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  Abstract (Arabic version) 

 

ً  ذاتالميكروويف مجهر بتقنيات الفحص مؤخرا  تعرف لأنها بشكل جيد  ، و المجال القريب تطوراً ملحوظا

أدوات متطورة ، مكرسة لتوصيف المواد. توفر هذه الطرق إمكانيات لتوصيف سطح المواد وتحت سطحها ، 

 .المراد توصيفها هاته الموادل ذلك ، غير مدمرة وتقدم قياسات بطريقة غير ملامسة ، والأهم من

على ترددات الميكروويف المتصلة بمحلل شبكة  يتجويف محور ذو رنانمالعلى    NSMMتتضمن تقنية

. يتم تغذية طرف حاد يمتد من الموصل الداخلي للتجويف بواسطة مصدر ميكروويف لتشكيل مسبار المتجهات

العينة قيد الاختبار. تبقى المسافة بين طرف المجس وسطح العينة أو الركيزة ثابتة المجال القريب من أجل تحليل 

في مرنان  (fr)  ينبينما يتم فحص العينة بأكملها المراد تحليلها. يتم قياس وتسجيل التغييرات في وتيرة الرن

. هذه معلوماتيعلى التوالي باستخدام نظام  (S21) النقلو ا  (S11) معامل الانعكاستجويف متحد المحور و

المعلمات تعتمد على الخصائص الكهرومغناطيسية المحلية للعينة. من خلال رسم هذه الكميات المقاسة فيما يتعلق 

 بموضع طرف المجس ، يمكن الحصول على خريطة عازلة ، توفر معلومات حول خصائص العينة.

تم إجراء  .محلية الصنع للاستفادة الكاملة من إمكاناتها NSMM  تقنية ه الدراسة ، قمنا بتحسين تطويراتفي ه

من   الابري من المرنان العديد من اختبارات المحاكاة لمرنان التجويف المحوري والتفاعل بين العينة والطرف

. تكون درجة الدقة المكانية أعلى عند استخدام مدى تردد واسع لىأجل الحصول على قدرة استبانة مكانية عالية ع

رأس ابري رأس حاد للغاية ، يتم الحصول عليه عن طريق الحفر الكهروكيميائي لأسلاك التنغستن. وكان أفضل 

 ميكرمتر. 1قطر حوالي  حاد متحصل عليه ذو 

وصيف بعض يجب أن يسمح لنا بتالمجال القريب  ذاتوبالتالي ، فإننا نبيّن أن استغلال تقنيات الفحص المجهري 

في النهج الثاني  .جيجا هرتز 20جيجاهرتز إلى  1من  التي تتراوح ات العاليةالتردد لىعينات أشباه الموصلات ع

. المطورة في مخبرنا NSMM  مع تقنية مشتراة من شركة تجارية، تمكنا من الجمع بنجاح مجهر القوة الذرية 

. على وجه الخصوص ، تم اقتراح التقنيتينالنتائج التي تم الحصول عليها من كلا هدفنا الرئيسي هو المقارنة بين 

 بدقة عالية.مترية نانو محكمات وضعباستخدام نظام  تهاح أتمتة منصا، مثل اقتر NSMM  بعض تطبيقات

القياسات توضح النتائج التي تم الحصول عليها في هذا العمل أن التقنيات المقترحة ملائمة من حيث حساسية 

ومدى تردد التشغيل وفقًا لأحدث التقنيات. بالإضافة إلى ذلك ، أصبحت هذه التقنيات أداة مهمة لقياس خصائص 

 الالكترونيات. النانو و وميكرال  المواد ، وخاصة أشباه الموصلات ، في مجال



Abstract (English version)

Near-field Scanning Microwave Microscopy (NSMM) techniques experimented a remark-

able development as they are cutting-edge tools, devoted to the characterization of mate-

rials. These methods provide possibilities to characterize the surface and sub-surface of

materials, offering measurements in a non-contact, non-invasive and, the most important,

non-destructive way.

The NSMM technique comprises a coaxial microwave resonant cavity connected to a

vector network analyzer (VNA). A sharp tip extending from the inner conductor of the

coaxial cavity resonator is fed by a microwave source to form a near field probe in order

to analyze the sample to be tested. The distance between the probe tip and the surface

or substrate of the sample is kept constant while the entire sample to be analyzed is

”scanned”. Changes in the resonance frequency of the coaxial cavity resonator fr and

reflection, or transmission coefficients S11, S21 respectively are measured and recorded

using a computing system. These parameters are dependent on the local electromagnetic

properties of the sample. By plotting these measured quantities with respect to the

probe tip position, a dielectric map can be obtained, providing information about the

properties of the sample.

In this study, we implemented a set-up of a home-made NSMM in order to take full

advantage of its potential. Several simulation tests of the coaxial cavity resonator and

the tip-sample interaction were done, in order to achieve a high spatial resolution of

the properties at a wide range of frequencies. The spatial resolution is higher when a

very sharp tip is employed, obtained by electrochemical etching of a tungsten wire with

diameters below 1micron.

Thus, we show that the exploitation of the developed home-made near-field micro-

scope should allow us to characterize some semiconductor samples at high-frequency

range from 1GHz up to 20GHz. In a second approach, we were able to combine suc-

cessfully a commercial Atomic Force Microscopy with NSMM technique. A comparison

between the results obtained by both techniques was our major objective. In particu-

lar, some applications of NSMM were suggested, such as the automatization of NSMM

platform using the nanopositioner system with high precision.
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The results obtained in this work show that the proposed techniques are convenient

in terms of the sensitivity of the measurements and the range of operating frequency

according to the state of the art. In addition, these techniques become an important

metrology tool for the characterization of materials, especially semiconductors, in the

field of micro-nano electronics.
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Abstract (Spanish version)

Las técnicas de microscoṕıa de barrido de microondas de campo cercano (Near-field Scan-

ning Microwave Microscopy, NSMM) suponen un desarrollo muy notable en el campo de

la Nanotecnoloǵıa, ya que son herramientas evolucionadas, dedicadas a la caracterización

de materiales. Estos métodos ofrecen la posibilidad de caracterizar la superficie y la sub-

superficie de los materiales a escala nanométrica, utilizando mediciones en los modos sin

contacto, no invasivas y las más importantes no destructivas.

La técnica NSMM comprende una cavidad coaxial resonante de microondas conectada

a un analizador vectorial de red. Una punta afilada que se extiende desde el conductor

interno de la cavidad es alimentada por una fuente de microondas formando aśı una

sonda de campo cercano para analizar la muestra situada bajo la misma. Mientras la

distancia entre la punta y la superficie de la muestra o el sustrato se mantiene constante,

la muestra entera a analizar ”es barrida” por la punta y los cambios en la frecuencia

de resonancia de la cavidad coaxial fr y el coeficiente de reflexión, o de transmisión

(S11, S21 respectivamente), se miden y registran usando un sistema informático. Por

lo tanto, estos parámetros dependen localmente de la composición y de las propiedades

electromagnéticas en la muestra. Al representar estas cantidades medidas con respecto a

la posición de la punta, se puede obtener un mapa de las propiedades electromagnéticas

(composición, constante dieléctrica, etc.) de la muestra analizada.

En este estudio, se ha implementado f́ısicamente un sistema de microscoṕıa de mi-

croondas de campo cercano, y se ha utilizado para estudiar diferentes muestras semicon-

ductoras. Se realizaron varias pruebas de simulación del resonador de cavidad coaxial y

la interacción entre la punta y la muestra, con el fin de fijar las condiciones geométricas

y de diseño del sistema que permitiesen lograr una resolución espacial muy alta en un

amplio rango de frecuencias. Esta resolución espacial es muy elevada si se utiliza una

punta muy afilada. En nuestro caso se utilizó un ataque electroqúımico de un hilo de

tungsteno para obtener puntas con diámetros inferiores a 1micra.

De esta forma, hemos demostrado que la técnica de microscoṕıa de microondas de

campo cercano implementada en nuestro laboratorio nos permite caracterizar muestras

semiconductoras en el rango de frecuencias de 1GHz hasta 20GHz. En una imple-
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mentación diferente de la técnica NSMM hemos usado un microscopio de fuerza atómica

(AFM) comercial al que se le ha adaptado un microstrip y una analizador vectorial de

redes para obtener imágenes NSMM de diferentes muestras semiconductoras. Una com-

paración entre los resultados obtenidos por ambas técnicas fue nuestro principal objetivo.

En particular, se sugirieron algunas aplicaciones de NSMM, como la automatización de

la plataforma NSMM que utiliza el sistema de nanoposición con alta precisión.

Los resultados obtenidos en este trabajo muestran que las técnicas propuestas son

convenientes en términos de rango de operación de frecuencia y sensibilidad de las medi-

ciones según el estado de la técnica. Además, estas técnicas se convirtieron en una im-

portante herramienta de metroloǵıa para la caracterización nanométrica de materiales,

especialmente semiconductores, en el campo de la micro-nanoelectrónica.
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Abstract (French version)

Les techniques de microscopie microonde en champ proche connaissent un développement

très remarquable, car ceux sont des outils évolués, dédiés à la caractérisation des matériaux.

Ces méthodes offrent la possibilité de caractériser la surface et la sous-surface des

matériaux, en utilisant des mesures effectuées en modes non destructif sans contact et non

invasif. La technique NSMM comprend une cavité coaxiale résonante sur les fréquences

microonde connectées à un analyseur de réseau vectoriel.

Une sonde pointue qui s’étend du conducteur intérieur de la cavité est alimentée

par une énergie micro-ondes afin de former une sonde à champ proche pour analyser

l’échantillons mis sous test. Lorsque la distance entre l’extrémité de la sonde et la sur-

face ou le substrat de l’échantillon reste constante, alors que tout l’échantillon à analyser

est ”scannée”, les modifications de la fréquence de résonance du résonateur à cavité

coaxiale Fr et le coefficients de réflexion ou de transmission (S11 ou S21) sont mesurés

et enregistrés à l’aide d’un système informatique. Ces paramètres dépendent de la con-

stante diélectrique et des propriétés des semi-conducteurs de l’échantillon. En traçant

ces quantités mesurées par rapport à la position de la sonde, une carte diélectrique du

substrat et les propriétés du semi-conducteur peuvent ainsi être obtenues.

Dans cette étude, nous avons amélioré la mise au point d’une technique NSMM de

fabrication artisanale afin de tirer pleinement parti de son potentiel. Plusieurs tests de

simulation du résonateur à cavité coaxiale et de l’interaction entre l’échantillon et la

sonde ont été effectués afin d’obtenir une puissance de résolution spatiale élevée sur une

large plage de fréquences. Cette résolution spatiale est plus élevée lorsqu’on obtient une

sonde très pointue à son extrémité en utilisant la gravure électrochimique d’un fil de

tungstène. Dans notre cas, la gravure électrochimique du tungstène a été utilisée pour

obtenir des sondes d’un diamètre inférieur à 1µm.

Ainsi, nous montrons que l’exploitation des techniques de microscopie à champ proche

développées au sein de notre laboaratoire devraient nous permettre de caractériser cer-

tains échantillons de semi-conducteurs à haute fréquence allant de 1GHz à 20GHz.

Nous avons pu combiner avec succès une microscopie à force atomique commerciale avec

la technique NSMM. Notre objectif principal était de comparer les résultats obtenus
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par les deux techniques utilisées dans notre étude. Certaines applications de NSMM

ont notamment été suggérées, telles que son automatisation à l’aide d’un système de

nanopositionneur à haute précision.

Les résultats obtenus dans ce travail montrent que les techniques proposées sont

pratiques en termes de la plage de fréquence de fonctionnement et de sensibilité des

mesures selon l’état de l’art de la technique. En outre, ces techniques sont devenues un

outil de métrologie trés important impliqué dans la caractérisation des matériaux, en

particulier des semi-conducteurs, dans le domaine de la micro-nanoélectronique.
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List of Abbreviations and

Symbols

Abbreviations

AFM Atomic Force Microscopy

ADS Advanced Design System

CC Circulating current

CST Computer Science Technology

DC Direct current

DTS Distance between probe Tip-Sample

EM Electromagnetic field

Epoxy-FR4 Substrate material type

SNOM Scanning Near Field Optical Microscopy

FEM Finite Element Method

FDTD Finite Difference Time Domain

FET Field-Effect Transistor

GPIB General Purpose Interface Bus

HF High Frequency

HFSS High Frequency Structural Simulator

MoM Method of Moments

MRI Magnetic Resonance Imaging

MWS Microwave Studio Software

MMIC Monolithic Microwave Integrated Circuits

MLN-C Microstrip Line made of Copper

MLN-G Microstrip Line made of Gold

NSMM Near-field Scanning Microwave Microscopy
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PNA-X 4-Port Network Analyzer

POT Potentiometer

PCB Printed Circuit Board

PET Polyethylene Terephthalate

RF Radio Frequency

SQUID Scanning Superconducting Quantum Interference Device

STM Scanning Tunneling Microscopy

TE Transverse Electric Wave mode

TM Transverse Magnetic Wave mode

TEM Transverse Electric and Magnetic mode

VNA Vector Network Analyzer
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Symbols

B Electromagnetic flux

Ccoupling Coupling capacitor

CR Effective capacitance

D Electric flux

d Distance

E Electric field

E(Q) Azimuthal component of electric field

f0 Resonance frequency

fr Resonance frequency of working

f0 Resonance frequency at first mode

fr Resonance frequency

Go Graphene oxide

H Electromagnetic field

La− Ca−MnO Polycrystalline

LR Effective inductance

NaOH Sodium hydroxide

P RF energy lost per cycle

RGO Reduced graphene oxide

SiO2 Dioxide of silicon

S11 Reflection coefficient

S21 Transmission coefficient

Q Quality factor

TEnmp Propagation mode in waveguides

tanδ Loss tangent

U RF energy stored in the cavity

V Volume

Z Calibration impedance

ZL Load impedance
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QC Quality factor of conduction

σ Conductivity of metal used

QD Quality factor of dielectric

εre Effective relative dielectric

Qext External quality factor

λ0 Free space wavelength

QL loaded quality factor

ε Permittivity of Medium

ε0 Permittivity of Vacuum

µ Permeability of Medium

µ0 Permeability of Vacuum

λg Micro strip line wavelength

QR Quality factor of radiation

εr Relative permittivity

µr Relative permeability

∆f Shift in resonance frequency

∆f0 Shift in frequency

Q0 Unloaded quality factor

ν Wave propagation velocity in free space

ω wave pulsation
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Chapter 1

Scanning microwave

microscopy generalities

1.1 Introduction

Since the beginning of semiconductor device manufacturing such as bipolar transistor in

1947, Microelectronics has not left off to grow significantly. Today, dominated by Silicon,

Microelectronics is experiencing ever more demanding requirements on the performance

of components, particularly in the field of digital applications. In addition, with silicon

technologies, the growth of semiconductors makes the possibility to develop new compo-

nents and devices, for example in analog electronics, optoelectronic, power electronics,

and telecommunications.

To realize even smaller components and devices with high efficiency, Research has

enabled the emergence of tools to characterize them at micro and nanoscale range. Semi-

conductor characterization field is always an important issue. Traditional measurement

methods for semiconductors characterization require pre-measurement sample prepara-

tion that may affect the properties of the material [1]. So to study these semiconductor

components, material characterization techniques based on microscopy have been devel-

oped [2].

Over the past four decades, the field of microscopy has been changing by the new

microscopic methods. The new techniques ”see” the morphology of the surface of all

types of materials samples with a spatial resolution which depends on the wavelength

used [3], [4], [5], [6].

Various research centres around the World have focused their efforts on the creation

of these new microscopes, that make possible to examine and understand the distinctive
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characteristics of components [3]- [7]. These new instruments use evanescent microwave

fields and are capable of analyzing with high spatial resolution different types of materials

such as superconductors, conductors, dielectrics, insulators, semiconductors, and organic

samples [5]- [8]. In addition, these techniques characterize not only the morphology of

the surface but also the electrical, magnetic and physical properties of the surface of the

sample, but also beneath the surface [3]- [5].

Unlike traditional optical microscopy, the scanning microwave technique performs

sweeps of the sample surface in touch, or separated by a few microns up to nanometers

from the sample surface. So, it gives rise to a non-invasive and non-destructive technique.

Measurements can be presented in a wide range of temperatures, in the air or in the

vacuum, or in samples that are fixed or in motion or altered by the presence of electric

or magnetic fields or under the excitement of intense light beams. An example of such

technique can be a laser for the study of the change of the concentration of carriers in a

semiconductor [6], [7], [9].

Today, microscopes have advanced considerably employing wavelengths in different

bands, but also employing probing particles technique instead of photons. These in-

clude notably microscopes in which they use electrons, such as the scanning tunnelling

microscope (STM) [10], the transmission electron microscope (TEM) and the scanning

electron microscope (SEM). These tools have become widely used and necessary for Ma-

terials Science, Physics, Chemistry, and Biology.

In addition, the forces between the particles have been used in the field of the Atomic

Force Microscope (AFM): this technique has become a popular system of measurement in

the fields listed previously. The microscopes mentioned above have reached an extremely

high spatial resolution, some of them can resolve atoms individually. Microscopes that

use photons will always motivate the scientists to reveal the interaction behavior of a

material to electromagnetic waves at certain frequencies. In the past, microscopes using

electromagnetic waves inherently implied the processes of wave propagation for imaging

objects. The diffraction phenomena were, therefore, a major obstacle that limit the

spatial resolution of microscopes, which researchers strived to overcome, through the use

of the near field, then this limitation has been overcome later [11].

1.2 Work objectives

The objectives of this thesis are given as follows;

• Development of Near-Field Scanning Microwave Microscopy technique

(NSMM)

The first part of this research focuses on the design of an NSMM home-made tech-

nique. We start with an introductory chapter that provides a brief discussion of the
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techniques used for material characterization. The goal of the study is to develop

a NSMM technique that can pair with tools that we use in the laboratory. In order

to have this system feasible, several simulation tests were conducted. The time

needed for conducting these simulations was long as the technology that allows us

to realize this design was limited. Three were the main challenging tasks to accom-

plish: the design of coaxial cavities, the microstrip line resonators, and the probe

tips. Three different approaches have been implemented in the NSMM platform in

order to achieve a good functioning system and a high spatial resolution regarding

material characterization domain [12].

• Design an integrated NSMM-Atomic Force Microscopy (AFM) platform

system The second part of the research focuses on the integration of the two tech-

niques (NSMM and AFM). The integrated system design aims at tightly combining

an NSMM technique with a commercial AFM, in which different microstrip line

resonators were designed to ensure the proper functioning of the system. A quarter

and a half wavelength microstrip line resonators have been designed and fabricated.

In this part, our goal is to be able to image conductor materials like copper, a di-

electric substrate (epoxy), SiO2, graphene oxide (GO) and reduced graphene oxide

(rGO). These materials were tested in order to study their characteristics by using

this technique.

1.3 Methodology

The first section of the present work was focused on the design of the main part of a

NSMM system, i.e. the coaxial resonators. These resonators operate in the near-field

region. We have used a full-wave 3D Electromagnetic solver ( High frequency structural

simulator HFSS) to simulate the entire structure of the designed resonators. Furthermore,

whenever an optimization of the coaxial cavity and the feeds, is required, many of such

simulations are needed to be handled. Once the coaxial resonator was designed, and the

whole NSMM system simulated, the next step was the fabrication of the resonators and

the tungsten tip. The resonant cavity was then fully characterized in different conditions

and in a very wide frequency range using a Vectorial Network Analyzer. Several tungsten

tips were then fabricated using an electrochemical procedure. All the system was finally

implemented using micropositioning stages to accommodate the sample under study.

Section II of the work deals mostly with scenarios of NSMM-AFM combination tech-

niques, which typically require a good matching of NSMM with AFM technique. It is

well known that the integration between two different techniques is not a simple task

regarding their principles of functioning. For this reason, we used a 3D full-wave simu-

lator (HFSS) and (Advanced Design Simulator (ADS)) to characterize the device that
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establishes the integration between NSMM and AFM technique which is a micro strip

line resonator.

1.4 Thesis outline

This study is organized into six main chapters where several aspects of the research were

addressed: the design, the simulation and the experimental validation of the proposed

NSMM platform concepts.

Part I

• Chapter 01 presents an introduction to the study. First of all, it demonstrates

the motivation why the technique of characterization by near field scanning mi-

crowave microscopy has been chosen at a special frequency range. Discussing later

general characterization tools, in which are included four methods which explain

the functioning of the characterization at wide frequency range.

• Chapter 02 presents a brief introduction and concepts of the resonant cavities

theory closely related to near-field scanning techniques and to the workings of

the NSMM configuration used in the experiments. The goal of this chapter is to

describe the main part of NSMM which is the resonator.

• Chapter 03 focuses on the design and characterization of microwave coaxial cav-

ity resonators used in the experiments. This chapter provides some useful design

guidelines of the coaxial resonators used in the system. Several simulations includ-

ing the interaction between the resonator and the sample under test were carried

out.

• Chapter 04 provides an alternative setup with respect to the concept of NSMM

presented in previous chapters. The main goal of this chapter is to link these quan-

tities such as the transmission or the reflection coefficient, the resonance frequency,

and the quality factor to the electrical properties of the samples under test, and

how these quantities can be measured. Details about the coupling between the

probe tip of the coaxial cavity resonators are also included in this chapter.

Part II is devoted to the integration of the NSMM technique with a commercial AFM .

• Chapter 05 focuses on the setting of integration techniques. It provides a brief

description of the SNMM-AFM platform and investigates the combination methods

and samples used in it.

• Chapter 06 it summarizes final remarks on the results obtained in the thesis and

future work planned.
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1.5 Fundamentals

This section illustrates the concepts that are closely related to the application of scanning

near-field microwave microscopy and to state Maxwell’s equations in media

1.5.1 Maxwell’s equations in matter

The relations and variations of the electric and magnetic fields, currents, and loads

associated with electromagnetic waves in any kind of medium are governed by physicals

laws. In a homogeneous medium, without charge, dispersive and isotropic, for a given

frequency, Maxwell’s equations system are described as follows [13];

−→
∇·
−→
E = 0

−→
∇·
−→
H = 0

−→
∇ ∧

−→
E = − ∂

∂t

−→
B

−→
∇ ∧

−→
H =

∂

∂t

−→
D

(1.1)

For an isotropic, and linear medium, the density of the electric flux (D) and the

intensity of the electric field (E) are described by the following relationship [24];

D = ε.E = ε0.εr.E (1.2)

and even for the density of magnetic flux (B) and the magnetic intensity (H) are also

described by this relationship;

B = µ.H = µ0.µr.H (1.3)

Where, these parameters are defined as follows; ε is the permittivity of a given

material,ε0 represents the permittivity of free space and εr describes the relative per-

mittivity normalized to the permittivity of vacuum for a given material of ε. µ is the

permeability of a given material. Whereas µ0 free space permeability, and µr describes

the impact of the magnetic dipole moments of atoms inside the medium [13].
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1.1.2 Wave propagation equation

The wave propagation equation in a homogeneous medium is obtained by combining

Maxwell’s equations :

∇2 ·
−→
E +K2 ·

−→
E = 0

∇2 ·
−→
H +K2 ·

−→
H = 0

K2 = ω2 · ε · µ
(1.4)

Where ; K=ων =2π/λ, with ν represents the wave propagation velocity in free space and

ω its pulsation, λ =ν/f, represents the wavelength ,f represents the wave frequency. The

obtained equations are called three dimensional Helmholtz Equations [13].

1.1.3 Diffraction-limited system

The resolution of an optical imaging system such a microscope, telescope, or camera can

be limited by factors such as imperfections in the lenses or misalignment. However, there

is a principal limit to the resolution of any optical system, due to the physics of diffraction.

An optical system with resolution performance at the instrument’s theoretical limit is

said to be diffraction-limited.

The observation of sub-wavelength structures with microscopes is difficult because of

the Abbe diffraction limit. Ernst Abbe found in 1873 that light with wavelength λ,

traveling in a medium with refractive index η and converging to a spot with half-

angle θ will have a minimum resolvable distance of;

d =
λ

2(η sin θ)
(1.5)

The portion of the denominator ( 1.5) (η sin θ) is called the numerical aperture (NA)

and can reach about 1.4–1.6 in modern optics, hence the Abbe limit is around d =

λ/3. This means that if a microwave of frequency 2.5GHz is employed in a microwave

microscopy, a resolution of only 4cm will be achieved, too large to study material features

at high resolution. However, this difraction limit only holds in the far-field region, and

as demonstrated by Synge ( [14]) in 1928, near field microscopy is capable of overcoming

the Abbe diffraction limit.

1.1.4 Properties of materials

Different types of materials have diverse electrical and magnetic properties. Especially

some of them are insulators, and some are conductors [15]. The electrical properties

of the materials are what determine the behavior of a certain sample when the electric

current passes through it.

6



CHAPTER 1. SCANNING MICROWAVE MICROSCOPY GENERALITIES

The electromagnetic properties of matter can be represented by constitutive param-

eters: the permittivity ε and the permeability µ. Maxwell equations allow taking into

account the electrical conductivity of the medium through an expression of the permit-

tivity [16]. The permittivity and permeability must be represented by complex values;

ε = ε′ − iε′′ , µ = µ′ − iµ′′ (1.6)

Taking into consideration the dissipative effects (losses) inherent in any matter, the elec-

tromagnetic response of heterogeneous environments can be represented by an average of

permittivity and permeability provided that the size of the heterogeneities of the matter

remains low compared to the wavelength. Finally, about media with anisotropic elec-

tromagnetic properties, the permittivity, or permeability can be represented by tensors

quantities [15], [17].

1.1.5 Wave-matter interaction

At the high-frequency range, the electromagnetic fields interaction phenomenon with

materials became a wide use in the industry especially in the practical implementation

and medical sciences with no exception [6]. Instruments that are invented for a particu-

lar purpose or probes are derived from these systems, in which the interaction between

the electromagnetic field and material is produced by them. Various devices such as

the microwave oven, medical therapeutic tools, industrial applications of rf/microwave

plasma and other sensors are classified in the category of applicators and probes. It is

well known that all matter is comprised of atoms. But subatomically, matter is made up

of mostly empty space. For example, consider the hydrogen atom with its one proton,

one neutron, and one electron. The diameter of a single proton has been measured to be

about 10−15meters. The diameter of a single hydrogen atom has been determined to be

10−10 meters, therefore the ratio of the size of a hydrogen atom to the size of the proton

is 100, 000 : 1. For example, if the nucleus of the atom could be enlarged to the size of a

tennis ball (about 7 cm), its electron would be approximately 7 kilometers away. There-

fore, when electromagnetic waves pass through a material, they are primarily moving

through free space, but may have a chance encounter with the nucleus or an electron of

an atom. Because the encounters of photons with atom particles are by chance, a given

photon has a finite probability of passing completely through the medium it is travers-

ing. The probability that a photon will pass completely through a medium depends

on numerous factors including the photon’s energy and the medium’s composition and

thickness. The more densely packed a medium’s atoms, the more likely the photon will

encounter an atomic particle. In other words, the more subatomic particles in a material

(higher Z number), the greater the likelihood that interactions will occur Similarly, the
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Figure 1.1: Summarizes the different interactions between waves and matter.

more material a photon must cross through, the more likely the chance of an encounter.

When a photon does encounter an atomic particle, it transfers energy to the particle.

The energy may be reemitted back the way it came (reflected), scattered in a different

direction or transmitted forward into the material. Let us first consider the interaction

of visible light. Reflection and transmission of light waves occur because the light waves

transfer energy to the electrons of the material and cause them to vibrate. If the material

is transparent, then the vibrations of the electrons are passed on to neighboring atoms

through the bulk of the material and reemitted on the opposite side of the object. If

the material is opaque, then the vibrations of the electrons are not passed from atom to

atom through the bulk of the material, but rather the electrons vibrate for short periods

of time and then reemit the energy as a reflected light wave. The light may be reemitted

from the surface of the material at a different wavelength, thus changing its color [18].

1.6 Microwave techniques for materials characteriza-

tion

1.6.1 Generalities

The characterization of materials requires the use of a characterization method and a

model allowing the extraction of conductivity, permittivity and permeability parameters.

There are several measurement methods that differ according to a set of parameters. The
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frequency of determination is one of these parameters but the level of the dielectric and

magnetic losses of the sample, the size of the available sample, the solid, liquid or gaseous

state of the sample, the destructive or non-destructive nature of the method should also

be considered. All these parameters are factors to determine the suitable technique. For

each method, there are different models more or less complex to represent the measuring

device and the sample tested [19].

Microwaves characterization of materials consists of measuring the variations of the

electromagnetic waves reflected by or transmitted through, the object under test. These

microwave signals depend on the level of incident power on the object, the dielectric

constant, the permeability, conductivity of the material, and the measurement frequency.

We can quote measurements that can be described as destructive. This involves

printing metal tracks on the unknown substrate and measuring the coefficient of reflec-

tion or transmission of the waves. The electrical parameters (permittivity, permeability,

conductivity, etc.) are then deduced from these measurements. The non-destructive

characterization methods, do not affect the material to be characterized. The range of

millimetric frequencies and microwaves, although not rigorously defined, is usually be-

tween a few megahertz (MHz) and a few hundred gigahertz (GHz). The corresponding

wavelengths are between 100cm and 1mm. The frequency of use is usually chosen to

optimize the interaction of electromagnetic energy with the nature of the material, its

geometry, and its physical properties [18].

1.6.2 Potentialities of microwave techniques in the field of ma-

terial characterization

In the field of the characterization of the materials, this section introduces briefly the

microwave techniques used in non- destructive methods. This section will deal with the

capability of these techniques. One of the major cases of microwave non destructive

control has been studied in a patent in 1948, which describes a technique to assess the

level of moisture in a dielectric material [20]. This work was an important application

of non-destructive microwave control, till nowadays, because of the wide variation in the

dielectric constant caused by the presence of water molecules in the matter [21]. The

application of microwave in the non-destructive control field then developed slowly, but

a number of publications began to appear in the 1960s, from which the title combined

the words “microwaves” and “non-destructive testing” [22], [23].
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1.7 Far-field material characterization techniques

This section presents various techniques used in materials characterization at high fre-

quency with a wide range, especially in the region of far-field radiation.

1.7.1 Technique of free space

Figure 1.2: Bistatic measurement principle [25,29].

The typical free space technique consists of two antennas operating at a certain fre-

quency range as shown in Figure 1.2. To make this technique in a normal operating

mode, a flat sample is placed in parallel between these antennas which are well adjusted.

For example, when there is a signal transmitting , the other works as a receiver. This

channel between the transmitter and receiver antennas can record incident wave that

pass through the sample. This distortion of the signal arises as attenuation of the signal

and a shift in phase. They are easily measurable and the dielectric properties of the

sample undergoing the test can be extracted.

Techniques of free space are contactless and non-destructive measurement methods

to be used at a wide range, in particular, they would be more appropriate to characterize

materials at a high-temperature level, and homogeneous and non-homogeneous dielectrics

[24].Furthermore, to avoid the phenomena of diffraction by the edges of the sample, this

latter must be flat to obtain a good quality characterization. For a known frequency

value, the dimension of antennas is well identified to that they impose the size of the

sample that will be characterized [25].
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The advantage of these systems that operate in the mode of transmission is linked

to their simplicity. The reflection in an interface matter-environment produces the main

source of error associated with it; otherwise, the major limitation of these techniques

is the need to have large enough sample of matter to achieve sufficient sensitivity. The

reflection coefficient of the sample under test can be measured in addition to the trans-

mission coefficient that should be noted [18], [26], [27].

1.7.2 Split-cylinder resonator technique

Figure 1.3: Split resonant cavity [29].

The split cylinder resonator method is originally proposed by Kent [28]. It is often

used to determine the low losses of dielectric materials [29], [30]. Figure 1.3 shows the

setup on this technique, which is based simply on an empty cylindrical cavity, separated

into two sections of cylindrical waveguide short-circuited. The split cylinder resonator

must be constructed to allow an adjustable, a variable gap between the two cavity sections

for an introduction of the sample which must cover all section of the cavity.

In the split-cylinder resonator operation mode, in order to excite and detect its desired

fundamental TE011 resonant mode, a coupling loop is introduced in the cavity wall

through a small hole, in each of the two cavity regions, and from measurements of the

resonant frequency and quality factor, the permittivity and loss tangent of the sample

can be determined. The plane of the coupling loop should be parallel to the plane of

the sample, in order to allow maximum interaction with the vertical component of the

magnetic field. Each of the coupling loops is connected to a coaxial transmission line

that is connected to the input port of a vector network analyzer. To minimize the effect

of coupling losses, the distance to which the loops extend radially into each of the cavity

sections must also be adjustable. In addition to the fundamental TE011 mode, higher
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modes can be used to extend the measurement frequency. The main advantage of the

split-cylinder technique is that the sample needs only to be planar form and extends

sufficiently far beyond the diameter of the two cylindrical waveguide sections. Other

models are not necessary, which makes it an attractive method for accurate and non-

destructive measurements of low-loss substrates. [29], [31], [32], [33].

1.7.3 Methods based on reflection and radar

The main operating mode of the radar shown in Figure 1.4 is based on the signal

transmission and signal reflection in a body. This feature is produced when the signals are

emitted by the source and reflected later. So, the reflected signal provides a description

of the body that runs through this signal. Inspiring this main function to be applied in

the mode of material characterization, this technique of reflection consists of the source

of the wave at a special frequency range, and also coaxial probe open-ended that will

manage this operation.

Figure 1.4: Reflection method by using a coaxial probe [18,29].

The measurement procedure consists of diving the coaxial probe in a liquid sample,

or by placing the probe in contact with a solid sample as the sample must be flat in

one of its faces. The properties of the materials are determined by measuring the phase,

and the reflection coefficient module using the coaxial probe with materials under test

in contact mode.
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1.8 Near-field microwave microscopy NFMM

The first NFM (near field microscope) was proposed by E. Synge [34], and the first NFMM

(near-field microwave microscope) was demonstrated by Soohoo in 1962 [35]. λ/60 of

spatial resolution have been exhibited after being demonstrated by Ash and Nicolas

using near-field microwave microscope, where λ represents the free space wavelength.

For all the mentioned techniques of scanning microscopes, the use of wavelength above

the microwave and below optical regimes has been important. NFMM is still the oldest

technique, yet an active tool for the characterization of localized matter at high frequency.

This technique implies a set of tools to characterize and to analyze materials.

Since the first use of NFMM, several applications were developed using this technique

and among them we can cite :Non-destructive evaluation, passive and active circuits

imaging, quality control, study of surfaces, as well as the qualitative and the quantitative

characterization of dielectric materials including typically ferroelectric polarization [29],

[36], sheet resistance [37], dielectric constant as well [38], [39], magnetic permeability [40],

and the conductivity of material as well [12]. In addition, through these quantities, it

can be possible to know the temperature as a function of frequency.

1.9 Scanning microscope techniques with nanometer

resolution (STM, AFM, SOMM, NSMM)

Several techniques were developed many years ago to be useful tools for materials’s

characterization. They will be cited as follows:

1.9.1 Scanning tunneling microscopy STM

This technique (STM) was invented in 1981 by Heinrich Rohrer, Gerd Binnig, Christoph

Gerber and Eddie Weibull at the IBM Research Laboratory in Rüschlikon (1981), near

Zürich [10], [41], [42]. The STM and the ”atomic landscapes” that they produced will

become emblematic of what will be called nano sciences and nano technologies

The instrumental concept of STM makes possible to probe the closest electronic field

which is constituted by a tunnel effect on the surface of a conductive material. Scanning

Tunneling Microscope (STM) is used to observe the atomic structure of a surface in

direct space. Its principal operating mode is focused on the measurement of the electron

current It which passes through tunneling from one electrode (tip) to another (which is

the sample) or vice versa, through a potential barrier formed by a vacuum or a fluid.

When, the tip is moving over the sample with the smallest distance that separates the

tip from the sample, the current will be measured with the function of the position of
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Figure 1.5: Schematic of Scanning Tunneling Microscopy (STM) [44].

the tip as shown in Figure 1.5. The distance between the tip and the sample changes as

a function of the surface roughness. Furthermore, the current exponentially depends on

the tip-sample distance. The local variation of the electron density in the (X, Y) plane,

make a variation in the current It. This operation allows to obtain a scanned image by

plotting the following function of the current It=f(X, Y). STM has become a fundamental

tool in surface physics, enabling the study of nano object growth at the atomic scale,

dynamics phenomena on the surface(diffusion, alloys, etc.), and the observation of the

substrate-adsorbate interaction [10], [41], [42], [43]. To have a mapping of the surface,

the tip which acts as an electrode probe is brought close to the surface by piezoelectric

tubes. The tunnel current is the consequence of the junction polarization as it is shown

in Figure 1.5. So, this approach is performed at a non-zero bias voltage to be able to

measure the tunnel current once both electrodes are closer [10], [42], [44]. During the

scan over the sample, the tip is moving over the surface by raising the tunnel current

value, and this is repeated point by point. An amplification and processing unit controls

the (x,y,z) piezoelectric movement, hence, to maintain the current constant. The surface

image is produced, line by line, and by using a software, this latter can be shown on

screen.

The scanning tunneling microscopy can be used to study friction and surface rough-

ness of materials, and analyze the defects and reaction of the surface of materials such

as catalysts in which the catalysis is the back- bone of synthetic chemistry. The main

advantage of the scanning tunneling microscopy technique, that it allows to study at low

temperature the precision of electronic properties of observed objects. In addition, it
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permits to study the thermal reduced noise. The high stability obtained of STM makes

it possible to observe extremely current depending on the polarization bias voltage [44].

1.9.2 Atomic force microscopy AFM

The Atomic Force Microscopy is a near-field microscope technique that was developed

by Binnig, Quate et Gerber [42] in 1986. This technique enables us to have an atomic

resolution of different types of surfaces. In general, an atomic force microscopy system

is composed of ;

Figure 1.6: Schematic of Atomic Force Microscopy (AFM)[44].

• The sample holder(support): it is generally made of mica with a plane surface

which helps to obtain a good analysis. The chosen material of sample holder(mica)

allows fixing the sample very well, especially liquid samples. In fact, it helps also

to avoid that some part of the sample under test to be carried by the probe during

the measurement.

• Cantilever: it is made of Silicon in general, it moves over the sample under test

during the measurement. It is very flexible and can be easily damaged, and this

depends on the forces with low intensity that can be applied to it by the sample

that is known as (Electrostatic or Van der Waals interactions).

• Laser: Laser radiation is sent at the end of the cantilever and it is reflected toward

a photo diode to detect the variation of cantilever flexion.
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• The probe tip: it is the main part of the atomic force microscope, it is also fabricated

from Silicon and is connected to the cantilever. The size of the tip changes according

to the samples to be analyzed: it can be rounded or pyramidal in shape.

• Motion system: This system offers the displacement of the sample holder in x,y

directions to probe the surface of the sample under test. It is connected with a

photo diode, therefore it can control the height z of the sample to keep a constant

force between the sample under test, and the probe tip. The surface of the sample

analyzed is represented in three dimensions after the displacement has been saved

and transmitted to a computer system to process them and do the analysis of the

sample.

Figure 1.6 illustrates how an AFM works. The cantilever tip receives a light beam

on its back face; then this beam is recovered by a 4 dial detector. The deflection of the

cantilever is induced by the forces that are produced by the interaction of the cantilever

ended with a sharp tip, and the surface under test. This, deflection is being measured

once the variation of the light beam position is carried on the 4 dial detector [45].

According to the interaction between the surface and the cantilever tip, there are

several forces that are implied. The dependence of this interaction as a function of the

distance between the surface and the tip, allows distinguishing three essential operation

modes of the AFM. The first one is known as the contact mode in which the interaction is

strongly repulsive, whereas the second mode is produced without contact (Non-contact),

hence the interaction is totally weak attractive, and then the third which is more complex,

it is an intermittent contact or (tapping mode). The last mode is between the contact

and non-contact mode.

1.9.2.1 Contact Mode AFM

In this case, there is a repulsion of electron of the tip and the sample. The tip is kept

at a constant distance from the sample, so that variations of the z position of the tip

represent variations of the surface height [46]. In the context of general contact mode

that is shown in Figure 1.7-A, the cantilever that carries the tip sensor supports on the

sample [47].

1.9.2.2 Tapping Mode AFM

As it is illustrated in Figure 1.7-B, the cantilever is oscillating at a given frequency (in

the range of kHz) combined with a fixed amplitude. The sample will exert an attractive

force of (Van der Waals type- [46], [47]) with a short range on the cantilever and the tip.

So, the amplitude is going to vary according to the displacement of the sample height in

z direction.
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Figure 1.7: Different modes of the Atomic Force Microscopy (AFM)[46].

1.9.2.3 Non-contact Mode AFM

In Figure 1.7-C, we can see that this mode is similar to the contact mode, but, the

distance between the sample and the tip is kept fixed at very small value (nm scale). At

this point, the attractive forces induced by the sample on the cantilever and the tip also

used [46], [47].

1.9.2.4 AFM applications

The application field of the atomic force microscope keeps expanding. With its nano-

metric resolution, its main use concerns those applications that are situated between the

STM (using its atomic resolution), and the optical microscope (using its micrometric

resolution).

This technique has become an important useful analysis tool in comparison with the

electron microscope. In the fields of matter physics and biology, for example. One of the

advantages of AFM is that it is able to study insulating samples. Among the advantages

of an AFM are: its nano- metric resolution, and its ability to analyze different materials

(conductors, semiconductors, Insulating, biological,etc) [48].

1.9.3 Near-field scanning optical microscopy NSOM

In the characterization of matter, to exceed the ultimate resolution of systems set by

Rayleigh criteria, it is important to work with the closest field to the matter that is

going to be characterized. The first principle of optical microscope was exposed by

E.Synge in 1928 [34]. He proposed his idea by using an aperture smaller in dimensions

than the wavelength of light λ, made in a metallic screen, in order to illuminate a

sample locally [49]. E. Synge assured that it would be possible to observe some size

around 50nm, that is much less than the resolution of the microscope. This assertion
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Figure 1.8: The SNOM system [51].

had been demonstrated experimentally in 1972 by E. Ash and G. Nicholls [34], [50]. They

obtained images with λ/60 of resolution by using centimetric waves, whereas the criteria

of Rayleigh gives a limitation of order λ/2 of resolution.

Near-field optical microscope can be presented in two principal groups of experimental

configurations, as shown in Figure 1.8. Thus, if the probe is used as optical field detector

then it works on collection mode otherwise, the mode called illumination mode. This

operation is produced when the probe is used as a source of evanescent waves [51].

1.9.4 Near-field scanning microwave microscopy NSMM

Many research groups have been trying to develop the near-field microwave microscopy

using different designs. A micro strip resonator ended by an open electric dipole and

closed magnetic dipole. This design called an evanescent wave microscope was demon-

strated by Tabib. Azar et al. in 1993 [52].

The first evanescent microscope based on a coaxial cavity resonator probe was pub-

lished by Wei et al. in 1996 [53]. In addition, this technique was successfully implemented

in the context of evanescent microwave microscopy studies using a transmission line. It

was used by Vlahacos et al. [54] and Keilmann et al. [55].

A developed NSMM using a lumped-constant resonator probe is composed of an

outer ring in conduction format that is integrated with a commercial microwave oscillator

module using also a thin conducting needle. In the matter characterization domain, such

characterization of the bulk, thin film structures, are employed to analyze quantitatively
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their dielectric constant. This operation focuses on the measurement of gap-length that

depends on resonance frequency shift [56]. On top of that, the coaxial resonant near-field

microwave microscope was analyzed by a theoretical model, the set-up of quantitative

adjustment of tip-sample distance applying a scanning evanescent microwave microscope

over conductive samples; was developed using an analytical expression of the tip-sample

capacitance as a function of tip-sample distance. At the same time, a non-contact mode

imaging of topography and surface resistance of sample having a high spatial resolution

range was demonstrated [57], [58], [59].

The main constraint of a near-field scanning microwave microscopy was the tip-sample

distance control. To overcome this obstacle, a lot of techniques offering the control of the

distance between the tip and the sample under test were developed by researchers [60].

An incorporating of a scanning tunnelling microscope feedback to an NSMM probe has

been set up by Imtiaz et al. [61], in order to image capacitance and loss properties of

La-Ca-MnO thin film, and some kind of doped silicon sample. This is the result of

an association with STM topographic image to prove the shift in resonance frequency,

and the difference of the quality factor between the doped and undoped region. Other

approach to control the distance between the tip and the sample was proposed by Kim

et al. by using a tunning shear force quad glued to the tip [61]. A high spatial resolution

around 50nm reached by using NSMM provided by a coaxial resonator was applied to

have a topographic imaging on metallic surfaces [62].

1.9.4.1 Different techniques of NSMM

The majority of scanning near-field microwave microscopy contain an antenna, whose

edge is much smaller than the wavelength of propagation. This probe that is placed close

to a sample under test, is connected to a microwave detection system. When the probe

is over the sample under test with a respective distance of separation between the probe

and sample h, at this stage, an electromagnetic response of the detection system can be

collected. Additionally, this distance of separation h is less important than the size of

the probe and especially its aperture in order to keep a measurable signal. Figure 1.9

illustrates some of the techniques used in microwave microscopy [63].

Generally, there are two different modes of the near-field scanning microwave mi-

croscopy, resonant mode as it is illustrated in Figure 1.9-a-c, and the non-resonant

mode as shown in Figure 1.9-b-d-e. Figure 1.9-a represents a resonant cavity that is

connected to a sample using an evanescent mode by a small hole existing in the cavity

wall (aperture). The evanescent wave(signal) is applied locally to the sample, then the

perturbation of the cavity that is affected by the presence of the sample under test is

going to be measured by the changes in resonance frequency and the quality factor of

the cavity. The size of the cavity aperture and the distance that separates the sample
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Figure 1.9: Different near-field microscopy techniques; a) shows a microwave resonator
that contains a small hole in one of its wall. The shift in resonance frequency ∆f and the
quality factor Q are evaluated. b) shows the reflection and the transmission method. c)
shows the scanned transmission line resonator technique where ∆f and Q are evaluated.
d) shows the cantilever tip method where quantities like force are evaluated. e) shows
the scanning superconducting quantum interference device method [63].

of the cavity are factors used to determine the spatial resolution of this technique. As

shown in Figure 1.9-c, it is noticeable that the same principle was used previously. It

consists of a section of a coaxial transmission line or a resonator decoupled with the rest

of microcircuit by a capacitor. Samples are placed closer to the end of the probe to

ensure a good interaction with the resonator.

There are also techniques shown in Figure 1.9-b-d, that do not employ a resonator.

These techniques based on sending a microwave signal to the sample. Then, those signals

can be measured after they get reflected or transmitted through the sample. Figure 1.9-d

represents the possibility of obtaining a very high spatial resolution by very sharp probe

tip. This characteristic simplifies the control of the probe tip and the sample under

test [18].
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Figure 1.9-e shows another different method of microwave microscopy which is based

on the scanning superconducting quantum interference device (SQUID). This technique

implies to generate a circulating current (CC). This happens when a (DC) bias is placed

across the loop, these currents have a frequency that will be directly proportional to

the applied bias voltage. A magnetic field is generated by these currents that touch

the sample. A response current will be generated by the sample itself which changes

the inductance of (SQUID) loop. By measuring the feedback signal of the magnetic

field to maintain the (SQUID) in a state that has a constant flux we are allowed to

obtain a map of the electromagnetic response of the sample. This technique is used at a

wide range frequency up to 100GHz that makes it advantageous in comparison to other

techniques [63].

1.9.4.2 The basic component of NSMM

In general, a typical NSMM as shown in Figure 1.10 contains the following main com-

ponents [64];

Figure 1.10: The basic component of a NSMM. a) Typical schema of the microwave
microscopy introduced by Steinhauer et al. b) Different probing techniques [64].

• A microwave generator: the microwave source is represented by a vector network

analyzer that is used frequently as a detector as well as a microwave source.
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• Resonator:

In NSMM concept, several types of resonators were proposed by different research

groups. For example (Micro strip Resonator, a quarter and half wavelength coax-

ial resonators). In the schematic of NSMM in Figure 1.10, a transmission line

is represented by a coaxial resonator is used. In the absence of the sample, the

resonator is a half wavelength resonator because it is open-ended. On the other

hand, a contact with a metallic sample turns the boundary condition into a short

circuit and giving rise to a quarter wavelength resonator. For both cases, the shift

of resonance frequency obtained, is very sensitive to the probe tip-sample separa-

tion distance, and the electrical properties of the sample (Conductivity, dielectric

constant, permeability..).

• Feedback circuit:

The main objective of using a feedback circuit is to keep the microwave source

locked to the resonance frequency of the transmission line. The resonance frequency

due to the sample is proportional to the feedback output voltage. When the open-

ended coaxial probe is scanned over the sample, a computer system is recording

information about the shift in frequency of resonance and the quality factor.

1.9.4.3 Properties of NSMM

• Near-field : The graph shown in Figure 1.11 illustrates that there are four zones

Figure 1.11: Different radiation zones around a transmitter antenna.

of radiation around a transmitter antenna, from the far field zone till the very near
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field zone. The near field region is located near the antenna. This region is divided

into two parts; the reactive and the radiative regions of the near field. The far-field

region is the region that is located after the near radiative of the near field. In this

region , the electric and magnetic fields are dominated by radiating fields. Fields

E and H are orthogonal to each other and to the direction of propagation [18].

• Evanescent wave definition :

An evanescent wave is a wave in which the intensity decreases exponentially with

the distance from the source. In the reactive field zone (very near-field) the waves

are evanescent and the phenomena of propagation are negligible. Evanescent waves

appear possible solutions as Maxwell’s equations. They are part of a general type

of near-field solutions, however many of them are used in near-field microscopes.

• Spatial resolution : The size of the smallest object that can be observed on a

sample defines the meaning of imaging resolution.

Additionally, it has been clearly demonstrated that to have a high spatial resolution

of the smallest object for an NSMM probe depends at first on the sharpness of the

probe, the size of its end, and the separation distance between the probe and

sample. Also to get this high imaging resolution, the end of the tip must be as

small as possible and kept close to the surface of the sample.

The quantitative resolution can be defined as the size of such a zone or volume

in which the probe response is insensitive to the matter properties, this resolution

depends on essentially the geometry of the probe [18], [63].

NSMM exploits the microwave signal that is generated by the vector network analyzer

to feed the transmission line which ends with a sharp tip. It is important to employ a

resonant frequency when the tip of the probe is away from the sample, which means

the resonator resonates in the air. But, when it begins to approach the sample with a

well-known distance of separation, then the resonance frequency shifts. This change of

resonance frequency is explored in order to extract the properties of the sample under test.

The main advantages of near-field scanning microscopy are the higher spatial resolution

that it offers and sensitivity to the electromagnetic properties of the scanned materials.

The limits of this resolution are no longer fixed by the wavelength of the microwave

signals, but mainly by the geometry of the probe tip of the microscope. More details

concerning NSMM are given in the next chapter.

23



CHAPTER 1. SCANNING MICROWAVE MICROSCOPY GENERALITIES

1.10 Conclusion

In this chapter, a review of the history of NSMM, the main components of NSMM, its

operation mode, and different techniques based on near- field microscopy are presented.

NSMM is a powerful technique that can be used to study a different kind of materials such

as smooth bulk materials, lossy liquids, and thin films with sub-wavelength resolution. A

comparison between several microwave probe designs show the advantages and limitations

of each design with regard of the spatial resolution of the technique, materials that

can be studied and vacuum requirements as well. In the next chapters, two different

coaxial cavity resonators designs that use a microwave probe will be presented and used

for the measurement of electromagnetic properties of materials and structures such as

Sio2, graphene oxide (GO), and reduced graphene oxide (rGO). Finally, some possible

advantages of NSMM technique are highlighted, in terms of use and design.
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Chapter 2

Resonant cavity based on

near-field scanning microwave

microscopy

2.1 Introduction

An electromagnetic resonant cavity is an empty volume or filled with a dielectric, whose

walls are electric (metallic cavities) or magnetic cavity type (dielectric resonators). The

cavity is completely surrounded by the conductive walls, in which the electromagnetic

fields can have a special configuration for certain frequencies. Fields are established in

the form of a quasi-stationary wave regime and allow the cavity to store electromagnetic

energy for very long periods; the cavity is called ”resonant”. It is possible to use this

stored energy to be transfered to a particle crossing the cavity; the particle is thus

accelerated and its energy increases [17].

The resonant cavity operates at microwave frequencies ; the front face to the sample

has a tiny hole smaller than the wavelength of used signal. If the sample is placed very

close to the hole, the area on the sample with a surface equal to the diameter of the

hole will then disturb the resonance of the cavity, producing a change in both resonance

frequency and quality factor of the cavity. If, for example, the hole is smaller in the order

of µm and the sample causes a small disturbance to the cavity, this response could be

used to examine some property related to the analyzed sample [65].

The variation of a complex pulse of resonance resulting from a small modification of

the cavity is determined by the method of perturbation, according to the same principle

as for the waveguides. It is used in particular to assess the effect of losses in the walls,
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and the introduction of samples of materials or even a modification of the form [66] as

shown in Figure 2.1.

2.2 Perturbation theory

Figure 2.1: A resonant cavity perturbed by a change in the permeability or the per-
mittivity of the material in the cavity. a) Cavity in normal situation. b) Perturbed
cavity.

In general, when a small change is made in the form of a resonant cavity by the

introduction of small pieces of material, the properties of the cavity are modified. The

change of fields and the resonance frequencies are then produced. The shift in frequency

∆f represents the frequency of the measured disturbed mode f1 difference, and the

frequency measured in the air fr. This shift in frequency depends on the electromagnetic

field disturbed at the position of the disruptive element [17], [67].

In NSMM applications, the interaction between the tip and the sample under char-

acterization will produce a shift in resonance frequency and quality factor. In the case

when the sample is a dielectric material and homogeneous with low loss of permittivity

ε = ε
′ · (1− j tan(δ)), so the theory of perturbation is given by [68]:

∆f

f
∼= −(ε

′
− 1)

ε0
4w

∫
V s

E1E2dV (2.1)

∆(
1

Q
) = − tan(δ)

2ε
′

ε− 1

∆f

f
(2.2)

In the equation ( 2.1), E1, and E2 represent the electric fields calculated in the case of

the sample being considered with substrate permittivity ε. On the other hand, where

the air ε = 1. w represents the total energy stored inside the resonator. The volume of

the substrate is represented by Vs [68].
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2.3 Propagation modes of resonant cavities

Electromagnetic waves in a wave guide do not have the properties of a progressive plane

wave, in which the wave is propagating in a vacuum. For example, the electric and

the magnetic fields are not always perpendicular to the direction of propagation. The

purpose of this section is to define different modes in a wave guide. The TE (Transverse

Electric Wave mode) and TM (Transverse Magnetic Wave mode) in a wave guide are

electromagnetic waves in which the electric field or the magnetic field, respectively, are

normal to the direction of propagation Oz defined by the wave guide axis. Thus, the

modes of resonators constitute a real case that depends on the technique where the cavity

is excited and the application from which it is used. The cavity resonator has modes

listed as TEmnl, TMmnl. The index values correspond to periodicity (corresponds to the

number of sine or cosine waves) in three directions. The z direction is used as reference

to define the transverse electric or magnetic fields, Indices are allowed with the following

values :

TE =


m = 0, 1, 2, ...

n = 0, 1, 2, ...

l = 0, 1, 2, ...

 , TM =


m = 0, 1, 2, ...

n = 0, 1, 2, ...

l = 0, 1, 2, ...


The dominant mode is the mode in which the resonance frequency is the lowest.

The Transverse Electric and Magnetic TEM mode is characterized by both of electric

and magnetic fields that are transverse at each point of the cavity to the direction of

travel in three-dimensional space.

2.3.1 Cylindrical cavity resonator

In general, the cylindrical cavities based on a circular waveguide as illustrated in Figure

2.2 closed at both ends by metallic walls that are perpendicular to the longitudinal axis

of guided wave. Its excitation (feeding) may be made by a magnetic antenna (loop) or

an electric antenna type (monopole). When resonance conditions exist in the cavity and

this latter is excited by an electromagnetic field, standing waves are produced and the

energy is stored. Therefore, the study of the resonance conditions allows determining the

eigenmodes and their relative frequencies in the cavity.

Insofar the actual cavity has losses (types of metal losses on the walls, dielectric losses,

coupling losses, etc.), it will also be important to determine the over-voltage coefficients

of the cavity.

A resonant cavity coupled by a single port operates in absorption or reflection, and

in transmission when it is coupled by two ports. The resonant cavities are used as
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Figure 2.2: Cylindrical cavity structure.

resonant elements or as frequency meters in microwave devices, but can also be used for

the characterization of materials: determination of the complex permittivity of a gas,

and/or characterization of material properties with small dimensions. Furthermore, the

cavities are also used in wide range domain such as fixing the resonant frequencies of tube

oscillators (metal cavities for sources such as klystron) or solid state (dielectric resonators

for field effect transistors) [17], [69].

Figure 2.3: Air dimension inside the cavity.

As shown in Figure 2.3, the application of the boundary conditions at the cylindrical

cavity walls permits to get:

E
t

= 0, z=0, z=b.

The resonant frequency for the TEmnl mode is given by [17]:

fmnl =
c

2 · π · √µr · εr

√(pnm
a

)2
+

(
lπ

d

)2

(2.3)

For the TMmnl mode, the same equation 2.3 holds by simply replacing p by p
′
.

Where; fmnl, represents the operation frequency of the cylindrical cavity resonator.
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c , is the speed of light in vacuum.

µr, is the permeability of the filled material inside the cylindrical cavity resonator.

εr, is the permittivity of the filled material inside the cylindrical cavity resonator.

Pnm denotes the n− th zero of the m− th Bessel function.

a, Cavity radius.

d, is the height of the cylindrical cavity resonator.

lπ, Wave number of the resonant wave.

2.3.2 Rectangular cavity resonator

The rectangular resonant cavity consists of a rectangular waveguide section surrounded

by conducting plates at its two ends, z=0 and z=b, refer to Figure 2.4-a

Figure 2.4: a) Rectangular cavity structure. b) Air dimension inside the cavity.

As we can see in Figure 2.4-b, the boundary conditions of a short circuit at the two

ends, z=0 and z=b, will be satisfied once two opposite travelling waves along +z, -z

exist simultaneously and form a standing wave in the the z direction. Moreover, the

rectangular cavity contains standing waves formed, in all of its three directions, by the

internel field. The boundary conditions on the cavity walls hold at:x=0, y=0,y=d, z=0,

z=b. These conditions are the same as those for a rectangular waveguide.

The resonant frequency of the TEmnl, TMmnl of the rectangular cavity resonator is

then given by [70];

fmnl =
c

2 · π · √µr · εr

√(mπ
a

)2
+
(nπ
b

)2
+

(
lπ

d

)2

(2.4)
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2.3.3 Coaxial cavity resonator

A coaxial cavity designed with geometric parameters a, b, z, as shown in Figure 2.5

has an infinity of resonant frequencies, defined by implicit equations that result from the

writing of the boundary conditions.

Figure 2.5: Coaxial transmission line structure.

Generally, the coaxial resonators are made from the coaxial transmission line. There

are three different kinds of coaxial resonators.

2.3.3.1 Half wavelength resonator

Half wavelength resonator as shown in Figure 2.6 consists of a section of a coaxial

transmission line with length l over its two ends.

Figure 2.6: A half-wavelength coaxial resonator [71].

Usually, a coaxial resonator operates at TEM mode (transverse electromagnetic

mode). It is recommended that the following conditions must be satisfied to avoid the

resonance along the z direction [71].
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π.(a+ b) ≤ λmin, (2.5)

where :

• a represents the radius of the inner conductor.

• b represents the radius of the outer conductor.

• λmin, represents the shortest wavelength that corresponds to the highest working

frequency.

The relationship that links the resonant wavelength λ0 and the length of the resonator

l is:

l = n · λ0
2

(2.6)

This equation ( 2.6) indicates that the length of the coaxial resonator is a multiple of

the half wavelength, and through that it is called half-wavelength coaxial resonator [71].

2.3.3.2 Quarter wavelength resonator

The quarter wavelength resonator as illustrated in Figure 2.7-b is formed by one shorted

end, and the other one is opened. A standing wave is produced from the open load that

causes total reflection.

Figure 2.7: A quarter wavelength coaxial resonator [71].

The relationship between the resonator’s length l and the resonant wavelength λ0 is

given by:

l = (2n− 1) · λ0
4
, n = (0, 1, 2, ..) (2.7)
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This equation indicates ( 2.7) that the length of the resonator is odd number times

the quarter wavelength. The structure for a quarter wavelength resonator at its open

end will have generally some radiation losses. In order to overcome this drawback, a

segment of cutting-off TM01 circular wave guide is formed by the extension of the outer

conductor.

2.3.3.3 Capacitor-loaded resonator

The Capacitor-loaded resonator, shown in Figure 2.8-c, consists of a coaxial transmission

line section as the quarter wavelength resonator unless this latter is shorted at its two

ends.

Figure 2.8: A capacitor-loaded resonator [71].

It has a small space between the inner conductor and short plate of one of its ends.

This space can be modeled by a lumped capacitor.

2.3.4 Cavities coupling

Cavity resonators will be useful as circuit elements only if they can be coupled to other

circuit elements. Energy has to be fed into the cavity and taken out from it to be useful

as a filtering element. Excitation techniques used for launching waves into the waveguide

can be used for coupling or exciting waves in a resonator as well as shown in Figures 2.9,

2.10, and 2.11 respectively. The common methods used for coupling are as follows:

2.3.4.1 Probe coupling mode

This technique is an alternative coupling loop that is particularly useful one wants to

isolate the centre of the coaxial entry line of a cavity from the walls of the cavity to avoid

low frequency . Since the probe for coupling is different from the loop, the probe does
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not need mechanical support for the end of the central conductor. Besides, an insulating

or lossy watertight can be put at the entrance of the cavity [70], [72].

Figure 2.9: a) Waveguide and resonator fed by an electric probe. b) Equivalent circuit
of coupling probe mode [73].

Such probes are generally an extension of the central conductor of the coaxial line.

The equivalent circuit for a resonator with a coupling probe can be obtained by the same

general method used for the coupling loops. A short circuit is placed in such a way as

to have either a quarter-wave antenna or a half-wave antenna. It can be seen that in the

case of a half-wave antenna (open circuit), the resonance frequency of the tip is lower

than the natural frequency of the cavity. This derivative in frequency is clearly seen for

the resonator of Figure 2.9-a because the tip consists of a capacitance at the end of the

resonant line.

The open circuit probe can be considered to be equivalent to two capacitors connected

in series. Thereby, the quarter-wave short-circuit resonance frequency is lower than

the one of half-wave open circuit, and the equivalent circuit for the input impedance

is presented in Figure 2.9-b. The coupling capacitor Ccoupling is approximately the

capacitor at a low frequency between the tip and the conductor of the resonator [73].

2.3.4.2 Coupling magnetic loop mode

The most useful method of coupling a coaxial line to a resonant cavity is, the use of a

small loop formed at the end of the central conductor of the coaxial line and the wall of

the cavity. As illustrated in Figure 2.10-a, the loop is connected by the magnetic flux

of the considered natural mode.

By this flux linking, a voltage is generated in the loop by the oscillations of the cavity.

A resonator is fed in its entry using a coupling loop. The equivalent circuit is shown in
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Figure 2.10: a) Waveguide and resonator fed by a magnetic loop. b) Equivalent circuit
of a magnetic coupling loop mode [73].

Figure 2.10-b where d represents the arbitrary distance from a reference plane to the

internal surface of the walls of the cavity. The format of the equivalent circuit depends

on the relationship of an open circuit and a short circuit of the natural frequencies of the

cavity, and also a combined coupling loop [73].

2.3.4.3 Aperture coupling mode

The holes are commonly used to connect a coaxial line, or a waveguide to a cavity,

especially when an adjustable coupling is not required. The holes are physically simple,

but the calculation of

Figure 2.11: a) Waveguide and resonator fed by an aperture. b) Equivalent circuit of
coupling using aperture [73].

their performance is often difficult. Coupling is produced by an aperture in the metal

wall between the cavity and the wavesguide. Figure 2.11-a shows a structure of a cavity
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assembly using the hole and the equivalent circuit of this aperture [73].

2.3.5 Quality factors of resonant cavities

For a given closed non-ideal (real) cavity of volume V in which fields oscillate in a given

mode at the frequency f0. RF losses will then be generated by the presence of these

electromagnetic fields. These losses can be quantified by the ”quality factor” of the

cavity denoted by Q0 and given by:

Q0 = ω · U

P
(2.8)

Where : U represents the RF energy stored in the cavity, and P represents energy lost

per cycle. These RF losses are generally composed of two types: the losses due to the

dissipations in the dielectric medium composing the volume of the cavity, and the losses

due to Joule effects on the metal walls of the cavity [68].

When the cavity is coupled with a waveguide, the quality factor can be expressed as

follow ;

• The quality factor of the resonator corresponds to the unloaded quality factor , Q0.

• This quality factor corresponds the energy coupled out of the cavity. The losses of

this energy are produced when the cavity is fed by a wire element. So, this energy

can be taken out from the wire element and this feature is called external quality

factor Qext.

• The total losses can be defined as a loaded quality factor of these quantities as

follow;

1

QL
=

1

Q0
+

1

Qext
(2.9)

• The ratio S = Q0

Qext
of the losses in the external circuit to the losses in the cavity

depends on the coupling to the waveguide so that:

• ifS < 1, the cavity is under coupling .

• ifS > 1, the cavity is coupled.

• ifS = 1, the cavity is in critical coupling.

In a cavity resonator, several types of losses often occur according to its geometry and

construction. For example, a dielectric resonator will have a loss in dielectric due to its

loss tangent. Furthermore, in the case of the open-ended cavity resonator, its losses will
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be produced from the radiation leakage of its open ends. The walls of the cavity will

induce losses such as finite conductivity as they represent the conductive components of

the resonator. All these quantities increase the unloaded quality factor and they can be

presented and gathered as follow [68] :

1

QL
=

1

QR
+

1

QC
+

1

QD
, (2.10)

Where :

• QR represents the quality factor of radiation.

• QD represents the quality factor of dielectric.

• QC represents the quality factor of conduction.

2.3.6 Conclusion

In this section, we gave a description of resonant cavities including the propagation modes

that are used. We presented different kinds of cavity resonators, their operating principle

and coupling modes properties that depend on the intended application. An estimation

of the stored energy and losses of the cavity resonators during its operation has been

modeled by a quality factor. This latter is defined as the ratio of the energy stored in

the cavity divided by the energy lost per cycle.

2.4 Microwave simulation

Microwave simulation of components and 3D structures require powerful tools. The

main objective of the electromagnetic simulation is to find an approximate solution to

Maxwell’s equations that satisfies a given boundary conditions and set of a initial condi-

tions. To solve Maxwell’s equations numerically, several methods have been developed,

namely:

• Method of Moments (MoM)

• Finite Element Method (FEM)

• Finite Difference Time Domain (FDTD).

For each method, a specific convenient tool was designed. In this section, the best known

electromagnetic simulation softwares that can be used in near field microscopy. These

softwares are generally based on finite elements analysis like the famous HFSS software

package. HFSS and CST are 3DEM simulators based upon different computational
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techniques. HFSS is based on Finite Element Method (FEM) which is more accurate for

designing microwaves devices such antennas while CST is based upon Finite Integration

in Technique (FIT) and is also popular among microwave devices designers due to ease in

simulations. However, results of both simulators are not the same because of the different

computational techniques involved. HFSS results are close to experimental results with

more insight into the structure available.

ADS is used for circuit co-simulations where active components are also involved. It

can be used for planar antennas as well and is based upon MoM (Method of Moment).

HFSS can offer a reliable mesh adaptation algorithm, and several simulation coverage

criteria are sufficient to obtain reliable data in one simulation. CST also includes several

coverage criteria but its suitable simulation mesh adaptation procedure for multi-channel

MRI (Magnetic Resonance Imaging) coil is based on increasing the Lines per wavelength

and Lower mesh limits settings. This refinement over the entire volume of the model is

a less robust approach, compared with the refinement of HFSS mesh, which is performed

mainly in volumes containing the maximum field values [74].

2.4.1 CST simulator

The Computer Science Technology (CST) as illustrated in Figure 2.12 Microwave Stu-

dio (MWS) software is an electromagnetic simulation software for passive structures in

3-Dimensions. The MWS simulations are based on the finite integration technique FIT-

Finite, in order to determine solutions to electromagnetic problems by Maxwell equa-

tions in integral form. Regarding to the technical form, this method digitalizes over a

discretization space as for FDTD (Finite Difference Time Domain). The MWS software

s

Figure 2.12: CST graphic interface.
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meshes the structure using parallelepiped voluminous elements which allow a direct de-

scription in 3-D of all the components of the described systems. It is possible to describe

the microwave devices to be controlled as they are made in practice by a stack of layers

of materials with their own characteristics; permittivity and tangent losses in the case

of a semiconductor and electrical conductivity in the case of a metal with losses. Like

all 3D simulators that exist today, the advantage of this tool is its ability to process all

sorts of homogeneous and non-homogeneous structures, regardless the desired technol-

ogy. However, the implementation of the software is very cumbersome for planar circuits

which are simple circuits. The software requires significant computer resources and in

addition, calculations require the resolution of large matrix systems [75].

2.4.2 HFSS simulator

HFSS (High Frequency Structure Simulator) is an electromagnetic simulator for 3D mod-

els as it is presented in Figure 2.13. It integrates simulations, visualizations and an

easy-to-use automated interface in order to solve quickly and efficiently 3D electromag-

netic problems. Its calculation code is based on the finite element method. This software

can be used to calculate many quantities such as S parameters, resonance frequencies

and fields. It is a tool for calculating the electromagnetic behavior of a structure and

possesses post-processing tools for more detailed analysis.

Figure 2.13: HFSS graphic interface.

It allows the calculation of:

• Basic quantities: near field, far field.

• Characteristic impedances of ports and their propagation constants.
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• Normalized S parameters relative to a specific port impedance.

In order to generate a solution for the electromagnetic field, HFSS uses the FEM.

In general, this method divides the problem-solving space, according to computational

capacity and accuracy, into several thousand smaller regions and, represents the field in

each sub-region (element) with a local function. The geometry of the model, studied

under HFSS, is automatically divided into a large number of tetrahedra. The value

of a field vector (E, orH) at a point inside a tetrahedron is calculated by polynomial

interpolation of the field values in the vertices of this latter. Thus, by representing field

values in this way, HFSS transforms Maxwell equations in matrix equations solved by

numerical classic methods.

This is produced by dividing the structure into several small regions. HFSS calcu-

lates the fields separately in each element by setting convergence criteria. The smaller

the elements are, the more precise the solution is, yet the computation time is longer.

This tool is suitable for inhomogeneous and discontinuous structures. One of the main

advantages of this software is also its adaptive mesh, that is ideal for analyzing resonant

structures and low bandwidths [75].

2.4.3 ADS simulator

Advanced Design System (ADS), developed by AgilentEEsof EDA, is a software for

the design and modelling of electronic systems working in the microwaves and radio

frequency ranges as shown in Figure 2.14. The targeted applications are very large

including, among others, the field of mobile telephony, pagers, wireless networks, radar

and satellite communications systems.

With its easy-to-use powerful interface, the software offers design and simulation

possibilities for the radiofrequency and microwave domains, and is divided into Analog

RF Designer and Digital Signal Processing Designer modules that can interact with each

other:

• Design of monolithic microwave integrated circuits (MMIC ) or hybrids (with Sur-

face Mounted Components).

• Design of new architectures for future wireless telecommunications standards.

ADS pioneers are the most innovative and performing technologies in commerce,

such as X-parameters and EM 3D simulators. It is used by leading companies in wireless

communication and networks and aerospace and defense industries.

There have been significant advances in the recent development of modeling tools

for the design of the microwave components, especially with electromagnetic simulations
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Figure 2.14: ADS graphic interface-Micro strip resonator simulation.

Figure 2.15: ADS result interface .

(EM) components. Today’s software tools use models developed to provide a representa-

tion of the microwave including mounting devices or chip surface or whatever the shape

of the component in the simulation. Depending on the type of the modelled component,

linear and non-linear simulators are normally required. Furthermore, time-domain and

EM simulators may also be required.
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2.5 Conclusion

In this chapter, the theory of resonant cavity and the simulation tools are presented.

The first section was dedicated to the introduction of the environment of the resonant

cavity, with different function modes and also various kinds of resonators. In addition to

theoretical concepts, we have introduced ADS, HFSS, and CST softwares for the design

and simulation of different types of resonators. In our study, the ADS and the HFSS

were the main tools used to model, design and simulate the investigated resonators with

different structures namely coaxial resonators. Note that micro strip resonators could

also be designed and simulated. The related study will be described in details in the

next chapter.
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Chapter 3

Design of coaxial cavity

resonators

3.1 Introduction

This chapter is devoted to the design the main parts of an NSMM platform. The NSMM

consists of a near-field probe and a microwave measurement system as it has been previ-

ously mentioned. According to the measurement configuration, this system has to allow

the determination of the variations of the coefficient of reflection and/or transmission,

of the shift of the resonant frequency and/or the variation of the quality factor when a

sample is present to near the probe. Besides, when the system determines these param-

eters without the presence of the sample, it is said that the measurements are done in

air [68].

Several academic and industrial research laboratories are more and more interested

in the development of near field scanning microwave and they also take into account the

range of possible applications of this technique (characterization of materials, imaging,

biomedical applications, chemical analysis, etc ...).

In this section, different platforms of near field microscopes will be presented. The

platform developed by Wang et al [18] at MITEC group of L’IEMN, the Agilent Tech-

nologies platform developed by Karbassi et al [13] and the microscope developed by Wei

et al in Xiang’s research group from Lawrence Berkeley national lab [13].

Figure 3.1 represents the NSMM configuration platform developed by Wang et al

[18] at the group of L’IEMN. This system consists of a probe that is designed using a
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Figure 3.1: Near field microwave microscope developed by Wang et al [18].

micro strip line of 50Ω. This micro strip line has been tapered at its end to a width

of approximately 60µm, and was associated with a simple stub in order to realize the

adaptation of the network. Taking into account the high impedance of the near-field

probe, an adaptation at 50Ω has to be set to improve the measurements sensitivity.

To measure the reflection coefficient, a four-port reflectometer (FPR) has been used

in this platform [68]. This reflectometer consists of six Wilkinson dividers, a 90◦ phase

shifter and two detectors D1 and D2. The voltages V1 and V2 that were measured by

the detectors are used for the calculation of the reflection coefficient at the level of the

access plane of the measurement port of the sample under test. The measurement unit

contains a controlled source (Voltage Control Oscillator-Phase Locked Loop VCO-PLL),

this latter allows generating the microwave signal at the resonance frequency of the mi-

crostrip line resonator. Additionally, the control of the position of the sample has been

developed using a data processing unit, to save the output voltages of the detectors and

to calculate the complex reflection coefficient S11. This platform offers operation in real

time and with high spatial resolution around λ/2000 [68], [18].

The combined NSMM-AFM head presented in Figure 3.2, is a system that has been

designed and fabricated by Agilent Technologies. This system uses a conventional re-

flectometer (i.e. VNA coupler) to measure the impedance variations between the AFM
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tip and the sample. The AFM tip has a high impedance, compared to 50Ω. Moreover,

to improve the measurement sensitivity of the reflectometer, a half-wavelength resonant

coaxial line, and a 50Ω shielded resistor are inserted between the measuring system and

the probe. The main principle is related to the measurement of the impedance at the end

of the AFM cantilever when it is in contact with the material under test. This impedance

can be measured using a network analyzer at a frequency close to the resonance frequency

of the resonator. The probe used is a commercial AFM probe, consisting of a tungsten

Figure 3.2: Near-field scanning microwave microscopy assisted system developed by Kar-
bassi et al [67].

tip mounted on a stainless steel lever. According to the AFM operation principle, an

optical detection method is used to track the topography of the sample under test. By

adding a microwave signal to the probe tip, it is possible to have topographical imaging

of the sample under test via microwave signal and AFM. The reflected signal delivered

to the directional coupler is converted through a mixer and sent to the input of a lock-in

amplifier referenced to the reference signal of a microwave scanner. The perturbation

of the electric field at a near-field of the probe aperture is produced by the area of the

sample under test which is scanned. This perturbation could be measured by controlling

the reflected voltage wave. However, information about the sample under test such as

resistivity, permittivity, or doping level in the case of semiconductors sample, can be

carried on this reflected voltage wave. All these parameters are accessible to be figured

out using AFM which makes it a specific technique [13], [68] .

The schematic platform illustrated in Figure 3.3, represents an experimental set-up

of NSMM that was developed by Wei et al at Xiang’s research group from National Labs

in US [68]. They designed a λ
4 coaxial cavity resonator which is fed by an electromagnetic

coupling loop. This coaxial resonator has an outer and inner conductor from copper. The
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inner conductor is tapered at its end and ended by a sharpened tip usually made from

tungsten. This tip is extended with 1mm to 2mm out of the cavity resonator through

a hole that exists in the bottom of the end plate of the resonator, and this will be done

without contacting the end plate because this feature can avoid the electrical contact. As

it is mentioned before, the coaxial resonator is energetically coupled via two conducting

loops formed from the inner conductors of coaxial cables to the ports 1 and 2 of vector

network analyzer (VNA).

The monitoring of the changes in the resonance frequency and the quality factor in this

Figure 3.3: Near-field scanning microwave microscopy assisted system developed by Wei
et al in Xiang’s research group from Lawrence Berkeley national lab [13].

set-up is, therefore controlled by the vector network analyzer. This operation can be done

when a sample under test is placed closer to the tip or with contact. This experimental

set-up was admitted as a patent of Xiang et al [13].

3.2 Approaches to design different resonators

In this section, we will pay attention to those platforms presented previously. Our study

focuses on making a contribution to developing an NSMM platform among these ones.

We have designed a λ/4 microstrip line probe using HFSS and ADS software, and then

we reinforced our platform where our contribution was designing different coaxial cavity

resonators. The first coaxial cavity resonator was a cylindrical one and the second one

was a conical one. In the following sections, each resonator will be presented with its
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simulation using HFSS and ADS. During our study, several simulations have been done

according to the design of these resonators and also their interaction with the material

to be analyzed. Nevertheless, the interaction of the probe tip connected to the end of the

resonator and the sample under test had been simulated just in the HFSS environment.

3.2.1 Design of the microstrip line resonator

The technique of printed circuits, originally developed in the field of Electronics, has

spread in the field of microwaves since it allows the creation of transmission lines and

micro-(isolators, phase shifters, circulators, etc.). The advantages of microstrip lines in

comparison to coaxial lines or microwave guides are low cost, small footprint, and ease

of manufacture. However, the microstrip lines carry low power and have greater losses

due to the absence of shielding [17].

The microstrip line consists of a metal strip deposited on a dielectric plate which is

completely metalized on the other side (ground plane) (Figure 3.4,).

Figure 3.4: Geometry of a microstrip line with its configuration of electromagnetic field.

The line is characterized by the relative permittivity of its substrate εr, by the thick-

ness h, by the width w of the ribbon which determines the characteristic impedance, and

finally by thickness t of the ribbon. The propagation medium is therefore not homoge-

neous, part of the field lines is located in the substrate, the other part is in the air.

Strictly, the propagation cannot take place in the T.E.M. (Transverse Electro Magnetic).

There are necessarily longitudinal components Ez and Hz of the fields. However, if they

47



CHAPTER 3. DESIGN OF COAXIAL CAVITY RESONATORS

are operated at a frequency that is not too high, these components are small compared

to the transverse components and can be neglected. The micro-ribbon line is usually

used in the quasi-T.E.M approximation [76].

The first microstrip line resonators ended by a probe tip were introduced by Tabib-

Azar et al as shown in Figure 3.5, [52], [77]. These microstrip line resonators were

used for materials characterization. The microstrip line resonators developed by Tabib-

Azar et al are quarter-wavelength (λg/4) or half-wavelength (λg/2) lines terminated by

a radiating element (tip).

Figure 3.5: Microstrip line resonator and probe tip assembly [09].

Figure 3.6: Simple stub mounted in parallel on a microstrip line.

The resonance frequency of the probe tip is fixed by the effective permittivity and

the length l of the resonant line (λg/4, or λg/2) and its quality factor, therefore, depends

on the length of the gap between the feed and the resonant line.

If a stub of length l in an open circuit is mounted in parallel on a microstrip line as shown

in Figure 3.6, for certain frequencies such that l = ((2K + 1)λg)/4, , 3..), the impedance
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returned in parallel on the line will be a short circuit. The structure then behaves like a

band-cut filter and the transmission is attenuated significantly.

3.2.2 Simulation of the microstrip line resonator under ADS en-

vironment

Wang et al from the group of L’IEMN [18] used a 50Ω microstrip line tapered at its end

coupled to a simple stub for matching the circuit with the network. Our idea was to

integrate it into our platform, and also use it for combining a commercial atomic force

microscopy with an NSMM, in which specific microstrip line resonators were designed to

realize this coupling and will be detailed in the next chapter. The microstrip line works at

a frequency of resonance around fr = 2.5GHz, so to match connectors, the characteristic

impedance is set to 50Ω. This microstrip line resonator was designed according to the

following characteristics; a FR4 Epoxy substrate with (εr = 4.4) that was conducted on

it, the conductivity of the conductor in the line which is copper (σ = 5.8 × 107Sm−1),

and a metallization thickness of 35µm.

Figure 3.7: Microstrip line resonator designed in ADS.

Figure 3.7 illustrates the design of the microstrip line resonator under ADS environ-

ment, by using an open circuit, and a simple stub circuit matching, the resonator then is

well matched with 50Ω impedance where it resonates at fr=2.601 GHz. The simulation

of the design was performed under ADS simulator. Furthermore, the module of the re-

flection coefficient S11 is presented in Figure 3.8. The resonance frequency obtained in

the simulation is close to the resonance frequency of the experimental measurement.
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Figure 3.8: S11 module of the microstrip line resonator using ADS simulator.

3.2.3 Microstrip line resonator simulated under HFSS and fab-

ricated on PCB

The design shown in Figure 3.9-a, represents the microstrip line resonator fabricated on

an Epoxy substrate as it was mentioned previously. The fabricated microstrip line was

also simulated using HFSS package as shown in Figure 3.9-b.

Figure 3.9: a) Microstrip line resonator fabricated. b) Microstrip line resonator designed
in HFSS [18].

Figure 3.10 shows the module of the S11 parameter of the microstrip line resonator

using HFSS. Figure 3.11 shows a screen shot from the vector network analyzer (VNA).

We see here the module of S11 parameter as a function of the frequency around the
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Figure 3.10: S11 module of the microstrip line resonator using HFSS simulator.

resonance frequency which experimentally results to be fr = 2.615GHz.

Figure 3.11: Screen shot from the VNA showing a frequency sweep of the microstrip line
resonator.

Figure 3.12 the S11 module related to the microstrip line resonator measured ex-

perimentally and calculated with HFSS and ADS packages: the red curve represents the
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measurement of the fabricated resonator measured using a VNA vector network ana-

lyzer, its resonance frequency is fr = 2.615GHz; the blue and brown curves represent

the module S11 of the microstrip resonator fr = 2.619GHz, fr = 2, 6005GHz simulated

in ADS and HFSS environment respectively.

Both simulation enviroments reproduce with high precision the experimental behavior

Figure 3.12: Comparison of simulated and measured reflection coefficients S11 of the
microstrip line resonator.

of the microstrip.

Through the experimental measurements, and the simulations under ADS we can

figure out that the resonator works at fr = 2.615GHz, with simple stub length lstub =

13.9mm that contributes to the circuit matching. The parameters of the microstrip line

resonator will be determined as follow:

• Calculate the effective relative dielectric
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l = λ
4 = c

4∗f∗√εe , l = 13.9mm,⇒ εe = 4.25.

Where lstub = 13.9mm corresponds to the stub length and λ corresponds to the

free space wavelength.

εre corresponds to the effective relative dielectric of the microstrip line εe = 4.25.

• The propagation constant of the micro strip line is given by;

βl = 2π
λ
λ
4 ⇒ β = 112rad/m

3.2.4 Simulation under HFSS the interaction between the res-

onator and the material under test

In Figure 3.13 we presented a sample of material to be tested under HFSS environment.

This sample consists of transmission line, fabricated on a substrate of Epoxy including the

same characteristic in which the microstrip line resonator is made of. It has a conductor

line with 100µm width and 35µm of thick. In this example, the sample size was 6×6mm.

Figure 3.13: Micro strip line resonator over a sample under test.

To show the operation mode of the resonator ended with a tapered line forming a

probe, the resonance frequency is determined by testing this resonator in the air at first.

Different kind of samples in material and size have been used in the simulation to see

the interaction between the tapered line of the resonator and the sample under test. The

sample is placed at a fixed distance from the probe (distance tip-sample) and is kept

constant during the scanning. In this simulation, the distance between the sample and
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the tip was kept at 40nm. The influence of the resonator when the tip is in the air or

near the sample is different. These variations in resonance frequency are clearly shown

in Figure 3.14.

Figure 3.14: Microstrip line resonator simulation, in the air, over a metallic region of
the sample under test, and over a dielectric substrate with a separation distance of
d = 0.4µm.

The blue curve shows the magnitude of S11 parameter of the microstrip resonator

when the probe is in the air (i.e. very far from the sample). In this case the reso-

nance frequency is frair = 2, 60GHz. When the tip is over a sample (on the metallized

part, in red, or in the dielectric part, in green) the magnitude of the S11 parameter

changes. In these cases, a variation of 100MHz of the resonance frequency from each

one is produced. The resonance frequencies of the probe over the metal part and the

dielectric part of the sample are respectively: frmetal = 2, 58GHz, frdielsub = 2, 57GHz .

As it was previously mentioned, the resonator was matched using a 50Ω microstrip

line, indeed, as the microstrip line has tapered at its end, a variation in resonance fre-

quency was produced. The presented microstrip line resonator is ended by a tapered

line, which has an aperture width of 60µm as shown in Figure 3.15.
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Figure 3.15: Microstrip line resonator ended by a tapered line.

Figure 3.16: Variation of the resonance frequency according to the aperture width of the
tapered line resonator in the air.

Figure 3.16 shows the variation in resonance frequency when the aperture width of

the tapered line changes. According to the simulation, measurement tools that allow
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us to reach this resolution, the best aperture width of the tapered line should be set at

d = 60µm to offer a good interpretation of the interaction between the tapered line of

the resonator and the material under test.

Figure 3.17: Approaching of the dielectric sample towards the tapered line resonator
with a separation distance step of d = 2.5mm with a step of 0.5mm.

To demonstrate the interaction between the tapered line resonator and the material

under test, a sample from copper was chosen to this operation. The sample was sized

3× 3mm, and with a thickness of 1.59mm.

The curve presented in Figure 3.17 shows how the resonance frequency decreases

when the distance between the tapered line and the dielectric sample decreases also. The

separation distance between them was set at D = 2.5mm, and the dielectric sample was

approaching with −0.5mm of a step towards the tapered line. The lowest resonance

frequency, fr = 2.603GHz, is obtained when the dielectric sample and the tapered line

are in contact.

Figure 3.18 represents the evolution of the approaching mode of the metal sample

towards the tapered line. The metal sample was sized 0.1 × 6mm and with 35µm of

thickness. The distance between the tapered line and the sample under test was set also

at d = 2.5mm, and the approaching of the sample towards the tapered line have been

done with a step of −0.5mm. The resonance frequency was decreasing slowly as the

separation distance decreases until d = 1mm, a quick decreasing in resonance frequency

have been recorded. The contact between the tapered line and the metal sample was

produced at the resonance frequency value fr = 2.53GHz.
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Figure 3.18: Approaching of the metal sample towards the tapered line resonator with a
separation distance of d = 2.5mm with a step of 0.5mm.

The section above presented a brief explanation about the introduction of the mi-

crostrip line resonator, in our work, several simulations have been done using two sim-

ulators, ADS, and HFSS. The simulation results of the resonator obtained are close to

the real operation mode of this resonator in comparison with the measurement realized

using VNA.

In addition, a small sample consists of a section of transmission line was used to study

the interaction between the probe resonator and the nature of the sample under test in

order to calibrate our SNMM platform. The fabrication of the microstrip line resonator

was restricted with the technology and the tools that our laboratory offers. The smaller

width of the aperture probe resonator was 60µm which gave a good response.

3.3 Coaxial cylindrical cavity resonator ended with

a sharp tip

It was noted previously that a coaxial cavity resonator consists of a λ
4 cavity resonator

with a high-quality factor. It is associated with a metallic tip sharpened at its end in

which it is mounted on the inner conductor of the cavity. However, the tip is extended

outside the cavity some microns through a hole at the center of the endplate of the

cavity. Two types of coaxial cavity resonators have been simulated and fabricated in
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this thesis. In this chapter, we will discuss the concept of several types of the coax-

ial cavity, and their simulations using HFSS tools. Nevertheless, the fabricated cavities

were designed in accordance with the technology of fabrication that the laboratory offers.

3.3.1 Design of coaxial cylindrical cavity resonator

In the literature, we can find different simulation models that describe the previous

NSMM platform. In the following sections, a more detailed description of NSMM’s main

components will be simulated. The design of a cylindrical coaxial cavity requires the

Figure 3.19: Geometry of coaxial cylindrical cavity resonator.

determination of radii and the length of the inner and outer conductors. The considered

coaxial cavity resonator in this thesis according to the calculations, is open at one end

and closed at the other one which means an open-ended coaxial resonator cavity (λg/4)

of wavelength as shown in Figure( 3.19. In order to get a high-quality factor and high

spatial resolution, different sizes of the cylindrical cavities were designed and simulated,

but the fabricated one has length l = 38.6mm, its radii of the outer and inner conductors

are a = 17mm, b = 2mm respectively.

The quasi (λ/4) Transverse Electro-Magnetic (TEM) mode is the fundamental mode

in which the designed coaxial resonators are generally operating in it.

Before the fabrication of those coaxial cavities resonators, an optimization design has

been done for each one using HFSS. The main goal of these simulations is to obtain

a resonator adequate with the application of the NSMM platform. In addition, some

examples of several simulations describing the interaction between the material to be
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Figure 3.20: Design of the coaxial cylindrical cavity resonators under HFSS. a) The
optimized cavity according to the fabricated one, fed with an electric coupling. b) The
simulated cavity fed with a magnetic coupling.

analyzed and the metal tip connected to the end of the inner conductor of the coaxial

cavities will be presented in the following sections.

3.3.2 Characteristics of coaxial cylindrical cavity resonator

The coaxial cylindrical cavity resonator is characterized by two important components:

3.3.2.1 Resonant structure

This structure consists of the designed shape with a tuned length and diameter of the

inner conductor and the outer shield conductor. Those parameters are calculated in

order to adjust the frequency of resonance in which the resonator operates in. The inner

and outer conductors are made from aeronautical copper, the inside coaxial resonator is

filled out with a specific dielectric or by the air. The resonance frequency of this coaxial

cavity is around f0 = 1.1GHz. The inner conductor is tapered at its end, forming a

straight tapered. This shape allows a gradual transformation of impedance between the

inner conductor and the probe tip that behaves as a radiating element. In fact, this

mechanism was used to design a coaxial cone resonator for concentrating the energy

toward the probe tip to have a better interaction between the tip and the material under

test.
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3.3.2.2 Metallic tip

The radiating element is a metallic tip usually fabricated from copper or tungsten. This

element is located at the end of the tapered inner conductor as shown in Figure 3.20.

It permits to channel the radiation coming from the resonator to the sample to be char-

acterized and to collect information about the properties of the sample. Figure 3.21

presents an illustration of the effect of the probe tip to the resonance of the cavity.

Figure 3.21: The broadband spectrum of the coaxial cylindrical cavity resonator under
HFSS from 0.5− 8GHz connected with the tip and without the tip.

When the connection between the probe tip and the inner conductor is produced,

an increase in resonance frequency and in power transmission is obtained especially if it

is well connected, which means that there is a good matching of the tip and the inner

conductor. Several simulations using different shapes and material of probe tip connected

the cavity were done. In addition, the steps of the probe tip fabrication will be detailed

in Chapter 04.

During the simulations, the frequency band that was chosen to study some samples

from different materials is shown in Figure 3.22. The selected frequency notch of the

coaxial cavity shown in Figure ( 3.20-b) is fr = 2.9910GHz. This frequency represents
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Figure 3.22: Selected of proper resonance notch. Response of the transmission coefficient
(S21).

(3λ/4) resonance TEM mode and it provides a good interpretation of the probe tip-

sample interaction.

3.3.3 Simulations of the coaxial cylindrical cavity resonator ended

by different probe tips

In this simulation, two types of probe tips and the cavity fed with a magnetic coupled

were used. The first part of the coaxial cavity simulations considers a probe tip made

from tungsten and designed as the commercial one, with a length of 2mm, 500µm of its

sharpened area, its radius is 0.25mm, and an aperture of 2µm. The cavity was filled

out with a dielectric from teflon with relative permittivity εr = 2, 1. The second part

of the coaxial cavity simulations used a probe tip made from copper having the same

size as the tungsten tip unless its radius is double. For the cavity filling, a simulation

with air-filled was done in order to figure out the changes obtained when the cavity is

filled with different materials. The coaxial cavity of the cylindrical resonator is fed by

magnetic and electrical coupling energy in the simulation.

3.3.3.1 Simulations of the coaxial cylindrical cavity resonator ended by a

probe tip made of tungsten

In this section different simulations were done using coaxial cavity resonator connected

with a sharpened tip made of tungsten. Also, the type of cavity used in this set-up is a

cylindrical one filled with a Teflon dielectric and fed with a magnetic coupling (Figure

3.20-b). The sample used to study the interaction between the probe tip-sample is a

transmission line with an Epoxy substrate of 1.58mm thickness and gold metallization

1µm, where the width of the conductor line was set at 10µm and the length of both
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Figure 3.23: Sample under test.

Figure 3.24: The change in resonance frequency due to the presence of sample under
test.

substrate and conductor line is the same 10mm, the mentioned sample is shown in

Figure 3.23.

To verify the coaxial resonator operating mode, the sample was placed close to the tip

with keeping a distance of 10nm. This distance was kept both when the tip is over the

metallization and the dielectric regions, then the resonator was tested in the air. This

procedure enables us to determine the shift in frequency and the quality factor of the res-

onator when it is over different materials. The plotted curves in Figure 3.24 demonstrate

how the probe tip interacts when it is closer to a material being tested, for that, different

curves were obtained by the tip-sample interaction using different materials. The black

62



CHAPTER 3. DESIGN OF COAXIAL CAVITY RESONATORS

curve corresponds to the case when there is no sampled under the tip (tip in the air). The

red and the blue curves describe clearly the interaction of the tip-sample over dielectric

and metallization regions respectively. The shift in frequency was around ∆f0 = 10MHz.

3.3.3.2 Simulations of the coaxial cylindrical cavity resonator ended by a

probe tip made of Copper

This part reveals another approach for connecting the coaxial cavity resonator with a tip

made of Copper and with different dimensions.

The characteristic of this Copper probe tip used in this approach lies in its sharpened

end diameter that is Dsharpened−tip = 2µm. This time we varied the DTS by approach-

ing the tip to the sample until the contact is produced. The working frequency plotted

in Figure 3.25, fr = 2.71GHz, is smaller than the working frequency of the coaxial

resonator connected to a tungsten tip.

Figure 3.25: Resonance frequency of the coaxial resonator connected with a Copper tip.

By exploiting the chosen frequency, the tip was approaching the sample by a separa-

tion of DTS = 45µm with a step of DTS = 1µm until it reaches the DTS = 0µm that

means the tip is in contact with the sample under test. The approaching curve to the

metallic region (Gold strip line) is illustrated in Figure 3.26, therefore, it is the same

sample tested previously with the other probe tip.

While the Copper tip is approaching the metallic region of the sample which is rep-

resented by the red curve, the resonance frequency is almost constant until the distance

between the tip and the sample registered at DTS = 10µm. So, from this separation

point the resonance frequency decreased until the tip was in contact with metallic part

of the sample. But, for the dielectric region of the sample, it is clearly shown with a blue
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Figure 3.26: The changes of the resonator resonance frequency, when the metal and
dielectric regions of the sample were approaching towards the probe tip.

curve, the approach of the Copper tip was practically constant. We conclude that there

was a weak variation in resonance frequency completely different when the tip approaches

the dielectric region.

The following study is devoted to the evaluation of the sensitivity of this technique

to the variations of the patterns under test. Also, we address the effects of peaks (in

simulations) on the resolution of the technique. This technique consists of a coaxial

cavity cylindrical resonator ended by a sharpened tip put closer to a sample in order to

study the interaction tip-sample.

To determine the sensitivity to geometric variations, we used the sharpened tip of

length = 500µm and Dtip = 1µm of its sharpened diameter to scan lines of widths from

[−5.5,+5.5µm]. To obtain a higher spatial resolution, the distance between the probe tip

and the sample must be at least half the diameter of the sharpened tipDTS = Dtip/2 [78].

This line is considered etched at a depth h = 10µm on an Epoxy substrate (thickness of

the substrate is Tsub = 1.58mm). Then, these lines are metallized in gold. Note that the

lengths of these lines are considered infinite.

In ths case, a constant DTS = 50nm was considered. By doing a lateral scan

above the sample along [−x, 0,+x], the engraved metallic line is scanned with a step

of Sstep = 5nm. The variations of the module of the reflection coefficient S21 is shown
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Figure 3.27: Profile of the probe tip scan over strip line sample using a Copper tip with
a kept distance of DTS = 50nm.

in Figure 3.27. The profile of the scanned sample represented by the transmission coef-

ficient module, demonstrates explicitly the change in resonance frequency when the tip

is on the dielectric and on a conduction region. From this information, a characteristic

of a sample that composed of different materials can be determined.

3.4 Coaxial conical cavity resonator

The designs presented in Figures 3.28, and 3.29 consider another approach to design

coaxial resonators. This design consists of a coaxial cavity having a cone format. This

kind of coaxial resonator which is similar to the cylindrical one, in the material of fabri-

cation and in its dimension, is shorter than the cylindrical coaxial cavity.

This resonator is fed by an electrical energy of coupling, the idea to design such kind

of resonator was to concentrate the energy carried by the inner conductor to the probe

tip in order to have a good interaction between the sample and the probe tip. The

details related to this resonator will be described in the next chapter in its fabrication

part. This resonator is fed by an electrical energy of coupling, the idea to design such

kind of resonator was to concentrate the energy carried by the inner conductor to the

probe tip in order to have a good interaction between the sample and the probe tip. The

65



CHAPTER 3. DESIGN OF COAXIAL CAVITY RESONATORS

Figure 3.28: Geometry of coaxial cone cavity resonator.

Figure 3.29: Design of the conical coaxial cavity resonator under HFSS.

details related to this resonator will be described in the next chapter in its fabrication

part. The coaxial cone resonator was simulated in HFSS environment in order to figure

out the desired working frequency in which was f0 = 2.6GHz mentioned in Figure 3.30

with an operating frequency range of [2.592 to 2.61GHz].

As seen in the mentioned Figure 3.30, there is a match between the simulation and

the measurements results. The slight differences obtained between these results can be

caused by the attachment of SMA connector to the bottom of the both cavities and the

probe tip connection. The graphs mentioned in Figure 3.30, present the magnitude of

the transmission coefficient S21 of the conical coaxial cavity resonator when it is not

connected to the probe tip.
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Figure 3.30: Tha magnitude of the transmission coefficient (S21) measured and simulated.

3.5 Conclusion

This chapter is concentrated on the main tool design of such an NSMM platform. The

most important and complicated part of this platform was the resonator. Following the

improvement of the resonators’ quality factor, it was deduced that:

• The simulations were useful to design a coaxial cavity resonator with good quality

factor suitable for our platform on which we worked.

• Change in the diameter of the connected sharpened tip affect directly the resonator

response and also improves the interaction tip-material under test.

• The resonator’s dielectric filling could affect also the response of the resonator in

term of frequency of resonance.

• To extract out the characteristics of such sample under test, the interaction between

the tip-sample depends on the geometry of the sample and the size of the sharpened

tip, and also the distance that separates them.

• In our case, we conclude that in order to obtain a good profile of material’s char-

acterization, the thickness of the sample used for any kind of material especially

semiconductors structures, has to be bigger than the radius of the sharpened tip
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hsample > rsharpened−tip used to interact with the material under test, where h

represents the thickness of the sample and r represents the radius of the sharpened

tip.

Several simulations of both cavities were done, in order to optimize the final design

that would be fabricated and used for our measurements. The design and fabrication

of the coaxial cone cavity resonator were easier than the cylindrical one. The final op-

timized coaxial cavity resonator used in our work will be detailed in the following chapter.
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Chapter 4

Experimental set-up of the

NSMM platform

4.1 Introduction

In the fourth chapter, we will evaluate the potential of a near-field resonant technique

based on coaxial cavity resonators to detect the thickness of a material stuck on a dif-

ferent material. The measurement steps will describe the characteristic of samples such

as silicon dioxide, graphene, graphene oxide, and reduced graphene oxide, and a metallic

track printed on a dielectric substrate.

In the previous chapters, we discussed the fundamentals of the NSMM. It is important

to note that there are several measurable quantities in which NSMM is based on; the

transmission coefficient, S21, the reflection coefficient, S11, the quality factor, Q and the

resonance frequency fr.

This chapter is devoted to describe the material and the fabrication methods of differ-

ent parts of the NSMM platform. We pay particular attention to the coaxial resonators

and the probe tip in order to carry out the feasibility of this study as it is shown in

Figure 4.1 . This Figure represents the NSMM platform set-up. We thus highlight a

number of constraints that need to be taken into account in order to define a near-field

resonant technique compatible with the technical means of the laboratory. In sections 2

and 3, we justified, first of all, the choice of a coaxial cylindrical cavity resonator used

to characterize the materials cited above, and by the following parts, we discuss the

simulation and measurement results obtained. Finally, in the last section, we discuss the

performance of the NSMM technique.
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4.2 Components and functioning of the NSMM plat-

form

1

4

7

6

5

8

9

2

3

10

Figure 4.1: The setup of NSMM platform.

The term Components of an NSMM means the ”hardware string” that includes the

test model, the displacement table X, Y, Z, the measuring devices, and the technological

techniques that provide the possibility to make the coaxial cavity resonators and the

probe tips.

A general NSMM platform is presented as shown in Figure 4.1 with basic components,

and each of them have been numerically labelled in the figure. An adjustable mechanism

support (6) and (7) which is movable in x, y, and z directions using two placed manual

linear translation steppers (RB13 Series 3-Axis Translation Stage, Thorlabs). The entire

structure is mounted on an anti-vibration table (8) in order to avoid any kind of noise

which may be caused by external vibrations.

Once of the coaxial resonators ended by a sharp probe tip (3), is connected to a
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4-Port Network Analyzer (PNA-X) (1, Agilent Technologies N5242A) via coaxial RF

cables. The microwaves source required to form the evanescent waves at probe tip’s end

is, therefore provided by this PNA-X. The resonance frequency, the reflection and trans-

mission coefficients are measured depending on the given frequency range through the

PNAX.

The metallic mounting bracket (4) has been used to hold the resonator, and this

latter is supported by a mounting rod which is fixed to the anti-vibration table. In this

system, the terminated coaxial resonator by a probe tip and the platform that holds the

sample are fixed, and three-dimensional motion is provided by moving the sample with

respect to the probe tip. To observe the position of the probe tip in respect with the

sample being analyzed, a system of camera (5) mounted to the bracket is put close to

the tip-sample interface. The camara used (5) is connected to an LCD screen (9) that

provides a real-time image according to the tip-sample position.

4.2.1 Vector network analyzer (VNA)

The VNA used in our experimental work is a 4-Port Network Analyzer (PNA-X), is of

(Agilent Technologies N5242A) type, and it offers a frequency range from 10MHz to

26.5GHz that covers the working frequency from 1GHz to 15GHz for both coaxial cavi-

ties. The PNA-X is the main device of NSMM platform, as it can be used as microwaves

generator and detector at the same time of the transmitted and the reflected signals

that would have been sent back during the tip-sample measurements. Before starting

the experimental process, the PNA-X has been well calibrated on the frequency band

using a 50Ω transmission line, and a calibration kit of impedances Z =∞ (open), Z = 0

(Short).

4.2.2 Probe tips

After the optimization simulation of the cavities connected to different tips that will

be used in our experiments, the tungsten tip has been chosen as the adequate tip that

responds to the required issues. This choice furthermore, comes back to the rigid charac-

teristic of the tungsten tip in comparison with other tips made from different materials.

A technique for preparing probe tips of a few micrometers even nanometers of radius

from a tungsten wire is investigated. The sharpened form has been obtained by electro-

chemical etching and the additional treatments are carried out in ultra-high vacuum.

The tungsten tip was prepared by doing an electrochemical etching process. A small

length of the tungsten wire was cut and connected to the inner conductor of the cavity.
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Another recipient made of epoxy was filled with a sodium hydroxide solution ( 4.1). A

control circuit was used to manage the etching tip at the right time in order to avoid any

damage. Once this circuit is put on, we placed the cavity on bracket support, and the

tip was connected as an anode. In the other support we put the chemical product and at

its edge surface, a ring made of platinum was placed and he acted as a cathode. The tip

was slightly immersed in the (chemical product) with a deep of 2mm, after some time,

the tip began to be sharped at its end. Once the etching process is finished, the etched

tip is cleaned by a distilled water.

4.2.2.1 Basic schemes of probe tip etching procedure

The general idea to design this circuit comes from the fact that while the electrochem-

ical etching of the tip is in process, there is a relatively good connection through the

solution between the electrodes. Once the tip etches through and drops off, the resis-

tance between electrodes goes up. A number of earlier papers have suggested stopping the

etching as soon as possible after the tip drops, or the continued etching will blunt the tip.

W + 2H2O + 2NaOH −→ 3H2 +Na2WO4 (4.1)

According to this chemical reaction, different etching techniques were given by Melmed to

create a sharp tip [79]. The Tungsten wire and stainless steel counter electrode (Platinum

in our case), is dipped into a chemical liquid that contains 2−3M of NaOH. This reaction

is formed by a simple etching procedure.

To realize the etching procedure, we need to apply it to the electrodes a DC voltage

around 2.5 − 9V . The platinum wire is placed as an electrode and on the other hand,

the Tungsten wire acts as the anode. During the etching procedure, the current reaches

a value of the order of mA that provided by the cited equation of reaction 4.1 [79].

4.2.2.2 Experimental set-up of the tip etching procedure

Figure 4.2 demonstrates the global procedure for etching the tungsten tip with the help

of a DC circuit. To do so, this operation has been reinforced with a specifically designed

mechanism to improve the etching.

The shown design in Figure 4.3 aims to connect the tungsten wire of 0.25mm in

diameter into the cavity and leave an extension around 2.5mm out of the cavity. We

used a special support to put the liquid of etching and to adjust the tungsten wire inside

it. Once the connection between tungsten wire and cavity is well adjusted above the

support, at this time, comes the role of the DC circuit that allows the control of the

etching procedure . The operation of etching takes around 15 minutes of time as it was

described in the previous parts, so that the tungsten wire will be etched and the probe
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Figure 4.2: Synoptic scheme of the DC etching probe tip technique.

Figure 4.3: Experimental procedure using a DC circuit for probe tip etching.

tip will be formed [79], [80].

4.2.2.3 Description of the function of a DC circuit used in the tip etching

procedure

The LM311 comparator watches effectively the resistance across the etching electrodes.

Figure 4.4 right shows the resistance drawn between points A and B(-), it will be low

during the etching, but jumps up when the tip drops. The 500Ω resistor (above A) and

the variable resistor (potentiometer 1, below B) act as a voltage divider along with the

cell itself. When the tip drops off and the cell resistance jumps up, point B is pulled

closer to ground (as its resistance to the 12 V supply has increased). The idea is to have

the set point for the comparator lower than the value of B during the etching, but higher

than the value of B when it has stopped.
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Figure 4.4: Schematic diagram of the DC etching control circuit. The right schematic
is the general circuit. The left circuit designed under Proteus software (Labcenter Elec-
tronics).

Once B drops below the set point, the output of the comparator goes high. FET1

then breaks the connection between the voltage supply and A, and at the same time,

FET2 connects A directly to the ground. (Note the FETs are of opposite polarity [81].

4.2.2.4 Results of tip etching without the use of DC circuit

Following the experiments’ steps, the results obtained as they are illustrated in Figure

4.5, show clearly the etching procedure of the tungsten wire manually, without using the

DC circuit. This technique allows the control of the etching when the tungsten wire is

put in the chemical solution by applying a direct bias of 12V to the electrodes. The

tungsten wire acts as the anode and the platinum ring acts as a cathode. After a few

seconds, around 12s, the etching process is done.

As a result, this procedure cannot provide a good improvement to form the tip. It is

Figure 4.5: Different shapes of the tungsten wire during the etching manually (without
using the DC circuit-Direct DC etching).
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clearly shown in Figure 4.5, if the voltage did not cut off during the etching at a specific

moment, the etching will go on and at the same time is maintained by a voltage which

causes the damage of the tip. Due to this reason, the DC circuit controls accurately the

etching of the tungsten wire [82].

4.2.2.5 Results of tip etching using DC circuit

It’s clearly seen in Figure 4.6 that we could obtain very nice shaped tips around 200µm

in length and 1.80µm in sharpened diameter during this process.

Figure 4.6: Different shapes of the tungsten wire during the etching automatically (Using
a DC circuit and a tip mechanism holder).

Figure 4.7: Tip after etching procedure.

As it was mentioned before, the DC circuit allows the control of the etching process

in real time and helps the tip to be not damaged once the etching is done.
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During the experimental tests, the tip that has been used is the one illustrated in

Figure 4.7. This tip has the following characteristics; Diameter around 0.25mm, sharp-

ened part length 200µm, and the sharpened head diameter was 1.8µm. The obtained

tip was extended out from the cavity 1.7mm, and it was used in the cylindrical and the

conical coaxial cavity resonators.

4.2.3 Coaxial cavity resonators

Figure 4.8 refers to the structure of the resonant coaxial cavity terminated by a sharp-

ened probe tip [8], [53], [83]. This type of resonator makes it possible to obtain very

high-quality factors and its potential to characterize metallic materials has been well

demonstrated [8].

Figure 4.8: Structure of a resonant coaxial cavity ended by a sharp probe tip.

However, the realization of such kind of coaxial cavities is relatively complex. To

achieve a very high spatial resolution and good quality factor, it is necessary to produce

a very sharp tip with a small radius of curvature [69], [83]. On the other hand, an iris

(aperture) in which, it does not exceed a few tens of microns in diameter at the end of

the coaxial cavity has to be realized. This operation makes the probe tip passes through

this opening avoiding twisting or breaking of the probe tip.

4.2.3.1 Realization of the structure

The fabricated cylindrical coaxial cavity resonator was designed to work at high fre-

quency, and it has the following geometrical parameters [84] :

• l= 38.6 mm , represents the length of the cavity.
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• a=17mm, and b=2mm are the radii of the outer and the center conductor respec-

tively of the coaxial cavity.

• d=3mm, represents the thickness of the cylindrical walls.

• t=2mm, represents the radius of the cavity aperture.

• h=13.87mm, represnts the length of the coupling wires.

Figure 4.9: Scheme of the coaxial cavity resonator with the corresponding parameter
definition.

4.2.4 Modelization of NSMM System with a Lumped Series

Resonant Circuit

A resonator circuit is characterized by a resonance frequency f0. This frequency de-

termines the rate at which electric and magnetic energy are exchanged in the system.

The important parameter of any resonator is its quality factor Q, that is a measure of

the losses in the circuit. Minor losses implies a high Q. The easiest way to describe a
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resonator is to modelize it in terms of the well-known circuit such as LRC. To make a

connection of this system with the microwaves, the behavior of the circuit is modelized

in the vicinity of the resonant frequency of the resonator. Consider the circuit in Figure

4.10 [85] ;

Figure 4.10: In the left side, Lumped circuit of the resonator. In the right side the lumped
series resonant circuit of the NSMM set-up with the present of tip-sample interaction [14].

The interaction between the resonator and the sample under test was modelized by

a lumped series elements circuit. This system consists of blocks of a transmission line

containing the resonator , the probe tip, and also the section where the evanescent waves

are produced by the interaction of tip-sample. This entire system can be represented by

circuital components that would be able to have a load impedance ZL [14], [86], [87].

The main reason to use this method is that it summarizes the treatment of each

component that will have a certain resistance R, inductance L, of capacitance C as it is

shown in Figure 4.10.

LR =
1

2

µ0 ln( ba )

π
l (4.2)

CR =
2πε0

ln( ba )
l (4.3)

R =
2
√

ωµ0

2σ

π3
l(

1

b
+

1

a
) (4.4)

FR =
1

2π
√
LRCR

(4.5)

Where, LR is the effective inductance and CR is the effective capacitance of the R-L-C

circuit. l represents the effective cavity length that is around l ≈ λ/4 , a and b are

the radii of the outer and the center conductor of the coaxial cavity. ε0 , µ0 are the

permittivity and permeability of vacuum respectively. σ corresponds to the conductivity

of the metal used to fabricate the cavity [14], [86]. The presence of the sample under test

closer to the tip, as it is summarized in RLC lumped circuit affects directly the resonant

frequency fr of the circuit, which then affects the value of the load impedance ZL and
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then the value transmission coefficient S21 of the system. Thus, the electromagnetic

properties of the sample can be quantified by comparing the resonance frequency f0 and

the transmission coefficient amplitude S21 of the system with respect to the state of the

system without the sample. In the next section, the relationship between shifts produced

in the resonance frequency, ∆f to the variation of the electromagnetic property of the

sample (for example the permittivity of the material ε) will be determined.

Regarding the quantitative measurements of dielectrics, near-field microwave mi-

croscopy must be well calibrated. For calibration, frequency off- set and quality factor

degradation due to the presence of the sample in contact with or near the tip must be

related to the permittivity and loss tangent of a reference sample respectively. This

can be done with standard analytical models and samples. Different analytical models

have been proposed to describe the behavior of the NSMM system and especially the

interaction between the tip and the sample to be analyzed.

In general, among them, the best-known model is the image loading model of C. Gao

and X.D, Xiang [29], [79]. This model remains the most used analytical model because it

does not only describe the response of thick samples, but also the response of thin films

structures [58]. This model can provide a physical picture of the interaction behaviour

between the probe tip and the sample under test.

The proposed model by C.Gao and X.D, Xiang [79], therefore, it describes the fre-

quency shift and degradation of the quality factor of a coaxial λ/4 resonator when a

dielectric sample is set closer to the tip. The model presents the tip as an infinitely

charged sphere over a sample, and it is modelized as a sphere because the electric field

on the surface of a charged object is proportional to its radius of curvature. As the end

of the tip is sharpened and has much smaller radius of curvature than the rest of the tip.

When it is closer to the sample to be analyzed, a neglectable coupling is supposed in the

sample with respect to the end of the tip because of the electric field produced in the

rest of the tip.

To obtain an effective interpretation about the interaction between the tip and the

sample under test, the thickness of the sample is also assumed to be greater than the

radius of the sharpened part of the probe tip [29].

The image loading model summarizes the shift in resonance frequency of the res-

onator, the quality factor degradation to the permittivity , and the loss tangent of the

thick sample, this is when the tip is in contact with the sample, these parameters can be

presented in the following relationships;

∆fr
fr

=
fr − fr′
fr

= A(
ln(1− b)

b
+ 1); b =

εr − 1

εr + 1
(4.6)
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∆(
1

Q0
) =

1

Q0
− 1

Q0′
= −(B + tanδ)

∆fr
fr

(4.7)

By applying those relations, the permittivity of dielectric samples using these tech-

niques of the cavity resonators can be determined .

4.3 Experimental results of the coaxial cavity resonator

After the electromagnetic study and the simulation test carried out under HFSS, the

coaxial cavities and their supports were also manufactured in the Laboratory of Mecha-

tronics of the University of Granada. For the excitation system, we used semi-rigid cables

connected to connectors of the SMA type modified to obtain the best electrical coupling

to the coaxial cavities (50Ω) [88].

Figure 4.11: Different fabricated coaxial cavity resonators.

4.3.1 Influence of the cavity dimension to the resonance fre-

quency and the quality factor

The change in the cavity (cavity not connected to the probe tip) length affects primarily

on the resonance frequecy and the quality factor as shown in Figure 4.12. The cavity

length was optimized at l = 38.6mm, then a change was done by increasing the length

by step of 1mm till l = 44mm. The step has been chosen in order to figure out clearly

the change in resonance frequency.

Figure 4.13 shows clearly the change in quality factor, and also the resonance fre-

quency when the diameter of the cavity changes. The optimized cavity radius was set

at a = 17mm, then a decreasing of the diameter by a step of −0.5mm was done till

a = 15mm in order to show these changes behaviour.
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Figure 4.12: Change in resonance frequency as a function of the cavity length.

Figure 4.13: Change in resonance frequency and quality factor as a function of the cavity
diameter.

The best quality factor was obtained when the cavity has the following radius a =

15mm, after the optimization, the cavity and the probe tip-sample interaction, the best

diameter that gives precise measurements was set at a = 17mm.
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4.3.2 Influence of the feeding connectors to the response of the

cavity resonator

The coupling energy makes an influence on the response frequency of the resonator. The

electromagnetic waves are driven to the cavity through coupling wires (SMA connectors)

producing an electric field coupling. The coupling wires provide a smaller coupling and

a higher quality factor and also offer more flexibility in modifying the coupling force.

Figure 4.14 shows how the length of the connectors SMA extended inside the cavity can

affect the coupling factor and therefore determine the quality factor of the coaxial cavity

resonator. These connectors are placed on the top of the cavity, the depth to which they

Figure 4.14: Diagram of the several simulations traces of |S21| from 1GHz to 9GHz for
several different coupling wire lengths.

are inserted inside the cavity was varying from 2.87mm till 13.87mm for both connectors

in this simulation. The length of the connectors inside the cavity was carefully adjusted

at the value 13.87mm in order to optimize the coupling and the quality factor of the

resonator.

The unloaded resonance frequency of this cavity was calculated using relations ( 4.2),

( 4.3), and ( 4.5) we have got ;

CR = 2πε0
ln( b

a )
l = 0.152pF ,

LR = 1
2

µ0 ln( b
a )

π l = 1.45nH,

F0 = 1
2π
√
LRCR

= 1.19GHz.
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where; ε0 = 8, 85 · 10−12F/m, µ0 = 4π · 10−7H/m represent the permittivity and

permeability of the vacuum respectively.

A first measurement of the fabricated structure was carried out using a vector network

analyzer PNA-X 5242-A . Figure(4.15) shows the measured transmission coefficient S21

in dB. The resonance frequency of the 3λ/4TEM mode is 4.56GHz, the level of S21 is

−9dB and the vacuum quality factor Q0 is of the order of Q = 500 [88].

Figure 4.15: Fabricated coaxial cylindrical cavity resonator mounted to the NSMM plat-
form.

It can be clearly noticed that there is a good agreement between the simulation

and experimental results shown in the Figure 4.16. The frequency band from fr =

[4.50−4.70]GHz has been chosen as the frequency of working during all our experiments

because it is the most sensitive band that could figure out the variation of the resonance

frequency when the tip is set far off or close to the material under test.

According to the experiment and the simulation results, the working frequency was

selected at fr = 4.56GHz in the case of the cavity that is connected to the tip that is

l = 1.7mm of length extended out of the cavity. When the tip is extended l = 2.2mm

out from the cavity , it is connected to the inner conductor of the cavity, the working

frequency then increased, and shifted with 7MHz to fr = 4.639GHz.
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Figure 4.16: In the right side, the cavity connected to the probe tip with l = 1.7mm of
length. In the left side the cavity is connected to the tip with l = 2.2mm of length.

4.4 Calibration of the NSMM system and character-

ization of some samples

Figure 4.17: Tip used on the calibration of the NSMM system and the characterization
of samples. In the left side, the cavity is connected to the probe tip with l = 1.7mm of
length and d = 1.8µm in diameter. On the right side the tip connected to the cavity
above the sample under test, using a LCD camera to capture a picture of the distance
between tip-sample.

A calibration of the NSMM platform was done by characterizing a SiO2 sample in

order to check the functioning of the system. The tip used for calibration was l = 1.7mm

of length and 1.8µm of its sharpened diameter as it is clearly shown in Figure 4.17.
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4.4.1 Set-up of NSMM and tip-sample distance control

During the measurements, as we mentioned before, the NSMM platform consists of a

PNA-X vector network analyzer that works according to a given range [0.10−26.5GHz].

To do so, when the cavity resonator is connected to the vector network analyzer, a devel-

oped Matlab code is in charge to receive the scattering parameters of the cavity through

the GPIB connection (port). The cavity resonator is synchronized with the vector net-

work analyzer. Among those scattering parameters, we could store the transmission

coefficient S21 to enable us to represent the behavior of the cavity resonator when it

interacts with the material under test.

(a)
(b)

Figure 4.18: a) X − Y − Z manual stage with micrometer motion-Thorlabs. b) Set-up
of the sample approaching to the probe tip.

Once the experimental of the NSMM platform is set up, the tip is coupled to the

inner conductor of the cavity, that allows us to test different kind of samples that are put

on the X-stage support of the X-Y-Z micrometer stage. This latter allows for manual

micrometer level motion as shown in Figure 4.18-a. The manual stage used in our exper-

iments allows the motions in three directions: X-Y-Z. The sample was put on the X-Y

stages and was approached toward the tip using different steps. The mentioned manual

stage was working with a minimum step of 10µm.

In order to present the interaction between the tip-sample under test, the tip which

is connected to the coaxial cavity resonator has been fixed, otherwise, the sample was

moving towards it. As it is seen in Figure 4.18-b, a ruler was set on the camera beside

the tip to arrange its position and the motion reference of the sample. The tip was set

up as a reference position of DTS = 0, whilst the sample was put down from the probe

tip with separation distance DTS = 2.4mm. The spatial resolution is of the order of the

diameter of the tip used which is 1.8µm.
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4.4.2 Characterization of graphene oxide and reduced graphene

oxide using a cylindrical coaxial cavity resonator

Graphene, in the last decade, has become a promising material for electronics applica-

tions, especially in radio-frequency analogue circuits and transparent conductors in a

wide range. Near-Field Microwave Microscopy is known generally as a non-destructive

technique dedicated to the characterization of materials. Therefore, this material can

be tested by this technique at nano scale range [89], [90]. A pristine graphene layer was

put on the top of the substrate from Silicon and this later was analyzed using the AFM

technique based on NSMM. This study was realized by Kundhikanjana et al [90], [91].

Furthermore, they succeeded in demonstrating the detection possibility of local inho-

mogeneities in the graphene derived chemically. Another approach was performed by

Talanov et al [90], [92] that consists of a transmission line integrated to NSMM. It en-

ables the quantitative imaging of a local impedance of graphene that contains mono

layer and few layers. A multilayer material that is composed of a dielectric film and a

few layers of graphene had been recently tested by Monti et al [90], [93]. The procedure

was concentrated to achieve a non-contact measurement of the sheet resistance of this

material that contains multilayer.

In this section, a sample fabricated in our lab (CITIC-UGR), consist a very thin layer of

RGO on the top of a substrate layer of PET (polyethylene terephthalate). Several tests

have been successfully done using coaxial cavity resonator connected to a shorter and

longer probe tip. The idea was to characterize the sample being analyzed and simulta-

neously to determine the thickness of the RGO layer put on top of the GO as shown in

Figure 4.19.

(a)

(b)

Figure 4.19: a) Tip in the Air, over graphene oxide, and reduced graphene oxide (GO −
RGO) using a shorter tip, b) (GO −RGO) sample.
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Figure 4.19-a shows a comparison of the transmission coefficient S21 of the cavity

when the tip is in the air, and in the two other cases, when it is over a region of GO−RGO
respectively. The distance between the tip-sample was set according to the step of the

manual stage which is DTS = 10µm.

(a) (b)

Figure 4.20: a), b) A shorter tip with l = 1.7µm , with a diameter d = 1.8µm, when
the sample composed of a graphene oxide, and reduced graphene oxide (GO −RGO) in
approaching mode to the tip.

The measurements that were done as they are shown in Figure 4.20-a,b present test

level of the tip over two different materials which are GO and RGO respectively and

the tip in the air. The samples under test well carefully placed in the X-Y stage of the

stepper motor with respect to keep the tip fixed.

In Figure 4.20-a,b, we can notice that there is a decrease in resonance frequency as

well as in the transmission coefficient when the sample is well separated from the tip till

the contact between them is produced. This result is obtained when the chosen area of

GO and RGO sample approach step by step to the tip. The black and red dash curves

represent when the tip is far from the sample and when is in contact mode respectively.

The tip was separated to the samples under test with a DTS = 2.4mm. To control the

tip-sample distance, a micrometer stage which is characterized by microns steps have

been used in our experiments. As it seen in Figure 4.21, a transparent ruler has been

used to make reference to the distance between the tip and the sample under test as it

was mentioned previously.

Figure 4.22-a, therefore, exhibits clearly the drift level of the resonance frequency

when the sample that contains (graphene oxide GO) is approaching to the tip in com-

parison with the other part of the sample being tested. The degradation in frequency

as a function of the tip-sample separation distance is given from DTS = −2.4mm by
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Figure 4.21: Tip-sample reference separation distance. The distance between tip-sample
was set at DTS = 2.4mm with a step of 100µm.

(a) (b)

Figure 4.22: a) Graphene oxide sample (GO) in approaching mode to the tip with a step
of 100µm. b) Reduced graphene oxide sample (RGO) in approaching mode to the tip
with a step of 100µm.

steps of 100µm. On the other hand, when the (Reduced graphene oxide RGO) region of

the sample under test is approaching also with the same step and the same separation

distance of the tip-sample, there is also a remarkable decrease in resonance frequency

which is illustrated in Figure 4.22-b.

The difference in the resonance frequency when the different regions of the sample

are approaching toward the tip with a step of 100µm is illustrated in Figure 4.23-a and

with a separation distance from the tip set at DTS = −2.4mm. At this distance, there is

a small change in resonance frequency according to both different regions of the sample
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(a) (b)

Figure 4.23: a) Comparison of the resonance frequency in function of the tip-sample
distance , the (GO, RGO) sample in approaching mode to the tip. b) Comparison of the
derivative of the resonance frequency in function of the distance between the tip and the
(GO, RGO) sample.

under test. When the sample is going to be near the tip especially when DTS in the

range from −2.4mm to −900µm, we can really distinguish that the drift in the resonance

frequency of the different regions of the sample is increased.

In this case, we used a very large step of 100µm approaching to the tip, it is hard to

figure out the thickness level of the RGO put on the GO substrate as illustrated in Figure

4.23-b. However, when the sample is approaching towards the tip with the noticed step

and especially in the near field region, a loss of information according to the properties of

the sample can occur. For that, another test with a small step of 10µm has been selected

in which the smallest step that provides the translation stage is used in our experiments

(Figure 4.24).

To reveal the difference between the different layers of material in the sample under

test, the graph in Figure 4.25 represents the resonance frequency and its derivative in

function with the stand-off distance that separates the tip from the sample. As we pre-

pared the samples to be tested using this technique of non-destructive characterization,

small squares of RGO have been on a thin layer of GO in which this layer was set as

substrate.

The distance between the sample and the tip with small steps provides a high spatial

resolution. Therefore, the precision of the measurement of the samples that are analyzed

quantitatively is related to the control accuracy of that distance.

The quality factors shown in Figure 4.26 Q were obtained simultaneously and simi-

larly with the resonance frequency fr. These parameters decrease when the sample starts
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(a) (b)

Figure 4.24: a) Graphene oxide sample (GO) in approaching mode to the tip with a step
of 100µm in the far field and 10µm in the near field regions. b) Reduced graphene oxide
sample (RGO) in approaching mode to the tip with a step of 100µm in the far field and
10µm in the near field regions.

(a) (b)

Figure 4.25: a) Comparison of the resonance frequency in function of the tip-sample
distance , the (GO, RGO) sample in approaching mode to the tip with a small step
of 10µm in the near field regions. b) Comparison of the derivative of the resonance
frequency in function of the tip-sample distance of the (GO , RGO) sample.

to approach towards the tip.

We can distinguish the quality factor Qnear−GO = 336.09 when the GO region of

the sample is closer to the tip of few microns. Therefore the quality factor of the RGO

region of the sample is Qnear−GO = 307.95 also when it is closer to the tip of few microns

(around 1 micron). This is means when the sample is closer to the tip, the quality factor

of the GO area of the sample is higher than the RGO area that gives a difference in the
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(a) (b)

Figure 4.26: Comparison of the quality factor in function of the tip-sample distance. a)
Quality factor measured of the (GO) sample in approaching mode to the tip with a small
step of 10µm in the near field regions. b) Quality factor measured of the (RGO) sample
in approaching mode to the tip with a small step of 10µm in the near field regions.

quality factor of ∆Q = 28.14. This difference signifies the thickness level of the RGO

layer with a few microns put on top of the GO substrate.

4.4.3 Characterization of graphene oxide and reduced graphene

oxide using a conical coaxial cavity resonator

The idea to design such a conical coaxial cavity resonator was at first improved by Luis.A

and al [94], in which they had developed their scanning microwave microscopy platform

by designing a tapered open-ended λ/4 coaxial cavity which had a conical form at its

end. The idea to design such a resonator as shown in Figure 4.27 is to have more

energy concentrated at the end of the cavity. The conical coaxial cavity resonator has a

resonance frequency of fr = 2.16GHz that corresponds to the sensitive working frequency

during the measurements. The resonance frequency corresponds to the response of the

resonator when it is connected to the tip of l = 2.2µm of length.

The conical coaxial cavity resonator consists of cylindrical cavity base with length

of lbase = 12mm, diameter dbase = 40mm ,and a cone length lcone ended by a tapered

shape with a diameter of dconeend = 3mm . In total , the conical coaxial cavity resonator

forms a λ/4 resonator with lconicalcavity = 37mm of length ended by a cone.

This resonator has been designed and fabricated at CITIC-UGR lab. During the fab-

rication of this conical resonator, we faced two problems; the first one was the fabrication

of the cone geometry of the inner conductor, and the second obstacle was the connection

between the tungsten tip with the head cone of the inner conductor. So, those constraints
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Figure 4.27: The fabricated conical coaxial cavity resonator mounted to the NSMM
platform.

(a) (b)

Figure 4.28: a) The magnitude of the transmission coefficient S21 of the conical coaxial
cavity resonator connected to a tip of l = 2.2µm during the measurements. b) Tip in the
Air, over graphene oxide, and reduced graphene oxide (GO −RGO) using a longer tip.

pushed our study to focus on the use of the coaxial cylindrical cavity that was easier to

mount and make the tip connection with the inner conductor more efficient. Although

this kind of conical cavity provides a very high-quality factor in which its design based
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on, its response is a little noisy in comparison with the response of the cylindrical one.

The results obtained in Figure 4.28-b illustrate the interaction that happened between

the same sample tested previously with the cylindrical cavity resonator. This measure

consists of approaching the layer areas of the GO and RGO sample towards the tip

connected to the conical coaxial cavity resonator.

This experiment allows us to validate these results with those that were taken by

the cylindrical resonator. The measurements of the transmission coefficient S21 of this

resonator were taken in the air, that means without the presence of the sample, the other

ones were taken were the sample was approaching closer to the tip of few microns.

It is clear that there is a good match between the results of the characterization of

the graphene oxide and the reduced graphene oxide GO − RGO sample obtained with

both coaxial cavity resonators. Moreover, the cylindrical resonator can provide more

accuracy.

4.5 Conclusions

In conclusion, based on results from simulations and experiments, we have in a first part,

developed multi resonators for the characterization of thin layers of semiconductors.

Scanning near-field microwave microscopy platform such the developed in our study

permits to get more information about the material under test and its nature (dielectric,

conductors, semiconductors). The platform allows also to record the reflection and the

transmission coefficients during the measurements. Both of them can be used to analyze

the samples under test.

In this study, indeed, the coaxial cavity resonators designed and simulated ones were

well integrated into the NSMM platform. Furthermore, the cylindrical coaxial cavity

has been more useful to our platform regarding its efficiency, ease of assembly, and its

design. The change in the cavity length can affect the resonance frequency while the

change in diameter affect the quality factor and also the resonance frequency. The tested

samples were fabricated in our lab CITIC-UGR, and our main objective was to extract

their properties to validate the NSMM proposed platform.
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Chapter 5

NSMM integrated with a

commercial atomic force

microscopy (NSMM-AFM)

5.1 Introduction

Since the early eighteenth century, scientists have been able to observe small sizes of

samples using optical lenses. Following the introduction of optical apparatus and fixed

beam, electron microscopes have emerged, including microscopes that can utilize trans-

mission and reflection in the near field-microscopy (i.e., tunnelling and atomic force).

Today, these techniques can observe objects on the nano-atomic scale.

The characterization of materials can be achieved by examining the interaction of

electromagnetic fields with matter [17], [95]. The scanning near-field microwave mi-

croscopy (NSMM) technique is one of such tools [96], which has been proposed as a way

to achieve the non-destructive characterisation of localised material electrical properties

at microwave frequencies [97], [98], [99].

A number of different techniques have been used in the characterization of materials,

which has been the subject of notable research. Among these techniques, NSMM (which

was demonstrated for the first time in 1962 by Soohoo [35]) has been well-described in

the previous chapters. Since then, several researchers have been working on increasing

the sensitivity and the resolution of this technique.

In the near-field regime, the quantitative measurement of these properties (resolution

and sensitivity) can be carried out using length scales that are much smaller than the

freely propagating wavelength of the radiation [77], [100], [101].
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When a sharp probe tip protruding from a resonator cavity of high-quality factors is

brought in close proximity to the sample surface, near-field microwaves can be utilised

to obtain measurements of the reflection coefficient S11 as well as the transmission coef-

ficient, quality factor and resonant frequency shifts of the resonant cavity that is coupled

to the tip [100].

The local electrical properties such as conductivity, sheet resistance, and the dielectric

constant can then be extracted through measured data [35], [97]. Of a particular interest

is the study of the electrical conductivity of thin-film samples, including semiconductor

nano structures [1], [67], [102], [103], [104].

In this chapter, we employed a performance network analyzer (PNA) that continu-

ously feeds the conductive tip of an atomic force microscope (AFM), to which we have

coupled a half-wavelength micro strip line resonator. The tip is then brought to the

surface of the sample under study using the AFM control mechanism [105], which is op-

erated in the usual way. Depending on the impedance of the tip-sample interface, part of

the microwave signal is reflected and measured by the PNA as the reflection coefficient,

S11.

The scattering S11 parameter depends on the dielectric properties of this region;

therefore, the high spatial resolution of the AFM allows us to non-destructively char-

acterize semiconductor structures. Our method offers high sensitivity and nanometric

resolution and is able to evaluate factors such as the quality of the interfaces, thickness

variations, and doping and carrier concentrations [104], [106].

5.2 Configuration of an integrated AFM-NSMM

Several commercial solutions already exist [106]. However, we have developed a home-

made adaptation that allows a commercial AFM to easily be integrated with an NSMM

platform. To do so, we have coupled different types of an λ/2 micro-strip resonators

to a commercial AFM (NT-MDT Integra) by employing a specially designed tip holder.

The conductive tip (an n-doped silicon tip coated with gold) is connected at the edge of

the micro strip, in contact with the conductive strip line of the micro-strip as shown in

Figure 5.1.

To check the validity of the set-up, the device tested here was used in conjunction with

different kinds of samples, including a silicon sample covered with a 300nm thick layer

of SiO2. To test our technique, we deposited different patterns of gold and aluminium

in different sizes and shapes on top of the oxide through thermal evaporation; what is

done is to deposit graphene oxide and then reduce it using the laser process [107].

We then used this structure of AFM-NSMM combination to calibrate the system

(Figure 5.2, left-hand side). The thickness of the gold metallization is 60 − 70nm.
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(a)

(b)

Figure 5.1: a) Experimental set-up using the combined NSMM-AFM technique; b) the
holder head of the integrated AFM-to-NSMM solution.

Figure 5.1-a shows the set-up used in this work, while Figure 5.1-b shows some photos

of the micro strip and the final setup.

Figure 5.2: Samples analyzed using AFM-NSMM inegrated technique.

5.3 Integration of the NSMM and AFM

The combination of a NSMM platform combined with a commercial AFM increases the

efficiency of the characterization of materials by simultaneously performing the material

measurements and analyzing the topography of the surfaces on a micro/nano scale [13],

[105].

Among the techniques that have been used to couple a commercial AFM with an

NSMM platform is the use of a half-wavelength coaxial resonator. Keysight Technolo-

gies provided a commercial platform that integrates SNMM with AFM using a coaxial

resonator, as is illustrated in Figure 5.3 [106].
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Figure 5.3: Basic shematic of integrated NSMM-AFM using a coaxial resonator with a
50Ω shunt resistor.

5.3.1 Microstrip line as resonator

The idea to use a micro strip line resonator in an NSMM application was used firstly

by Tabib Azar et al. in 1993 [77]. They designed a quarter-wavelength micro strip

line resonator connected at its end to a sharp probe tip. The idea was to measure the

conductivity of the material used to form metallic lines on a glass and printed circuit

boards. A micro strip resonator using a tuning Stub shown in Figure 5.4, had already

been used by Wang et al. of the MINEC Group at the University of Lille [18], [52].

Figure 5.4: A micro strip resonator using a tuning Stub.

Wang et al. [18] thought to develop a micro strip line resonator that could be applied

in order to achieve the non-destructive characterization of material using the microwave

range. This micro strip line was tapered at its end, forming a probe; this shape helps

to concentrate the energy that will be transferred into the material under test, making

the interaction between this probe and the material that is being characterized more

efficient.

The main goal when designing such a micro strip line resonator is to tune the minimum

amount of reflected power from the microwave probe when the cantilever is on the surface

of the sample. In this way, a small change in impedance will have a significant effect on
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the reflected signal.

The micro strip line resonator uses the right-angled stub design referenced in Fig-

ure 5.4, there are two unterminated lengths of the strip line, they are λ/4 and λ/2

wavelengths. The longer stub is in electrical contact with the bottom of the cantilever

chip. The additional length of the chip and the cantilever will affect the resonance of

the structure. Our first aim, using this device, is to explore this micro strip line and

determine the specific characteristics that will allow us to connect it with a commercial

AFM platform [108].

Figure 5.5 shows the designed micro strip line resonator within HFSS environment.

The experimental results of the reflection coefficient S11 spectrum are shown in Figure

5.6.

Figure 5.5: A micro strip line resonator designed and simulated within the HFSS envi-
ronment.

In order to do so, firstly:

• We calculate the resonance frequency theoretically;

fr = c
4l
√
εeff

= 1.78GHz

where ; lstub corresponds to tuned Stub length of the micro strip line.

εeff corresponds to the effective dielectric constant of the micro strip’s line dielec-

tric substrate (FR-4 fibreglass) εeff = 3.385.

Figure 5.7-a shows the magnitude of the |S11| scattering parameter as a function of

the frequency. The selected fixed frequency for the experimental procedure was f0 =

4.56GHz. This presents a selective notch of working frequency that is more sensitive to

the application of the NSMM-AFM technique, as well as providing a better interpretation

of the interaction between tip-sample when the sample under test is put closer to the
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Figure 5.6: Spectrum of reflection coefficient S11 at [10MHz − 10GHz] range, experi-
mental results.

cantilever tip. The right -hand side of Figure 5.7-b shows the micro strip line resonator

when it is connected to the modelled cantilever tip, which has been designed in an HFSS

environment. It is also noted that there is a small shift in the resonance frequency when

the cantilever tip is connected to the micro strip line resonator [108].

5.3.1.1 Characterization of SiO2 sample using half wavelength micro strip

line resonator

The results obtained in Figure 5.8-a using a half wavelength micro strip line resonator

demonstrate a good function of this device regarding its test done when it is closer to

a sample. The sample was placed at a distance of DTS = 10nm from the cantilever

tip, this proved to be the optimal distance when interpreting the interaction between

Tip-sample being analyzed.
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(a)

(b)

Figure 5.7: a) Selected notch for the working frequency experimental and simulation
results. b) Micro strip line resonator connected to the cantilever tip within the HFSS
environment.

(a)

(b)

Figure 5.8: a) The cantilever tip test performed over SiO2 and Si regions of the sample
with a separation distance of around DTS = 10nm between Tip-sample. b) The sample
being tested.

5.3.2 A half wavelength microstrip line using a 50Ω shunt resistor

The idea when designing this type of resonator is to make the connection easier between

the resonator and the cantilever tip. In order to obtain the minimum reflected power at
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the frequency of interest, we used a micro strip line, adding a termination resistor back

by the SMA connector.

This produces a fundamental frequency of about f0 = 802MHz which forms a λ/2

wavelength resonator Figure 5.9. The termination resistance needs to be trimmed by

adding a resistor in parallel or by removing it and changing the values. The resonance

Figure 5.9: A λ/2 half wavelength micro strip resonator using a 50Ω shunt resistor.

frequency of the micro strip line using a shunt resistor was calculated as follows:

• Calculate the resonance frequency of the micro strip line using a shunt resistor:

fr = c
2l
√
εeff

= 802MHz

where ; lline = 100mm which corresponds to the length of the micro strip line.

εeff corresponds to the effective dielectric constant of the microstrip line dielectric

substrate (FR-4 fibreglass) εeff = 3.511.

The micro strip line resonator using a shunt resistor was also designed in an ADS

environment. Furthermore, a block containing a resistor and capacitor has been inte-

grated with the system in the NSMM-AFM simulation, which presents the modelling of

the sample under test (Figure 5.10).

Once the sample under test has been placed in the AFM sample holder, the tip is

brought to the sample and the reflection coefficient and the quality factor of the micro

strip at the resonance frequency are recorded as a function of the sample-tip distance

over different areas of the sample (over SiO2 and over metal sample).

The frequency sweep in this time is performed from 10Mhz to 8GHz. Figure 5.11

shows the magnitude of the S11 parameter as a function of the frequency.

102



CHAPTER 5. NSMM INTEGRATED WITH A COMMERCIAL ATOMIC FORCE
MICROSCOPY (NSMM-AFM)

Figure 5.10: A λ/2 half wavelength micro strip line resonator using a 50Ω shunt resistor
designed and simulated within the ADS environment.

Figure 5.11: Spectrum of reflection coefficient S11 at [10MHz−8GHz] range, simulation
and experimental results.

The selected notch determining the working frequency during the experimental pro-

cedures was fr = 3.365GHz (Figure 5.12).

5.4 Characterization of test materials

When the device under test (sample) is placed in the AFM sample holder the tip is

approached to the sample and the resonance frequency is recorded as a function of the
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Figure 5.12: A selective notch for working frequency.

sample-tip distance over different areas of the sample as shown in Figure 5.13.

Figure 5.13: Evolution of the resonance frequency as the tip is approaching the sample.

As it has been mentioned previously, our device under test consists in a silicon sample,

covered with 300nm of SiO2. Different patterns of gold and aluminium that contain
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different sizes and shapes are deposited on top of the oxide. This structure is used to

calibrate the system (Figure 5.14).

Figure 5.14 also shows an AFM image of a gold ribbon on top of the SiO2. The

thickness of the gold metallization is 60− 70nm.

Figure 5.14: AFM image of the DUT, and profile of the Gold metallization (the step is
70nm).

While Figure 5.15-a, 5.15-b show the 3D topography, and the 2D topography re-

spectively of the sample under test.

(a)
(b)

Figure 5.15: a) 3D topography image of the scanned sample. b) 2D topography image
of the sample.

As the tip is approaching the sample, the resonance frequency of the micro strip

remains constant until 150µm above the sample. A closer distance from the tip to

the sample surface produces a decrease of the resonance frequency until the contact is

produced. The magnitude of the S11 parameter also decreases as the tip is approaching

the surface of the sample, and the value that this parameter gets near and right at

the surface strongly depends on the local dielectric characteristics of the semiconductor

sample right under the tip.
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Figure 5.16: Magnitude of S11 as the AFM tip is approaching the surface of the DUT:
(red line) the approaching is produced over a point on the gold metallization; (black line)
the approaching is produced on the SiO2 substrate.

Depending on the point where the approach is produced, the value of the reflection

coefficient, S11, (shown in Figure 5.16), the resonance frequency and the quality factor

(not shown) of the micro strip are modified. The scanning of the tip on the surface will

produce a map of the variations of |S11| on the surface of the DUT, with the spatial

resolution that allows the spatial resolution of the AFM.

The modifications of these parameters are related to the local properties of the DUT.

Although the maximum difference in the |S11| value is produced right at the surface,

there is also a noticeable difference hundreds of nanometres above the surface. Therefore,

the spatial variation of the properties of the DUT can be detected with this technique

without touching the surface, and therefore without producing any defect in the sample.

In addition, this technique can also be used to detect changes in the properties of the

DUT under the surface, just as doping, carrier concentration, defects, etc.
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5.5 Conclusion

In this chapter, we have endeavored to develop an integrated NSMM-AFM method of

characterization of materials compatible with industrial applications. The choice of con-

figuration of this type of measurement has to be closer to the sample to be characterized.

We, therefore, proposed a technique for measuring the reflection coefficient, in monostatic

and contactless mode.

The measurement data was acquired in the form of shifts in the resonant frequency

and changes in the magnitude of the reflection coefficient S11 when the tip of the AFM

is scanned on the device under test. The variations of the S11 parameter are related to

the topographical and dielectric properties of the material under the tip.

Finally, to illustrate how this method works, we compare the results obtained at

different distances between the cantilever probe and the sample under test as well as the

values already published. We find that these results are very close. This comparison

highlights the capacity of the proposed method.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The last chapter of this thesis is dedicated to the synthesis of the scientific results that

have been discussed in the previous chapters and explains the possibility to develop future

research lines.

Through a brief state of the art, we presented the main of scanning microwave mi-

croscopy techniques. We have put forward two blocks of these techniques that are on the

one hand the instrumentation associated with this type of measurement which almost

systematically requires the use of a network analyzer, and on the other hand the limi-

tations of these methods in term of spatial resolution, of the order of the wavelength of

use.

In order to overcome the problem of spatial resolution imposed by conventional mi-

crowave characterization methods, works on the development of NSMM methods using

microwaves have been described. Indeed, one of the benefits offered by the NSMM

platform is that the zero level can be tuned as a function of the material under test.

Another advantage brought by the system is the possibility to operate at any frequency

in [1−26.5GHz]. These local techniques have spatial resolutions that depend neither on

the wavelength of use but on the size of the measuring probe. The NSMM demonstrates

its ability in the extraction of the local electromagnetic properties of materials. In par-

ticular, we show that these encouraging works have generally focused on measurement

probes tip.

The second axis of this work is the study and development of a new microstrip line,

economical, sensitive, and easy to integrate into a commercial AFM technique also de-

voted for characterization of materials especially semiconductors. These techniques are

based on a reflection or transmission coefficient measurement technique, in a monostatic
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and contactless configuration. This type of measurement uses low-cost samples (SiO2,

Graphene Oxide, and Reduced Graphene Oxide) associated with modeling that makes it

possible to estimate the effective permittivity of the material under test from the mea-

sured reflection or transmitted coefficient. From a more personal point of view, this study

was also an opportunity for me to have experimental phases where I could apply part

of my research to a concrete problem. As a conclusion, the AFM-based near-field mi-

crowave microscopy is able to locally characterize the materials/semiconductor structures

in a broad frequency range with high measurement sensitivity.

6.2 Future Work

Much of the work done in this doctoral thesis have laid the groundwork on the develop-

ment of scanning microwave microscopy techniques devotes to semiconductor characteri-

zation. As perspectives, there are several interesting research lines that can be thought as

a continuation of the work presented which are listed below: one of our other objectives

is to eventually offer a specialized instrumentation for the local electromagnetic char-

acterization of nano-objects. Indeed, the exceptional properties of nano-objects make

it possible to envisage applications in a multitude of domains. Local characterization

of electromagnetic properties such as conductivity or complex permittivity is necessary

for both understanding and analyzing or predicting the behavior of the nano-object.

Conventional measurement techniques (free space, guided structures) that have spatial

resolutions of the order of the wavelength of use are poorly adapted to local characteri-

zation. Consequently, the approach based on the use of evanescent waves appears as a

promising solution to address this type of characterization. Another field of investigation

relates to the realization of a near-field microwave microscope in transmission (or even

simultaneous reflection / transmission).

For the second point, it will transpose the current equipment in the nanoscale to

meet the current need for electromagnetic characterization tools in the microwave fre-

quency band at a scale of a few nanometers. The fields of applications concerned are

multiple. For example, in the field of semiconductors and particularly the micro / nano-

electric, the miniaturization of components and the use of innovative dielectric materials

is accompanied by the need to study these components and materials locally for their

optimization.

In the field of Biology, scanning near field microwave microscopy is one of the few

techniques that allows a direct characterization of complex permittivity at sub-micron

scales. It therefore offers undeniable perspectives for the study of polarization and di-

electric relaxation at the nanometer scale.

To meet these objectives, the design and manufacture of probes with nano apex
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sizes is envisaged. The main difficulty consists in designing and producing propagation

structures to bring and concentrate the electromagnetic energy at the end of the probe

by limiting as much as possible the phenomena of standing waves. This reduction in size

is accompanied by the need to operate in controlled atmospheres in terms of temperature

and humidity. A particular effort during the design phase of the main parts of the NSMM

platform will focus on the limitation of electronic and acoustic noise. Indeed, operating

in millimeter frequency range makes it possible to further increase the measurement

sensitivity and to miniaturize the electronic circuits. Thus, this axis makes it possible to

offer interesting perspectives with regard to terahertz microscopy methods that remain

difficult to implement and expensive.

Finally, the preliminary studies devoted to AFM based NSMM integrated technique

presented in the last part of this manuscript showed the interest of this approach to

image the surface and sub-surface of the device under test. In particular, the extension

of this method to the study of materials or multilayers seems relevant. It is noted that

Keysight Technologies TM (formerly AgilentTechnologiesTM) has initiated studies in

this direction.

From the standpoint applications, the first step will be to develop the modeling part

of the local electromagnetic interactions between the probe tip and the material under

test. So, using these models the physical quantities of interest are extracted from the

measurement. The works presented in this thesis have been particularly focused on the

technical aspects of measurement, associated instrumentations with the aim of improving

electrical and spatial sensitivities. In particular, the electromagnetic simulation used in

this thesis is presented as a tool adapted to extract the parameters of interest. It will

be in the following of these works to compare and test different simulators in order to

compare them to the experiments. The characterization methods will be compared to

conventional characterization techniques for measuring the permittivity and/or perme-

ability of planar dielectric materials but also in the context of the measurement of the

electrical conductivity of conductive materials. Analytical methods such as first order

perturbation or quasi-static approaches will also be exploited. These parameters are more

time-saving than numerical methods and can be implemented directly on the software

part of the instrument.
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Publications by date of delivery at the Graduate School of the University of Granada:

Journal publications derived from the Thesis

1) Bagdad, Bendehiba Abadlia, Carmen Lozano, and Francisco Gamiz. ”Near-

field scanning microwave microscope platform based on a coaxial cav-

ity resonator for the characterization of semiconductor structures.”

Solid-State Electronics, 2019.

Conference publications

1) Development of Near-Field Scanning Microwave Microscopy Technique

for Characterization of Semiconductor Structures Bagdad BA, Gamiz F,

A.Ahmadouche. II Jornadas de investigadores en formación fomentando la interdis-

ciplinariedad, Granada 2016 (Spain)

2) Characterization of semiconductor structures using scanning microwave

microscopy technique Bagdad BA, Gamiz F. InUltimate Integration on Silicon

(EUROSOI-ULIS), 2017 Joint International EUROSOI Workshop and International

Conference, Athens 2017 (Greece).

3) Near field scanning microwave microscope based on a coaxial cavity

resonator for the characterization of semiconductor structures. Bag-

dad BA, Gamiz F. InUltimate Integration on Silicon (EUROSOI-ULIS), 2018 Joint

International EUROSOI Workshop and International Conference., Granada 2018

(Spain).

4) Applications of a near-field scanning microwave microscope technique

for semiconductors characterization Bagdad BA, Gamiz F. Women in Sci-

ences Symposium, Erlangen 2018 (Germany).
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