into account quantum effects and gives expressions for the surface conductiv-
ity of both metallic and semiconducting CNTs, was developed in 
[Slepyan2010b].  

The integers pair (m, n) determine a way how “a graphene monolayer is 
wrapped to a tube” with a radius of . More detailed description of the ratio 
between m, n, and basis vectors  and , can be found in [Charlier2007]. 

For the zigzag tubes n = 0, i.e., the chiral angle is 0°. Studied CNTs had a 
mean radius (r) of 0.7 nm according to Transmission Electron Microscope 
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(TEM). For modeling, the integers pair of (18, 0) for metallic and (17, 0) for 
semiconducting CNTs was assumed.  

The dynamic surface conductivity of CNTs (ω) consists of two terms 
(ω) and (ω) which describe the intraband and interband contribu-

tions, respectively: 
 

.  (13) 
 
The conductivity model, which is applicable both for metallic and semicon-

ducting CNTs, was taken from [Nemilentsau2011]. Losses in CNT composite 
are determined by the relaxation time τ  which is taken to be τ=3.3×10−14 s 
[Nemilentsau2011].  

The considered composite with permittivity given by Eq. (3), consists of a 
mixture of metallic and semiconducting CNTs aligned in plane. The formula 
for randomly orientated 3D ellipsoidal inclusions can be expressed as 
[Sihvola1999, Equation (4.28)]: 

 

,  (14) 

 
where εe and εc are relative permittivity of a host matrix and inclusions, re-
spectively, f is the fraction ratio and Nj (j=x, y, z, Nx+Ny+Nz=1) are depolariza-
tion factors. Applying this expression to needles, randomly oriented in the x, y 
plane, depolarization factors are taken to be Nx=Nz= , Ny=0 and  is replaced 

by . Taking into account that the composite consists of different types of 

CNTs, the mixing formula takes the following form: 
 

 ,  (15) 

 
where index of summation i denotes a type of CNTs, so fi is the fraction ratio 
of i-th type of CNTs. This formula is the generalization of the model, which 
describes silver nanowires randomly oriented in plane [Larciprete2012]. The 
relative permittivity of a carbon nanotube “needle” εi for the i-th type CNT is 
expressed as: 

 
,  (16) 

 
where ε0 is the permittivity of vacuum.  

Since the CNT concentration is known very roughly, it can be used as a fitting 
parameter. If the volume concentration of CNTs is taken to be equal to 0.03, 
which is close to the value given by SEM measurements, the obtained imagi-
nary part of permittivity is around −5×103 in the middle of the considered fre-
quency range, 75-110 GHz, see Figure 21. 
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Figure 21. Imaginary  part of , calculated from the surface conductiv ity ; from [III]. 

 

Obtained parameters were used to run numerical simulations for CNTs with 
different thicknesses. Since HFSS is not applicable for layers thinner than 60 
nm (due to the meshing problem), the layers with thicknesses from 60 to 70 
nm were simulated. For measurements the situation was different, i.e. thick-
nesses varied from 25 to 60 nm. Because of that only 60 nm layer is taken for 
comparison of measurements and calculations. Results show a reasonable 
agreement, but the roll-off of S21, calculated with HFSS, was slightly different 
from the experimental one, see Figure 22. It seems to be due to the frequency 
dependence of the conductivity of the CNT layer.  
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Figure 22. S21 obtained from measurement and simulation for a CNT lay ers; from [III]. 
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The 60 nm thick layer was simulated also by using several conductivity val-
ues, to see the conductivity dependence (Figure 23). 
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Figure 23. Simulated S21 for 60 nm thick CNT lay er, represented by  different 

 
The results shown in Figure 23 indicate that in order to fit the simulated re-

sult with the measured one, in simulations the conductivity should vary from 
about σ=30000 S/m (at 75 GHz) to about σ=20000 S/m (at 110 GHz). 

4.3 Dependence of the layer conductivity on CNT lengths 

In [Slepyan1999], it was reported that the surface conductivity of individual 
CNTs is nearly frequency independent in the range of 75-320 GHz. In this wide 
frequency range, an assumption of a frequency independent conductivity and 
permittivity of the CNT layer does not allow one to achieve even a qualitative 
agreement between the experimental data and simulations. Most probably, it 
is due to the length effect of CNTs in the layer. The THz conductivity peak, 
appearing due to plasmon resonances in CNTs, was studied experimentally 
and theoretically in [Zhang2013, Shi2015]. In [Morimoto2014] the authors re-
port that plasmons resonate with the current path length of the CNTs. The 
length of the CNTs is determined by the synthesis conditions of the aerosol 
chemical vapor deposition method: by changing the residence time and 
amount of the components in the reaction chamber. In the samples under 
study, the CNT lengths varied from 5 to 40 μm [Anoshkin2014]. 

To take into account the finite lengths of the CNTs, let us consider an indi-
vidual nanotube of length L and radius r, as a dipole wire antenna, made of 
material characterized with the surface conductivity, which is the quantum 
surface conductivity of the individual CNT. Then, solving numerically Hallen's 
integral equation [Stutzman2013], current distribution along the CNT can be 
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found [Hanson2005]. Knowing the current distribution, the CNT dipole an-
tenna polarizability can be calculated and after homogenization, the complex 
bulk conductivity and permittivity of the CNT layer can be obtained. 

Assuming an incident plane wave with an electric field creating one volt 
source voltage for the CNT dipole, Hallen's integral equation for the current 
distribution I( ) along the individual CNT reads as [Hanson2005]. 

 
       

(17) 
 

where g is a constant [V] due to the unit voltage source,  are constants de-
termined from the condition of ,  is the permittivity of vac-
uum,  is the wavenumber in free space, and 

 

   (18) 

 
where  is the axial surface complex conductivity, calculated using the quan-
tum model [Slepyan1999].  

The standard thin-wire kernel can be expressed as: 
 

  (19) 

 
and current is as:  

 
   (20) 

 
where , if , and  otherwise, where 

 with . 
Testing Equation (17) at points  m=1, 2,…, M, leads to the linear sys-

tem of equations: 
 

 (21) 

 
where 

 

 (22) 

 
The first integral in Equation (22) can be approximated as [Hanson2005]: 
 

  (23) 
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where . Additional unknowns  and  are found 
from the conditions of . Then, since the typical length of CNTs is 
much smaller than the wavelength in free space (the long-wavelength regime), 
the CNT can be characterized by the polarizability scalar [Slepyan2006, 
Shuba2007]: 

 j  (24)

where  is the electric field intensity of the wave exiting current I(y) (taken 
to be 1 V/m). Thus, dimension of  is of [ m3]. 

Let us consider the dielectric parameters of the CNT layer which is a mixture 
of nanotubes with different radii and lengths, randomly aligned along the sur-
face plane. The effective permittivity is an uniaxial tensor. The tensor compo-
nent, corresponding to the axis, perpendicular to the surface plane of the CNT 
layer, equals to  which is the relative permittivity of the surrounding medium 
(vacuum in our case) due to a very low azimuthal conductivity of individual 
CNTs compared to the axial conductivity [Hanson2005]. The lateral compo-
nent of the permittivity tensor can be found by using the homogenization the-
ory. Neglecting the electromagnetic interaction between CNTs, one can apply 
the Waterman-Truell formula [Waterman1961], [Lakhtakia1993] to estimate 
the relative permittivity of the CNT material [Slepyan2010], [Shuba2011]: 

 
  (25) 

 
where  is the total number density of CNTs [1/m3]. The function  [di-
mensionless] is the length distribution of CNTs of type i (type i refers to the 
different radii of the CNTs); the factor 1/2 in Equation (25) is due to the ran-
dom orientation of CNTs in plane (in contrast to 1/3 for CNTs randomly ori-
ented in 3D space, as in [Shuba2011];  is the axial polarizability density 
of an individual CNT of type i with respect to the length L [ m2]. Assumption 
about a weak electromagnetic interaction between CNTs is justified by a rap-
idly decaying electromagnetic fields of slow surface waves outside the CNTs. 
As it was shown in [Slepyan2010], the axial polarizability of all metallic CNTs 
depends only slightly on the nanotube radius, therefore a fixed radius for all 
metallic CNTs can be used taking into account only variation of the lengths, 
see also Figure 20. Besides, the polarizability of semiconducting CNTs is by 
two orders of magnitude less than of the metallic ones with the same length, 
therefore the contribution of all semiconducting CNTs into the effective per-
mittivity can be neglected. 

The length distribution of CNTs in the layer under study was taken to be as 
a sum of delta-functions [Lakhtakia1993]: 

 
D (L) = ∑l Dl δ(L-Ll),   ∑l Dl =1,   (26) 

 
(summation over i is omitted since we assume that all CNTs have the same 
radius), therefore Equation (25) can be rewritten as: 

 
  (27) 
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The length values with corresponding number density of the CNTs, used in 
the calculations are given in Table II . The possible different lengths of CNTs 
are obtained from [Anoshkin2014], but the distribution is obtained by fitting 
with experiments. Please, note that the use of nanocellulose filter [Nasibu-
lin2011] can cause connections between individual CNTs, making longer 
chains. 

 
 

TABLE II 
Length values with assumed number density of carbon nanotubes. 

Ll 

[μm] 
10 15 20 25 30 35 40 

Nl  0.03 0.12 0.13 0.14 0.16 0.26 0.16 
 
The effective complex conductivity of CNT layer is expressed via  as: 
 

    (28) 

 
The real part of the e ective conductivity, calculated under assumption that 

the layer contain CNTs of a certain length only, is shown in Figure 24. The 
resonant behavior is explicitly seen, so the length of the CNTs does determine 
the resonant frequency of the conductivity. The resonant frequency peak is 
moving toward higher frequency with decreasing the length of nanotubes in 
the network. In the calculations it was assumed that the CNT network consists 
of only metallic nanotubes with the radius of 0.705 nm and length of 10, 14, 
20, 30 and 40 μm. The fraction ratio of CNTs was taken to be f = 0.3, according 
to [Anoshkin2014] and the relaxation time was assumed to be τ  = 3 × 10−1 2 s. 
Such a relaxation time differs from τ=3.3 × 10-1 4 s taken in Section 4.2 for lower 
frequencies and other samples of CNT layers. The literature values for the CNT 
relaxation time vary within wide limits [Jishi1993, Tasaki1998, Tans1997, 
Petit1997, Kane1998, Chauvet1995, Ma1998]. Reported τ  measured at DC was 
3×10-1 2 s [Tans1997], with microwave measurements τ=10-1 3 s [Petit1997], 
from electron spin resonance measurements  was also 10-1 3 s [Chauvet1996]. 
The phenomenological parameter τ can be estimated by indirect methods only 
and it depends on a presence of impurities in the CNT samples, the type of 
CNT (metallic, semiconducting or semi-metallic), and methods of CNT fabri-
cation.  

The conductivity of a layer of CNTs with the same length of L=14 μm and two 
different radii of r = 0.587 nm and r = 0.822 nm was calculated as well. Only 
a weak dependence on the radius was observed. Calculations using simple 
models taken from [Slepyan1999], being valid at GHz and low THz frequen-
cies, demonstrate that the conductivity depends only very slightly on chirality, 
because the conductivity of metallic armchair and zigzag CNTs with radii close 
to each other differs only very slightly.  
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Figure 24. Real part of the e ective conductivity, calculated for a layer, consisting of CNTs with 
fixed length: 1 – L=40 μm; 2 – L=30μm; 3 – L=20 μm; 4 – L=14 μm; 5 – L=1 0 μm. For CNTs 
with L=14 μm curves correspond to(from right to left) r = 0.587 nm, r = 0.705 nm, and r =  0.822 
nm; from [IV]. 

 
The analytical model shows that by playing with lengths of nanotubes the 

losses can be controlled. The corresponding conductivity values for different 
frequency ranges obtained from the analytical calculations using the assumed 
length distribution of Table II are given in Table III . 

 
TABLE III 

Conductivity values calculated for different frequencies. 
Frequency 

range, GHz 
Conductivity, 

kS/m 
75-90 26 

110-130 15 
130-140 10 
150-170 5.5 
170-320 1.5 

 
Simulation results are presented in Figures 25 and 26.  
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Figure 25. Measured and simulated S21 of DRW loaded with a 59 nm CNT layer; from [IV]. 

 
a) DRW without CNTs 

 
b) DRW with CNTs 

 
Figure 26. Simulation of E-field distribution of a) the DRW without and b) with CNTs; from 
[IV]. 
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From the simulated E-field distribution, one can note the lossless propaga-
tion through the empty DRW. The wave propagates from the metal waveguide 
to a DRW and does not radiate outside at 95 GHz. At higher frequencies, how-
ever, leakage into the air outside the metal waveguide appears, but anyway the 
E-field mostly concentrates in the DRW. At 95 GHz, when CNT layer is applied 
onto the DRW, high attenuation occurs. At higher frequencies the E-field 
propagates with a lower dissipation.   

4.4 Conductivity of AgNW layer 

The same approach can be applied for estimation of AgNW layer conductiv-
ity. The fabrication procedure of AgNW layers is described in Section 2.3. 
Layer covers 20 mm of the DRW wall. Figure 27 shows calculated conductivi-
ties of AgNW layers with three different fraction ratios.  

 
 

Figure 27. Calculated conductivity σ  for 3 different fraction ratios (f) of AgNWs; from [VI]. 
 

New material, characterized by conductivity of σ=110 S/m at the frequency 
of 95 GHz was assigned in the HFSS library.This value was taken from data 
shown in Figure 27 (σ of f=0.78 at 95 GHz). Results of simulation are shown 
in Figure 28. Good agreement between the simulations and measurements is 
obtained. 
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Figure 28. Measured and simulated S21  for AgNWs; from [VI]. 

 

 
Figure 29. Simulated E-field distribution in DRW loaded with AgNW layer at 95 GHz; from 
[VI]. 

 

4.5  Conclusions of the chapter 

A theoretical model for estimation of the conductivity of the nanomaterial 
layers was developed. The method is based on measured S-parameters, pre-
sented in Chapter 3. Calculated conductivity was used in HFSS to assign the 
nanomaterial layer’s properties. Numerical simulations are in a good agree-
ment with measurements. HFSS simulations show that the losses caused by 
CNTs are due to absorption, while the AgNW layer reflects the signal.  
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5. Film resistivity and transmittance de-
pendence on size of silver nanowires 

Transparent and conductive films are widely used in many applications such 
as displays, touch sensors, solar cells, etc. [Haacke1977, Lewis2000, Wu2004, 
Choi2008]. Various materials were investigated for the transparent and con-
ductive film fabrication to meet the required properties: to get low resistance 
at high optical transparency. A compromise solution usually needs to be found, 
since increasing the thickness of the film leads to the conductivity increase 
with a sacrifice in transparency. Another industrially important characteristic 
is the cost of the components and film fabrication. Typically for transparent 
and conductive films various metal oxides are utilized. Among those materials 
indium tin oxide (ITO) is the most popular compound utilized in many optoe-
lectronic applications. However, its high refractive index, haziness, spectrally 
non-uniform optical transmittance and depleted raw material supply signifi-
cantly limit the future of this material. Moreover, with a new future concept of 
flexibility of the electronic devices, researchers seek for the materials to re-
place ITO [Bao2015, Hosseinzadeh2014]. While the cost for transparent con-
ductive film based on ITO might be around 350-400 dollars for 20 slides, one 
can purchase 25 ml of silver nanowire ink for 300 euro, and produce hundreds 
of the conductive films from that suspension, varying the properties. 

In this chapter a method developed for fabrication of uniform AgNW films 
on a flexible plastic substrate is introduced. The method is based on a simple 
and low-cost process of the press transferring. Optoelectronic properties of 
films, produced from three different types of AgNWs are compared with theo-
retical predictions. Additionally, the aging of conductive and transparent films 
was examined. 

5.1 Characterization details 

The fabrication of AgNW films was described before in Chapter 2 (see Sec-
tion 2.3). The high-resolution transmission electron microscope (TEM) JEOL 
2200FS with energy dispersive X-ray (EDX) detector was used for imaging and 
elemental analysis. The resistivity of the films was measured using a 4-point 
probe cylindrical head (Jandel) connected to the RM3000 test unit. The spec-
trophotometer Perkin Elmer Lambda 950 UV-vis-NIR was used for the optical 
characterization. 
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5.2 Optical transmission and resistivity measurements 

Fabricated films undergo 10 tons of mechanical pressing between 2 copper 
polished plates of the size 29×24 mm2, 0.14 GPa. Pressing changes the prop-
erties of the film: the transparency increases while the resistivity becomes 
lower. The resistivity of the film decreases due to increase of the contact areas 
between nanowires. Pressing also makes the surface of the film more flat. In 
Figure 30 measurements of the optical transmission (T) at 550 nm vs sheet 
resistance (Rs) for pressed and unpressed AgNW films are presented.  
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Figure 30. The influence of pressing to an optical transmission at 550 nm and DC resistance 
for AgNWs with 7 3  nm diameter; from [V]. 

 
The results of transparency and sheet resistance measurements for films 

made of various sizes of AgNWs are shown in Figure 31. One can see that the 
fabricated films satisfy the requirements for transparent conductive coatings 
(Rs ≤50 Ω/sq., T ≥ 80%).  
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Figure 31. Optical transmission vs. sheet resistance for various types of nanowires; from [V]. 
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One can conclude from Figure 31 that AgNWs with d = 106 nm and l = 32 
μm  show significantly smaller resistance than others. It was observed, that 
AgNWs are unstable in moisturized condition - they are oxidized and sul-
phurized over a time [Elechiguerra2005]. Moreover, when AgNWs are stored 
in air more than one month, the surface of the nanowire become rougher. Fig-
ures 32 (a-c) shows AgNWs stored an ambient conditions for 6 month at ~40% 
humidity. Observed crystals increase in size with the time. These crystals do 
not cover the nanowire itself.  

 

 
Figure 32. TEM images of: a), b) AgNWs with the low and high magnification, c) AgNWs after 
6 months of storage in the air at 40 % humidity, a nd d) EDX spectrum of particles; from [V]. 

 
To analyze those particles EDX, was used. The results of EDX show that the 

formed crystals attached to nanowires contain S and Ag (Figure 32d, peaks of 
Cu and C come from the TEM stage-grid). Appearance of these particles leads 
to a decrease of conductivity down to 50% after 2 months and down to 30% 
after 6 months.  

 

5.3 Optical absorption spectra of AgNW layer 

Optical absorption spectra of AgNW layers at a quartz substrate were meas-
ured and calculated in the range of 300–700 nm wavelengths (Figure 33). The 
calculations of the optical absorbance spectrum for the same AgNWs were per-
formed according to Mie’s [Stratton1941, Born1970] theory of a plane wave 
diffraction on a dielectric cylinder. Both measured and calculated results give 
the absorption peaks at λ = 372 nm for nanowires with d = 56 nm, at λ = 384 
nm for d = 73 nm and at λ = 392 nm for d = 106 nm. The main peak corre-
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sponds to the dipole resonance in an AgNW cross section perpendicular polar-
isation. A minor absorption peak at λ = 350 nm is caused by the quadrupole 
resonance at the cross section of the nanowire. 

 
Figure 33. Measured (a) and calculated (b) absorption spectra of AgNWs with d of 56 nm, 73 
nm and 106 nm at the quartz substrate. In addition, the 84 nm and 95 nm diameters were added 
to the calculated spectra ; from [V]. 

 
The volume fraction (f) of the AgNWs estimated using SEM was taken to be 

0.27. The mixture components are a host matrix (air) and inclusions of the 
AgNWs with permittivity εe and εi , respectively [Sihvola1999]. The calculated 
components of the complex permittivity are shown in Figure 34.  
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Figure 34. The calculated complex permittivity: a) real and b) imaginary components. Permit-
tiv ity of bulk silver (εi), taken from (Johnson1972). ε  is perpendicular and εǁ is the parallel com-
ponents of ε; from [V].  

 
AgNW films can be considered as a structure where nanowires are randomly 

oriented in the xy-plane surrounded with air, Figure 35.  
 

 
Figure 35. Topology  of the AgNWs film, assumed for modeling. 
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This material can be described in terms of an effective permittivity tensor  
which reads as: 

 

.   (30) 

 
where the lateral ε  and the parallel  components of  can be expressed via 
mixing formulas [Stratton1941, Born1970] 

 

= ,

(31)

 
 

Assuming that the optical light is transmitted in the direction perpendicular 
to a slab with a thickness hAgN Ws and a permittivity  of the system, the trans-
mission coefficient can be expressed as (the parallel component  contributes 
only if the incidence is oblique): 

 
,   (32) 

 
where k is the wavenumber in free space. The slab thickness h is assumed to 
be a nanowire diameter. Thus, the optical transmission can be calculated from 
Figure 31. In Figure 36 the dependencies of the optical transmissions on the 
wavelength, for various nanowire diameters are shown. 

 
Figure 36. Optical transmission spectra calculated from Equation (32); from [V]. 

 
Dependencies of the optical transmission (T) on parallel (σ ) and 

perpendicular (σ ) components of the conductivity of AgNW film normalized 
to the conductivity of Ag are shown in Figures 37. 
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Figure 37. Dependence of the optical transmission at 550 nm on normalized components of 
the conductiv ity  tensor (σ , σ ) calculated at 550 nm ; from [V].  

5.4  Conclusions of the chapter 

In this work, the resistivity versus optical properties of AgNW layer with dif-
ferent lengths and diameters of nanowires were studied. A good agreement 
between theoretical and measured results was obtained. The calculated and 
measured optical absorbance spectra of AgNW layers in the range of 300-700 
nm show that the position of the main peaks and the area of a minimum ab-
sorption strongly depends on the diameter of the nanowire. Resistivity meas-
urements show that 3 times longer nanowires give only about 10 % increase of 
optical transmittance with the same resistivity.  
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6. Summary of publications 

[I] Dielectric Properties Measurement of Carbon Nanotubes on 
Dielectric Rod Waveguide. 

The aim of this work is to study dielectric properties of thin carbon nanotube 
layers at 75-110 GHz frequency range with S-parameter measurements of 
loaded and unloaded sapphire rod waveguides. The results are compared with 
DC resistivity, optical transparency and free-space transmission of MMW ra-
diation through the layers. 

 
[II] Propagation Constant Measurements of Silver Nanowires, 

Carbon Nanotubes and Graphene at 75-110 GHz. 
The results from our efforts to characterize propagation constant of carbon 

nanotube, graphene and silver nanowire layers in the frequency range of 75 to 
110 GHz are presented. The method is based on measurements of propagation 
characteristics of a dielectric rod waveguide unloaded and loaded with the lay-
ers under study. The losses caused by the carbon nanotube layers can be ex-
plained by high absorption. The losses caused by silver nanowires and gra-
phene are quite low. Measurement results agree well with the simulations. 

 
[III] Dielectric Constant Estimation of a Carbon Nanotube Layer 

on the Dielectric Rod Waveguide at Millimeter Wavelengths. 
A method has been developed to estimate dielectric properties of a layer con-

taining carbon nanotubes (CNT) randomly arranged in plane, deposited on a 
dielectric rod waveguide (DRW). In framework of this method, a theoretical 
model of a layered DRW with extended narrow walls and perfect electric con-
ductor (PEC) walls was used to fit the experimental results. The experimental 
results were obtained by measuring the wave propagation characteristics (S11 
and S21) of a DRW unloaded and loaded with different CNT layers at 75-110 
GHz. The developed model allows derivation of the dispersion equation of the 
wave excited in the loaded DRW in an analytical form. The propagation con-
stant is then found numerically through the fitting process with measurement 
results. Additionally, the complex permittivity of the CNT layer can be esti-
mated using the surface conductivity model of the CNT and mixing formulas. 
Both methods give reasonable and comparable results. The obtained results (ε 
= 1−j5×103) allow full wave simulation (e.g., HFSS) of DRW structures loaded 
with CNT layers with thickness of 60 nm or more. Simulation and measure-
ment results agree rather well. 

 
 
 



 

52 
 

[IV] Conductivity of Carbon Nanotube Layers at Low Terahertz 
Frequencies. 

Wave propagation in a dielectric rod waveguide loaded with carbon nano-
tube (CNT) layers was studied experimentally at the wide frequency range of 
75-320 GHz. Analytical calculations and computer modeling indicate that the 
measured losses at low THz frequencies are due to conductivity of the CNT 
layer. The observed rapid decrease of the conductivity with increasing fre-
quency is related to the finite lengths of CNTs. 

 
[V] Millimeter Wave Conductivity of Silver Nanowire Network. 
Wave propagation in a dielectric rod waveguide loaded with a layer of silver 

nanowires was studied experimentally at millimeter wave frequencies. Then 
based on the measurement results, analytical calculations were used to esti-
mate conductivity of the silver nanowire layer at millimeter wave frequencies. 
Numerical simulations based on the calculated conductivities were performed 
and good agreement between simulated and measured results was achieved. 

 
[VI] Resistivity and Optical Transmittance Dependence on Length 

and Diameter of Nanowires in Silver Nanowire Layers in Applica-
tion to Transparent Conductive Coatings. 

Optical absorption spectra and electrical conductivity of silver nanowires 
with mean diameters of 56, 73, and 106 nm and mean lengths of 10.4, 12.6, 
and 32.0 μm, respectively have been experimentally studied. The absorption 
spectra peak positions of nanowires with various diameters are interpreted ac-
cording to the theoretical calculations based on the Mie theory, which allow to 
predict dependence of the optical properties on the nanowire diameter. The 
sheet resistance measurements show that 13–15 Ω/sq at the level of 80–90% 
transmittance at 550 nm wavelength can be achieved. 
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7. Conclusions and future work 

In this thesis, the millimeter wave, THz and optical properties of nano-
material layers were studied. This is an interdisciplinary work since the theo-
retical models were developed in addition to micro and nano fabrication and 
measurements. 

Optical measurements have been been used to estimate the fabricated layers’ 
parameters such as thickness, transparency, absorption, as well as the quality 
of the materials.  

A new method for of dielectric property measurements of nanomaterials 
based on the dielectric rod waveguide was developed and successfully used at 
frequency range from 75 to 320 GHz. This technique can be employed also for 
lower as well as for higher frequencies. The level of losses, found experimen-
tally for DRW loaded with carbon nanotubes varies from 5 to 40 dB, depending 
on the frequency and the layers’ thickness. AgNWs layers at DRW cause losses 
in the range of 2-4 dB.  

Numerical simulations with Ansoft HFSS are in good agreement with meas-
urements. HFSS simulations show that the losses caused with CNTs are due to 
high absorption, while the AgNW layer act like a metallic mirror. Nanotubes 
proved to be highly absorbing materials, although this characteristic changes 
with frequency, while attenuation in AgNW layer is low and more stable in the 
wide frequency range.  

The measured S-parameters were used to develop a theoretical model for the 
complex permittivity calculations of the nanomaterial layers. The model of the 
surface conductivity was used as well. Results of both theoretical models are 
in a good agreement. Calculated conductivity was used in HFSS to assign the 
nanomaterial layer’s properties. 

To achieve even more precise results from the developed theoretical models, 
it is meaningful to be more precise with the definition of the concentration of 
CNTs in the investigated layers. Quantitative Raman measurements, not in-
troduced in this thesis but implemented by the author and currently ongoing, 
seem to show that the proposed method can be used to estimate the concen-
tration of graphitic carbon atoms and/or density of CNTs in the layers, as well 
as determination of the CNT fraction ratio in the layer (used in the equations 
in analytical modeling). This work should be continued.  

For future work it is also interesting to measure graphene, using the same 
techniques. So far there is lack of information about graphene at low THz fre-
quencies, although this material is proposed for many applications, also for 
THz applications.  
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Errata 

Publication V 
 
Eq. 8 should read as  (  

 
 

Publication V 
 
In Eq. 4, letter e should read as 

Publication VI
Eq. 1 should read as  ( . 

In Fig. 6, in legend box, conductivity should read as S/m. 
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