ScuDo

Scuola di Dettorato « Doctoral School
WHAT YOU ARE, TAKES YOU FAR

Doctoral Dissertation
Doctoral Program in Telecommunication Engineeri3@tli Cycle)

RF characterization and
applications of carbon based
composites

by

Ahmad Bayat

*kkk k%

Super visor
Prof. Patrizia Savi

Doctoral Examination Committee:

Prof. Maurizio Bozzi, Referee, University of Pavia
Prof. Guido Gentili , Referee, Politecnic of Milan
Prof. Thomas Eibert, TUM, Germany

Prof. Alberto Tagliaferro, DISAT, Politecnico di o
Prof. Jean-Marc Tulliani, DISAT, Politecnico di Tioo

Politecnico di Torino
October, 2018



This thesis is licensed under a Creative Commonenise, Attribution -
Noncommercial - NoDerivative  Works 4.0 Internatibna see
www.creativecommons.orgThe text may be reproduced for non-commercial
purposes, provided that credit is given to theinabauthor.

| hereby declare that, the contents and organisatib this dissertation
constitute my own original work and does not compige in any way the rights of
third parties, including those relating to the séglof personal data.

Ahmad Bayat
Turin, October 08, 2018



Summary

Graphene is a monolayer of carbon atoms with reatdek electronic and
mechanical properties. The attractive electronapprties of thin and thick films
made of carbon nanotubes (CNTs) and graphene emeasingly being exploited
for environmental and biological sensors. In gaitr, their sensitivity, selectivity,
fast response time, ability to operate at room tapire, and their passive nature
(no power consumption) provide competitive advaesa@f CNTs in sensor
applications. However, their design as RF wirelesssors requires the integration
of an antenna with the sensor element. Moreoveilewhe plasmonic nature of
graphene at terahertz frequency has been widelyrtesh investigations on the
practical utility of graphene at the microwave fregcies used in wireless sensor
nodes are sparse which is indicated in this thesis.

First, an ink comprising graphene thick films offfelient concentrations
(12.5%, 25% and 33% in weight) is prepared for ddfmm, by screen printing.
Detailed investigation of the surface morphologytieé films using Scanning
Electron Microscopy (SEM) and Atomic Force MicropgdAFM) reveals that the
graphene films present a homogeneous dispersite dfler with a comparatively
lower surface roughness at higher concentratiorsnagligible agglomerates. The
films are then printed in between copper electramte§R-4 substrate, commonly
used in RF circuits, and the measured scatteringnpeters analyzed. A
measurement-based RF equivalent circuit modeleofithphene film is developed
using a microstrip transmission line with a gapded by the film.

Second, investigation on various patch antenndsdiffterent substrates using
Multi-Walled Carbon Nanotube (MWCNT) thin film degiton is addressed.
Screen printing technique is used to insert a GMT ih a loading stub connected
to the antenna patch. The variation of the CNTaa@fimpedance modifies the
resonant frequency from the reference value, asated by comparison of return
loss measured with and without the CNT loading.sTGNT stub loaded patch
antenna can be used as a bio sensor.

Third, a printed RF slot ring resonator is confepiwith a graphene thin-film
for sensor application. The conductive lossesagttaphene film are characterized
by dielectric spectroscopy and considered in th&gte The graphene sensing
element comprising the slot ring can be integratéti control electronics as a
passive wireless sensor node. The novelty of #gsgarch is that RF losses are
minimized by capacitively loading the ring at sélee locations along its
periphery. Dielectric spectroscopy is used to stalyation in surface impedance



of the film for various graphene loadings, and Rkutations are corroborated with
measurements on graphene loaded slot ring resgnated in ammonia gas sensor
application. The measurement steps are takenamsideration. As mentioned, the
ring resonant frequency shift in presence of thenama gas is the factor used to
sense the gas.

Fourth, anovel design of an aperture coupled antenna wkialeakly coupled
to an interdigitated capacitor (IDC) is presentiadt tserves the dual purpose of
antenna impedance matching and the sensing funttiematter enabled by a thick
film of CNTs deposited on the IDC surface. Simiolas using CNT films of
varying conductivity (or surface impedance) revbat a strong antenna resonance
can be produced. Furthermore, a study of the pattdnna radiation pattern with
and without the CNT film shows weak coupling betwdee film and the antenna
(loss of 0.5 dB or less relative to patch alonéug, the sensor film and geometry
can be independently optimized without affectingjation pattern.

Keywords: graphene, carbon nanotubes (CNTs), patch antenna, surface
mor phology, radio frequency (RF), microwave, resonator, screen printing, sensor,
thin and thick films.
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Chapter 1

1.Introduction

Graphene is a monolayer of carbon atoms which é&shikemarkable electronic and
mechanical properties. Graphene based nano-matéwale gained a lot of interest for many
applications. In this thesis, a graphene ink witb toncentrations (25% in weight and 33% in
weight) was prepared and deposited, by screenimminA detailed investigation of the surface
morphology of the films using Scanning Electron Mgsrope (SEM) and Atomic Force
Microscopy (AFM) reveals that the graphene filmegant a homogeneous dispersion of the filler
with a comparatively lower surface roughness athérigconcentrations, and negligible
agglomerates. The films were then printed betweepper electrodes on FR-4 substrate,
commonly used in RF circuits, and the measuredestag parameters analysed. Finally, the
reflection coefficient of a patch antenna, fabechbn FR-4 substrate with and without a stub
loaded by a thin film were measured.

Graphene is a monolayer of carbon atoms with reatéek electronic and mechanical
properties amenable to several applications [41\W&h proper solvent, surfactant and stabilizer
chemistry, graphene flakes can be dispersed ierdift binders to produce inks with widely
tunable rheology, which can be used with variousting methods to produce sensors [4-5]. Films
can be realized with several techniques such abanémal exfoliation of solvent assisted graphite
and subsequent deposition by spin coating or daspirg [34], epitaxial growth [1,11], chemical
vapour deposition [35], and more recently screamtipg techniques [7,8].

Graphene films have found many applications duthéir unique electronic properties. In
particular, great attention has been devoted tausieeof graphene for biosensors (see e.qg., [4,36-
37]), gas sensors (see e.g. [21,22]), metrologipplications [16], and humidity and temperature
monitoring [13], pressure [38]. Graphene has beidelywanalyzed at terahertz frequency (see e.g.
[52]). Recently, the practical utility of grapheat microwave frequency has been investigated
[19] and some applications as tunable devicesdoted [16,44]. However, the material properties
of Nano-materials such as carbon nanotubes anthgnagilms for different concentration of the
filler at microwave frequencies is still at an gastage.

In this thesis, the material effects of graphemadiare investigated at microwave frequency.
In particular, scanning Electron Microscopy (SEMAtomic Force Microscopy (AFM),
measurements and electrical characterization acasa powerful set of tools to directly correlate
the nature of the Nano fillers with the morpholagfythe nanocomposite films. The films with
three different concentrations (12.5% in weigh&@s weight and 33% in weight) are printed on



the gap of a microstrip line and the results ofikWave model compared with the measured
scattering parameters.

Moreover, the effect of Carbon nanotubes (CNT) gnraghhene films are investigated on stub
of various patch antennas by simulation as wethasneasurement. The simulations were done
by ANSYS HFSS. A good agreement is seen betweemtesurements and simulations. The
main objective is measuring the resonance frequehtlye stub loaded patch antenna before and
after deposition of graphene or CNT onto the gasted in the stub. To be noted that two
prototypes of patch antenna are taken into coretider. First prototype resonates at around 5 GHz
while the second resonates around 2.4 GHz whieppdicable in wireless communications. In
addition, graphene or CNT is deposited on diffesertistrates in order to compare the results and
examine the differences. In any cases the apptepdimensions for the patch antenna were
calculated based on [28]. Besides, the parameniglation is used to verify the effects of the film
dimensions and the gap position on the resonaecgiéncy. Gain and radiation pattern are the
other important factors which have been measuredsanulated for the Graphene/CNT stub
loaded patch antenna.

Successively, a copper-clad slotted ring resoriatated with graphene film is investigated.
The ring itself resonates at 2.47 GHz while thg snth graphene shifts this frequency which can
be sensed and used as a sensor. The ring withitmzlingraphene 33% in weight was simulated
by ANSYS HFSS as well as CST Microwave Studio. As graphene film is simulated by a
surface impedance Z=R+jX in HFSS, parametric sitiuais used to examine the effects of R
and X independently to show their influence onrdgsonance frequency as well as the return loss
magnitude. Moreover, the circuit calculated for ¢jag with graphene is a parallel RC.

An Aperture Coupled Patch (ACP) antenna loaded @M film is the last antenna type
which is considered. The aperture coupled antehidasigned to resonate at 2.45 GHz. The CNT
film is loaded on the feed line in two ways. Fiditectly it was inserted at the end of the feed li
and second, it is loaded on an InterDigitated Céga@iDC) which is located at the end of the
feed line. A suitable IDC with 10 fingers was desd for this IDC benefit is having a better
impedance match between the feed line and the p@toisequently, adding IDC to the feed line
helps to sense the frequency shift better and moreisely. Gain was also simulated for this
prototype.



Chapter 2

2. Carbon nanotubes and Graphene

2.1. Carbon nanotubes

Carbon nanotubes (CNTs) constitute a unique clédssaterials with a wide range of
applications. The gxhemical bonding of carbon atoms in CNTs provigleseptional electronic,
thermal and mechanical properties [35]. With progawent, surfactant or stabilizer chemistry,
CNTs can be dispersed in different binders to pcedoks with widely tunable rheology that can
be used with various printing methods.

(@) (b)

Figure 1. Carbon nanotube types; (a) Single wallsd's, (b) Multiwalled CNTSs.
(www.cheaptubes.com/product-category/single-walladia@n-nanotube)s/

The robust stability of CNTs to mechanical, cheiead thermal stress further improves
device reliability in harsh environments and offiersad process compatibility for integration with
dissimilar materials. In addition, with approprié@ctionalization and dispersion, these materials
are biocompatible, facilitating a range of applii@as in bio- integrated devices. The incorporation
of CNTs in printed devices therefore offers numsropportunities, both as an alternative to
existing materials and in enabling novel appliaagias shown in Figure 2.



Figure 2. Carbon nanotubes application.
(www.cheaptubes.com/carbon-nanotubes-propertiesspplications/carbon-nanotubes-

applications-2

2.2. Graphene

Graphene films have found many applications @uthe unique electronic properties of
graphene [1]. Films can be realized with severehne&ues such as mechanical exfoliation of
solvent assisted graphite and subsequent depo#isicspin coating or drop casting, epitaxial
growth, chemical vapor deposition, and more regesdieen printing techniques [6,9].

Graphene is a 2D structure with?sfnemical bonding of carbon atoms, shown in Fidire
providing remarkable electronic and mechanical progs [35]. Graphene based nano-materials
have gained a lot of interest for developing sensbivarious types [3-5]. With proper solvent,
surfactant or stabilizer chemistry, graphene flat@sbe dispersed in different binders to produce
inks with widely tunable rheology, which can be disdgth various printing methods to produce
sensors [5].



Figure 3. Graphene sheet and its carbon structure.
(www.azom.com/article.aspx?ArticlelD=14826

Graphene has different electronic structure regpewbrmal 3D materials. The Fermi surface
including six double cones when the connection {gadhthe cones (Dirac pointe) make its Fermi
level as shown in Figure 4. An electric field cdracge the Fermi level in order to have either n-
doped or p-doped materials. To be noted that timelwdivity of doped graphene can even be
higher than of copper. It is so transparent whichptical region just absorbs 2.3% of the light. It
is worth mentioning some of its common propertiéh warbon nanotubes; Being stronger than
steel, very stretchable and the possibility to beduas flexible conductor. Moreover, graphene
thermal conductivity is so higher than the silver.

Figure 4. Graphene Fermi surface and level.
(www.mdpi.com/2076-3417/4/2/305/hjm

In particular, great attention has been devotatidéause of graphene for gas sensors (see e.g
[8-9]), biosensors (see e.g., [4]), chemical sengtd], metrological applications [13], and
humidity and temperature monitoring [13].



In addition, the pervasive use of wireless techgie®in the Internet of Things mobile devices
for health applications, real-time sampling of tkpatial and temporal distributions of
environmental pollutants in cities, etc., increaties demand for miniaturized wireless sensor
nodes for portable and wearable applications. Nanhotology-based sensors capable of being
integrated in wireless sensor nodes have beentigatsd in [15,44], primarily focusing on
antenna design. However, the material properfiesuoo-materials such as carbon nanotubes and
graphene films at microwave frequencies have net lagldressed.

Recently, thin-films comprising single-walled canbmanotubes (CNTSs) [6] and multi-walled
CNTs [7] have been shown to tune microstrip patdieranas by controlling the film deposition.
Preliminary study indicated that the frequencytgimibduced by CNT loading of a patch antenna
may be used as a discriminator for gas sensingT[B¢ film’s reactance is changed by exposing it
to the gas, resulting in shift of the resonant detcy. However, in prior investigations [8] the
patch or any microstrip resonator needs to be riectlicontact with the CNT thin film, which
impacts the quality factor detrimentally. Therefananomaterial-embedded microstrip resonators
have limited utility in environmental sensing, whierlow concentrations of harmful gases such as
ozone (60-80 parts per billion) need to be deteicteanbient air. The high sensitivity required of
these ambient sensors calls for improving the tyutctor of the RF resonator, which is achieved
by parasitically loading the resonator.

Figure 5. Inkjet printed Single walled CNT flexiblé&T.
www.spie.org/newsroom/3169-cheap-green-printedtelrics?SSO=1

Moreover, with proper solvent, surfactant and dizdyi chemistry, graphene flakes can be
dispersed in different binders to produce inks wividely tunable rheology, which can be used
with various printing methods to produce sensord][2 Films can be realized with several
technigues such as mechanical exfoliation of salassisted graphite and subsequent deposition
by spin coating or drop casting [34], epitaxialwgte [1], chemical vapour deposition [35], and
more recently screen printing techniques [9].



Figure 6. Graphene inks used for printed electsonic
www.graphene-info.com/taxonomy/term/63/all

Graphene has been widely analyzed at terahertmdrery. Recently, the practical utility of
graphene at microwave frequency has been investiga®,44] and some applications as tunable
devices introduced [14,16,44]. However, the mak@ri@perties of Nano-materials such as carbon
nanotubes and graphene films for different conediotns of the filler at microwave frequencies
is still at an early stage.

lllustration of graphene based ammonia sensor lllustration of graphene based bio-sensor

Figure 7. Graphene application as gas sensorsiarsthsors.
https://www.beilstein-journals.org/bjnano/artic&&5




Chapter 3

3. Morphological and RF Characterization
of Graphene composite films

3.1. Introduction

Thanks to unique electronic properties of graphéng,used in various applications. Several
techniques are used for realization of graphemesfisuch as mechanical exfoliation of solvent
assisted graphite and subsequent deposition bycggiting or drop casting, epitaxial growth,
chemical vapor deposition, and more recently scpegning techniques [30-33].

Various types of the sensors are realized and dpedl by utilizing graphene-based nano
materials [41-45]. If solvent, surfactant and diabr chemistry are chosen properly, graphene
flakes can be dispersed in different binders. Asm@sequent, inks with widely tunable rheology
are produced in order to be used in various pgntrethods to realize different sensors [37]. The
most important sensors which utilize the graphdmesfin their structure, are gas sensors (see e.g
[21]), biosensors [36-37], chemical sensors [1(trological applications [39-40] and humidity
and temperature monitoring [13].

Using wireless technology abundantly in InternetTtfings, mobile devices for health
applications, real-time sampling of the spatial @mdhporal distributions of environmental
pollutants in cities draws the market attentiomiaiaturized wireless sensor nodes for portable
and wearable applications. Therefore, engineer®tdesign wireless sensors in such a way that
nanotechnology-based sensors can be integratadimstructures [22], [44]. To be noted that the
properties of nano materials such as carbon naestaimd graphene films have not been
investigated adequately.

In this chapter, microwave applications of the tpepe films are under investigation. Screen
printing technique prepares an ink comprising défé concentrations of graphene thick films
(12.5%, 25% or 33% in weight). Especially, SEM,M\FRaman spectroscopy measurements
and electrical characterization are used as a golgat of tools to directly correlate the nature
of the nanofillers with the morphology of the naamposite films and their bulk electrical and
electromagnetic properties.

Moreover, two concentrations of graphene ink inelgd25% and 33% in weight are prepared
and deposited by screen printing technology. Thfase morphology is applied on the films by
using the two methods of Scanning Electron Micrpsc(GEM) and Atomic Force Microscopy
(AFM). The morphology reveals that the graphemadipresent a homogeneous dispersion of the
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filler with comparatively lower surface roughness hagher concentrations and negligible
agglomerates. Then the produced graphene filmprareed onto FR4 substrate between copper
electrodes normally used in RF circuits in ordemiasure the scattering parameters.

3.1 Film Preparation

Screen-printing is used to deposit graphene agla fibm (each layer is about 10 um thick)
across the gap between two electrodes. The scragmg@ table is shown in Figure 8.

Figure 8. Screen printing table (Carbon group Latmyy, DISAT)

The relative composition of screen printing pasteefined by a procedure implied in [16].
Graphene 12.5% in weight is a combination of 9.4%eight ethyl cellulose and 78.1% terpineol.
7.5% in weight of castor oil (Sigma Aldrich) is atto graphene films to ameliorate its dispersion
and make 25% in weight graphene films. Ethyl celel plays 3 important roles as film binder,
rheology modifier and steric stabilizer. The conation of a-Terpineol as a high boiling point
solvent and Ethanol as a volatile solvent is sdaattdy a titanium ultrasonic horn for 16 hours.
The result is evaporation of the solvents and reamgia printable paste. The films size of 3x3
mnYis chosen to be printed across the gap betweerecefgrtrodes etched on the FR-4 substrate.
Serigraphy is used to deposit the graphene filntls thickness of 10-20 um on thr FR4 substrate.
Figure 9 shows the steps of composite preparatidmiéf.



High temperature paste
(500 oC) formulation
for DSSC

CH,COOH
H,0 milliQ
CH,CH,OH

Terpineol
Ethylcellulose

for microstrip devices

Low temperature (160 °C,
PTF like) paste formulation

Carbon materials: CNTs,
Graphene, Biochar

Thermoplastic or thermoset
binders (EC, PVB, PVP,

linoleic acid etc.) solutions in

terpineol

—

Additives: dispersants,
plasticizer, surfactants

1) Sonicate with Ultrasonic
bath

2) Stir with a magnet tip

3) Evaporate the ethanol
under vacuum

P

TiCl, reactive
inder

Screen printing

with 86 mesh thickness =

screenon
FTO= Fluorine Tin ((120;15) pl)n
Oxide ayers

Screen printing
with 196 mesh
screen on FR-4

thickness =
(10/15) pm
(2 layers)

Figure 9. Steps of composite preparation.
https://ieeexplore.ieee.org/document/8477446

3.2 Morphology C

har acterization

A strong set of tools can be utilized to bind therpmology of the nanocomposite films with
their bulk electrical and electromagnetic propstti®ptical images, SEM, AFM and linked
electrical characterization are accounted as thsshil tools. Figure 10 shows the optical image
of graphene 25% and graphene 33% in weight.

Figure 10. Optical images (20X). Graphene 25% imghigleft image) and Graphene 33% in
weight (right image)
https://ieeexplore.ieee.org/document/8477446
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The investigation on the surface topography wasdnnusing a beam acceleration voltage
of 5 kV via a Scanning Electron Microscope (SEM)asiwement method. SEM analysis shows
that graphene flakes of 25% and 33% in weight weiéormly dispersed throughout their films
as shown in Figure 11.

Graphene 25% -
o SRR

‘Graphene33%
_‘:'f' . DRl gl

Figure 11. SEM images of Graphene 25% and 33%eigh.
www.mdpi.com/2311-5629/4/2/32/pdf

Moreover, Atomic force microscopy (AFM) measurememgthod is used to analyze the
polymers including graphene flakes with the latsraés of few micrometers. It was done in room
temperature by using SPI 4000 system in tappingem®de polymers under measurement were
shown different topological characteristics. Thg-fmrmal distribution is applied on the measured
data in order to gain the clusters thickness aedjthin distribution lateral size as well. The AFM
images are seen in Figure 12. accompanied witheflegant analysis. The both SEM and AFM
images and analysis demonstrate a homogenous slmpeof the filler and negligible
agglomerates in graphene films under investigation.

11



25% Graphene 33% Graphene

2.7 pm
8.1 pm -

0.0 pum 00 pm

B Grophena 25%
B Graphere 33%

11

Figure 12. AFM analysis of graphene films of 25% 88% in weight. a) roughness; b)
maximum cluster height; c) grain dimension
www.mdpi.com/2311-5629/4/2/32/pdf

Dimenslon (nm)

b c

3. 3. Electrical Characterization of Graphene Films

3.3.1 Graphene Sheet Resistance

Resistance measurement has been done on one tayvagraphene film. To be noted that

each layer has almost 10 um thickness and the gnapiiim was deposited on FR4 substrate by
screen printing technique. The graphene sheettaasis is measured by using the four-probe

method with a Solatron 1286 electrochemical int&fas shown in Figure 13.
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Figure 13. Four probe method: Solartron SI 126fi)(lsample holder (center), sample on FR4
2x1 cm (right).

The measurements have been tabulated in Table &.i¢\expected, the sheet resistance is
inversely proportional to the thickness of the filihmeans that increasing concentration of
graphene flakes leads to decreasing the sheetamsts As it is seen in the table 3.1, the graphene
film with low concentration of 12.5% in weight iparoximately as high as the resistance of the
binder ethyl cellulose. It is crystal clear thag thigher concentration graphene films, with 33% in
weight, are of special interest to RF applicatitmesause of having higher conductivity and
consequently lower resistance from 25 to 200

Table 1. Sheet resistance of graphene fildsger square).

Sample One-layer Two-layer
Ethyl cellulose > 2e8 > 2e8
12.5 wt.% 2e7 2e6
25.0 wt.% 650 440
33.0 wt.% 240 160

3.3.2 Equivalent Microwave Circuit

The goal of this section is to investigate the beha of graphene films at microwave
frequencies by depositing the films into the gaglena the middle of the transmission microstrip
line as shown in Figure 14. Successively, its eajeivt microwave circuit is designed and
calculated for graphene film of 25% in weight.

13



Figure 14. Microstrip line with graphene thin fildeposition in the gap.

The line width is 3 mm and the gap spacing is 206. ihoto etching is used to put the line on
a FR4 substrate with thickness of 1.56 mm. To lechthat FR4 nominal relative permittivity is
4.3 when its loss tangent is 0.03. Regarding tip@sidon technique explained in previous section,
a two-layer graphene film with dimensions of 3n®:? is screen printed on the mentioned gap.
The measured scattering parameters for a film atitlyl cellulose only and a film with graphene

12.5% in weight are displayed in Figure 15.

@ 0
il
o —Ekry] celileee
-4 r ~ -~ Craphene 125t 5 4
1 1.a 2 2.5 3 3.5 4
Fraquetsy (FHE)
|:| T
——Fiber] celkikowe J
E-Eﬂ = = ~Oraphene 1293 ¥
-
e i~ - #u -y
-40 ; : . a ;
1 1.5 2 2.5 3 3.5 4

Frequency (Hz)

Figure 15. Measured scattering parameters fonaviith ethyl cellulose only and a film with
graphene 12.5% in weight.

It is seen that a film with graphene 12.5% in weigs the same transmission coefficients as
a film only with binder. Next step is proceedingttwimeasurements and simulations of the
microstrip transmission line for various grapheoading arrangements. An unfilled gap has

similar low transmission as the binder, thus conifirg its insulating behavior.
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In addition, A circuit model for the graphene thiftkn is derived using Advanced Design
System (ADS) simulations by fitting the amplitudedgohase of the measured S-parameters. the
symmetrical circuit topology of this ADS model isosvn in Figure 16. The resistance represents
loss of the graphene film, and is the most impanp@nameter in RF design. Since graphene is a
conductive material (it has enhanced conductivitg tb large surface area), the film across the
gap can be represented by a resistance in panattela capacitance (which represents the gap
capacitance). The capacitance in the series pmhahvery small value (less than 2 pF) and
therefore it does not influence the equivalentutr(hence not shown in Figure 16.).

A
A
Rg Cg
A |
/1
Cgap
g B ][] —
T Gap TL2

Figure 16. Equivalent circuit model of Microstripe with gap loaded by a graphene thick film.

First, a line with a gap (no graphene film) is mledeusing the microstrip gap, an additional
capacitance (gp= 0.01 pF) and microstrip line models availableADS library. The binder in
the gap and the graphene film 12.5% in weight beltlag same way as the microstrip line with an
unloaded gap. The film composed of 25% in weighgraphene film can be represented with RC
elements (R=291Q, Cy= 0.8 pF) in parallel as shown in Figure 16.

Measurements and model-derived fitted data are acedpn Figure 17 and Figure 18 for the
case of graphene films 12.5% and 25% in weighpeetsvely. Good agreement is observed
between the circuit model and the measurementslo®eGHz range.
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Figure 17. Measurements (dashed line) and simak{solid line) for the graphene film 12.5%
in weight.
www.jpier.org/PIERL/pierl76/06.18040903.pdf
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Figure 18. Measurements (dashed) and simulatiatisl$or the graphene film 25% in weight.
www.jpier.org/PIERL/pierl76/06.18040903.pdf
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Measurements of the transmission coefficient ofréference line as well as the microstrip
line with gap for various graphene-loading composg are shown in Figure 19.

) SO g . .
-10
-20
s
fus]
=
Z-30r ot T
33] ;‘f*‘-ﬁne-_—:‘wg”l - i ’ o
R SRR et s
q-/- N ‘—x?,j i = & E
-40 ;‘ff'“" \‘/‘ -".1!1'\{-- '{
- 4 _:\-w{
— = = -Reference line 2 3
= = = -Line with gap
Bor o e Binder
= Graphene 12.5wt. %
Graphene 25wt. %
-60 | | I I I I L
1 1.5 2 2.5 3 3.5 4 45 5

Frequency (GHz)

Figure 19. Transmission coefficient measurements.
www.jpier.org/PIERL/pierl76/06.18040903.pdf

On the other hand, the measured S-parametersriousayraphene loading arrangements are
shown in Figure 20. and compared with the restlésfall-wave analysis obtained with HFSS. In
the full-wave analysis, the film deposition is miedkeas a surface impedance of values Z=(1e6-
j150) ohms for the case of graphene film 12.5% eight, Z=(450-j120) ohms for the case of
graphene 25% in weight and Z=(160-j100) ohms ferdhse 33% in weight. The graphene film
33% in weight shows a marked increase in transomsacross the gap due to reduced sheet

resistance.
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Figure 20. Measurements and simulations agreenfi¢hé dransmission and reflection
coefficients.
https://ieeexplore.ieee.org/document/8477446
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Chapter 4

4. CNT and Graphene stub-loaded patch
antenna

4.1 Patch Design

Microstrip patch antenna is so popular to be used iange of frequency from 1 to 6 GHz.
Since the communication systems were develope@70d, the need for the patch antennas with
its proper dimension and performance were beinggede The flat form and convenient weight
in comparison with the parabolic reflectors andeothuge antennas, pave the way for it to be a
useful nominate in airborne and spacecraft apphicat Currently, by taking advantage of high
dielectric constant materials, its size reducedemmhich is suitable to use in handsets, GPS
receivers and other mass-produced wireless defi®gsApplication of the patch antenna can be
widely seen in 2.4 GHz or 5 GHz WLAN systems. Thanme, the next step is to proceed to design
a patch antenna in order to meet the requiremé&igsire 21 shows the configuration of the

microstrip patch antenna.

MICROSTRIP F-‘:'-"\Tf".H
FEED \ f

/5'“
/' .
2 SUBSTRATE

GROUND i'—'L ANE

Figure 21. Microstrip patch antenna
https://ieeexplore.ieee.org/document/7523197

The fundamental design is starting with calculating correct amplitudes for the length (L)
and width (W) of the patch. As it is shown in Fig@2. parts of electric field lines on slots reside
in air. As a consequent, the phase velocity vanesr and substrate causes that TEM mode is not
supported by the transmission line. So, the quEdtTmode would be the dominant mode.
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Accordingly, an effective dielectric constamf ;) is considered to take it into account also the
effect of fringing fields and the wave propagatiorhe line.

Figure 22. Electric field lines
www.ijser.org/paper/Design-And-Simulation-Of-Mictop-Patch-Arrayantenna-For-Wireless-
Communications-At-2.4-Ghz.html

Since some parts of fringing fields are in theaaid not concentrated entirely in substrate as
shown in Fig 4.2, the. ¢ is less tham,..

g+l gr—1

h _
Eeff = —— +——[1+ 1272 1)

where,
€orr = Effective dielectric constant
€, = Dielectric constant of substrate
h = Height of dielectric substrate
W = Width of the patch

TM;, dominant mode is propagating only if the patchgterwould bel.s/2 which is

slightly less thai/2. TheTM;, mode indicates that the field varies @2 cycle along the length
while there is no variation along the width of ftegch. Therefore, the voltage is maximum along
the patch width while the current is minimum acdogdo the open ends.

——
]

1
T

Ground plane

Figure 23. Side view of patch antenna
www.ijser.org/paper/Design-And-Simulation-Of-Mictop-Patch-Arrayantenna-For-Wireless-
Communications-At-2.4-Ghz.html
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The normal elements are cancelling each other \aketee tangential ones are in phase and
fortifying each other results in maximizing the ietdd field. The edge connected to feed line as
well as the opposite one are radiating edges watths slot antennas whose gaps are via the patch
edge and the ground plane. The fringing field \seltht the electrical dimension of the patch looks
bigger than the physical size with the extensiodlofn each edge.

(seff+o.3)(%+0.264)

AL = 0.412h . @)
(€eff—0.258) (E+0'8)

Thus, the physical patch length L is:
L= Leff — 2AL (3)

In other words, thé. is calculated by a given resonance frequeficy
Cc

Lesr = 2frJeerr (4)
The resonance frequengyfor anyTM,,,, mode in rectangular patch antenna is:
Cc
fr= s [+ G 5)

For having better radiation, the patch width isneated as:
Cc

e ©)

_ 7.48xh
ered - @ vér+1.41

eZo g7 )

w =

Feed line width formula is:
— 1.25xt (7)

4.1.1 Feed points

The variable factor in patch antenna is relatedédeed method in order to provide the desired
feed point impedance which matches the patch impEdand control the polarization. The three
usual methods are Inset feed, coaxial feed andtéygecoupled patch antenna. In this thesis, the
inset feed and aperture coupled ones are takencontsideration. It is noted that the aperture
coupled patch antenna will be described in Chdpter

4.1.2 Inset feed method

The important factor in Inset feed is calculatthgn order to match the patch with the input
impedance of 5@s:

_L -1 [Zin
d—ncos (R_> (8)

mn

Zin and R;, are referred to input resonance impedance and regahance resistance.
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Figure 24. Inset feed microstrip patch antenna
4.2 First prototype antenna

First prototype antenna implies a design of antifessl patch antenna with graphene or CNT
stub loaded which the patch itself resonates ar&@u@dHz. To obtain this goal, first we start to
design an inset feed patch antenna with FR4 subsifhe parameters and its calculation are as
following:

FR4 substrate characteristics which used in tlogept are:

- Height (h) = 1.6 mm

- Permittivity (,.)= 4.35

- Loss tangent = 0.03

- Resonance frequency.j= 4.9 GHz
- Patch width =12 mm

4.35+1 4.35-1 1.64_
Eoff = 2 +T[1+1ZE] 1/2=3.7

(3.7+0.3)(15+0.264)
(3.7-0.258)(;+0.8)

=0.72 mm

AL = 0.412(1.6)

300

Leff = —2(4-9)\/ﬁ: 16 mm
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L = Lggy — 2AL = 16-2(0.72)% 15 mm

_ 7.48x16
Wreed = \/4.35+1.41)
87

50%
e

— 1.25%0.035 = 3 mm

Inset feed = 7 mm

The substrate and ground plane dimension are the aad set to 52x52 mm. The schematic
figure of this design is shown in Figure 25.

CNT 3x3mm

Port 1

| . : 39
Dimensions: mm

Ground plane: 52x52 mm

Figure 25. CNT stub loaded patch antenna scheme
https://www.mdpi.com/2311-5629/4/2/32/pdf

Moreover, the fabricated CNT loaded patch anteartepicted in Figure 26.
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Figure 26. Fabricated CNT loaded patch antenna

The antenna schematic in HFSS is also shown inr&igu.

Figure 27. CNT loaded patch antenna schematic BFHF

Regarding the Multi Wall carbon nanotubes (MWIBNsize and position, the 2 or 3 layer
CNT film with dimension of 3x3 mm has been inseiitethe gap located at the center of the stub.
Taking advantage of ANSYS HFSS full wave analyie, CNT has been simulated as surface
impedance which changes in various ambient andecpently results in shifting the resonance
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frequency of the patch antenna. Feed line is exeiigh a wave port and the stub terminated with
a via hole connected to the ground plane.

4.2.1 Simulation and M easur ement

As indicated previously, ANSYS HFSS is used to niadehe patch antenna. The simulation
as well as the measurement includes 3 parts dfi paly, patch plus stub and the CNT stub loaded
patch antenna as shown in Figure 27. It is notatl @NT types which have been used in this
project varies from 1 layer to 3 layer structureorBbver, parametric simulation is done to show
the effect of each parameter on the results inrdadehoose the best and proper value for them.

The reactance of the CNT film varies when exposédifferent ambient when its resistance
remains constant; therefore, it is modeled by stasce and variable reactance. The ground plane
and patch are modeled as Perfect Electric Cond{P¥e€C). Regarding return loss, Figure 28
shows the agreement between the simulation andumegasnt for the reference antenna and for
the 3 layer CNT stub loaded patch antenna as Wedlseen a frequency shift of 230 MHz from
4.36 GHz to 4.13 GHz in reference and CNT loadddrara respectively. To be noted that the
simulation results are obtained by consideringréaetance of -1 K for 3 layer CNT film. The
difference in magnitude refers to the CNT film caootlvity which is not estimated precisely.

25 | —— Ref. ant. meas.
——=--Ref. ant. sim.

Reflection coefficient / dB

30F 3-layer meas J
| ===-3-layer sim.
35 L L
35 1 4.5 5

Figure 28. S11 measured and simulated resulteference and 3 layer CNT loaded antenna.
https://ieeexplore.ieee.org/document/7481993

Other investigation is done by inserting 1 andy2taCNT thin films into the gap and changing
the reactance of the surface impedance in simualaticcee what happens. Figure 29 shows the
results. It is crystal clear that there is an agrwe® between the measured return loss obtained from
3 layer CNT loaded antenna and the simulated restiltthe reactance of -1
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Figure 29. Measured and simulated S11 resultsdtmhponly and various CNT compositions

In case of using graphene sheet instead of CNTrethéts are shown in Figure 30.
0

-5k

—— Patch meas.
—==-Patch sim.
| ——Patch+stub meas
===-Patch+stub sim

Reflection coefficient / dB
O

+| = Binder meas
; Graph 12.5 wt.%
25 .| = Graph 25 wt.%
4016 GHz : 4916H |
) 35 4 45 5 55 6

Frequency /GHz

Figure 30. Measured and simulated S11 resultsdtmhponly and various graphene
compositions.

As a matter of considering CNT or graphene sheetefifect on resonance frequency, Figure
31 shows that there is approximately 20 MHz posisiiift in frequency from 4.022 to 4.039 GHz
when the film size changes from 3x3m? to 4x3mm? whereas almost 20 MHz negative
frequency shift from 4.022 to 4 GHz is seen whemnftlm size changes from 3x8m? to 4x4
mm? The most shifted frequency is related to the flidx4mm?.
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Figure 31. Parametric analysis on the film dimensio

4.2.2 Radiation pattern and Gain

Taking advantage of an anechoic chamber with aldaidge horn (1-18 GHz), the radiation
pattern is measured at a distance of 2.7 m. lbi®hserved a symmetric graph for the measured
E-plane co-polarization pattern because of usiraxieb cable as a feeding line. Moreover, cross-
polarization is less than -22 dB in each plane. ageement between the measurement and
simulation is noticeable as shown in Fig Figuread®@ Fig Figure 33 for both the reference
uncoated antenna and the CNT loaded 3 layer ant&orize noted that the losses of the CNT film
are not considered accurately in the simulation.
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Figure 32. Measured and simulated radiation pafwofpol) of the reference uncoated antenna
in the principal planes.
https://ieeexplore.ieee.org/document/7481993
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Figure 33. Measured and simulated radiation paft®-pol) of the CNT-loaded 3-layer
antenna.
https://ieeexplore.ieee.org/document/7481993

In addition, the measured gain for 3-layer CNT kxhdntenna is 2.9 dBi at 4.13 GHz while
for unloaded antenna is 3.3 dBi at 4.36 GHz. Thesggsimulated in HFSS for the CNT stub loaded
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antenna is 2.85 dBi at 4.13 GHz whereas for the pasch+stub antenna is 3.88 dBi at 4.36 dBi.

The whole results are shown in Figure 33-36.
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Figure 34. Normalized gain of patch+stub at 4.3&2GH
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Figure 36. Normalized gain for CNT stub loaded anteat 4.13 GHz
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Figure 37. Gain of CNT stub loaded antenna at GH3.

4.2.3 Parametric ssmulation

The new CNT loaded patch antenna under investigatias Figure 38. The goal in this
parametric simulation is focused on the reactarfch® surface impedance which varies in
different ambient while its resistance is fixed. B® memorized that the CNT or graphene thin
film is simulated by a surface impedance in ANSYSSS$.
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Dimensions: mm
Ground plane: 52x52 mm

Figure 38. CNT loaded patch antenna- new design

The values used for substrate FR4 is as below:

- Relative permittivity €,) = 4.4
- Loss tangent = 0.02
- Substrate thickness = 1.6 mm

The reactance of the surface impedance varies @rtont2000 when the resistance is fixed to
50 Q. The comparison between the parametric simulatipateh only and patch plus 4 mm stub
is shown in Figure 39. The results show that thee considerable 492 MHz shift in resonance
frequency from 4.183 to 4.675 GHz related to thectance of O and -2000 respectively. This
frequency shift can be sensed by a sensor to remtre new ambient characteristics.
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Figure 39. Parametric simulation of surface impedasheet reactance
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Gain is the other parameter under investigationnwieactance of the graphene sheet varies.
The simulations show that by varying the graphdreetsreactance from -400 to -2000 the gain
increases as demonstrated in Figure 40 to Figure 42
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Figure 40. Gain at R=5Q &Xs=-400.
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Figure 42. Gain at R=5Q & Xs=-2000.
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4.3 Second prototype antenna

These prototype patch antennas resonate at arodr@H2 which is applicable for wireless
communication.

4.3.1 Patch antenna with FR4 substr ate

We go forward with the formulas in order to desggsuitable patch antenna which resonates
at 2.4 GHz:
4441

4.4-1 1.6,
geff = +T[1 + 125] 2 = 4.08,
L. = _ 300
eff T 2(2.4)/2.08
.6(4-.08+0.3)(f—8+0.264-)

~ 31mm

.6
{4.08-0.258)C2+0.8)

L=30-2(0.74) 28mm and W is set to 24 mm.

7.48%x1.6
Weed = W — 1.25%0.035 =~ 3 mm
e 87

Inset feed = 10 mm

AL=0.412(1 ~ 0.74mm ,

The substrate and ground plane dimension are $6&®5 mm. This design is shown in Figure
43.

Geometry- with FR4 substrate

CNT 3x3mm

Via

Port 1 (Port 2)

3

Dimensions: mm

Ground plane: 75x65 mm

Figure 43. CNT loaded patch design at 2.4 GHz
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4.3.2 Parametric analysis

Parametric analysis helps us to investigate trecetif each parameter separately and find the
best values which meet our requirements.
Regarding parametric analysis for gap positionfdiewing results are obtained:

- Patch only resonance frequerey.56 GHz

- Patch + stub 8mm: resonance frequesc3.3320 GHz

- Patch+stub 8mm+CNT (Xs=-200): resonance frequeny21 GHz

- Patch+stub 5mm+CNT (Xs=-400): resonance frequen2y432 GHz

- Maximum frequency shift¥240 MHz) between the patch+stub and the CNT-2B&

Parametric analysis of gap position in the stubldees investigated and shown in Figure 44.

=
=
=)

- vame | X i
A m1 25370 |-14.9%2
m2 [2.430 [-245105
2000 — m3 [2.3220 |-21.8764

=]

a0 T T T T zhe 7 STz T 260
Freq IGHz]

Figure 44. Parametric analysis of gap positicth WR4 substrate

Stub width variation is another point which is wodonsidering. The case is composed of
5mm PEC+3mm CNT+11mm PEC. Just its width variemf®to 1 mm. It is seen that for the
width of 3 mm we have better return loss of -25 dB.
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Figure 45. Stub width variation effects on results

Moreover, the dimension of the CNT film has an img@ot role in shifting the frequency as
well as the return loss magnitude. In this casealitsension impact is investigated when the
impedance of CNT fixed at Z=50-i400.

0.00
-500 —
-1000 —
1500 —
] 3 EED
2000 —] m5 |Z.Z520 |-28.8172 m
’ , m& |2.2360 |-20.8267
] m7 |2.3220 |-21.5367
. mB |2.3550 |-18.3225
-2500 —
_ gr3-4mm
-30.00 T ! ! ! !
2.00 2.20 2.40 260

Freq [GHz]

Figure 46. CNT film dimension effects on the result

Normalized gain also simulated at 2.4 GHz for Eaplas well as the H-plane.
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Figure 47. Normalized gain of CNT loaded patch angeresonating at 2.4 GHz

4.4 Patch antenna with Arlon substrate

Arlon is the second substrate on whichdblsign and simulations were focused. The

Arlon has permittivity of 4.5, loss tangent of 0380and thickness of 0.78 mm. To achieve the best
return loss at resonance frequency of 2.4 GHz, hwvisiso applicable in wireless communications,
the design is as depicted in Figure 48. It is dbahthe feedline width is reduced from 3 to 1.5
mm. The patch length and width are 29 and 38 mipectely. Inset fed is set to 8 mm. The
second stub is prolonged from 6 to 10 mm.

48.

The calculations are as following:

W= 300 2~ 38mm
2(2.4) \’ 45+1

_ 1
Eor = 2+ 2214122077 ~ 432
300
Lerr = 2240432 30mm
§4.32+0.3)(ﬂ+0.264)
AL=0.412(0.78 0.78 = 0.36mm

(4.32—0.258)(0%%.8)
L=30-2(0.369 29mm

7.48%x0.78
Weeed = s 1.25%0.035 = 1.5 mm

e(50>< a7 )

Inset feed = 8 mm

The substrate and ground plane dimension are 6§8xta5 mm. The design is shown in Figure
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Geometry- with Arlon substrate

CNT 3x3mm

Via

Port1 (Port 2)

Dimensions: mm

Ground plane: 60x55 mm

Figure 48. CNT loaded patch antenna with Adahstrate

It is observed from simulation of the patch alopatch plus stub 1mm as a reference point
and patch plus stub CNT loaded patch antennahbédtéquency shift by inserting the CNT film
(Z=50-i200) is decreased by 80 MHz which can bessdmand used as a sensor

=
2

500 —
1000 —
1500 —]
3000 —|
2500 —| -
: ‘
30 00 . !
200 200 240 N
req

Figure 49. Simulation results of the antenna witloA substrate

Normalized gain also simulated at 2.4 GHz for Baplas well as the H-plane.
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Figure 50. Normalized gain of CNT loaded patch angewith Arlon substrate resonating at 2.4
GHz
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Chapter 5

5. Aperture Coupled Patch antenna

Carbon nanomaterials like carbon nanotubes (CNmd)graphene, in favour of the fast
progress in nanotechnology, are being vastly usegsensor applications profiting from their
noticeable carrier mobility, large surface areafned ratio, adjustable surface chemistry, and the
ability to operate at ambient temperatures. Bygragon of the CNT chemical detector comprising
a thin-film or thick-film passive circuit elemensuch as planar resonator or capacitor on a
dielectric substrate), with radio frequency (RF)emmas, nanotechnology has the potential to be
used in the development of ubiquitous wireless @enstworks. Based on its application, it is
beneficial to use these wireless points in fixedraving positions for monitoring hazardous
chemicals as well as the environmental pollutants iés effects on health, for instance. The
antenna can work in multiple transmit/receive maesake the detected data transfer between
various sensor nodes.

Previously, CNTs have been incorporated directlgntenna structure of the sensor. In this
case, the performance is degraded because of A% fosses. As a consequent, radiation
efficiency is weakened at the communication freqyeof the sensor. To reduce the impact of
these losses, the CNT film shall properly integraité the antenna in a way that does not affect
the antenna radiation performance as well as theosefficiency at the presence of the antenna.
This goal can be reached by minimizing the coupliatyveen the sensor and antenna element. In
order to reducing this coupling effect, an apertwwapled patch antenna, which the CNT thick
film sensor is inserted in its feed line, is udedhis regard, two types of the antenna are deguloy
First, the CNT film deposited at a gap locatechm éxtension of the feed line. Second, design and
incorporating InterDigitated Capacitor (IDC) inteetfeed line in order to meet the requirements
of sensing and antenna impedance matching as well.

5.1 Aperture Coupled Patch antenna Design

Aperture Coupled Antenna has 3 layers includingntinerostrip feed line, ground plane with
coupling aperture, antenna substrate and radipateh as shown in Figure 51.
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Figure 51. Layers of Aperture Coupled Patch antenna
https://www.researchgate.net/publication/268357ha8ge aperture _coupled_microstrip_patch
antenna_arrays proposal for the opto-electronitraloof micro and mm-
wave radiation/figures?lo=1

The open circuit terminated feed line, simulatedHFSS, should have the length of 0.X39
The center of aperture has 0.21distance from the end of feed line as depicte&igure 52.
According to the open circuit transmission line ttoltage is 0 and the current is maximum at the
distance ofA/4. Considering the effects of patch loading anougd aperture, this distance is
reduced to 0.211

0.739 i

Figure 52. Feed line dimensions in aperture couaigdnna
https://pdfs.semanticscholar.org/f36e/6547818{662862b9c9a1507blad3e3624.pdf

For instance, we start to design an aperture cdypdéch antenna to work in ISM 2.4 GHz
band. Two different dielectric layers are beingduseits structure; the antenna substrate (Rogers
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R0O3010) on the top with dielectric constant of 1@a2d = 0.0035, thickness of 1.6 mm, and the
feed substrate (Rogers Ultralam 1250) on the bottoth dielectric constant of 2.54, tan=
0.0015, and the same thickness.

The geometry of feed and patch layer is shown guie 53 and Figure 54.

B0mm
25mm
14mm
35
mm | m— ) Z0mm
Topview Bottom view (ground plang)

Figure 53. Patch layer geometry

&0mm
2mm
14mm
B 1mm 70mm
S0mm
Top view Bottom view

Figure 54. Feed layer geometry

The estimated dimensions for slot length and watth 0.148and 0.01& respectively. In
addition, the feed substrate height is set to @Dlie whole dimensions are indicated in Figure
55.
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Figure 55. Feed substrate and slot dimensions
https://pdfs.semanticscholar.org/f36e/6547818f66262b9c9al1507blad3e3624.pdf

Regarding the simulation in HFSS, the model is showFigure 56.

Al

0 20 40 {mm)

Figure 56. Aperture coupled patch antenna HFSS mode

The return loss of -47 dB at 2.45 GHz shows thabitld be good alternative to use in wireless
applications. The S11 simulated result is depiatdeigure 57.
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Figure 57. Return loss of the aperture coupledhpattenna

5.2 ACP CNT loaded antenna Design

Previously, a wireless gas sensor has been redbyadcorporating single walled carbon
nanotube thin film in patch antenna [14], [21] aheé CNT film surface was made to have
maximum sensibility to ammonia [8]. The chemicahaton of exchanging charge carriers
between the CNTs and gas makes RF impedance charelevant circuit. The loaded CNT film
changes the resonant frequency of the antenna wéergposes to gas. This frequency shift is
the important factor in measuring the sensor resp¢86-38]. In spite of a considerable shift in
frequency, the radiation is degraded strongly keyldaded CNT film in series with the patch.
Therefore, it is necessary to design a good streétuorder to minimize the series loading effect
in order to improve the radiation efficiency. Theedure coupled seems to be a proper choice to
resolve this problem. Because the feed line cuigeisblated from the antenna current by a slot
aperture placed in ground plane. By inserting thN& @Im at the end of the feed line on microstrip
gap or IDC, the coupling between the feed line withnected sensor and aperture coupled antenna
is minimized; therefore, there is no impact on aidn and gain of antenna as well as the sensing
behavior.

First, inserting CNT film directly at the end ofef line is taken into consideration. The
aperture coupled patch antenna, as before, resoaa®45 GHz. The feed substrate is Rogers
RO3010 with thickness of 1.6 mm, permittivity of.2@nd patch substrates and loss tangent of
0.0035. The patch substrate is Rogers Ultralam ¥260thickness of 1.6 mm, permittivity of 2.5
and loss tangent of 0.0015. The geometry of Feesl INT loaded ACP antenna is shown in
Figure 58.
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Figure 58. CNT loaded ACP in HFSS.

To be noted that the stub included 4 mm copper#B@NT + 4 mm copper and CNT film
size is 3x3nm?. The return loss simulated for different valuethef surface impedance as below:

- R=0.5Q, X=-15
- R=20Q, X=-100
- R=1000€Q, X=0

Figure 59 shows the relevant simulations in HFSS.
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Figure 59. Return loss simulation for various regise and reactance of the surface impedance
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Table 2. Surface impedance effect in ACP

Configuration Resonance Returnloss | Frequency shift
Frequency (GH2) (dB) (MH2)
ACP only 2.45 -47.4 Reference point
RtV 2.18 27.45 270
R=20, X=-10C 2.2¢ -29 17¢
R=1000, X=l 2.3 -32.2 10C

Table 2 implies that whenever the resistance isegahe resonance frequency shift from the
reference point is decreased. To be noted thaewance frequency shift is occurred when the
ambient is changed and can be sensed by a sensealiaing the ambient characteristics.

5.3 ACP configuration with Inter Digitated Capacitor (IDC)

As already mentioned, InterDigitated Capacitor ()D€ added in extension of the feed in
order to have a better impedance match betweefedaeline and the patch. Moreover, inserting
the CNT film into IDC results in meeting our sengpplication needs.

The ACP with IDC configuration is designed to wankiISM 2.4 GHz band. Two dielectric
layers are being used in its structure; ; the faduktrate (RT Duroid 5880) on the bottom with
dielectric constant of 2.2, tén= 0.0009, thickness of 0.762 mm, and the anteunbstsate (Rogers
RO3010) on the top with dielectric constant of 1@ o = 0.0035, and the thickness of 0.508
mm. A thin slot located in ground plane in the niéddas the role of coupling between the two
mentioned parts.

The dimensions of the ACP are shown in Figure @DFgure 61. The dimensions (in mm)
of the patch are given ly.= 35 and/V,= 25. The slot has;= 14,W;= 1 when both the substrates
haveL,;,= 80,W,,;,= 75 and the feed line hag= 50,W;= 0.5 for 50Qs impedance.
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Figure 60. Patch layer geometry
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Topview
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Top view
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50mm

0.5mm

Bottom view

Figure 61. Feed layer geometry

Ysub=20mm

As shown in Figure 62, an IDC of surface area 5508xmnt with 10 interleaved fingers, five
on each side, each of width 0.4 mm and inter-digécing of 0.2 mm, is connected at the end of
the microstrip feed line. The connection pad jognall the fingers on one side has the dimensions
5.8 x 0.4 mrA The novelty of this ACP is using IDC at the erfdite feed line in order to
accommodate the CNT thick film and consequently th@dsensing application to the antenna.
The CNT film which works as a sensor, is simuldiga surface impedance comprising a parallel
RC circuit, withR being the resistance of the CNT film (usually viemy due to high conductivity
of CNTs) and the capacitan€ resulting from the shunt reactance of the film ane IDC

geometry.

Fig 5.13 shows the ACP antenna with IDC simulateHFSS.
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Figure 62. (a) Proximity-coupled feed line with IRGnnected in series. (b) The simulated 10
fingers IDC in HFSS.

Fon

o 10 20 (mm)

Figure 63. HFSS model of ACP antenna with IDC
5.4 Simulation Results

Simulation first goal is to find the suitable dinseans for IDC in order to have the minimum
return loss (S11) at 2.45 GHz. It is found thatID€ size of 4x5.8nm? results in -22 dB return
loss at 2.45 GHz (fig 5.14). Second, the CNT filndeposited on the IDC and parametric
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simulation has been done on its surface impedaneasdess its effect on the antenna efficiency.

The shunt resistance is set to 100 and X@8@er square. The simulations show that resistance
change solely does not have any strong influenaeswnant frequency and the return loss value

as well.

Name x | ¥
| RIDOX50 | 2 3120 |-26.8487
4500 =< —| RI000XIR0 | 2700 | 28,9522
=1 IDConly 2.4520 |-21.7742

-30.00
2.20

235 230 235 240
Freq [GH4

Figure 64. Return loss of the ADP_IDC patch seasaa function of the film impedance.

Shut capacitance, in contrary, has impact on ba¢hrésonant frequency and return loss.
Therefore, impedances of 100-j50 and 1000 j-15@ heaen taken into consideration. Four probe
impedance measurement is used to measure surfpedamce on MWCNTSs [8]. It is obvious that
the return loss not varies significantly when wediDC sensor film structure in ACP and remains
as low as -22 dB. As indicated in Table 3, freqyestufts are 120 and 140 MHz for impedances
of Z=1000-j150 and Z=100-j50 respectively.

Table 3. Surface impedance effect in ACP with IDC

Confiaur ation Resonance Return Frequency shift
9 Frequency (GHz) | loss(dB) (MH2)
ACP + IDC only 2.45 -22 Reference point
ACP+IDC+CNT
R=100, X=-5C 231 -27 140
R=1000, X=-150 2.33 -29 120

Figure 65 shows the radiation pattern for the Idafl€P IDC with CNT film. The simulated
gain is 6.6 dB at 2.3 GHz and the CNT surface inaped is Z=100-i50.
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Figure 65. Gain for the loaded ACP IDC with CNTfil
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Chapter 6

6. Microwave Ring Resonator

6.1 A copper-clad slotted Ring Resonator Design

In this chapter, a copper-clad slotted ring resamest designed and fabricated on 0.79 mm
thick FR-4 substrate (dielectric constant of 4.3l doss tangent of 0.03) with a microstrip
proximity-coupled feedline of length 17 mm. Theesof the substrate is 35x35 mm

First, a slotted ring without the graphene filndésigned to resonate at 2.45 GHz (inner radius
R =12.7 mm, slot widthw, =0.5 mm) as shown in Figure 66. The slot line modexsited by

proximity-coupling with the 5@ microstrip feed line.

6.2 Graphene loaded dotted Ring Resonator Design

In order to examine the resonant response obtied ring, graphene films of size 3x3 fam
and either 25% or 33% in weight concentrationssarpientially inserted along the ring at @0d
180, clockwise with respect to the feed line at@nd full-wave electromagnetic simulations are
performed by modeling the graphene film at the masb frequency as a surface impedance. Due
to circular symmetry, only the film locations 9@nd 180 are of interest. A film cannot be
deposited at 0 as it interferes with the slot excitation fieldsuviting from the feedline.
Furthermore, the film at 9Qocation produces the cross-polarized or orthob@smnant mode of
the same characteristics as the fundamental mo@énetd with the 180film orientation, and
therefore, is not considered.
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Figure 66. The slotted ring resonator and its zasilbn with graphene thin film deposition.
6.3 Simulation and measurements

Both loaded and unloaded configurations of thetetbting resonator are characterized at
microwave frequencies by measuring the reflectioeffccient at the feed port using a Vector
Network Analyzer (Agilent EB361A). These resonatmase been designed and simulated in CST
Microwave Studio and ANSYS HFSS with the grapheéine inodeled as a surface impedance. To
be noted that the full-wave 3D simulation in CSH &FSS captures all the electromagnetic and
parasitic coupling effects.

The simulated graphene loaded and unloaded rimgagsr is shown in Figure 67. Tangential
Electric field for the base line ring resonatoaliso depicted in Figure 68.

] 30 60 {mmj)

0 40 80 (mm)

Figure 67. Graphene loaded and unloaded ring résomedels in HFSS.
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Figure 68. Tangential E field in base line ringomstor at 2.47 GHz.

The unloaded ring is measured first, and it sh@wesonance at 2.47 GHz. This is the baseline
geometry used to study the effects of graphenesfilfaxcellent agreement is observed between
the measured and simulated results in Figure 6hunloaded ring. Next, a graphene film 33%
in weight with size of 3x3 mAis inserted across the slot in the ring resonatiametrically
opposite to the feed at the location 1,88nd the return loss of the loaded resonator esoed.

A good agreement between simulated and measuradigiaiso observed for the loaded film
configuration in Figure 69.

Ring Resonator - CST and HFSS Simulations+Measurement
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Figure 69. Base line and Graphene loaded ring sitioms and measurements.

6.4 Equivalent Circuit Modéd of graphenefilm

Since the graphene film is deposited over thegdqt the equivalent circuit of the film is a
parallel RC circuit, as discussed in Chapter 3e G&pacitance due to graphene film is very small
and the conductivity, inversely proportional to ieet resistance, is the most important parameter

of interest in RF characterization of the graphi@ne For the parallel RC circuit, the admittance
is given by

Y= 3o+ jec. 9)
The impedance is then
z=127 _jz =R_R@RC) (10)
Y A A
A =1+ (wRC)? (11)
It follows that
Z.A=R (12)
Z, =Z.(wRC) = wRC = 5—' (13)

R

Using Eq. 11 and Eq. 13 into Eq. 12 it is obtained
] zY
R= Z{H(ZR] } (14)
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Cc= Z R wziez) (15)

Since the films are square in shape, the sheettaase is identical to surface resistance, R.
Thus, it follows that the surface conductivity bétgraphene film is given by

1
o= (16)

where t is the film thickness.

The measured data for the graphene-loaded ringhagsowith a film thickness of 10 pm
corroborates with the simulated data (see Figujec6&responding to a surface impedance of
Zs = Zg =12, =20-J30 5 per square used in the simulation. It followstirEq. 14 and Eq. 16
that the RF conductivity of the graphene film igagi by 1,540 S/m. The capacitance C determined
form Eqg. 15 is 0.9 pF at the resonant frequenc3.97 GHz.

Parametric simulation has been done by varyingehestance (R) and reactance (X) of the

surface impedance as shown in Figure 69 and Figfure
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Figure 65. Parametric simulation: R=a=Q® X=b varies from -30 to O.
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Figure 70. Parametric simulation: X=0 & R=a vairfiesn 1 to 61Q.

The results show that by increasing the reactamss £30 to O at fixed resistance of 20
return loss increases from -30 to -19 dB whilefteguency decreases from 3.96 to 3.8 GHz. In
case of making the reactance fixed at 0 and resistaariation, it is seen that by increasing the
resistance from 1 to &2, return loss increases from -24 to -12 dB as a®lihe frequency from
3.8 t0 3.93 GHz.

6.5 Application as a gas sensor

The ring resonator loaded with graphene film exdageammonia gas in order to test its
sensibility towards the gas. The photo of the tabhown in Figure 71.

Sensors were tested in a home-made system whererdenim helium (450 ppm) was diluted
with synthetic air by means of flow meters (Teleglhastings Instruments HFM 300 controller
and flow meters HFC 302, Teledyne Hastings, Hampi@n USA) in a constant air flow of 1000
SCCM (standard cubic centimeters per minute). kedtigated range of ammonia concentration
was 1 — 50 ppm.

All the sensors were heated by a Ni-Cr wire, lodatederneath the sensor, alimented with a
DC power supply (Peak Tech, Nanjing, Jiangsu, Qhi&T1000 resistance temperature detector
(RS Pro, London, UK) was used for sensors temperatatermination. Two different sensors
were then tested between 150°C and 250°C in a olah@dving a volume of 0.1 L. The films’
impedance was measured by means of a LCR meteki(3583-01, Nagano, Japan) by alimenting
the sensors with an AC tension of 1 V at 1 kHz.aln cross sensitivity measurements were
carried out towards CH4 (50.0 ppm in air), CO (19ddn in air), N20O (15.0 ppm in air), CO2
(500.0 ppm in air), O3 (0.5 ppm in air), NO2 (0.pnp in air), and humidity (50% of
relative humidity at room temperature) under thmesflow of 1000 SCCM.

56



Figure 71. Gas sensing experiment

The normal ampoule used for this experiment showkigure 72. Regarding that our sensor
has 5 cm length and width and does not pass thrthegghmpoule, a plastic box shown in Figure
73 used to satisfy our requirements. It is donenlaking two holes on the top of the box, one for
passing the gas and the other for passing the Netmalyzer cable.

Figure 72. Ampoule
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Figure 73. The replaced plastic box
The results shown in Figure 74 highlights thatghesence of ammonia gas has some effects

on the return loss as well as the resonant frequehech can be sensed and used as a gas

sensor. The frequency shift is about 50 MHz fro@525Hz for the graphene-loaded ring in air

to 2.3 GHz for the graphene-loaded ring in ammanmient. The return loss for the former is

about -24 dB when for the latter is around -37 dB.
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Figure 74. Measurement of graphene-loaded ringagsoin various ambient
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Chapter 7

Conclusion

In this thesis, the material parameters and etadtgonductivity of graphene films in the
microwave region of the electromagnetic spectrumewexperimentally investigated. Possible
application of composite graphene films at the om@ve frequencies shows that it is useful in
wireless (RF) sensor applications. Detailed ingaston of the surface morphology of the films
using SEM, AFM reveals that the graphene fillewas homogeneously dispersed over the film
surface with a comparatively lower surface rougbrashigher concentrations, and negligible
agglomerates. Uniform distribution of the fillertanthe composite’s polymeric matrix can be
achieved, at high graphene (i.e. 33% in weighteatrations, by a proper combination of binders
and dispersants (i.e. PVB, PVP, and linoleic actiheet resistance measurement using the four-
probe method on bare films compares reasonablywittithe surface resistance derived from a
full-wave analysis of films printed in between ceppelectrodes on FR-4 substrate. More
specifically, an increasing trend in the condutyiviwith the number of printed layer and
concentration of graphene was found. Furthermomdedric spectroscopy suggested a low-
frequency (up to tens of MHz) behavior predicatedan insulating matrix (with storage and
dissipative components) percolated by a condudtliex associated to a chemical (quantum)
capacitance and to an electron transport resistance

Moreover, a circuit model of thick films loaded kiifferent amounts of graphene have been
presented and discussed. Films made of binder aémevell as binder plus graphene (weight
fraction of 12.5% and 25%), were printed acrossgdue of microstrip lines, and experimentally
studied to produce a circuit model in ADS. The &ape@eter results reveal that low (12.5% in
weight upon the screen printing paste total masg)lene loadings have negligible impact on the
RF properties of the ethyl cellullose binder usedtifie polymer thick film deposition. Therefore
lightly loaded graphene films are prone to beh&e1ossy” insulators where the dielectric loss
is dominated by the substrate and binder. On therdband, S-parameter measurements of
graphene films 25% in weight fit with an equivaleiicuit comprised of a single RC parallel
element. Such a model can be easily ascribed téotheation of nano-capacitors composed of
graphene nano-platelets distributed into an inswganatrix (film’s binder and FR-4 substrate).

In addition, microstrip, patch antenna and ringoredor structures loaded with the graphene
composites were fabricated to investigate the mbattproperties of the films in the microwaves.
To be added an aperture coupled patch antennantéitDigitated Capacitor (IDC) loaded with
graphene film was simulated to investigate theceféd the film in resonance frequency shift.
Transmission (and reflection) coefficients of cappeehed microstrip turned out to depend not
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only on the graphene concentration but also onbihder composition. Different resonance
frequency shifts associated to an inductive reaetéehavior was found for the various graphene
concentrations which can be sensed and used asr sgyications such as gas and bio sensors.
In this study, the focus was on gas sensor apjitat

Future studies are focused on realizing the apedaupled patch antenna with IDC loaded
with graphene film in laboratory. Investigation esing graphene films in periodic structures in
microstrip transmission line and measuring its eisipn diagram and transmission coefficient is
another future objective.

Further studies to clarify the influence of ethyllalose, PVB, PVP different polarity,
polarizability), and capability of creating hydragbonds on the surface impedance of graphene
in the microwaves region are currently taking plddereover, the covalent adsorption of “small
surfactants” (i.e. linoleic acid) on the grapheandace and its effect on RF electrical propertges i
also being investigated.
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