N
N

N

HAL

open science

Investigation of microwave imaging and local dielectric

characterization of materials by using a homemade
interferometer-based near-field microwave microscope

Tianjun Lin

» To cite this version:

Tianjun Lin. Investigation of microwave imaging and local dielectric characterization of materials by
using a homemade interferometer-based near-field microwave microscope. Micro and nanotechnolo-

gies/Microelectronics. Université de Lille, 2018. English. NNT: 2018LILUI016 . tel-03622467

HAL I1d: tel-03622467
https://theses.hal.science/tel-03622467
Submitted on 29 Mar 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-03622467
https://hal.archives-ouvertes.fr

Université
de Lille

L’UNIVERSITE DE LILLE - FACULTE SCIENCES ET TECHNOLOGIES
Thése
pour obtenir le grade de
Docteur de I’Université des sciences et technologies de Lille

Spécialité Electronique, microélectronique, nanoélectronique et micro-ondes

Présentée par

Tianjun LIN

INVESTIGATION OF MICROWAVE IMAGING
AND LOCAL DIELECTRIC CHARACTERIZATION OF MATERIALS
BY USING A HOMEMADE INTEFEROMETER-BASED
NEAR-FIELD MICROWAVE MICROSCOPE

Soutenance prévue le 26 avril 2018 devant la commission d’examens

Hamid KOKABI Professeur Sorbonne Universités Rapporteur
Valérie VIGNERAS Professeur ENSCBP Bordeaux Rapporteur
Denis REMIENS Professeur Université de Valenciennes Examinateur
Marjorie GRZESKOWIAK MCF Université Paris-Est Examinateur
Pierre-Yves CRESSON MCF Université d’Artois Examinateur

Tuami LASRI Professeur Université de Lille Directeur de these






Acknowledgements

Acknowledgements

First, I would like to thank Mr Lionel BUCHAILLOT, Director of Institut
d’Electronique de Microé¢lectronique et de Nanotechnologie (IEMN) for having welcomed

me into the laboratory.

I would like to express my deep and sincere appreciation to my advisor, Mr Tuami
LASRI, Professor at University of Lille 1 and director of the SPI doctoral school at Lille 1,
for providing me this PhD opportunity. It has been an honor to be his PhD student. I am
really grateful for his patience, kindness, motivation and excellence guidance. The joy and
enthusiasm he has for his research was contagious and motivational for me, even during

tough times in the PhD pursuit.

Besides my advisor, I would like to thank my thesis committee, Mrs Valérie
VIGNERAS, Professor at ENSCBP Bordeaux, and Mr Hamid KOKABI, Professor at
Sorbonne University, for their insightful comments and suggestions. My thanks also go to
Mr. Denis REMIENS, Professor at University of Valenciennes, Mr. Pierre-Yves
CRESSON, Maitre de conférences at University of Artois, and Mrs Marjorie
GRZESKOWIAK, Maitre de conférences at University of Paris-Est for having accepted to

examine my work.

I would like to thank all the MITEC members for giving me the benefit of their
relevant remarks and their knowledge. Especially, I would like to express my thanks to
Sijia GU, for his help, support and advice. We had many interesting discussions in
calculations and measurements. Without his precious encouragement it would have been

difficult to conduct this research.

I would also like to express my gratitude to my colleagues, Ghizlane, Nadine, Hind,
Amine, Soufiane, Louis, Abdallah, Abdel and Zahir, for the help they have given me and

for their sympathy and friendship. It is a very nice experience to work with them.

I am also grateful to all my friends, Ma Enze, Zhang Tianchen, Zhu Tianqi, Li Shuo,
Hao Jianping, Ding Xiaokun, Wei wei, Zhou Di, Du Yu, Chen Shiqi, Xu Tao, Li sizhe,
Jiang Zhifang and et al. Unfortunately I cannot thank them all individually here, but be

assured of my gratitude for all the good times spent together.



Acknowledgements

Last but not the least, I would like to thank my family for all their love and
encouragement. For my parents who raise me with a love of science and supported me in
all my pursuits. And most of all for my Ying, I am really appreciate for her understanding

and faithful support during this PhD. Thank you.

Tianjun LIN

Mai 2018



Outline

Outline

LISt Of fIGUIES..uuuiniiiiieiiiitiisiiint ittt ister e s sessssssssassne seassssesess sasenesessssesssase saes vii
LSt Of taDIeS...uuiueieiiiiiiiiiitieiiinitt it s e sss sre s ss s e snssne s sen e s ane s xvi
List of acronyms and abbreviations...........ccoviineininniniincns s s sesens Xvii
Chapter I: A brief description of near-field microwave microscopy 7
L1 INEEOAUCTION ...ttt ettt ettt et e bt e sat e st e e abe e beesbe e st e sateeateeeeebeas 7
1.2 NFMM features and appliCatiONS . ......c.eevuerrereerineerrerieeeesie et eeesee e s ee e ssee s sneennes 9
L2, INtrOQUCION ..ttt st st sb e b e s e e e e eeees 9
[.2.2 SubSUITACe TMAZINEZ ...cveeitieriiiiieiieeeeees ettt sttt et eeees 9
1.2.3 Quantitatively imaging of materials Properties.........vovevererreerereerenenieereseesresreeeens 12
1.2.3.1 Probe-sample interaction method...........cccevveverinieeiineeeneeceee e 12
1.2.3.2 Semi-empirical MEthOd ........ccceviiieiiiiiiieire e s 18
[.2.4 NFMM HMIEALIONS ..eeruveeiieitienieenieerite et eteesieesiee st sttt esteesbeesaeesanesanesaresbeenneennes 19
L.2.5 CONCIUSION ..utiiniiiiiiiie ettt ettt ettt st sttt e te e sbe e saeesatesabesabeebeenaeenas 21
1.3 A Typical NFMM SELUD ...cccvervieierieriieiiitietesie sttt sttt sttt st sre e see s b seeemeesneseeenes 21
L.3.1 INtrOQUCHION ...ttt ettt ettt e sb e st st e s sab e e b e b e nns 21
1.3.2 Signal generation and acqUiSItiON SYSTEM .....cecveerreerierireriieieereesee et 22
L.3.3 XY Z SCANMET ...eeuuveiiiiieniiieeiet ettt e stte ettt et e st e e st e e sabeesbeeesabeesabeesnteesabeeebbeesaseesaneeesanes 23
1.3.4 Matching NEtWOTK ......cocueiiiiieiiiieiesee ettt 24
1.3.4.1 Resonator based matching network..........cccoceeiiiiiiiiiiiin e 26
1.3.4.2 Interferometer base matching NEtWork..........ccoceereiiiiiiiiiniireec e 29
L.3.5 NEMM PIODES ...c..eeuiiiieiieiiniteienitete sttt sttt sttt et sbe et sbe et e b saeetesbeesesbeenens 31
L.3.6 CONCIUSION «..oniiieiiiiieeitesie sttt sttt ettt ettt sb et besae et sbe e b e sbeeneens 33
1.4 CONCIUSION ..ttt st st b e st b et sbesae et e sbeeaeenbesaeenes 33



Outline

L5 RETETEICES ... ettt ettt e be e she e saee st e st e e be e sbe e aeenas 34
Chapter II: Interferometer based near-field microwave microscope (iNFMM).........ccceee.. 43
ILT INtrodUCHION. c..ciiviieiiieitiiicie ettt s s 43
I1.2 Brief description of the INFIMM .......ccoiviiiiiiiiiiiieriieiiee et sre e siee e e e sveessaeeesveeenes 45
TL2.T INErOAUCLION. .. ettt ettt ettt sttt ettt sttt e b e be e sbe e saeesatesabesabeebeenbeenns 45
11.2.2 Configuration of the INFMM.......ccccciiviiiiiiiiiiineeieeeetee e 45
11.2.3 Evaluation of the interferometric teChNIQUE ........covcveeriiieiniiiiiiireee e 47
I1.2.4 Measurement repeatability STUAY .......cccoveeiieiieiieniiie e 51
I1.2.4.1 The SEttNZ PATAMELETS .....eeveererreeueerririeerresreeseesresseeresreeseesresreesesseseessesseessessesseens 51
11.2.4.2 Evaluation method of the setting parameters influence.........ccccooeveeevereeseneneens 53
I1.2.5 CONCIUSION ..ottt s s 58
I1.3 The iNFMM 1imaging performance.............ceeueerueereereeneereeeieeseeesseesieesieesueesnesnessseesseennes 58
TL3.T INErOAUCLION. c..eeutiieieiiteeie ettt ettt sttt sae e st sste e teesbe e sbeesatesabesabesnbeebeens 58
I1.3.2 Surface iMmaging PerformanCe..........cuveervererreerereereneeese sttt sbe e seeeneens 60
I1.3.2.1 1D IMAGINE +eeuveeieeiniiiieeieesiee sttt ettt b e s st et et eesbeesbeesaeesaeesabeeabeebeenes 60
I1.3.2.2 2D IMAGINE +eeuveeneiinieeieeieesiee sttt ettt b e st sat e et eesbe e sbeesaeesanesabeeabeebeenes 73
I1.3.3 Subsurface imaging Performance ............coceeveerereerienersieneneese sttt eee e saeens 77
TL3.3.1 1D IMAZING .eeveeueeierieeienieeieete st ettt ettt et seesbe et sbeebte b sbe et esbesasensesbeebenbesneens 77
I1.3.3.2 2D IMAGINE +eeuveeveeintiiieeieesie ettt ettt ettt s b sttt eesbe e s b e saeesaeesabeeabeebeennes 79
T1.3.4 CONCIUSION ...ttt ettt sttt et e sbe e saeesabe st e sabeebeenes 81
I1.4 CONCIUSION ..ttt e s sb e 81
L5 RETETENCES. ....uiiuiiiiiiiiiicicc e 82



Outline

Chapter III: Dielectric characterization of glucose aqueous solutions with iNFMM ........... 87
ITL T TNEEOAUCTION 1ttt ettt ettt e s b e sheesate st e e beebeesbeesaeenaee 87
II1.2 Different characterization Methods .........cceceeiieiiiiiiiiie e 88

HL.2.1 INtrOdUCHION ..ottt s 88
I11.2.2 Characterization by microwave teChNIQUES ........ccevveririeeriieeiiieeriee e enreesiee e 89
I11.2.2.1 Open-ended coaxial probe Method..........ccceeeririeiireerinieceereeee s 89
I11.2.2.2 ResoNator tECANIQUE ....c.veeverririeeiinieeienieeiee sttt sr s sre e 90
II1.2.2.3 MEMS SEINSOTS...cutruiiiiriiiiiiiiiietinit ettt st st esr s sre s saesre e 91
I11.2.2.4 Finger SeNSING StIUCLUTIE...c..cerueirrerrerieeitiesieesiee sttt eeeesteesteesieesanesaresneeneenreenns 92
II1.2.2.5 NFMM SYSEEIM....cuviiiieiienieenieente ettt st sne e s 92
II1.2.3 CONCIUSION . ...eiutiiiiiiiieeie ettt sttt sttt ettt sttt e e be e te e sbe e saeesatesabesabeebeenbeenaes 93
II1.3 Interferometer based matching network evaluation ..........ccccceeveeveenienieniinicieeeeee 94
II1.4 Measurement repeatability .......cccceerieriiriiiiiieiee et 98
1.5 Complex permittivity analysis MOdel........c.ceeveevireeiieriniieriiieeseseee et 101
II1.6 Glucose concentration characterization in immersion Mode..........ceceeverveeseerrereereenennne 104
IIL.6.1 INtrOAUCHION ..ottt e s e s 104
I11.6.2 Electromagnetic simulation of probe-solution interaction ...........cccceeeeeveeneerveennnen. 105
I11.6.3 Experimental procedures and measurement reSultsS........c.ceecververeenenerseneneenieneenes 106
I11.6.3.1 Experimental ProCedUIES ..........cecuereriererersienieseeniesieeeesieeeeseesree e sresseeeesneene 106
111.6.3.2 Measurement results at different frequencies..........ccoeverveeieeiieienenecnienen. 107
111.6.3.3 Extraction of compleX permittiVity.......cccceevveereeneerieriierieeieeeesieesee st 110
IT1.6.4 CONCIUSION .....eveetiieeiteteeitetest ettt ettt ettt sb e et sae et b e et e sbeebesneenee 112
II1.7 Glucose concentration characterization in non-contact mode........c..cecceveeveervereeneenuennne. 113
TIL 7.1 INErOAUCEION ..ottt ettt ettt ettt st ettt sbeesbe e saeesaeeeaeean 113
II1.7.2 Electromagnetic simulation of probe-solution interaction ...........c.cceevereevvenereenene 114
II1.7.3 Experimental procedures and measurements reSults ........cooceereereverreereeneeneesennnnes 116



Outline

I1.7.3.1 Experimental ProCedures ..........cccvreevrerireenrereeeeneseeneeseeee st s eee e seeenes 116
11.7.3.2 Measurement results at 2 GHZ.........cocuieiieiiiiiiiieiieieee ettt 116
I11.7.3.3 Extraction of complex permittivity for non-contact mode ..........ccoceevvveerineenns 118
IT1.7.4 CONCIUSION ....eiiiiiiieieeteestee ettt sttt b e bt e sme e smeeemeeeaeees 119
ITL8 COMNCIUSION. ..ttt ettt ettt ettt st st ete e be e s be e she e sabesabeebe e bt e sbeesatesaeeeateeneeas 119
ITIO RETEIEIICES ...eeuviinieiiiieeie ettt ettt sttt ettt e sae e st e s abe st beesbeesaeesaeeeateeneean 120

Chapter IV: The improvement of INFMM: multi-port reflectometer based on broadband

multi-layer coupler 127
IV.1 Introduction to multi-port refleCtOmMELErS ... ..cuiiriieriiiriiiee et eriee e s 127
IV.2 Typical six-port reflectometer JUNCLIONS .........cccvereereerereenireeee e sreeanes 128

TV.2.1 INEOQUCION ..ttt ettt ettt sttt et ettt e st sttt sbe e bt e saeesaeeente s 128
1V.2.2 Six-port junction with hybrid couplers and a power divider............cccceeveeruereennen. 129
IV.2.2.1 Theoretical Basis........ccccuirvieriiiiiiiiiiiiiieceeree e 129
IV.2.2.2 Components SEleCtion SrAtEEY ........cecverrerreesreriereerieneeseenieeeesresreesesresseenreseeenee 130
IV.2.3 Six-port junction with only hybrid COUPIETS........cccceririerineriericeeereeeeeee 132
IV.2.3.1 Theoretical Basis.........cccoirieriiriiiiniiiicieneeee e 132
1V.2.3.2 Six-port reflectometer with only COUplers.........ccceeveeniiniiiiiniiiieeeeeeseeeene 133
TV.2.4 CONCIUSION. ...eettiiiiiiieeie ettt ettt ettt sbe e st st e s teebeesbeesaaesatesabesnbeenbeenseenseens 134
IV.3 Broadband multi-layer cOupler deSign .........c.eevverererrienieneeiieneeienieseesre e 135
IV.3.1 INEOAUCLION ..ot s e e 135
IV.3.2 The broadband coupler SEleCtion...........cceveeriiriiriieiieeesee st 135
IV.3.3 Multi-layer COUuPIer deSIZN .....ccueriiriiriiiieerieeree st see e sreesteesieesee st sreeseesseessee s 136
IV.3.3.1 Tandem CONfIUIALION ....cceeruieriiriiiieeieerieeseeseesressieesreesieeseeesaeesnseeseenseesseens 136
IV.3.3.2 Theoretical derivation for even mode impedance ............ccoceeveerviersieeseeneennenn. 140
1V.3.3.3 Coupling factor determination..........c.ceeveerrereenrererieenineese e 144



Outline

IV.3.3.4 Broadside-coupled offset stripling configuration........c.cccceeeerereenereeneeneneenn 146
IV.3.4 Structure improvement in terms of insertion loss and isolation...........cceceeeveerveeennen. 147
IV.3.4.1 Reduction of the iNSertion 10SS ........covuiriieriiriiiiieiienese e 147
IV.3.4.2 Is0]lation IMPrOVEMENLT......cccetirieeriiieirieerieeenieesreessieeesreessreeesiseesssessssseessseesnes 153
IV.3.5 Design of the proposed COUPLET........cceiirieriiirienineee e e 155
IV.3.6 Fabrication of a 3 dB multi-layer coupler.........cccevvreerineeninineenieee e 157
IV.3.7 Characterization of the 3 dB multi-layer coupler.........c..ccocerviriiniienenieniineeen, 158
TV.3.8 CONCIUSION. ...ceueiiiiieiieieesite ettt sttt sttt sme e s e enee s 159
IV.4 Controlled impedance via deSiZi ........cceeverireerireerienineeseseeee e et 159
IV.5 Design of a six-port reflectometer based on five 3 dB couplers ........ccocceeveeviincierieennen. 162
IV.5.1 INtrOQUCHION ..ttt st st sbe e sme e st e enee s 162
IV.5.2 Simulation of the six-port reflectometer .........coceeveereeniiniiiiiieeeeee e 162
IV.5.3 Calibration Method........cccceeriiiiiiiiiiiiieieete ettt s s s 165
TV.5.4 CONCIUSION. ...ceiuiiiitieieeieestte sttt ettt ettt et ste e s e e st e sabesabesbeesbeesaeesanesanesntean 170
TV .0 CONCIUSION. ...ttt ettt sh e st sttt e b e e beesbeesaeesaeeeneean 170
IV 7 REIETEINCES ...coueeinieiiiiieiieeieetee sttt ettt e she e it st st e b e beesbeesmeesmeeeneean 171

GeNEral CONCIUSION........cceoeieeie ittt et e e sbesstae s ssabessessaessrsaesssessssessssessssesssessss L1 D)

PeISPECLIVES.......coonieii ettt ettt e s e s e e s e e e s 179
LiSt of PUDLICAtIONS.........coceiiiiice e e s e s 181
ADSTIACES.....ceeeee et e e e s b e e e s e n e et e nes 183



Vi



List of figures

List of figures

CHAPTER ]

FIGURE I-1: SCHEMATIC OF SUBSURFACE DETECTION TOWARDS A DOPED SI SUBSTRATE PARTLY

COVERED BY SIO2 FILMS [GRA 15]etiietiieiie sttt ettt et eseteeevaeesiveesveeesevaesnnee s 10

FIGURE I-2: SUBSURFACE IMAGING RESULTS OF A 100 NM THICK GOLD THIN FILM PATTERN ON A

GLASS SUBSTRATE WITH DIFFERENT COVER THICKNESSES RANGING FROM 0 TO 50 uM [SUN 14].

FIGURE I-3: (A) LUMPED ELEMENT MODEL OF TIP-SAMPLE INTERACTION (B) EQUIVALENT CIRCUIT
K€ 26 I T RSP SRPURRSRR 13

FIGURE 1-4: (A) SCHEMATIC OF A SPLIT RING RESONATOR BASED PROBE (B) AN EXAMPLE OF A
FULL WAVE ELECTROMAGNETIC SIMULATION OF THE INTERACTION BETWEEN THE PROBE AND THE
SAMPLE [ISA 17] ettt ettt ettt st e sttt e bt s bt et e s b e eat et e ebeeneas 15

FIGURE I-5: SCHEMATIC OF AN INTERFEROMETER-BASED NFMM TO MEASURE THE COMPLEX

IMPEDANCE THROUGH A CALIBRATION PROCEDURE [GU 16 CJ.uuviiviiiiiiiiiiieeiieeieeeeeeiee e 19

FIGURE I-6: SCHEMATIC OF A SIGNAL GENERATION/ACQUISITION SYSTEM: (A) VNA (B) A

COMBINATION OF A FREQUENCY SYNTHESIZER AND MULTI-PORT BASED REFLECTOMETER [HAD

FIGURE I-7: SCHEMATIC OF TWO TYPES OF XYZ SCANNER: (A) SCANNER INTEGRATED IN AGILENT
5400 AFM/SPM [HAN 08] (B) SCANNER DESIGNED FOR LARGE AREA IMAGING [REN 11]. ....... 24

FIGURE I-8: REFLECTION COEFFICIENT I" AS A FUNCTION OF A PURE RESISTIVE IMPEDANCE (DUT).

THE VNA INTRINSIC IMPEDANCE IS 50 Q [GU 16 _C]. eeiioiiiieiieeieeeiee ettt 25

FIGURE I-9: SCHEMATIC OF FOUR TYPICAL RESONATOR BASED MATCHING NETWORKS AND AN
EXAMPLE OF A MEASURED REFLECTION COEFFICIENT: (A) A SPLIT-RING RESONATOR [REN 11] (B)
A RESONANT WAVEGUIDE [KIM 04] (C) A LOADED APERTURE PROBE [MAL 16] (D) A COAXIAL
RESONATOR [WAN 07] (E) THE MEASURED REFLECTION COEFFICIENT IN TERMS OF MAGNITUDE AT

THE RESONANCE FREQUENCY (4.1 GHZ) FOR THE RESONANT WAVEGUIDE [KIM 04].................. 27

Vil



List of figures

FIGURE I-10: SCHEMATIC OF THE INTERFEROMETER BASED MATCHING NETWORK IN TWO MODES;
(A) THE REFLECTION MODE WITH AN IMPEDANCE TUNER AND A POWER DIVIDER [BAK 13] (B) THE

TRANSMISSION MODE WITH AN IMPEDANCE TUNER AND A HYBRID COUPLER [HAD 12]............. 29

FIGURE I-11: THE CANCELLATION PROCEDURE; (A) THE TUNING PROCESS FOR THE 'EMP
CANCELLATION (B) THE COMBINATION OF THE REFLECTED AND CANCELLATION WAVES [BAK 13],
[GU L0] ettt ettt ettt ettt et et e e a et e et e e st e s e ese e e e eseenseseenteseeseenseseeneenseeneensesseeneans 30

FIGURE I-12: SCHEMATIC OF DIFFERENT TYPES OF EMP [EI 17]; (A) COAXIAL LINE BASED PROBE
(B) APERTURE BASED PROBE (C) STM TIP (D) PARALLEL LINE BASED PROBE (E) AFM PROBE (F)

MAGNETIC LOOP PROBE. ....uvututttteitutueueueeeueeeeasesesesesssssssessssssssssssssnsssnssssssssssssssssnssssssssnssnnssssnnnsssnnns 32

FIGURE I-13: NORMALIZED ELECTRIC FIELD GENERATED ON A CONDUCTING SUBSTRATE BY EMP

WITH DIFFERENT MATERIALS [WU 17]; (A) TITANIUM TIP (B) SILICON TIP. ....ccveevuveeerieeereeennennn 32

CHAPTER 11

FIGURE 1II-1: NEAR-FIELD MICROWAVE MICROSCOPE CONFIGURATION BASED ON

INTERFEROMETRY ...vvvvtuutttteteeeteeeeesesesesasessassssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnsssnnnsssnnns 46

FIGURE 1II-2: SCHEMATIC OF THE DIFFERENT CONFIGURATIONS SIMULATED BY

KEYSIGHTTM/ADS, (A): WITHOUT INTERFEROMETER, (B): WITH INTERFEROMETER [GU 16_C]. 48

FIGURE II-3: (A) MEASURED (SOLID LINES) AND SIMULATED (DOTTED LINES) MAGNITUDE
SPECTRA IN TWO CASES: WITH (IN BLACK) AND WITHOUT (IN RED) INTERFEROMETER; Py =0 DBM,
IFBW = 100Hz, EMP APEX SIZE= 66 MM. (B) THE CLOSE-UP FIGURE AROUND 2.461 GHz [GU
L0 C]t oottt ettt ettt ettt ettt ettt b e et be et e st e b e e te s b e bt e st e b e estenbeeheesbenbeettenseteesaenseeneeneas 48

FIGURE II-4: QUALITY FACTORS MEASURED (IN RED) AS A FUNCTION OF THE FREQUENCY
CONSIDERING THE ZERO LEVEL AROUND -75 DB (IN BLUE); (A): RESULTS WHEN USING THE [2-10
GHZ] COUPLER; (B): RESULTS WHEN USING THE [6-18 GHZ] COUPLER; THE WAVE-CANCELLING

PROCESS IS DONE CONSIDERING THE PROBE IN AIR [GU 16 _CJ..ccvivviiiiiiieiieeiieeieeeee e 50

FIGURE II-5: THE CONTROL INTERFACE INSERTED IN THE DATA ACQUISITION SYSTEM (A)

PLATFORM PARAMETERS (B) VINA PARAMETERS. .....cccuttiiiieiiieerireeireeesteeesereesseeeseseessseeesssessssees 52

viii



List of figures

FIGURE II-6: REPEATABILITY TESTS OF THE MOTORIZED STAGE IN X/Y DIRECTIONS (A) AND IN Z

DIRECTION (B), THE DISPLACEMENT IS PERFORMED BY CONSIDERING A STEP OF 1000 MM.......... 57

FIGURE II-7: DESCRIPTION OF THE SAMPLE UNDER TEST: (A) GOLD LINES WITH VARIOUS WIDTH
FOR THE EVALUATION OF MEASUREMENT PRECISION (B) GOLD LINES WITH FIXED WIDTH BUT
DIFFERENT SPACING FOR THE LATERAL RESOLUTION STUDY (C) THE INTERACTION BETWEEN THE

PROBE AND SAMPLE. ...coutiiiiiiiiii et e e e e e et e et s e e eaaes 62

FIGURE II-8: MEASURED MAGNITUDE OF THE TRANSMISSION COEFFICIENT S»; FOR A GOLD LINE
OF 100 uM WIDTH: (A) RAW DATA, (B) BALANCED DATA, (C) DENOISED DATA, (D) LINEAR

BALANCED AND DENOISED DATA. ...uuuuuuuuuuereuuuereeereseseseseseseseeesesesssesesesssesenesesessnesesesesenennnessnnnnnsnnn.. 63

FIGURE I1-9: (A) HFSS SIMULATION OF THE ELECTRIC FIELD MAGNITUDE AROUND THE 70 uM
PROBE TIP FOR DIFFERENT STAND-OFF DISTANCES H FROM 1 TO 40 uM AT 10 GHZ (B) SENSITIVITY
MEASURED WITH THE INFMM FOR DIFFERENT STAND-OFF DISTANCES H FROM 1 TO 40 uM AND THE

CORRESPONDING WIDTH MEASURED FOR A 100 uM-WIDTH LINE AT 10 GHZ. ......c.ccocevviieenne. 64

FIGURE II-10: MEASURED GOLD LINE WIDTH AT DIFFERENT STAND-OFF DISTANCE FROM 1 uM TO
40 uM AT 2, I0 AND 18 GHZ WITH A 7O uM EMP. ..ooiiiiiiiiie e e 65

FIGURE II-11: (A) GOLD LINES WITH VARIOUS WIDTHS (B) MEASURED MAGNITUDE OF THE
TRANSMISSION COEFFICIENT S»; OVER A SET OF LINES WITH DIFFERENT WIDTH RANGING FROM 10
MM TO 100 MM, PROBE APEX = 30 MM, F= 18 GHz, H=1 MM (C) MEASUREMENT CONTRAST
(SENSITIVITY) FOR DIFFERENT GOLD LINES (D) LINE WIDTH MEASURED FOR EACH GOLD LINE

COMPARED TO THE ORIGINAL WIDTH. ....ccuuiiiiiiiiiiiiiiiiiiiiiiiii it e 67

FIGURE II-12: (A) SIMULATION OF THE ELECTRIC FIELD MAGNITUDE FOR THE PROBE TIP IN FREE
SPACE WITH ANSYS™/HFSS. THE IMAGE IS TAKEN AT THE CROSS-SECTION ALONG THE PROBE, F =

18 GHZ. (B) MODEL OF PROBE AND SAMPLE INTERACTION WITH DIFFERENT STAND-OFF DISTANCES.

FIGURE II-13: MEASURED LINE WIDTH COMPARED TO THE ORIGINAL WIDTH OF GOLD LINES FROM

20 MM TO 40 MM WITH AND WITHOUT THE DSP METHOD. ....coiiiiiiieeeeeeeeeeeeeeeee e eeeeeenaen 69



List of figures

FIGURE I1-14: MEASURED MAGNITUDE OF THE TRANSMISSION COEFFICIENT S,; BY AN EMP OF 50
uM TIP APEX SIZE (A) RAW DATA, (B) BALANCED DATA, (C) BALANCED AND DENOISED DATA. ZERO
LEVEL=-55DB, F=18 GHZ, H=1 UM....coiiiiiiiiiiee e et 71

FIGURE II-15: MEASURED MAGNITUDE AND PHASE SHIFT OF THE TRANSMISSION COEFFICIENT Sy,
ZERO LEVEL = -55 DB, F = 18 GHz, H= 1 uM, EMP= 30 uM (A) RAW DATA IN MAGNITUDE (B)
BALANCED AND DENOISED DATA IN MAGNITUDE (C) RAW DATA IN PHASE SHIFT (D) BALANCED AND

DENOISED DATA IN PHASE SHIFT. ...uuuuuuuuuuuuueuuuesesesesesesenesesssmsesesesemesesesesesesesesesssesssssssenennnessssnnsssnnes 72

FIGURE II-16: THE ORIGINAL AND ACQUIRED IMAGE OF AN EURO CENT COIN: (A) ORIGINAL IMAGE
(B) THE ACQUIRED IMAGE IN TERMS OF MAGNITUDE OF TRANSMISSION COEFFICIENT Sy; (C)

SCANNING PATH OF THE ACQUIRED IMAGE. .....ccooiiiiiiiiiiiiiiiieeeeeeeeeee 74

FIGURE II-17: THE ACQUIRED IMAGE OF THE AN EURO CENT COIN BEFORE/AFTER TREATMENT: (A)

THE RAW DATA (B) THE TREATED IMAGE WITH THE PROPOSED ALGORITHM. .....cceevvereerneerennenne 75

FIGURE I1-18: THE IMAGE FROM THE FABRICATED ACCELEROMETER ON WAFER: (A) THE IMAGE
OF THE ACCELEROMETER (B) THE RAW IMAGE (C) THE TREATED IMAGE WITH THE PROPOSED

ALGORITHM. ...utttttttutietiteteteeeeeeeeeeaaesaseseaesesssesssssssssssesesssssesssssssssnssnssssssssssssssnsssssssssssssnnssssnnnsssnnns 76

FIGURE II-19: MEASURED MAGNITUDE AND PHASE SHIFT OF THE TRANSMISSION COEFFICIENT Sy,
BY AN EMP WHOSE TIP APEX SIZE IS 30 uM IN CASE OF DIFFERENT THICKNESSES OF COVER LAYER:
(A) MAGNITUDE OF THE TRANSMISSION COEFFICIENT (B) PHASE SHIFT OF THE TRANSMISSION

(000) 2133 21 (011 53\ KRR 78

FIGURE 11-20: THE ACQUIRED IMAGE FROM THE FABRICATED ACCELEROMETER ON WAFER: (A)
THE RAW IMAGE WITH THE COVER LAYER OF 2 pM (B) THE TREATED IMAGE WITH THE COVER

LAYER OF 2 uM (C) THE RAW IMAGE WITH THE COVER LAYER OF 12 uM (D) THE TREATED IMAGE

WITH THE COVER LAYER OF 12 M. .oiiiiiiiiiiiiiie ettt ettt ee e eeaae e e eeaaeeeeeaveaeeenaseaaens 80
CHAPTER III
FIGURE III-1: KEYSIGHT 85070E OPEN-ENDED COAXIAL PROBE [NOT 06]. ......ccccvveerieerieennenn 89



List of figures

FIGURE II1-2: (A) MICROSTRIP RING RESONATOR [SCH 13] (B) LAMBDA/2 RESONATOR [SCH 14]

(C) WHISPERING GALLERY MODE RESONATOR [GUB 15]..cuiiiiiiiiiiicieecee et 90

FIGURE III-3: (A) SCHEMATIC DIAGRAM OF THE FABRICATED GLUCOSE SENSOR. (B) 3-D VIEW OF
THE GLUCOSE SENSOR. (C) SCANNING ELECTRON MICROSCOPE (SEM) PICTURE OF THE CAPACITIVE
AIR-BRIDGE STRUCTURE BY IPD TECHNOLOGY. (D) FORCED ION BEAM (FIB) PICTURE OF THE

CROSS-SECTIONAL VIEW OF THE FABRICATED GLUCOSE SENSOR [DHK 15]. ..ccoccvviiiiiiiiieie. 91

FIGURE III-4: (A) FABRICATED PROTOTYPES WITH TWO DIFFERENT DIMENSIONS (B) SCATTERING
PARAMETERS MEASUREMENTS OF THE FILTER WITH THE VNA (C) PLACEMENT OF THE THUMB ON
THE FILTER [BAG 15]: +oveeeveeeeeeee oo oo e e e e e s s s e s s ss e es e e e s eeeeesese 92

FIGURE III-5: (A) BLOCK DIAGRAM OF NFMM WITH TUNING FORK DISTANCE CONTROL. (B)

NFMM MICROWAVE RESONATOR AND PROBE TIP ASSEMBLY [LEE O08]. ..ccoocviiiieiiieeieeeee, 93

FIGURE III-6: SCHEMATIC OF NFMM, (A): WITHOUT INTERFEROMETER, (B): WITH INTER-

FEROMETER. ...ttt e et e e s e e e e et e et e eaa e eanes 94

FIGURE III-7: HFSS™ SIMULATION RESULTS OF THE REFLECTION COEFFICIENT VERSUS THE EMP
POSITION TO THE SOLUTION WITHOUT THE PRESENCE OF INTERFEROMETER-BASED MATCHING
NETWORK (FREQUENCY FIXED AT 2 GHZ, CONCENTRATION FROM 0 TO 10 MG/ML): (A) REFLECTION

COEFFICIENT MAGNITUDE (B) REFLECTION COEFFICIENT PHASE SHIFT. .......cceueveiiierecaeeeserenennns 95

FIGURE III-8: MEASURED TRANSMISSION COEFFICIENTS FOR DIFFERENT IMMERSION DEPTHS OF
THE EMP (FREQUENCY FIXED AT 2 GHZ, CONCENTRATION (0, 10 MG/ML)): (A) MAGNITUDE OF

TRANSMISSION COEFFICIENT (B) PHASE SHIFT OF TRANSMISSION COEFFICIENT...........ccccevevranene. 97

FIGURE III-9: THE EXTRACTED COMPLEX PERMITTIVITY OF THE GLUCOSE AQUEOUS SOLUTION IN
PHYSIOLOGICAL RANGE VARYING FROM 0 TO 10 MG/ML VERSUS FREQUENCY. (A): THE REAL PART
OF THE COMPLEX PERMITTIVITY AND ITS CLOSE UP FIGURE AT 6.5 GHZ. (B): THE IMAGINARY PART

OF THE COMPLEX PERMITTIVITY AND ITS CLOSE UP FIGUREAT 6.5 GHZ......eeceeviiiiieeeeeeeeanne, 104

FIGURE III-10: ANALYSIS OF THE PROBE-SOLUTION INTERACTION AT THE CROSS SECTION OF THE
EMP (A) FOR A GLUCOSE CONCENTRATION OF 10 MG/ML AT DEPTH OF 300 uM FOR DIFFERENT
FREQUENCIES (2 GHZ (B), 10 GHZ (C) AND 18 GHZ (D)). E-FIELD INTENSITY ALONG THE EXTRUDED

LINE AT DIFFERENT DISTANCES FROM THE TIP (E).....ceecttevieieeriiesieesreeneeseesseesseesseesssesssesssesnsees 105

Xi



List of figures

FIGURE III-11: MEASURED TRANSMISSION COEFFICIENTS (S21) AS A FUNCTION OF GLUCOSE
CONCENTRATION: (A) MAGNITUDE AT 2.044 GHZ (B) PHASE SHIFT AT 2.044 GHZ (C) MAGNITUDE
AT 18.056 GHZ (D) PHASE SHIFT AT 18.056 GHZ. .....ccvviiiiieiie ettt 108

FIGURE I1I-12: MEASURED TRANSMISSION COEFFICIENTS (S21) AS A FUNCTION OF GLUCOSE
CONCENTRATION: (A) MAGNITUDE AT 2.044 GHZ (B) PHASE SHIFT AT 2.044 GHZ (C) MAGNITUDE

AT 18.056 GHZ (D) PHASE SHIFT AT 18.056 GHZ. DASHED LINE: FITTED POLYNOMIAL LINE AT FIRST

FIGURE III-13: THE COMPLEX PERMITTIVITY OF GLUCOSE-WATER MIXTURE VERSUS FREQUENCY
AS A FUNCTION OF CONCENTRATION AND ITS CLOSE UP FIGURES AT 4, 8, 12 AND 16 GHZ: (A) REAL

PART OF THE COMPLEX PERMITTIVITY (B) IMAGINARY PART OF THE COMPLEX PERMITTIVITY. 111

FIGURE III-14: ANALYSIS OF THE PROBE-SOLUTION INTERACTION AT THE CROSS SECTION OF THE
EMP TIP FOR NON-CONTACT MODE IN TERMS OF E-FIELD INTENSITY AND DISTRIBUTION (A) THE
STAND-OFF DISTANCES INFLUENCE ON THE E-FIELD INTENSITY FOR A GLUCOSE CONCENTRATION
OF 1.2 MG/ML AT 2 GHZ (B) E-FIELD DISTRIBUTION AT A STANDOFF DISTANCE OF 1 uM BETWEEN
THE PROBE AND SOLUTION (C) THE ZOOM UP FIGURE OF E-FIELD DISTRIBUTION IN AIR (D) THE

ZOOM UP FIGURE OF E-FIELD DISTRIBUTION IN SOLUTION. .....ccceriuteeeeirieeeanirieeensnreeeeennnneeesnnnnens 114

FIGURE III-15: THE SIMULATED REFLECTION COEFFICIENT OF GLUCOSE-WATER MIXTURE FOR
THE CONCENTRATION VARYING FROM 0 TO 3 MG/ML AT 2 GHZ WITHOUT THE INTERFEROMETER-
BASED MATCHING NETWORK: (A) THE MAGNITUDE OF THE REFLECTION COEFFICIENT (B) THE

PHASE SHIFT OF THE REFLECTION COEFFICIENT. DASHED LINE: FITTED POLYNOMIAL LINE AT FIRST

FIGURE I1I-16: MEASURED TRANSMISSION COEFFICIENTS (S21) AS A FUNCTION OF GLUCOSE
CONCENTRATION VARYING FROM 0 TO 3 MG/ML WITH A STEP OF 0.6 MG/ML AT 2.029 GHz: (A) THE
MAGNITUDE OF THE TRANSMISSION COEFFICIENT. (B) THE PHASE SHIFT OF THE TRANSMISSION
COEFFICIENT. (C) MAGNITUDE AT 2.029 GHZ AS A FUNCTION OF THE GLUCOSE CONCENTRATION
(D) PHASE SHIFT AT 2.029 GHZ AS A FUNCTION OF THE GLUCOSE CONCENTRATION. DASHED LINE:

FITTED POLYNOMIAL LINE AT FIRST ORDER. .....uuuuuuuuuuuuuueuernnnrereresennsessssnesssesesssssssessssssnsnnnssssnnnnes 117

Xii



List of figures

FIGURE III-17: THE COMPLEX PERMITTIVITY OF GLUCOSE-WATER MIXTURE FOR EACH

CONCENTRATION AT 2 GHZ: (A) REAL PART OF THE COMPLEX PERMITTIVITY (B) IMAGINARY PART

OF THE COMPLEX PERMITTIVITY ...ccuttiuieieetieieteeeteeeeseetesteeneeseestensesseensessesseensesseensanseensensesneennes 119
CHAPTER IV
FIGURE IV-1: CIRCUIT SCHEMATIC OF A SIX-PORT JUNCTION [WIL 15]. ..cceiieiiiiieiie e, 129

FIGURE IV-2: DIFFERENT TYPES OF HYBRID COUPLERS INTEGRATED IN A SIX-PORT JUNCTION. (A)
BRANCH LINE COUPLER [QAY 14] (B) SHORT-SLOT COUPLER IN SIW [MAN 15] (C) MULTI-
SECTION COUPLER IN TANDEM STRUCTURE [HON 17] (D) ELLIPTICAL MICROSTRIP-SLOT COUPLER
IWEL IS]. ettt b ettt e b et b e st et et e e e st eneeneeseebeee 131

FIGURE 1V-3: SIX-PORT REFLECTOMETER CONCEPTUAL DIAGRAM WHERE QI (I= 1 TO 5) IS A 3

DB/90C COUPLER.......cceiitiiiiteeteeee et eeeeeeeteeeeeeeeeeaaaeeeeessessasaaeeeeesssssasessteeeesssssssssseeessssssarneseeees 133

FIGURE IV-4: THE SIX-PORT REFLECTOMETER WITH FIVE BRANCH LINE COUPLERS (A) THE
LAYOUT OF BRANCH LINE COUPLER (B) TOP VIEW OF BRANCH LINE COUPLER (C) BOTTOM VIEW OF

BRANCH LINE COUPLER USING DEFECT GROUND STRUCTURE TECHNIQUE (DGS) [SHU 14]...... 134

FIGURE IV-5: TANDEM STRUCTURE TO REALIZE A 3 DB COUPLER BY CASCADING TWO COUPLERS.

..................................................................................................................................................... 137
FIGURE IV-6: THE COUPLER: A FOUR PORT NETWORK........cccurertrrerrrenrieerereesreeensreenreeesseennnes 137
FIGURE IV-7: EVEN/ODD MODE EXCITATION OF THE TWO COUPLED LINES. .......ccceevevieveneennn. 140
FIGURE IV-8: SCHEMATIC OF A NINE-SECTION COUPLER. ......ccccitteriieeiieeereeereeesireenereeeneeennnes 143
FIGURE I1V-9: COUPLING FACTOR R ALONG THE LENGTH OF THE COUPLER. ........cccccecvveenrrenne. 145
FIGURE I1V-10: THE OFFSET STRIPLINE CONFIGURATION. ......0eceitiieriiieereeenereesreeeseneensreeesseennns 146

FIGURE 1V-11: TRANSITION ASPECT BETWEEN EACH TWO SUCCESSIVE SECTIONS OF A TANDEM

STRUCTURE OF (A) 5 SECTIONS (B) 400 SECTIONS. .....uvteivieeireerireeereeesireesreesssreesseessesessseesseens 148

xiii



List of figures

FIGURE IV-12: THE INSERTION LOSS COMPENSATION METHOD IN THE MID CROSS SECTION. (A)
ORIGINAL SECTION (B) ROUND CORNER COMPENSATION (C) ROUND COMPENSATION (D) SQUARE

COMPENSATION. ...uuuuututueueueueeeueeeseseseseseseneseneeesesesesesenesesennsesnnensssnsssnssensnsnsssnssnssnsssssssnssssssssssssnnnnns 149

FIGURE IV-13: S-PARAMETERS SIMULATION RESULTS WHEN THE ROUND CORNER COMPENSATION
METHOD IS APPLIED IN THE MIDDLE CROSS SECTION FOR A 8.34 DB MULTI-SECTION COUPLER (A)
S-PARAMETERS MAGNITUDE (B) PHASE SHIFT DIFFERENCE BETWEEN THE OUTPUT PORT 2 AND

COUPLING PORT 3. ..oiiiiiieiiteitie ettt eiie e ettt e sttt e s teesstteesabeesstaeesnteeenseeesaseesnsaessteesaseesnsaeeanseesseeennses 150

FIGURE IV-14: S-PARAMETERS SIMULATION RESULTS WHEN THE ROUND COMPENSATION METHOD
IS APPLIED IN THE MIDDLE CROSS SECTION FOR A 8.34 DB MULTI-SECTION COUPLER (A) S-
PARAMETERS MAGNITUDE (B) PHASE SHIFT DIFFERENCE BETWEEN THE OUTPUT PORT 2 AND

(01010) 25 1 (€ 20 ) 2 N TR 151

FIGURE IV-15: S-PARAMETERS SIMULATION RESULTS WHEN THE SQUARE COMPENSATION
METHOD IS APPLIED IN THE MIDDLE CROSS SECTION FOR A 8.34 DB MULTI-SECTION COUPLER (A)

S-PARAMETERS MAGNITUDE (B) PHASE SHIFT. .....ooiiitiiiiiiiieieeeieecereeeteeeetreeereeeeaneeeveeeeveeeenvee s 152

FIGURE IV-16: THE AIR GAP PLACED BETWEEN EACH CROSSOVER OF THE PARALLEL-COUPLED

LINES AND THE EVEN/ODD MODE PROPAGATION PATH. ......ccceevtieiiieiireenreereereenseesereseneseneeneesens 154

FIGURE IV-17: S-PARAMETERS SIMULATION RESULTS WHEN THE ISOLATION IMPROVEMENT
METHOD IS APPLIED IN THE MIDDLE CROSS SECTION FOR A 8.34 DB MULTI-SECTION COUPLER (A)

S-PARAMETERS MAGNITUDE (B) PHASE SHIFT BETWEEN THE OUTPUT PORT 2 AND COUPLING PORT

FIGURE IV-18: STRUCTURE OF THE 3 DB COUPLER BASED ON THE CASCADE OF TWO 8.34 DB

COUPLERS. ettt ssssssssssssesssssssssssssssssssssssssssssssssssssssssnsnnnnnnnnnnnnnnns 156

FIGURE I1V-19: THE 3D DESIGN OF THE PACKAGING TO FIX THE COUPLER CIRCUIT.................. 156

FIGURE IV-20: PHOTOGRAPH OF THE FABRICATED MULTI-LAYER COUPLER (A) BOTTOM

STRIPLINE (B) DUROID 5880 MID LAYER (C) TOP STRIPLINE. ......c.cecuerererererereereeseesseessnesnessnenns 157

FIGURE IV-21: SIMULATED AND MEASURED S-PARAMETERS AS A FUNCTION OF FREQUENCY (A)

MAGNITUDE (B) PHASE-SHIFT BETWEEN PORT 2 AND PORT 3...c..eiiiiiiieniiniieie et 158

Xiv



List of figures

FIGURE 1V-22: (A) CONTROLLED IMPEDANCE VIA DESIGN (B) CLOSED PACKAGE OF THE
INTERCONNECTION STRUCTURE AND ITS CORRESPONDING REFERENCE LINE (C) EXPLODED VIEW

OF THE TEST. «ututuuuuttuuuuuuuuueseuesesesesssssssesesesessnssssesesessssnsssssnsssssssssssssssnsssnsssnssssssssssssssssssssssnsnnssssnnnnns 160

FIGURE 1IV-23: SIMULATED AND MEASURED TRANSMISSION COEFFICIENT OF THE
INTERCONNECTION AS A FUNCTION OF FREQUENCY COMPARED TO THE REFERENCE LINE
TRANSMISSION COEFFICIENT. (A) TRANSMISSION COEFFICIENT DIFFERENCE (B) PHASE-SHIFT

DIFFERENCE. ...ttt et e s e e et e et e e et eeaa e aaa e enas 161

FIGURE 1V-24: SIX-PORT REFLECTOMETER LAYOUT BASED ON FIVE COUPLERS AND A

CONTROLLED IMPEDANCE VIA (THE LAYOUT SIZE IS 13 CM*10 CM). .eceeoviiiiiiiiiiiiececeeeee, 163

FIGURE IV-25: SIX-PORT REFLECTOMETER SIMULATION RESULTS AS A FUNCTION OF FREQUENCY

(A) MAGNITUDE OF S-PARAMETERS AT EACH PORT (B) PHASE-SHIFT DIFFERENCE BETWEEN PORT

5 ,PORT 6 AND PORT 3, PORT 4. ...ovviiiioieeeeeeeeeee ettt eeeee e eeaee e e eeaaee e eetaeeeeenaneeseesneeseeaneeseennneeeenn 164
FIGURE IV-26: ONE PORT 3-TERMS ERROR MODEL [RYT O1]. ..ccvviiiiiieeeeeee e, 165
FIGURE IV-27: THE FLOWGRAPH SHOWS ALL THE POSSIBLE SIGNAL PATHS. .....euvvvereeernnernnnnnnns 166

FIGURE 1V-28: THE REFLECTION COEFFICIENT DISTRIBUTION SIMULATION PINK STAR: MEASURED

DATA, RED SQUARE: CALIBRATED DATA AND BLUE TRIANGLES: IDEAL DATA. F=2 GHz........... 168

FIGURE 1V-29: THE REFLECTION COEFFICIENT DISTRIBUTION SIMULATION PINK STAR: MEASURED

DATA, RED SQUARE: CALIBRATED DATA AND BLUE TRIANGLES: IDEAL DATA. F=11 GHz......... 169

FIGURE IV-30: THE REFLECTION COEFFICIENT DISTRIBUTION SIMULATION PINK STAR: MEASURED

DATA, RED SQUARE: CALIBRATED DATA AND BLUE TRIANGLES: IDEAL DATA. F=20 GHz......... 169

XV



List of tables

List of tables

TABLE I-1: EXAMPLES OF RESONATOR STRUCTURES AS WELL AS THE TRAGET APPLICATIONS. . 28

TABLE II-1: STANDARD DEVIATION OF THE TRANSMISSION COEFFICIENT S;; AS A FUNCTION OF

IFBW; ZERO LEVEL = -50 DB, F =2 GHZ, ACQUISITION TIME = 60 S, NUMBER OF POINT = 60. .... 54

TABLE II-2: STANDARD DEVIATION OF THE TRANSMISSION COEFFICIENT S;; AS A FUNCTION OF

NUMBER OF POINT; ZERO LEVEL =-50 DB, F =2 GHZ, ACQUISITION TIME =60 S..........cccceuvrvn..... 55

TABLE I1-3: STANDARD DEVIATION OF THE TRANSMISSION COEFFICIENT Sz; AS A FUNCTION OF
ACQUISITION TIME; ZERO LEVEL = -50 DB, F = 2 GHZ, NUMBER OF POINT = 600 AND IFBW=100
HZ. oottt e et e e et e e bbe e e e bbe e e e bbaeeeatbeee e taeee e tbaeeeanrreaaans 55

TABLE I1-4: STANDARD DEVIATION OF THE TRANSMISSION COEFFICIENT S;; AS A FUNCTION OF
THE ZERO LEVEL; F = 2 GHZ; Py = 0 DBM, IFBW = 100 HZ, ACQUISITION TIME = 5 MINUTES,

NUMBER OF POINT = 6000......ccccttiiiiieiieeiiieeiie et e ettt e sttt e siteeeateesbeesaaeesnseessseeesnseesnsaessnsaesnseeennses 56

TABLE II-5: SETTING PARAMETERS FOR THE TEST OF MEASUREMENT REPEATABILITY

ACCORDING TO THE SCANNING ERROR. ......iiiiiiiiiiiiiiiiiiiii i 57

TABLE I1-6: THE ESTIMATED MEASUREMENT REPEATABILITY IN TERMS OF STANDARD

DEVIATION IN X, Y AND Z DIRECTIONS. ......otiuiuiuieeeeeeeteeeeeeeeeeeeeeeseeeeeessesesseeeseseseesseseseseeseseeenens 57

TABLE II-7: SETTING PARAMETERS FOR THE LARGE SURFACE IMAGING OF A ONE CENT EURO

TABLE III-1: SETTING PARAMETERS FOR TWO MEASUREMENT MODES IN TERMS OF POWER,

IFBW, NUMBER OF FREQUENCY POINTS AND ZERO LEVEL. ......ocuiuiiieeeeeieeeeeeeeeeeeeeeeereeeeeeee e 98

TABLE I1I-2: NUMBER OF FREQUENCY POINTS AS A FUNCTION OF IFBW; ZERO LEVEL =-55 DB, F

=2 GHZ, ACQUISITION TIME IS RESPECTIVELY 60 SECOND AND 0.5 SECOND. ...........cceevrurrrnen... 101

TABLE IV-1: THE WORKING FREQUENCY RANGE FOR THE FOUR TYPES OF COUPLER

ILLUSTRATED IN FIGURE IV =2, oottt ettt ettt et et e s 132

TABLE IV-2: THE EVEN MODE IMPEDANCE OF THE 9 SECTIONS TANDEM STRUCTURE WITH THE

RIPPLE LEVEL AND THE BANDWIDTH RATIO IN CRISTAL AND YOUNG’S TABLE.....cccvvvuueeeeeeeenne. 144

TABLE IV-3: THE COMPARISON OF SIMULATION RESULTS FOR DIFFERENT COMPENSATION

METHODS. ..o et e e e e e e e b e e et e e e e e aa e aas 153

XVi



List of acronyms and abbreviations

List of acronyms and abbreviations

ADC: ANALOG-TO-DIGITAL CONVERTER

ADS: ADVANCED DESIGN SYSTEM

AFM: ATOMIC FORCE MICROSCOPE

CMOS: COMPLEMENTARY METAL OXIDE SEMICONDUCTOR
DNA: DEOXYRIBONUCLEIC ACID

DSP: DIGITAL SIGNAL PROCESSOR

DUT: DEVICE UNDER TEST

EMP: EVANESCENT MICROWAVE PROBE

FWHM: FULL WIDTH AT HALF MAXIMUM

HFSS: HIGH FREQUENCY STRUCTURE SIMULATOR
IBMN: INTERFEROMETER BASED MATCHING NETWORK
IC: INTEGRATED CIRCUIT

IOT: INTERNET OF THINGS

IFBW: INTERMEDIATE FREQUENCY BANDWIDTH
INFMM: INTERFEROMETER-BASED NEAR FIELD MICROWAVE MICROSCOPE
LO: LOCAL OSCILLATOR

MEMS: MICRO-ELECTRO-MECHANICAL SYSTEM
MOS: METAL-OXIDE-SEMICONDUCTOR

NFMM: NEAR-FIELD MICROWAVE MICROSCOPE
NSOM: NEAR-FIELD SCANNING OPTICAL MICROSCOPE
SEM: SCANNING ELECTRON MICROSCOPE

SMM: SCANNING MICROWAVE MICROSCOPE

SPM: SCANNING PROBE MICROSCOPE

XVii



List of acronyms and abbreviations

SRR: SPLIT RING RESONATOR

STM: SCANNING TUNNELING MICROSCOPE

VNA: VECTOR NETWORK ANALYZER

XViii



General introduction

General introduction

Microelectronic technology covers almost every aspect of our lives, including
consumer electronics, communications, computer-aided technologies and robotics. It also
results in the incorporation of electronic devices into equipment specific to each industry.
The continuous miniaturization of electronic components leads to more economic energy
consumption and better performance but also to an increase of the difficulty to characterize
them. The development of well-suited characterization means is therefore needed.
Naturally, microscopies are considered as good candidates to respond to this requirement
as they are known as the solution of choice to visualize small objects which are hard to be
observed from naked eyes. However, the conventional optical microscope fails to observe
the microscale and nanoscale devices because of the well-known Abbe diffraction limit
[ABB 73]. The scanning probe microscope (SPM) has been therefore developed to bypass
this resolution limit and leads to a variety of instruments that give spatial resolutions up to
the nanometer. Actually, the scanning tunneling microscope (STM), atomic force
microscope (AFM) and scanning electron microscope (SEM) are widely used in industrial
and academic laboratories today. In fact, the microscopes mentioned above are
characterization tools for materials surface vision. Sub-surface characterization such as
subsurface biological anomalies imaging and more generally buried structures
characterization cannot be realized. Thus, there is a strong need for new characterization
tools to address these ever growing demands of instruments of high spatial resolution and

multi-functionalities.

The near-field microwave microscope (NFMM) seems to meet all these requirements
and is considered at the forefront of science and technology today because it combines the
potentials of scanning probe microscope with the power of microwave sensing methods.
Benefitting from the material penetration ability brought by the microwaves, non-
destructive subsurface evaluation and materials properties (structural, topographic,
electronic and magnetic) characterization become possible. The NFMM is based on the
interaction between the material properties and the electromagnetic fields emitted by an

evanescent microwave probe (EMP). To guaranty the high resolution of the NFMM, both
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the probe dimensions and the probe to sample distance have to be much smaller than the

free-space wavelength.

In this PhD work the main goal is to address applications in surface imaging,

subsurface imaging and material properties measurement by means of a homemade NFMM.

The manuscript is made of four chapters. The first one is an introduction to the state
of art of NFMM, where typical features, advantages and limitations are described.
Applications including its ability in surface and subsurface imaging as well as its access to
the samples under test physical properties are also illustrated. After that, a classical NFMM
set-up is described. All the components including the signal generation system, the scanner
and the data acquisition system are depicted. To address the sensitivity limitation, two of
the most popular matching networks are described in details. We show that according to
various types of probes, different applications at selected operating frequencies can be

achieved.

In chapter II, a brief description of the NFMM developed at IEMN is firstly given.
We show that thanks to an interferometer based matching network, the sensitivity
limitation is bypassed and the system is able to operate at any frequency in the working
frequency band [2-18 GHz]. The setting parameters are also studied and their influence on
the measurement precision is estimated. The homemade interferometer-based NFMM
(iNFMM) imaging performance is then evaluated both in surface and subsurface situations.
Examples of 1D and 2D images are given to appreciate the strengths and weaknesses of
the technique proposed. To improve the image quality, image treatment techniques such as
position/signal difference method, adaptive robust statistic method and local regression,

likelihood method are applied on raw images collected by the INFMM.

To demonstrate that our homemade iNFMM owns the broad working frequency band
feature, high measurement sensitivity and precision, we focus on the dielectric properties
measurement of biological aqueous solutions in chapter III. Firstly, an introduction to
different characterization methods to measure the glucose concentration of aqueous

solutions is given and a well-established model to determine the complex permittivity of
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different concentrations of glucose aqueous solutions is then selected. After that, two
investigation modes are respectively presented: immersion mode and non-contact mode.
With a careful study of the setting parameters and taking their measurement error rates into
account, it is shown that different concentration ranges of glucose aqueous solutions can
be characterized according to the two modes. As a demonstration, the dielectric
permittivity of glucose aqueous solutions with concentrations ranging from 0 to 10 mg/ml

1s studied.

After the demonstration of liquids characterization possibility, in chapter IV we focus
our attention on the improvement of our iNFMM in terms of integration. The wish to
integrate the iNFMM is motivated by its large size and the relatively high cost of the
components inside, typically the network analyzer and the impedance tuner. The
replacement of the network analyzer is focused here. In fact, the network analyzer has two
main functions in the NFMM. The first one is the broadband signal generation with a fixed
power level. The second one is the measurement of the signal reflected from the probe with
high precision. The signal generation requirement can be easily satisfied. To ensure the
signal measurement, a six-port reflectometer can be advantageously envisaged. Compared
to the conventional network analyzer, the six-port technique owns a major advantage,
which is related to the simplicity of the microwave hardware. In this chapter, a six-port
reflectometer configuration is selected to cover the large frequency band targeted [2-20
GHz]. The design procedure, fabrication methods and measurement results are presented
and a simple one-port calibration method is also applied on the measurement results to

further improve the measurement precision.






A brief description of near-field microwave microscopy

Chapter I

A brief description of near-field microwave microscopy



A brief description of near-field microwave microscopy




A brief description of near-field microwave microscopy

Chapter I : A brief description of near-field microwave microscopy

I.1 Introduction

Smart devices, connected objects or more generally, the Internet of Things (IOT) has
become a sunrise industry to facilitate man’s daily life and improve the living quality. The
sensors, actuators and electronic circuits play a very important role in IOT since they are
usually embedded in the objects to exchange data. Thanks to the rapid advances in the
microelectronic technology, the miniaturization of electronic components leads to a much
less power consumption and much higher performance. For instance, the semiconductor
manufacturing processes for the complementary metal oxide semiconductor (CMOS) has
been improved a lot for the size of gate from 10 um in the early 1970s to 7 nm in nowadays.
Thus, the difficulties to characterize these components increase. Furthermore, the spring
up of new materials such as graphene, borophene, germanene and so on, results in an
increasing demand of characterization in particular at the nanoscale. Consequently, to fulfil
such requirement, the scanning probe microscope (SPM) is proposed in this general context
of downscaling. This characterization mean is regarded as an innovative metrology tool

which can answer to a large range of challenges at the nanoscale [TSE 05] [EFI 17].

In fact, the continuous development of SPM leads to a variety of instruments that are
able to offer nanometer spatial resolutions. Scanning tunneling microscope (STM) is firstly
introduced by G. Bining and H. Rohrer in 1981[BIN 82 a] [BIN 82 b]. By means of the
tunneling current between the sample and the probe, it becomes the first one to present
surface studies with atomic resolution. Nevertheless, the measurement principle limits its
use only to conductors. Insulating samples could not be imaged until the advent of the
alternating current STM (AC-STM) in 1989 [KOC 89]. At about the same time in the mid-
1980s, the first generation of atomic force microscope (AFM) came up as a combination
of a STM and a stylus profilometer (SP) [BIN 86]. The measurement concept focuses on
detecting the interatomic or electromagnetic force between the probe tip and the sample
surface. Without the limitation brought by the STM, AFM can be applied not only to

conductors but also to insulators and semiconductors. Generally speaking, STM and AFM
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can both operate in air and liquid conditions and offer a good resolution up to several A for

surface characterization [JUL 93].

Samples physical properties such as conductivity, dielectric constant and dopant
intensity are of great interest especially for new materials [GAO 98] [IMT 03] [GU 17]. In
addition, sub-surface characterization attracts more and more attention, for example in
application fields like defects detection in metals [TAB 99 a], subsurface biological
anomalies imaging [WU 04] [GAI 07] [REN 11] and buried structures discovering [HAD
11] [GRA 15] [CHI 12]. Microwave sensing techniques have shown a great potential in
these domains thanks to the penetration ability offered which allows a non-destructive

subsurface evaluation. In fact, traditional far-field microwave characterization techniques
are limited by the low resolution which is in the order of 3 according to Abbe’s criterion

[ABB 73] [ABB 84]. Facing the increasing resolution requirement in the order of sub-
millimetre or even the nanoscale, traditional far-field approach is no longer available. Thus,
a method to overcome such resolution restriction is imperative. In 1928, Synge firstly came
up with the near-field scanning idea to bypass the Abbe’s criterion [SYN 28]. After that,
research works have been established to complete this idea and contribute to set the basis
of near-field microwave microscopy (NFMM) [FRA 59] [SOO 62] [BRY 65] [ASH 72]
[WAN 90] [TAB 99 a]. Recently, the NFMM idea has been included in the atomic force
microscope (AFM) and scanning tunnelling microscope (STM) and the AFM/STM based
NFMM were therefore developed at the beginning of 21" century [ANG 07] [HAN 08].

With the development of the NFMM from theoretical and application perspectives, it
can be considered as an innovative and powerful metrology tool for the study of a large
range of materials such as bulk samples [IMT 07], buried structures [WU 04] [PLA 11],
thin films [TSE 13] [GU 17], electronic materials and devices [IMT 10] [FEN 11], liquids
[GU 16 _c] [LIN 17] and biological samples [FAR 12].

In this chapter, we firstly present the typical features including the advantages and
limitations of the NFMM. Applications including its ability in surface and subsurface

imaging as well as its access to samples’ physical properties are also described. After that,
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a classical NFMM set-up is under investigation. All the components including the signal
generation system, the scanner and the data acquisition system are illustrated. To address
the sensitivity limitation, two of the most popular matching networks are described in
details. We show that according to various types of probes, different applications at
selected operating frequencies can be achieved. Finally, we present a homemade
interferometer-based NFMM developed in MITEC (Microtechnology and Instrumentation
for Thermal and Electromagnetic Characterization) group [Bak 15] [GU 16 _c].

1.2 NFMM features and applications

1.2.1 Introduction

As just mentioned in the introduction of the chapter, different kinds of SPM exist that
can offer a spatial resolution up to several A. However, most of them can only evaluate
samples surface profile while the subsurface properties remain a challenge. Adversely,
NFMM gives the possibility to characterize quantitatively the subsurface properties of the
sample thanks to the penetration ability offered by microwaves. Actually, parameters such
as the reflection coefficient, the transmission coefficient or the capacitance can be
translated into different materials properties including dielectric constant, conductivity,
characteristic impedance and so on, with a proper physical model. In the following sections,
we firstly present the subsurface imaging ability brought by the NFMM. After that,
materials properties determined from two approaches (semi-empirical method and probe-
sample interaction method) are illustrated. The limitations of NFMM are discussed

thereafter and finally a conclusion is given.

1.2.2 Subsurface imaging

As already said, the NFMM exhibits a pronounced advantage compared to the other
types of SPM, thanks to the interrogating waves that have the ability to penetrate through
materials and reflect the subsurface properties. Indeed, this phenomena relies on the fact
that the embedded structures show different characteristic impedances compared to the

cover layer. They interact with the microwave signal and affect its magnitude and phase
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features. This can be observed for example by measuring the reflection coefficient in terms
of amplitude and phase shift [TAB 04]. As a result, the NFMM can be used in several

applications which have been briefly summarized in the introduction.

In order to better understand the subsurface imaging performance brought by the
NFMM, a demonstration is given for a doped Si substrate that is partly covered by thin
S10; films.

a A/2 Coaxial resonator

Figure I-1: Schematic of subsurface detection towards a doped Si substrate partly covered by
SiO; films [GRA 15].

As illustrated in Figure I-1.a, the NFMM is build up with a vector network analyzer
(VNA) and a commercial AFM. The sample under test is a flat doped Si substrate which
consists of dopant stripes with different dopant density. SiO> films with two thicknesses
(120 nm and 200 nm) are respectively placed on the dopant stripes to verify their influence
on the measurement results (Figure I-1.b and Figure I-1.d). The reflection coefficient in
terms of phase shift is therefore obtained in Figure I-1.c (120 nm) and Figure I-1.e (200

nm). One can note that the dopant stripes are clearly detected even with the oxide coverage.

Nevertheless, the measured sensitivity between the first and second dopant stripes
decreases with the increase of the SiO: layer thickness. This phenomena gives rise to a
discussion: what is the relationship between the measurement sensitivity and the thickness
of the cover layer? To answer this question, Sun et al have designed an experiment to

evaluate the influence of covers on the subsurface imaging quality [SUN 14].
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Figure I-2: Subsurface imaging results of a 100 nm thick gold thin film pattern on a glass
substrate with different cover thicknesses ranging from 0 to 50 pm [SUN 14].

In this experimentation, the tip apex size is around 50 pm and the tip-sample distance
is fixed to 10 um. The optical image of a gold thin film pattern whose thickness is 100 nm
is demonstrated in Figure I-2.a. With the NFMM measurement, the contour views of the
pattern are shown in terms of resonant frequency and magnitude of the measured reflection
coefficient in Figure I-2.b and Figure I-2.c. A resonant frequency shift of about 0.06 GHz

and a magnitude sensitivity of 8 dB are observed.

To evaluate the influence brought by the dielectric cover, three configurations are
investigated and for each of them the resonant frequency and the reflection coefficient are
plotted. The first one does not include a cover (Figure I-2.d and Figure I-2.g) whereas a
layer of SU-8 photoresist with a thickness of respectively 25 um (Figure I-2.e and Figure

11
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[-2.h) and 50 pm (Figure I-2.f and Figure I-2.i1) is considered for the two other

configurations.

From the measurement results, one can note that the contrast value (magnitude and
resonance phase shift) decreases with the increase of the cover thickness, resulting in a
worse lateral resolution and a degraded image quality. If we keep constant the distance
between the tip and the cover, the increase of the cover thickness actually leads to a larger
tip to sample of interest distance. Thus, the degradation of image quality is supposed to
come from two parts: the increase of tip-sample distance and the influence of the dielectric
layer. However, if the tip-sample distance is kept constant, the influence can be considered
mainly due to the dielectric layer. In this case, the relationship between the measurement

sensitivity and the thickness and nature of the cover layer is clearly demonstrated.

As a summary, the subsurface imaging is based on the physical properties difference
(impedance, dielectric constant, etc.) between the target sample and its coverage layer. One
can not only qualitatively observe this variation but also quantitatively obtain the physical
properties of the material under the cover layer. In the next section, two important
properties which are the dielectric constant and the characteristic impedance are

determined by means of two methods.

1.2.3 Quantitatively imaging of materials properties

In this section, quantitative measurement of materials properties such as dielectric
constant and characteristic impedance are demonstrated with NFMM. The imaging
technique is mainly based on the knowledge of the electromagnetic interaction between the
probe and the sample at microwave frequencies [ANL 07]. The mostly used methods to

image the material physical properties are discussed in the following parts.

1.2.3.1 Probe-sample interaction method

The first technique is called probe-sample interaction method. This method relies on

the investigation of the probe-sample interaction and aims to extract the sample physical

12
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properties directly from the measured results. In this case, the modelling of the tip-sample
interaction becomes very important. The established model together with the knowledge
of the tip geometry helps for the sample properties determination [ANL 07]. For instance,
this method has been used for complex optical constants characterization with an AFM-

based NFMM [HIL 00].

Actually, the modelling of the tip-sample interaction is highly dependent on the probe
type. For demonstration, two kinds of probe corresponding to a perfect conducting sphere

and a magnetic split ring resonator (SRR) based probe are presented.
1.2.3.1.1 The perfect conducting sphere probe

Generally, the perfect conducting sphere probe is considered as the most classic one
that is used in the NFMM system. As can be seen in Figure I-3.a, it is generally made up
with a sharpened metal tip that is mounted on the center conductor of a coaxial connector.

The metal tip is a sphere whose radius is the probe apex size D.

Coaxial ‘
connector

I Ce Z s
Probe 7 || |

* . t 1
Probe apex size: D E> C
‘\ <« '\Z( Sstr

Material (b): Equivalent circuit
unider test Z S

(a): tip-sample interaction

Figure I-3: (a) Lumped element model of tip-sample interaction (b) equivalent circuit [GU 16_c].

To describe the interaction between the tip and the sample, a lumped element model

is given [GU 16 c]. The impedance Z; is regarded as the probe impedance and can be

13
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calculated by the equivalent circuit illustrated in Figure I-3.b. One can note that three
parameters have an influence on the impedance Z,, which are the tip-sample capacitance C,,
the sample ‘near field’ impedance Z; ( Rg,Ls;, Cy;) and the tip body to sample
capacitance Cg;,. The sample impedance Z; can be further divided into sample resistance

R, inductance Lg and capacitance C; [ANL 07] [GU 16_c].

Zt_l = (ijc +Z)7' + jwCoy (-1

Zs is related to the energy stored and/or dissipated in the sample. The tip-sample
capacitance C, and the tip body to sample capacitance Cy,- can be calculated with the
distance between the tip and sample (H). To ensure a high sensitivity (Z; ~Zs), the term
1/wC.Zs as well as the term wCq-Zs has to be much smaller than or at least on the order
of unity. This condition is satisfied when H is much smaller than the probe apex size D
[ANL 07]. If one consider the near-field impedance is according to a homogeneous bulk

sample, the equation I-1 can be further transformed to equation I-2 in the near field region

[ANL 07]:

1
Z.=— [—2
S jweygesD ( )

From this equation, one can find it is basically the impedance of a capacitor with a
geometrical capacitance gyegD filled up with a material of complex relative permittivity
es = &  — je”. This concept can also be applied for different materials such as dielectrics,
semiconductors and normal metals [ANL 07]. Thanks to this model, the relationship
between the material dielectric permittivity and the probe characteristic impedance is clear

when the tip apex size is known.
1.2.3.1.2 The magnetic SRR probe

Apart from the classic perfect conducting sphere probe, other types of probes are also

able to evaluate the sample properties. Very recently, Dmitry Isakov and his colleagues

14
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have proposed a SRR based probe for the relative dielectric permittivity determination
[ISA 17]. As can be seen from Figure [-4.a, the SRR is inserted in between two magnetic
loops which are connected to the two ports of the VNA. The size of the ring is expressed

with an outer radius r, a width w, a height h and a gap width g.

In case of free space, the SRR excitation is a time-varying magnetic field which is
parallel to the split ring axis. The SRR response comes from the resonant exchange of
energy between the electrostatic fields in the capacitive gap and the inductive currents
inside the split ring. Thus, the SRR can be considered as a LC circuit with an effective

inductance L and a capacitance C with magnetic resonance frequency:

fo = 2rVLC)™! (I -3)

-| _magnetic
loop probe

Figure I-4: (a) Schematic of a split ring resonator based probe (b) an example of a full wave
electromagnetic simulation of the interaction between the probe and the sample at 15 GHz [ISA
17].

A full wave electromagnetic simulation of the interaction between the probe and
sample is illustrated in Figure I-4.b when the SRR is in contact with the sample. The vectors
and the color contours indicate the direction and intensity of the induced electric field in
the cross section at the resonant frequency. In this case, the capacitance between the SRR

and the sample can be assumed to be the sum of the gap capacitance Cy ), the ring surface

capacitance Cyn4 and the sample capacitance Csgmpie-
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C= Cgap + Cring + Csample (-4

The magnetic inductance L and the ring surface capacitance Cy;pq4 are taken from

[SYD 09]:

8R 1
L'=wR(logs———7)
(I=5)
h+w 4(r — h)
Cring = 2&o T log g

Where the terms &, and |, are the free space permittivity and permeability and R is

the mean ring radius (r-h/2).

The gap capacitance Cgyqy, is regarded as a sum of a parallel plate capacitance due to

the air in the gap and the fringing capacitance at the ring edges. It is expressed as:
hw
Cgap=£0?+ gh+w+g) (I1-6)

When the SRR is in contact with the sample with a relative dielectric permittivity &,
the sample capacitance Csqmpie can be calculated by the conformal transformation method

[YAN 16]:

LG K
Csample = EOE K(ko) &r K(kl)) (I - 7)

Where 1 is the length of the plate of the parallel plate capacitor. The
terms K(kg), K (kg), K(k1) and K (k;) are the complete elliptic integrals of the first kind

with k' = V1 — k?. k, and k, are defined as:

g
kn =
0 2Wl+g
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(I1-8)
tanh(mg/4S)

k1 = Gnh(r (2w, + 9)/45)

Where S is the thickness of the dielectric substrate slab and W, is the contact length

between the SRR and sample surface. It can be approximated as:

h
W= fri- G2 -4 (-9

With the combination of the equations from I-3 to I-9, the analytical expression for
the shift of the resonant frequency f, as a function of the sample relative dielectric

permittivity &, can be achieved:

& (f) = A+ Bfy? (I - 10)

I K(ky)
TK(KD
02K (k)

Where A=

1

Il K(ky)
2. 1 L 1
4megyl 2K (k)

and B =

As can be seen from the equations previously given, the coefficients A and B are

functions of Cyqps Cring and the complete elliptic integrals of the first kind. These terms
are defined with an outer radius r, a width w, a height h, a gap width g, the thickness of the
dielectric substrate S and the contact length between the SRR and sample surface w;. Thus,

the coefficients A and B can be therefore determined.
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With the theoretical analysis provided above, the relationship between the geometry
of the split ring probe and the relative dielectric permittivity of the material under test is

estimated. Hence, a measurement accuracy within 5% can be achieved [ISA 17].

As demonstrated with the two examples given above, the probe-sample interaction
method is based on the combination of a well-defined probe model and the knowledge of
the tip geometry to find out a relationship between known parameters and the sample

properties.

1.2.3.2 Semi-empirical method

The principle of the semi-empirical method relies on mapping the samples with known
physical properties. Actually, it firstly evaluates samples with known properties and
establish a calibration model so that the physical property of an unknown sample can then

be deduced from the measured quantity [FAR 11 c].

Unlike the probe-sample interaction method, the semi-empirical method owns the
outstanding merit that the tip geometry analysis is no longer required [MON 17]. Indeed,

it contributes to the simplification of the characterization method.

Thanks to this approach, the determination of the sample’s inhomogeneity [MON 17],
dopant density [GRA 15] or complex impedance [GRA 14] becomes possible. Moreover,
the evaluation of dielectric/ferroelectric constants of solid materials [GAO 04 a],

biological solutions [GU 16 _a] [GU 16_b] or thin films [GAO 04 _b] can be easily realized.

In fact, the core content of this approach relates to the creation of an interpolation
routine that justifies the calibration procedure [ANL 07] [GU 16 c]. Hereafter we give an

example for a better understanding.

As illustrated in Figure I-5, the idea is to convert the measured quantity, in this case
the transmission coefficient (S21m), into the parameter of interest, in this case the complex

impedance. The procedure can be divided into two steps. The first step is normally based
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on a well-defined calibration model. In this example, the authors make use of the one-port
calibration to transfer the S>1m into impedance [AGI 02] [GU 16 _c]. The calculation of the
three complex error terms is done by choosing three samples with known impedance at a
fixed frequency. Knowing this impedance and its corresponding Sz1m, the three error terms
are calculated. The second step is to deduce the impedance of an unknown sample using

the obtained three error terms together with the measured Szim.

‘ Calibration procedure ‘ [ e

material impedance

Three calibration standards:

Zs), Zsyand Zg; —
Transmission error terms:
_Zs—Z coefficient: Sy, €00, €11 and ejoeg
$ Zs+ Zg — —
< b s &
A N\
Three reflection coefficients: S —
IL=e + 21m — €o0
= €go
Is, Ispand Tg; : €10€01 — €00€11 T S21me11
s — e (e10€01)15 ‘ )
21m = €0 T T — .
1-— [;-611 '
1-1I5
. . Zs =12y
Three calibration parameters =R

(error terms): ey, €;; and e;pey;

Figure I-5: A calibration procedure of an interferometer-based NFMM to measure the
complex impedance [GU 16 c].

As a summary, the principle of the semi-empirical approach is to create a routine
between the measured quantities and standard samples. Once this routine is verified,
samples with unknown properties can be characterized. This approach is generally simple
and efficient. However, it is sometimes difficult to find standard samples, which is

considered as a limitation.

1.2.4 NFMM limitations

In the previous sections, several advantages of the NFMM are presented such as the

subsurface imaging and the measurement of materials physical properties possibility.
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Nevertheless, some limitations exist in the NFMM system, they are discussed in this

section.

The first limitation is linked to the measurement sensitivity. Actually, when the VNA
is directly connected to an evanescent microwave probe (EMP), a great impedance
mismatch between the intrinsic impedance of the VNA (50 Q) and the impedance of the
EMP (tens or hundreds of KQ) leads to an extremely small measurement sensitivity. This
limitation can be overcome by inserting a matching network between the EMP and the

VNA. This point is discussed in details in the section 1.3.4.

The second limitation is related to the measurement noise. Actually, for a single EMP
which is able to measure the signal in reflection mode, its functions are divided into two
parts: transmission of the signal from the signal generator to the sample and reception of
the signal reflected by the sample. When sharing the same electrode, the common-mode
signal will lead to a large shot noise [LAI 07]. The measurement noise is also related to the
setting parameters of the system. For instance, the Q factor of the matching network (Q
factor for resonator based NFMM and zero level for interferometer based NFMM) adjusts

the VNA noise floor and consequently leads to an impact on the system noise.

The third limitation appears only for the NFMM without the feedback system. Indeed,
the resolution of the NFMM system is mainly governed by the EMP apex size as well as
its position (stand-off distance). In our case, to ensure the NFMM works in the near field
region, the stand-off distance between the EMP and the sample has to be much smaller
than the EMP apex size. For a high resolution NFMM system, the EMP apex size has to be
very small and the stand-off distance is therefore very short. However, without the
feedback system, the sharp EMP has a chance to touch the sample and undergo a
transformation of the tip at that short stand-off distance, leading to a degradation of the

imaging quality [ANL 01].

The fourth limitation occurs when imaging a large area with a high resolution is

desired. Because the microwave source suffers from a signal drift with time in terms of
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frequency and magnitude, a compromise between a high resolution and the scanning

duration has to be made. This limitation is discussed in details in chapter II.

However, even with these limitations, the NFMM system is considered as an
innovative and an effective solution for surface/subsurface imaging and materials

characterization.

1.2.5 Conclusion

As a summary, in this section, we firstly present one of the major advantages of the
NFMM, which is its ability in subsurface imaging. A few applications relying on this
feature are also presented. After that, a quantitative approach for the determination of the
sample physical properties based on two techniques: the probe-sample interaction method
and the semi-empirical method is discussed. Each of them is briefly described and
examples are given. Finally, the limitations of the NFMM are also discussed. Since the
NFMM shows outstanding merits compared to the other types of SPM, a typical NFMM
setup is consequently reported in the next section for a more detailed presentation of its

structure and operating principle.

1.3 A Typical NFMM setup

1.3.1 Introduction

In this section, a classical NFMM setup is described in details. Generally, a typical
NFMM, no matter it is a homemade or a commercial one, includes a signal generation
system/acquisition system, a XYZ scanner, a matching network and an evanescent
microwave probe (EMP). Practically, the signal generation system can be a signal
generator (for example a VNA or a frequency synthetizer). The data acquisition system is
mostly a combination of a VNA and a control interface. The XYZ scanner determines the
3 dimensions resolution and the scan range while the matching network mainly gives the

sensitivity and the operating frequency band. The last component but probably the most
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important one is the EMP, which gives the intrinsic resolution of the NFMM. In the

following part, these components are more finely described.

1.3.2 Signal generation and acquisition system

A signal generation/acquisition system should be the first component that has to be
taken into account for the build-up of a NFMM system. Generally, the VNA is regarded as
the perfect fit for this job because of both its signal generation function and its ability for
the detection of signals with a high precision and a good sensitivity [GRA 14] [GAO 14]
[WU 15]. However, a VNA is always expensive for a low cost homemade NFMM. With
the advent of the multi-port technique, a replacement has been proposed by changing the
VNA by a combination of a signal generation system (frequency synthesizer or a voltage-
controlled oscillator phase-locked loop) and a multi-port based reflectometer [BEN 08]
[HAD 11] [HAD 13].

Four-port
N— - PRy reflectometer
o =
8|55 e synthetizer
=] @ aatata
| 5 €€ EoEr
%@ ,:_. C
588 Ets
-&) gl
- B2

(a) (b)

Figure I-6: Schematic of a signal generation/acquisition system: (a) VNA (b) a combination
of a frequency synthesizer and multi-port based reflectometer [HAD 11].

For illustration, in the Figure 1-6 above, one can find two solutions for the signal
generation/ acquisition system. Indeed, the solution is chosen according to the design goals

of the NFMM system, such as the cost, the sensitivity and so on.
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1.3.3 XYZ scanner

Once the signal generation system is chosen, one will face the problem to control the
tip-sample distance and move accurately the tip over the sample surface during the imaging
(or inversely move the sample surface under the tip). This problem can be solved with the

help of XYZ scanning elements.

In fact, the choice of a XYZ scanner is based on the resolution targeted and related to
the NFMM applications. For instance, for a NFMM that works in nm scale, a very fine
resolution is required for the XYZ scanner [CHI 12] [HAN 08]. In this case, the scanner is
always made of piezoelectric materials and enables such fine resolution when an external
electric field is applied [MIR 04]. Furthermore, several feed-back systems are commonly
used in these NFMM set-ups to ensure a constant tip-sample distance. These feed-back
systems are either AFM-based [BIN 86] or STM-based [WIL 89] as described in the
references [HOW 96] [HAN 08]. However, when the application requests to scan a large
area, such as in case of subsurface defect characterization [MAL 17], diagnosis of
integrated devices [SAF 14] and 3D-printed circuit element investigation [COR 15], a
coarser movement is needed and the resolution of the XYZ scanner is rather in um scale

or even larger to save scanning time.

The Figure I-7 presents two types of XYZ scanner corresponding to different
resolutions. The first one (Figure I-7.a) is integrated in an Agilent 5400 SPM that presents
a scanning range in three dimensions of 90 pm*90 um*8 pm. Its resolution is in nm scale
[HAN 08]. The second one (Figure I-7.b) enables a scanning surface of 7cm*7cm and a

minimum scanning step in mm scale, which is suitable for large area imaging [REN 11].
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(a) (b)

Figure I-7: Schematic of two types of XYZ scanner: (a) Scanner integrated in Agilent 5400
AFM/SPM [HAN 08] (b) Scanner designed for large area imaging [REN 11].

One has to mention that, during the movement of the scanning platform, imperfections
caused by the vibration are hardly avoided. Nevertheless, this effect can be largely reduced

by using an acoustic isolation chamber [CHI 12] or a marble isolation stage [GU 16_a].

1.3.4 Matching network

After the discussion about the XYZ scanner selection strategy, the matching network
is now under investigation. As mentioned in section 1.2.4, this latter plays a major role in
the NFMM system since it is directly related to the measurement sensitivity. Actually, an
important mismatch between the high impedance probe (from tens to hundreds of k€2) and
the intrinsic impedance of the VNA (50 Q characteristic impedance) always exists in the
NFMM systems [HAP 14] [GU 16_d]. To better observe the influence of such mismatch
on the measured reflection coefficient, one can examine the case where a pure resistive

impedance (DUT) is connected to a VNA.
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Figure I-8: Reflection coefficient I" as a function of a pure resistive impedance (DUT). The
VNA intrinsic impedance is 50 Q [GU 16 c].

As illustrated in the Figure I-8, one can find out the sensitivity of the reflection
coefficient is very small in two regions. These latter correspond to areas where the
reflection coefficient is close to 1 or -1 which is respectively observed when a very high
impedance or a very low impedance, compared to the intrinsic impedance of the VNA
(Zy =50 Q), is connected. On the contrary, if we adjust the impedance of the DUT (Zpyr)
to 50 Q (reflection coefficient I' close to 0), the reflection coefficient becomes very

sensitive (the largest slope in the curve).

As a conclusion, the best matching occurs of course when the DUT shows an
impedance which is identical to the VNA one. The reflection coefficient is expressed by

the following equation [DAR 13] [WEB 14] [GU 16 _c]:

= Zpur — Zo
Zpyr + Zo

In the following sections, we present two matching networks that are mostly used.

They are respectively the resonator based and interferometer based matching networks.
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1.3.4.1 Resonator based matching network

In this paragraph, the resonator based matching network is under investigation. Its

basic structures, matching principle and targeted frequency band are briefly presented.

Actually, different types of resonators have been applied in the NFMM systems such as

resonant waveguide cavities [KIM 04], split-ring resonators [REN 11], resonant

transmission lines [WAN 07] [Bar 14] [HUM 11] and resonant loaded apertures [MAL 16].

These resonators help to overcome the impedance difference between the probe and the

50 Q VNA in order to reach a high measurement sensitivity. As already said this impedance

difference can be huge.
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Figure I-9: Schematic of four typical resonator based matching networks and an example of
a measured reflection coefficient: (a) a split-ring resonator [REN 11] (b) a resonant waveguide
[KIM 04] (¢) a loaded aperture probe [MAL 16] (d) a coaxial resonator [WAN 07] (¢) The measured
reflection coefficient in terms of magnitude at the resonance frequency (4.1 GHz) for the resonant
waveguide [KIM 04].

The Figure I-9 presents four typical resonator based matching networks. Although the
resonant structures are different, the design target is always the same: the achievement of
a very low level in terms of magnitude of the reflection coefficient S at a particular
resonance frequency (Figure 1-9.e). Actually, this very low level indicates that there is
nearly no reflection occurring at the resonance frequency, the matching is therefore
achieved. Indeed, this very low level is quantified by the quality factor (Q factor). A higher

Q factor results in a better sensitivity.

After a brief introduction of basic structures used as resonator based matching network,

we give a non-exhaustive list of examples of resonator based NFMM in the following table.
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Resonator structure Operating Application Reference
frequency (GHz)

Waveguide 60 Non-destructive imaging | [KIM 04]
Split-ring 1.2 Subsurface detection [REN 12]
Split-ring 1.1 Lossy media detection [REN 09]

Y4 A coaxial 1.8 Thin films permittivity [BAR 14]

Y4\ coaxial 2.2 Subsurface imaging [SUN 14]

Y4 A transmission line 2 Ferromagnet imaging [WAN 07]
Coaxial transmission line 0.76 Subsurface detection [CHI 12]
Coaxial transmission line 7.5 Sheet resistance imaging | [STE 98]
Coaxial transmission line 5 Subsurface imaging [COR 15]

Stripline 1 Material nonuniformity | [TAB 99 d]

Microstrip 10 Semiconductor imaging | [TAB 99 c]

Load aperture probe 4.1 Defect characterization [MAL 17]

Load aperture probe 2.3 Subsurface imaging [MAL 15]

Table I-1: Examples of resonator structures as well as the traget applications.

From the Table.I-1, at wavelengths in the millimetre range, one can note that the
waveguide is favoured thanks to its high frequency performance. The split-ring resonator
works mainly around 1 GHz while the load aperture structure works below 5 GHz. The
transmission line based resonator can be divided into four parts. The first one is the
A/, transmission line that operates around 2 GHz. The second one is the coaxial based
resonator, its operation frequency depends on the geometry of the coaxial line. The third
type and the last one refers respectively to the stripline and microstrip based transmission
line resonators. They are also able to work in different frequency bands. This feature is
related to the dimension of the transmission line. Nevertheless, all of these resonator-based
structures share the same restriction in terms of frequency bandwidth. This drawback
makes it difficult for broadband applications as for example the broadband dielectric
constant characterization of biological samples [GU 16 _b]. Furthermore, the measurement
sensitivity is strongly dependent on the resonator quality factor which falls rapidly when
high-loss materials are involved in the tests [REN 09]. All these limitations have to be
overcome. Thus, a novel matching technique based on interferometers is introduced in the

next part.

28



A brief description of near-field microwave microscopy

1.3.4.2 Interferometer based matching network (IBMN)

Since very recently, the broadband characterization of materials physical properties is
of interest by using the NFMM system [GU 16 _a] [GU 16_b]. To achieve such test, the
resonator based matching network is no longer appropriate since it is a narrow working
frequency band system. In addition, it is not realistic to split the frequency band of interest
in several pieces to make use of various resonators. Thus, a new broadband matching

network is needed.

To this end, an interferometer-based matching technique has been introduced to
efficiently adjust the electromagnetic coupling between the probe and the sample under

test (SUT) to guarantee a high sensitivity in a broad frequency band [BAK 13] [HAD 12].
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Figure I-10: Schematic of the IBMN in two modes; (a) The reflection mode with an
impedance tuner and a power divider [BAK 13] (b) The transmission mode with an impedance
tuner and a hybrid coupler [HAD 12].

As can be seen from the Figure I-10, basically, the IBMN can be achieved through
two basis: transmission mode [HAD 14] [HOF 17] and reflection mode structures [BAK
13] [BAK 14]. The main difference between these two structures is that the transmission
mode includes a hybrid coupler while the reflection mode relies on a power divider.
Compare to the reflection mode, the transmission mode owns an advantage in terms of

noise floor and directivity error when measuring small signals. Actually, these two
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parameters are much lower in this case. These features help to increase the measurement

sensitivity.

Inside the impedance tuner, one can find two components: an attenuator and a phase
shifter. The operational frequency band of the IBMN is directly related to the impedance
tuner characteristics. Furthermore, all these components should be highly stable, accurate

and repeatable for a better performance of the IBMN.

-
Im
Tuning process
g for T'gyp cancellation
p
, y
/ T reflected wave g
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Figure I-11: The cancellation procedure; (a) the tuning process for the I'gy,p cancellation (b)
The combination of the reflected and cancellation waves [BAK 13], [GU 16].

After a brief introduction of the components which compose the IBMN, the matching
process is now discussed by using the transmission mode structure as an example. The
signal reflected by the EMP (I'gp) and the one coming from the impedance tuner (Iyyy)
are combined in the hybrid coupler. The two signals are combined as indicated in Figure
I-11.a. Therefore, thanks to the coupler, the measured transmission coefficient resulting

from the combination of these two signals is:
1
Sp1 = E(FTUN + Cemp) (I—-11)
Thus, the tuner can be adjusted in order to null the transmission coefficient (i.e. I'ryy

and ['gyp are equal in magnitude but opposite in phase). The very low level of Sy

subsequent to this operation is called zero level or cancellation level (i.e.S,; =
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% (Tzun + Temp) = 0). This cancellation procedure can be easily understood with the help

of the Figure I-11.

Recently, the IBMN has been integrated in commercial SMMs to perform a broadband
matching package [DEB 11]. Its calibration procedure as well as the noise reduction

method is also introduced in some research works [DAR 13] [MIC 15] [TUC 17].
1.3.5 NFMM probes

After talking about the signal generation system, the scanner, the data acquisition
system (computer) and the matching network, a very important part of the NFMM, the

evanescent microwave probe (EMP) is investigated in this section.

Basically, the probes can be classified whether they are resonant or not. For the
resonant EMP, it normally combines a resonator structure with the probe to realize the
impedance matching. As illustrated in the Figure I-9.c, the loaded aperture probe is a good
example of a resonant EMP. The resonance occurs thanks to the dipole inserted inside the
aperture and leads to a high level of EM coupling [MAL 17]. For the non-resonant EMP,
different structures have been studied and compared in the thesis of GU [GU 16 c] and
some review papers [ANL 07] [EI 17]. Examples of structures such as the coaxial line [CHI
12], the aperture based probe [GAL 14], the STM tip [FAR 11 _a] [FAR 12 _b], the parallel
line [WIL 95], the magnetic loop probe [ISA 17] and the AFM tip [LAI 07] exemplify this

kind of probe. These various structures are illustrated in the Figure I-12.

31



A brief description of near-field microwave microscopy

(a} (b)

Coaxial
line

waveguide

Illlllll

aperture

Coaxial

line g2
cantilever &/

“sample |
(e) (f)

Parallel Coaxial line
line

Wire (magnetic loop)

Figure I-12: Schematic of different types of EMP [EI 17]; (a) Coaxial line based probe (b)
Aperture based probe (c) STM tip (d) Parallel line based probe (¢) AFM probe (f) Magnetic loop
probe.

The distinction can also be made from the material used to fabricate the tip. Indeed,
different materials can be used to form the tip and will lead to various features. For instance,
dielectric probes made of silicon or silicon nitride tips are commonly used in the AFM to

detect defects buried in metallic samples [PLA 11].

Figure I-13: Normalized electric field generated on a conducting substrate by EMP with
different materials [WU 17]; (a) Titanium tip (b) Silicon tip.

The electric fields generated by dielectric and metallic probes are presented in the

Figure I-13. From the figure one can summarize the difference in two points. The first point
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is related to the electric field intensity around the tip apex. For the dielectric probe, the
electric field is less localized at the tip apex than for the metallic one. This feature indicates
that a better lateral resolution can be achieved by the metallic tip. The second point is linked
to the E-field area of the tip. The dielectric probe presents a larger E-field area during the
imaging application, which is sometimes regarded as an important feature. For example, to
avoid the nonlinear behaviour of the SUT due to the strong local electric field of the metal

tip, the dielectric probe is selected [WU 17].

1.3.6 Conclusion

In this section, the main components which compose the NFMM system are
introduced. Practically, a typical NFMM setup can be divided into a signal generation
system, a data acquisition system, a scanner, a matching network and an evanescent
microwave probe. As discussed previously, the selection strategy of each component is
mainly due to considerations on the SUT’s physical properties, the targeted application,

the applied frequency band, the cost of the system and so on.

1.4 Conclusion

In this chapter, some typical features of the NFMM including the advantages and
limitations are presented firstly. The NFMM owns an outstanding merit compared to the
other kinds of SPM, which is its ability for surface/subsurface imaging and measurement
of the sample physical properties at the same time. These features are demonstrated with
the help of examples extracted from research works published recently for most of them.

After that, the main components that constitute a NFMM are investigated.

We have shown that according to the targeted applications, the working frequency
and cost of the system, the choice of the signal generation system, the scanner and the data
acquisition system is made. The two most popular matching networks are described in
details to address the sensitivity limitation. Depending of various types of probes, different

applications at selected operating frequencies can be achieved.
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Interferometer based near-field microwave microscope

(iINFMM)
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Chapter II : Interferometer based near-field microwave microscope

(iNFMM)

I1.1 Introduction

Despite the good performance in subsurface imaging and the ability to measure
physical properties of materials, the NFMM faces several limits including the matching
issue, the measurement noise, the probe robustness issue and the signal instability. These
limitations are briefly discussed in chapter I and some promising approaches are proposed
to solve them. For example, the matching issue describing the impedance mismatch
between the high impedance EMP (tens or hundreds of kQ) and the microwave
measurement system (VNA with 50 Q characteristic impedance) is one of the most
important bottlenecks. Actually, without a matching system, the majority of the signal
coming from the VNA is reflected by the probe, leading to a poor measurement sensitivity.
To handle this problem, a matching network is therefore necessary. This kind of system
can be divided into two categories: resonator based and interferometer based one. These
two matching systems have been demonstrated theoretically in section 1.3.4. Thanks to its
broadband performance and adjustable Q factor, the interferometer-based matching

network is selected to be part of our homemade NFMM.

Even though the matching problem is solved, the signal drift and noise issues still
remain a huge challenge during the measurement and data analysis procedure. As
mentioned in section 1.3.3, one can use an acoustic isolation chamber [CHI 12] or a marble
isolation stage [GU 16 a] together with a high precision XYZ scanner to minimize the
influences brought by the environment and the mechanical vibration from the XYZ scanner.
Nevertheless, the noise as well as the measurement uncertainties cannot be fully eliminated.
A previous study has shown that they are also directly linked to the setting parameters of
the NFMM system [GU 16 _d]. Thus, a fine selection of parameters setting will help for
the reduction of noise and improvement of measurement stability, which is described in

details in this chapter.
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Once the measurement stability as well as the measurement noise performance are
improved, the last but the not least important problem related to the probe robustness issue
is under evaluation. Generally speaking, the probe tip apex size as well as the stand-off
distance (distance between the sample and the probe) dominate the imaging resolution
(both the lateral and in-depth resolutions). To achieve a good imaging performance, a
smaller tip apex size is always preferred and leads to a shorter stand-off distance. However,
without a feedback system (for our homemade NFMM system), the stand-off distance
cannot be constant and the probe has a risk to touch the sample. Moreover, the probe is
always fragile when the tip is small. Thus, a compromise has to be considered between the

probe tip apex size and the probe robustness.

In this chapter, a homemade interferometer-based NFMM is briefly described as a
consecutive work to Bakli’s and Gu’s studies in MITEC group [Bak 15] [GU 16 _c]. The
iINFMM is introduced in two parts. The first one starts with a brief description of the
iINFMM setup, where the main components are presented. Thanks to the characterization
results of each component, the interferometer based system is simulated by ADS™. After
that, since the measurement precision as well as the noise figure is related to the setting
parameters, their influence is discussed. Finally, the measurement errors are carefully
evaluated based on previous research works [GU 16 d]. The second part shows the
imaging performance of the proposed iNFMM, in both surface and subsurface situations.
The 1D and 2D images are constructed by considering the setting parameters previously
determined. To improve the image quality, some image treatment methods such as
position/signal difference method [KAN 03], adaptive robust statistic and local regression
methods [CLE 79] and likelihood estimation method [TIB 89] are respectively applied to
the images. With the help of these image treatment approaches, a better imaging quality is

achieved.
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I1.2 Brief description of the iINFMM

11.2.1 Introduction

In this section, a brief description of the INFMM is given for a better understanding
of the system performance. Firstly, the configuration of the INFMM including the setup
and the components inside is demonstrated. In the second part, the interferometer-based
matching network is simulated with the help of ADS™. After that, based on the previous
research work [GU 16 d], the measurement precision and repeatability are carefully

evaluated.
I1.2.2 Configuration of the INFMM

As mentioned in section 1.3, the interferometer-based NFMM is made of an
evanescent microwave probe (EMP), a broadband hybrid coupler, a high precision
motorized XYZ stage, a camera, a vector network analyser (VNA), an impedance tuner

and a data acquisition system with Labview™ integrated inside.

The configuration of the iNFMM is given in Figure II-1. The broadband hybrid
coupler is connected to the port 1 and port 2 of the VNA (Keysight PNA-X 5242A / 10
MHz - 26.5 GHz). Its direct path is linked to the EMP while the coupling path is connected
to the impedance tuner which is built up with a delay line and an attenuator. One can note
that the signal generated by the VNA is transmitted separately into two parts by the 3 dB
hybrid coupler. The first part arrives to the EMP to interact with the sample and results in
a reflected signal (I'gpp). The second part reaches the impedance tuner and is reflected
back to the hybrid coupler (I'ryy). These two reflected signals are combined in the hybrid
coupler. The signal measured by the VNA can therefore be calculated simply by the

following equation:

1
Sy1 = E(FTUN + Temp) ar-1)
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VNA

Data acquisition system

Hybrid coupler ~ Broadband delay line

T'evp

Impedance tuner

Figure I1-1: Near-field microwave microscope configuration based on interferometry.

One has to note that the signal is measured in a transmission mode to overcome the
main limitation encountered when using VNAs in terms of directivity errors, especially for
the measurement of small signals. Furthermore, to achieve a high matching between the
EMP and the VNA, one has to adjust the impedance tuner and null the transmission
coefficient (S,;) by generating a signal (I'ryy) with equal magnitude but opposite phase
compared to the signal reflected by the sample (I'gyp). This is the principle of the

interferometer-based matching network as already mentioned in the section 1.3.4.2.

The high precision XYZ stage helps to control the tip-sample distance and to scan
accurately the sample during the imaging process. In our case, the EMP remains fixed
while the sample is moved under the tip to keep a high measurement stability. Actually, in
terms of precision, it is better to keep the microwave part of the system fixed. A camera is
installed beside the EMP to help for the localization of the tip and sample interaction. In
this setup, the data acquisition system has two functions. The first one acts as an interface

to control the VNA and the XYZ stage with the help of Labview™. The second mission is
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to collect the measurement data from the VNA. Finally, the measurement data are analysed

according to the different applications.

As a summary, a brief description of the INFMM configuration is given in this section.
All the components as well as their functions are described. Thanks to the characterization
of the components done by Gu [GU 16 _c], the system simulation is performed by ADS™
in order to evaluate its performance. The results of this investigation is given in the next

section.

I1.2.3 Evaluation of the interferometric technique

Based on the characterization results of the components measured by Gu [GU 16 c],
the operating frequency of the INFMM is set from 2 to 18 GHz. This broadband frequency
range is mainly governed by the working frequency range of the coupler and the impedance
tuner. Concerning the coupler, in fact two couplers are used to cover this large frequency
range. The first one covers the frequency range from 2 to 10 GHz and the other one operates
in the range from 6 to 18 GHz. In the case of the impedance tuner, the attenuator and the
phase shifter integrated inside work from 2 to 18 GHz. Thus, the working frequency range
of the INFMM spans from 2 to 18 GHz.

After the selection of the working frequency of the INFMM system, its performance
is evaluated both by simulation and measurement. In the tests presented thereafter, the EMP
apex size is about 66 pm. The VNA generates an input signal with a power of 0 dBm and
the intermediate frequency bandwidth (IFBW) is set to 100 Hz. Thanks to the transmission
mode measurement, the noise floor of the VNA (Keysight™ PNA-X 5242A network
analyzer) is reduced from -70 dB (reflection mode) to about -95 dB. For the demonstration,
the frequency range is set from 2 to 3 GHz with a frequency step of 10 kHz. The

measurement is carried out at room temperature (20°C).
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Figure II-2: Schematic of the different configurations simulated by Keysight™/ADS, (a):
without interferometer, (b): with interferometer [GU 16 c].

With the conditions given above, two configurations are evaluated as illustrated in
Figure I1-2: with or without the interferometer. One has to note that the obtained signal is
the reflection coefficient (S;,) for the case without the interferometer. Whereas in case of
the setup including interferometer, the transmission coefficient (S,;) is measured. The

measurement results obtained by GU are compared with the Keysight™/ADS™ simulation

results in Figure II-3.
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Figure I1-3: (a) Measured (solid lines) and simulated (dotted lines) magnitude spectra in two
cases: with (in black) and without (in red) interferometer; Po = 0 dBm, IFBW = 100 Hz, EMP apex
size= 66 um. (b) The close-up figure around 2.461 GHz [GU 16 c].
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As can be seen in Figure II-3.a, in case of the setup without interferometer, the
simulated reflection coefficient is almost constant, around -0.7 dB, and the measured one
shows a magnitude level 3 dB lower. This difference is mainly due to the attenuation of
the connection cables. Moreover, it indicates that the majority of signal is reflected by the

EMP and leads to a low measurement sensitivity.

However, in case of the setup with interferometer, resonances appear in both
simulation and measurement results. One can find out six resonances with a step of 170
MHz from 2 to 3 GHz and each of them gives different cancellation level (peak value).
Furthermore, the difference between the simulation and measurement results is also around
3 dB, which corresponds to the case without interferometer. As already said, this difference
is due to the attenuation of the connection cables. As can be seen from Figure II-2, two
cables are connected between the coupler and the VNA whose loss is about 1.5 dB for each.
In fact, the loss is not taken into account while it affects the measurement results during

the simulation,

If we zoom the resonance around 2.461 GHz, we can observe the difference between
the simulation and measurement results in terms of quality factor (Q factor). This latter
represents the energy loss relative to the stored energy of the resonator. In our case, a higher
Q factor indicates a lower cancellation level which means a better sensitivity towards to

the variation of the sample physical property.

Compared to the simulation result which shows a Q factor of 10254, the one of the
measured result is actually 4922 at the same cancellation level. In fact, this Q factor is not
fixed and the resonance can be adjusted in terms of cancellation level and frequency by the
combination of the attenuator and the delay line. Indeed, the attenuator adjusts the
magnitude of the signal while the delay line changes its resonance frequency. These

influences have been demonstrated by Gu [GU 16 _b].

As mentioned in the previous part of this section, the operating bandwidth of our
iINFMM system depends on the components working frequency. In our case, a working

frequency range from 2 to 18 GHz can be achieved. Nevertheless, since the characteristic

49



Interferometer based near-field microwave microscope (iNFMM)

of each component varies with the frequency, the Q factor of the system is not fixed for the
entire frequency range. So, the evaluation of the Q factor in the entire frequency band
becomes necessary. To this end, the measurement of the Q factor has to be carried out.
Similar to the previous setup, the setting parameters including the IFBW, the power and
the frequency points are selected. However, in this case the cancellation level is different,
which is set around -75 dB. The reason to choose this value is due to the compromise
between the signal stability and noise level. Actually, when the cancellation level is chosen
close to the noise floor (-95 dB), the signal shift becomes more significant. Moreover, a
proper signal to noise level should be considered to avoid the noise influence. So, based on
these considerations, a cancellation level of -75 dB is selected by carefully adjusting the

impedance tuner.
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Figure I1-4: Quality factors measured (in red) as a function of the frequency considering the
zero level around -75 dB (in blue); (a): results when using the [2-10 GHz] coupler; (b): results when
using the [6-18 GHz] coupler; the wave-cancelling process is done considering the probe in air [GU
16 c].

The measurement results of the Q factor in the entire frequency band is given in Figure
II-4. As mentioned in the previous part, two couplers are used in our iNFMM whose
frequency ranges help to cover the whole frequency band. Consequently, the Q factors are
measured separately for these two couplers. For the first one which covers the frequency

range from 2 to 10 GHz, the maximum Q factor is achieved near 8 GHz (260000) and the

average value is about 100000. For the second coupler which works from 6 to 18 GHz, the
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highest Q factor (200000) is also obtained round 8 GHz. All the Q factors are larger than
24000 in the entire frequency band. Compared to the Q factor measured by transmission
line based structures in the order of 1000 or resonator based platforms in the order of 5000,

the interferometer-based matching network shows a much higher value, which leads to a

better measurement sensitivity [TAB 00], [KLE 06], [WEB 12], [SUN 14], [GRE 16].

I1.2.4 Measurement repeatability study

The improvement of measurement sensitivity brought by the interferometer-based
matching network was briefly introduced in the previous part. In this section, the
measurement repeatability and uncertainty are investigated. In fact, the measurement
repeatability can be ensured in two steps: the first step is to establish a proper measurement
protocol and the second one is to study the parameters which influence the measurement
results. In our case, for a NFMM, a similar work has been down by J.T Case and his
colleagues. They have studied the influence of setting parameters including the stand-off
distance and the scanning step size on the measurement results [CAS 11]. Inspiring by this
work, the setting parameters in the INFMM are well identified and their influences on the

measurement repeatability and precision are studied in the following part.

I1.2.4.1 The setting parameters

In our INFMM system, the setting parameters are mainly divided into two parts: the
VNA setting parameters and the platform parameter. Indeed, as shown in Figure II-5, they
can be found in the control interface which is programmed by Labview™ and inserted in

the data acquisition system.

The platform parameters are defined including the scanning step size S, the sampling
surface (displacement in X and Y directions) and the stand-off distance H. The scanning
step size S describes the horizontal distance between each displacement of the scanner,
which can be seen as a pixel. Its minimum value is equal to the minimum increment step
of the XYZ stage, which is 1um. The sampling surface defines the sample scanning surface.

In our case, the maximal scanning surface is 25 cm*25 cm in XY plane. The stand-off
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distance is the separation between the probe and the sample, which varies in our case from

I umto 1 cm in Z axis.
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Figure II-5: The control interface inserted in the data acquisition system (a) platform
parameters (b) VNA parameters.

After talking about the platform parameters given in Figure 1I-5.a, the VNA setting
parameters are listed in Figure II-5.b, where the number of frequency points, IFBW, power,

acquisition time, frequency range and the measurement mode can be found.

The number of frequency points is to construct the curve of the measured transmission
coefficient in the selected frequency band. When this number increases, the response
becomes more accurate. The IFBW, as already said, is the intermediate frequency
bandwidth. For a conventional VNA, the receiver mix the detected microwave signal to a
lower intermediate frequency (IF) by means of a local oscillator (LO). The obtained IF
signal is bandpass filtered which narrows the receiver bandwidth and greatly improves the
sensitivity, dynamic range and precision. The power is the power level of the signal
delivered by the VNA. The acquisition time describes the time to collect the measured
results. The frequency range is the frequency band where the measurements are performed

and the measurement mode is set to the transmissions mode for a better signal to noise ratio.
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The cancellation level (zero level) already introduced in the section 11.2.2, is a very
low level of the transmission coefficient S»1 obtained when matching the high EMP
impedance to the VNA impedance. This parameter can be adjusted manually thanks to the

impedance tuner.

In this section, the setting parameters are introduced including the VNA setting
parameters and the platform parameters. Their influences on the measurement precision

are summarized in the next two parts.
11.2.4.2 Evaluation method of the setting parameters influence

In this section, the measurement precision influenced by the setting parameters is

briefly summarized according to the work of GU [GU 16 _d].

First of all, the standard deviation calculation is used as the evaluation method to
estimate this influence. It is calculated from the obtained complex transmission coefficient

and is given as:

1

1 < _ =\
Std(Sz1) = (mZ[(smi - 521) X (5211' - 521) ]) (1-2)
i=1

The relative standard deviation is given by:

std(S,q1)

Std(S,1)% = 100 % X ———
|521|

(11 - 3)

Once the evaluation criterions are defined, the measurement precision, influenced by

the setting parameters, can be evaluated quantitatively.

In fact, the measurement precision and repeatability of the iNFMM are mainly

influenced by two error sources.
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The first error source is related to the electrical part of the system including the VNA,
coupler, impedance tuner and connection cables. At a fixed frequency, the coupler as well
as the connection cables remains fixed during the measurement, so the error mainly varies
with the setting parameters coming from the VNA and the impedance tuner. As mentioned
in the previous section, the setting parameters for the VNA are the IFBW, the number of
frequency points, the acquisition time whereas for the impedance tuner it is the zero level.
Consequently, the measurement errors due to the variation of these parameters are

evaluated individually.

The first setting parameter under estimation is the IFBW. According to the definition
given in the section 11.2.4.1 and the research results from GU [GU 16 _d], the decreasing
of IFBW leads to a lower noise floor but a longer acquisition time and finally results in a
higher drift error. This error is calculated with the measurement conditions given as: the
power is set to 0 dBm, the zero level is around -50 dB at 2 GHz when the probe is in free-
space, the number of frequency points is 60, the acquisition time is set to 60 seconds and

the IFBW varies from 1 Hz to 1000 Hz.

IFBW (Hz) | Std (S21 module) (%) | Std (S21 amplitude) (%) | Std (S21 phase) (%)
1 0.47 0.4 0.14
10 0.62 0.4 0.28
50 0.79 0.49 0.35
100 0.83 0.53 0.37
500 0.89 0.55 0.4
1000 1.46 0.91 0.66

Table II-1: Standard deviation of the transmission coefficient S,; as a function of IFBW; power
=0 dBm, zero level = -50 dB, f =2 GHz, acquisition time = 60 s, number of frequency points =
60.

The standard deviation calculated for the transmission coefficient as a function of the
IFBW ranging from 1 Hz to 1000 Hz is given in Table II-1. The errors due to the magnitude
and the phase shift are also given separately for the complex transmission coefficient.
Based on these results, one can note that the standard deviation increases with the increase

of IFBW.
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Once the influence due to the IFBW is determined, the influence of the number of
frequency points is now under evaluation. As previously mentioned, a higher [IFBW leads
to a shorter acquisition time and a faster sampling speed. Thus, keeping the same
measurement conditions, we vary the number of frequency points from 60 to 32000

according to different IFBW (1 to 1000 Hz). The obtained standard deviations as a function

of number of frequency points are listed in the Table 1I-2.

IFBW (Hz) | Number of point | Std (S21) (%) | Std (|S21]) (%) | Std (arg.S21) (°)
1 60 0.47 0.4 0.14
10 600 0.58 0.4 0.24
50 3000 0.73 0.43 0.32
100 6000 0.75 0.49 0.33
500 30000 0.78 0.49 0.35
1000 32001 0.89 0.69 0.35

Table II-2: Standard deviation of the transmission coefficient S,; as a function of the number of
frequency points; power = 0 dBm, zero level = -50 dB, f =2 GHz, acquisition time = 60 s.

When comparing the results from table II-2 to those given in table II-1, one can notice
that the standard deviation of the transmission coefficient for a given IFBW decreases with

the increase of the number of frequency points when the other conditions remain fixed.

After the determination of the influence of the IFBW and number of frequency points,
the effect of the acquisition time is evaluated. For the demonstration, the number of
frequency points is set to 600 and the IFBW is set to be 100 Hz. The other measurement
conditions remain the same except for the acquisition time which varies from 5 minutes to

5 hours. The standard deviation of the transmission coefficient is given in the table II-3:

Acquisition time | Std (S21) (%) | Std (IS21]) (%) | Std (arg.S21) (°)
5 min 0.52 0.35 0.29
5 hours 5.19 3.81 2.01

Table II-3: Standard deviation of the transmission coefficient S; as a function of acquisition
time; zero level = -50 dB, f =2 GHz, number of frequency points = 600 and [IFBW=100 Hz.

It is clear that the standard deviation of the transmission coefficient increases with a
longer acquisition time when the others parameters are fixed. In fact, this conclusion is

particularly important for imaging applications as a long acquisition time is sometimes
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needed for a high resolution image. It is due to the fact that the signal acquisition time of
each pixel is fixed, a high image quality can be reached only by obtaining larger number
of pixels. However, this longer acquisition time, as demonstrated in table II-3, will result
in a higher standard deviation of the results. Thus, a compromise should be considered

between the acquisition time and the signal deviation (image quality).

Once the influence of the acquisition time is evaluated, the last parameter, zero level,
is now investigated. By carefully adjusting the impedance tuner, the zero level can be set
from -30 dB to -70 dB. For this study, the other parameters are kept the same as for the
previous evaluation (power: 0 dBm, IFBW: 100 Hz, acquisition time: 5 mins and the
number of frequency points: 600). The obtained standard deviation of the transmission

coefficient as a function of zero level is listed in the following table.

Zero level (dB) | Std (S21) (%) | Std (|S21]) (%) | Std (arg.S21) (°)

-30 0.12 0.10 0.04
-50 0.52 0.35 0.29
-70 5.36 4.28 1.85

Table I1-4: Standard deviation of the transmission coefficient Sy; as a function of the zero level;
f=2 GHz; Po =0 dBm, IFBW = 100 Hz, acquisition time = 5 minutes, number of frequency
points = 600.

It is retrieved in the table 1I-4 that the standard deviation increases with the decrease
of zero level. When the zero level decreases from -30 dB to -70 dB, the signal deviation

increases from 0.12% to 5.36%.

Another important source of error is related to the vibration of the XYZ scanner and
its own scanning error. To minimize the stage vibration effect we have chosen to fix the
microwave part of system during the experimentation to reduce this kind of error. However,
the stage scanning error cannot be avoided and always occurs during the displacement of
the scanner. According to the performance of our motorized XYZ stage, a 0.1 um
positioning uncertainty is theoretically estimated for each movement in X, Y and Z
directions. To better understand the scanning error influence on the measurement
repeatability, an experimentation is carefully conducted considering the setting parameters

given in table II-5.
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IFBW (Hz) | Acquisition time Number of Power | Frequency | Zero level
frequency points
100 2 hours 600 0 dBm 2 GHz -50 dB

Table II-5: Setting parameters for the test of measurement repeatability according to the
scanning error of the XYZ scanner.

Once the setting parameters are defined, the experimentation is made according to two

configurations as illustrated in the Figure II-6.

......

(b)

.....
7

10 pm

Figure I1-6: Repeatability tests of the motorized stage in X/Y directions (a) and in Z direction
(b), the displacement is performed by considering a step of 1000 um.

The first configuration aims to test the measurement repeatability in X and Y
directions while the second one concerns the Z direction of the motorized stage. For both
configurations, the probe is positioned 10 pm over a metallic sample. The principle of these
two configurations is that the sample is firstly displaced 1000 um away from its original
position and then moved back. This operation is repeated 10 times during 2 hours for both
configurations. Based on the measurement results, the repeatability is estimated in table II-

6.

Std (S21) in X Std (S21)in'Y Std (S21) in Z
direction (%) direction (%) direction (%)
52 5.44 5.74

Table II-6: The estimated measurement repeatability in terms of standard deviation in X, Y and

Z directions.
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One can note that the standard deviations for the X, Y and Z directions are respectively

equal to 5.2%, 5.44% and 5.74%.

As a summary, the measurement precision is mainly governed by the setting
parameters including the IFBW, number of frequency points, acquisition time and zero
level. For a specific application, these setting parameters have to be chosen according to
the application requirements. For example, for a large surface imaging application, the
acquisition time is long. Thus, to decrease the signal drift error and keep a good imaging
quality, a low IFBW is preferred. On the other hand, with fixed setting parameters, the
measurement repeatability is largely dependent on the performance of the motorized XYZ
stage. The standard deviation for the three axis during 2 hours displacement is estimated

around 5.5% (Table II-6).

11.2.5 Conclusion

As a conclusion, in this section the measurement repeatability is estimated. According
to the study of the two main error sources which are related to the setting parameters and
to the motorized stage, the impact on the measurement results is evaluated, which helps for
the error estimation when different kinds of applications are targeted. For instance, imaging
applications that are described in details in the following sections can be therefore carried

out relying on these results.

I1.3 The iNFMM imaging performance

I1.3.1 Introduction

For all kinds of microscopy, the basic function is to image the sample under test. As
introduced in the first chapter, unlike the traditional microscopy such as AFM and STM,
the NFMM gives the opportunity for both surface and subsurface observations. Besides

such an advantage, non-destructive and non-contact features are also considerable assets.
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Generally, the sensitivity and spatial resolution are examined when talking about the
imaging performance of a microscopy. Thus, in this section the sensitivity and spatial

resolution of our INFMM are evaluated both in surface and subsurface situations.

Indeed, the improvement of the INFMM imaging performance is directly linked to the
enhancement of the spatial resolution and measurement sensitivity. Thanks to the
interferometer-based matching network, the sensitivity improvement is demonstrated in
the work of Gu [GU 16_c]. The main routes to enhance the spatial resolution consist in
decreasing the radius of the probe apex [IMT 06] and reducing the stand-off distance
between the probe and the sample [GU 15]. Apart from these two possibilities, many
groups have demonstrated various techniques to further increase the spatial resolution. For
instance, J. Kim proves that the hybrid probe is a good candidate to avoid the low
transmission efficiency of the miniaturized probe tip by a properly designed tapered part
at 4.46 GHz [KIM 03]. A. Karbassi has proposed a quadaxial probe to remove the parallel
effect of the coaxial shields which surrounds the center conductor at around 1 GHz [KAR
06]. Based on this configuration, the probe allows better electromagnetic localization
compared to the conventional coaxial one. By taking advantage of an accurate analytical
modelling and a careful choice of the optimal frequencies, G. Sardi shows the possibility

of dielectric samples evaluation with maximum sensitivity at around 20 GHz [SAR 15].

Complementary to these methods for surface imaging, there is a strong interest for the
characterization of buried structures. Indeed, one of the main advantages of microwave is
its penetrating ability in materials. For instance, the group of Z. Ren has shown a significant
enhancement of evanescent field energy by using a split-ring resonator for the subsurface
detection [REN 11]. The transmission mode analysis which has been investigated by A. O.
Oladipo shows that a more detailed information can be acquired compared to the reflection

mode [OLA 14].

However, as the electromagnetic field is mainly located at the end of the probe, larger
is the probe apex size, stronger is the penetration depth but poorer is the resolution. To
overcome this dilemma and keep a good in-depth spatial resolution, Kantor and Shvets

proposed a data treatment technique called position/signal difference (PSD) method [KAN
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03]. This solution relies on the subtraction of the results obtained at two different stand-off
distances in the near-field region. But, even with this resolution enhancement method,
images are still noisy and easily contaminated by the test environment such as the VNA
drift errors [GU 16 _c] and the slight vibrations of the platform during the measurement.
Another factor that decreases the image quality is the errors due to the sample tilt in
particular when the scanning area is large. According to the adaptive robust statistical (ARS)
method presented by K. J. Coakley [COA 15], the errors mentioned above could be reduced

and the distorted images have a better chance to be corrected.

In this section, we firstly give the results of the investigation of the measurement
precision as well as the lateral resolution in case of surface imaging. With the help of
several numerical methods, the distortion caused by the noise and the sample tilt is largely
reduced. Two examples including on chip test and large surface sample imaging are
demonstrated thereafter. For the subsurface situation, different thicknesses of resins are
deposited on the sample to investigate their influence on the imaging performance. The

ARS imaging treatment method is applied to the obtained results and conclusions are drawn.

I1.3.2 Surface imaging performance

11.3.2.1 1D imaging

In this section, we are mainly interested in the measurement precision and the lateral
resolution of our homemade near-field microwave microscope. To improve its
performance, the first idea is to consider the probe features. Actually, as already said, the
radius of the probe apex and the distance between the probe and the sample under test have
a strong influence on the measurement precision and the spatial resolution [IMT 06], [GU
15]. As mentioned, specific probes, such as hybrid and quadaxial probes have been used in
order to improve the transmission efficiency and remove the parallel effect of the coaxial
shields [KIM 03], [KAR 06]. However, based on cost and fabrication complexity
consideration, these probes are not suitable for our INFMM. Actually, a priority is given to

the use of simple probes.
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Thus, by carefully analysing the influence of the key parameters including the stand-
off distance, the working frequency and the probe apex size, the best configuration is
chosen to achieve a high measurement precision. Then, the position/signal difference (PSD)
method is applied to further enhance the precision. After that, the lateral resolution of our

iINFMM is investigated. The results of this investigation are described thereafter.

11.3.2.1.1 Sample preparation and measurement method

The sample preparation and the measurement method are introduced in this section.
As depicted in Figure II-7.a, the experimental investigation to estimate the measurement
precision is realized by measuring the width of gold lines (300 nm thickness) deposited on
silicon substrate. The resistivity of the silicon substrate is about 5 KQ.cm and the
conductivity of the gold lines is 4.2 * 107 S/m. This huge impedance difference between
the gold lines and the substrate makes that the lines can be easily detected. The width of
the gold lines varies from 10 to 100 um while the spacing between each line is fixed to 200

um except for the one between the line of 10 um and 20 pm, which is 100 um.

For the lateral resolution, the evaluation is made by studying the possibility to
distinguish two adjacent gold lines with different spacing as depicted in Figure 1I-7.b. The
spacing between two gold lines is no longer the same but varies from 10 to 100 um. The

width of gold lines is fixed to 100 um.

The interaction between the probe and the sample is illustrated in Figure II-7.c. The
stand-off distance is fixed to 1 pm and the probe is set above the gold line with a width of
100 um to set the zero level to -55dB. The probe is then displaced beside the gold line and

the scanning direction is also indicated.
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Decrease of the line width Decrease of the spacing between lines

n <+ [+

Spacing L; = 100um Spacing L, = 200pum Line width = 100um
(a) (b)

Scanning direction

(©

Figure II-7: Description of the sample under test: (a) gold lines with various width for the
evaluation of measurement precision (b) gold lines with fixed width but different spacing for the
lateral resolution study (c) the interaction between the probe and sample.

For demonstration of the measurement method, the sample chosen is indicated in
Figure II-7.a. The parameters are a stand-off distance of 1 um, an apex size of 70 pm and
a frequency of 10 GHz. Since the test consists in the scan of a line of 100 pm, the scanning
duration takes not very long time (less than 1 min for a scanning step size of 1 um). In this
study the zero level is chosen to be -55 dB. The VNA setting parameters are selected as 0
dBm for the power and 100 Hz for the IFBW.
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Figure II-8: Measured magnitude of the transmission coefficient Sy; for a gold line of 100
um width: (a) raw data, (b) balanced data, (c) denoised data, (d) linear balanced and denoised data.

Firstly, as shown in Figure 11-8.a, the gold line is clearly detected. The returned S
coefficient is slightly distorted due to the existence of measurement noise and tilt error
coming from the sample. To remove the distortion, a simple algorithm is used to balance

the signal (Figure II-8.b).

For the measurement noise consideration, the average option of VNA is set to be 20
times (measurement repeated 20 times and averaged at each point) to overcome the
measurement instability. In addition, as shown in Figure II-8.c, a local regression and
likelihood algorithm is applied to further reduce the noise without disturbing the original
signal. The scanning contrast measured here is 0.88 dB. This value is considered as the
signal sensitivity. We can also transform the magnitude of the transmission coefficient to

linear values as illustrated in Figure II-8.d. In this plot, the measured line width is defined
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by the full width at half maximum (FWHM) approach, where the width corresponds to the
half of maximum amplitude [CAM 86]. In this case the width obtained is 118 um.

As a conclusion, the 100 um gold line can be clearly detected by means of our INFMM.
The major part of the noise can be eliminated and the sample tile problem is solved. The
obtained signal reflects a line width of 118 um according to the setting parameters and
measurement condition. We show that this measurement precision can be further improved

by acting on the measurement conditions.

11.3.2.1.2 Measurement precision study

After the demonstration of the measurement method and the gold line width
determination, the measurement precision of the iNFMM is now under evaluation.
Generally speaking, a high measurement precision can be reached by decreasing the probe
apex size and reducing the stand-off distance. In our study the probe is an evanescent
microwave probe (EMP) which means that the microwave signal vanishes very rapidly at
the probe output. The simulation that demonstrates this effect is given in Figure 11-9.a. In

this study the tip apex size is 70 um.
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Figure I1-9: (a) HFSS simulation of the electric field magnitude around the 70 um probe tip
for different stand-off distances H from 1 to 40 pm at 10 GHz (b) Signal magnitude difference
measured with the iNFMM for different stand-off distances H from 1 to 40 um and the
corresponding width measured for a 100 um-width line at 10 GHz.
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The magnitude of the E-field tends to zero very quickly as a function of the stand-off
distance. Thus, it is expected that the signal magnitude difference will also be affected in
the same extent. To confirm this observation the sensitivity is measured for the same range

of stand-off distances (0 to 40 um).

As shown in Figure I1-9.b, the measured signal magnitude difference obtained goes
from 0.88 dB at 1 um to 0.02 dB at 40 um (almost undetectable). The corresponding
calculated width raises with respect to a higher stand-off distance, which indicates a larger
error rate compared to the original line width. Thus, to keep a good measurement precision

on the width, a small stand-off distance has to be chosen. In the following test, the stand-

off distance H is set at 1 pm.
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Figure II-10: Measured gold line width at different stand-off distances from 1 um to 40 um
at2, 10 and 18 GHz with a 70 um EMP.

Since the measurement precision is also influenced by the wave length (A), the
working frequency f is an important parameter related to the measurement precision.
Thanks to the broadband matching network, we can adjust the interaction between the
probe and the sample under test at any frequency from 2 to 18 GHz with a high sensitivity
[GU 16_b]. The impact of the frequency on the measurement precision is evaluated and

the results are presented thereafter. For demonstration, three testing frequencies are
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investigated: two values at the frequency band limit (2GHz and 18 GHz) and one at the
middle of the working frequency band offered by the instrument (10 GHz). For these three
frequencies the width of the gold line (100 um) is evaluated as a function of the stand-off

distance. The measurement results are given in Figure II-10.

As expected, the best result is obtained at the highest frequency (18 GHz) and the
lowest stand-off distance (1 um). Therefore, the working frequency of 18 GHz is retained

for the following tests.

Apart from the two important parameters mentioned above (frequency, stand-off
distance), the measurement precision is mainly governed by the tip apex size. Smaller the
tip apex size better is the measurement precision. In this section, the improvement of
measurement precision is assessed by using a smaller probe whose apex size is 30 um. In
this case we scan a set of lines with different width ranging from 10 um to 100 um. The
sample under test for this experiment is the one described in Figure 11-7.a. The stand-off

distance H is fixed at 1 um but the working frequency is set to 18 GHz.
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Figure I1-11: (a) gold lines with various widths (b) Measured magnitude of the transmission
coefficient Sy; over a set of lines with different widths ranging from 10 to100 um, tip apex= 30 um,
F= 18 GHz, H=1 pm (c) Measurement contrast for different gold lines (d) line width measured for
each gold line compared to the original width.

As shown in Figure II-11.b, all the lines are detected and can be easily distinguished.
One can also note that the probe with apex of 30 um effectively detects the narrowest line
width (10 pm) available on the sample. Obviously, it is observed that larger is the gold line
width higher is the signal contrast (Figure II-11.c). When comparing the results obtained
from the two probes (Figure I1-10 and Figure I1I-11.b), one can note that the value returned
for a line of 100 um width is 115 pm and 113 pum respectively at 18 GHz. It is verified that
the small probe gives a width slightly closer to the actual width. Thus, it is expected that a

better precision is achievable if the size of tip is decreased even more.

Nevertheless, to ensure the robustness of the tip, particularly in case of 2D scanning,
the minimum size for the tip is chosen to be 30 um. So, in order to further improve the
measurement precision, the choice is made to use signal processing tools and in particular

the PSD method is applied.

As already mentioned and demonstrated in Figure II-12.a, the electric field is mainly
focused around the tip apex. Nevertheless, the parasitic electric field coming from the other
parts (middle section of the probe, coaxial shielding) also contributes in some extent to the

interaction between the probe and the sample, which leads to a decay of measurement
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precision. To remove such parasitic effect, the position/signal difference method is
proposed. The model used to describe the probe sample interaction is given in Figure II-

12.b [KAN 03].
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Figure I1-12: (a) Simulation of the electric field magnitude for the probe tip in free space
with Ansys™/HFSS. The image is taken at the cross-section along the probe, f= 18 GHz. (b) Model
of probe and sample interaction with different stand-off distances.
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Based on the model of the probe-sample interaction, the subtraction of the two signals

collected at two stand-off distances is obtained by the following expression:

Iy = I = (Ceq + Cs1) — (Cez + Csy)

C.; (1= 1, 2) represents the capacitance between the probe and the sample and C; (i =
1,2) is the capacitance between the other parts of the probe and the target. The variation of
Csi (1 =1, 2) with different stand-off distance H is considered very small. Thus this term
can be ignored in the formula. In this way, the subtraction of the two signals leaves only

the capacitance difference caused by the tip apex.

To apply this method two stand-off distances are selected. The first one is the smallest
available (1 um), which gives the most information on the sample. The second one is
chosen close to the apex size (30 um). To observe the improvement of the measurement
precision brought by this method, three lines whose widths are chosen to be close to the

probe apex size (20, 30 and 40 um) are characterized by the method proposed.
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Figure 1I-13: Measured line width compared to the original width of gold lines from 20 um
to 40 um with and without the DSP method.

Compared to the test without the DSP method (same condition as the results in Figure
II-11), one can note that this solution reduces the difference between the measured width

and the original width from about 15 pm to 6 um as shown in Figure II-13.

As a conclusion of this section, an experimental investigation of the measurement
precision is performed. Numerical signal treatment methods are applied to remove the
sample tilt and to decrease the measurement noise. Afterward, the full width at half
maximum (FWHM) approach is used to estimate the line width. The measurement
precision is therefore analysed in terms of critical parameters such as stand-off distance,
tip apex size and working frequency. Regarding the system characteristics, maximum
available frequency (18 GHz) and smallest stand-off distance (1 um), and considering the
probe robustness (D = 30 pum), the solution to furthermore improve the measurement
accuracy without decreasing the tip apex size consists in applying a signal processing
technique. The position/signal difference method has been selected for its easy
implementation. After the evaluation of the measurement precision, the lateral resolution

study is performed in the next section.

69



Interferometer based near-field microwave microscope (iNFMM)

11.3.2.1.3 Lateral resolution study

Generally, with the same conditions (a low zero level, a minimal stand-off distance, a
reduced scanning step size and a tiny probe) to those retained for the measurement
precision, a high lateral resolution can be reached. Nevertheless, attention has to be brought
to the scanning duration and scanning area during the procedure establishment to obtain a
high spatial resolution. In fact, often a compromise has to be found to ensure the best
performance. In this investigation we are interested in the 1D lateral resolution of our
INFMM. The scanning duration is less than 5 minutes and the drift error is therefore

considered very small (1%) as previously demonstrated (Table II-3).

In the following part, the lateral resolution mainly defined by the tip apex size is
demonstrated. With the other setting parameters fixed (zero level = -55 dB, IFBW = 100
Hz, power = 0 dBm and stand-off distance = 1 pm), two EMP whose tip apex size are

respectively 50 pm and 30 um are used in this experimentation.
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Figure II-14: Measured magnitude of the transmission coefficient S;; by an EMP of 50 um
tip apex size (a) raw data, (b) balanced data, (c) balanced and denoised data. Zero level =-55 dB,
F=18 GHz, H=1 pm.

The results obtained are depicted in Figure II-14 for the first EMP (50 um tip apex
size). The sample under test is the one presented in Figure II-7.b. The raw data of the
measured transmission coefficients magnitude are displayed in Figure II-14.a. The
obtained signal is clearly distorted because of the existing sample tilt and the measurement
noise. With such a result, the gold lines whose spacing varies from 100 to 60 um can be
distinguished according to the presence of clear peaks. The one with 50 pm width cannot

be clearly distinguished since it is immersed into the noise.

After applying the balancing and denoise algorithms on the raw data, one can note
that the obtained signal (Figure II-14.b) is balanced, which means each wave trough is set
at the same signal level. Moreover, each signal peak represents a spacing between each two
gold lines whose width varies from 100 to 50 pm. Based on this test, the lateral resolution

in this case is found close to the tip apex size (50 pm).

We continue to reduce the tip apex size and observe its influence on the lateral
resolution. In this case, the tip apex size varies from 50 to 30 um. The same test is

conducted by using the tip of 30 um width. The results are given in Figure II-15.
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Figure II-15: Measured magnitude and phase shift of the transmission coefficient Sy, Zero
level = -55 dB, F = 18 GHz, H= 1 um, EMP= 30 pum (a) raw data in magnitude (b) balanced and
denoised data in magnitude (c) raw data for phase shift (d) balanced and denoised data for phase
shift.

The raw data in terms of magnitude and phase shift of the transmission coefficient are
shown in Figure II-15.a and Figure II-15.c while the treated data are given in Figure II-
15.b and Figure II-15.d. One can see that we are able to detect the gold lines whose width
spans from 100 to 30 um. In this test, the phase shift is firstly registered and the variation

tendency can be seen much clearer compared to the obtained magnitude.

Based on the obtained results, one can note two points as a summary of the INFMM
lateral resolution study. First of all, the lateral resolution is approximatively equal to the
tip apex size of the EMP when the other parameters are optimized. Secondly, the noise and
other influences (such as sample tilt problem) can hide the useful signal and decrease the
lateral resolution. With the proposed signal treatment techniques, these influences can be

effectively reduced.

In fact, the lateral resolution study has also been evaluated with a smaller tip apex (7
um). However, the result is not as good as the 30 um one since a smaller probe is very easy

to contact the sample and leads to a transformation of the tip, leading to an inaccurate result.
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Consequently, the tip apex size cannot be further reduced. So, based on the probe
robustness consideration, the size obtained is 30 um and consequently the lateral resolution

cannot be smaller than 30 um. The resolution is estimated as A/555 in this case.

Since the 1D lateral resolution is evaluated, we are now interest in the 2D imaging

performance of our INFMM which is investigated in the next section.

11.3.2.2 2D imaging

After the determination of the INFMM lateral resolution, the 2D imaging performance
of our iNFMM is under investigation in this section. As previously mentioned, the lateral
resolution is directly linked to the EMP apex size and we have chosen to limit it to 30 um
because of the lack of feedback system and consideration on the probe robustness. We have
to say that this limitation makes some studies like the cellular imaging and DNA studies of
biological materials very difficult to realize [KIM 05], [TAB 99], [FRI 05], [FAR 12].
However, several applications for example large surface imaging and on wafer device

testing are expected when considering the sampling speed and the resolution achievable.

In this section the large surface imaging possibility is firstly under evaluation. The
sample under test is an euro cent (diameter of 16.25 mm). To cover all the coin surface, the

scanning surface is selected as 17.05*17.05 mm?2.

Once the scanning surface is determined, one has to choose the other setting
parameters. As mentioned before, the signal drift is more important with longer image
acquisition time which is calculated according to the scanning step size and the sampling
speed. Consequently, a compromise between the drift error and the image quality
(resolution) has to be chosen. The sampling speed is fixed to 12 points per second for our
iINFMM. The only factor that influences the image acquisition time is the scanning step
size. Because a very large surface has to be imaged in this case, the scanning step size is
selected as 50 um to avoid too much sampling points. Thus, the EMP apex size is chosen

to 70 um which is slightly larger than the scanning step size to assure the best resolution.

73



Interferometer based near-field microwave microscope (iNFMM)

According to the measurement stability study in section 11.2.4.3, the image acquisition time

is therefore estimated at around 3 hours and the signal drift error is about 5 %.

The measurement conditions are listed in the following table:

Scanning | Acquisition Stand-off | Probe apex
Zero level | Frequency step size time IFBW | distance size
-55 dB 18 GHz 50 pm 2.8 hours | 100 Hz 10 pm 70 um

Table II-7: Setting parameters for the large surface imaging of a one cent euro coin.

According to the measurement conditions given above, the raw data are presented in

Figure II-16.b and compared to the original image (Figure 1I-16.a).
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Figure II-16: The original and acquired image of an euro cent coin: (a) Original image (b)
The acquired image in terms of magnitude of transmission coefficient Sy (¢) Scanning path of the
acquired image.

As indicated in Figure II-16.c, the image is acquired by scanning the sample line by
line. It is very obvious that a magnitude difference between the start point and the end point,
which is about 4.75 dB exists. This magnitude variation is mainly due to the signal drift
and the sample tilt problem. When comparing the obtained image to the original one, it is
noticed that the number ‘1’ and the letter ‘euro cent’ are clearly visible. However, the stars
and lines at the image lower right part are more subjected to the signal drift and the sample

tilt and only the contour of the ‘earth’ can be observed.
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To improve the image quality, an algorithm is proposed to reduce the noise and to
completely balance the magnitude distribution on the entire scanned surface. This
algorithm is based on the method proposed by K. J. Coakley [COA 15] that can further
correct these imperfections. The solution describes an adaptive and robust implementation

of local regression and local likelihood models to improve the image quality.
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Figure I1-17: The acquired image of an euro cent coin before/after treatment: (a) The raw
data (b) The treated image with the proposed algorithm.

As depicted in Figure I1I-17.b, firstly the magnitude difference between the start point
and the end point is corrected. The contrast of the number ‘1’ and the letters ‘euro cent’ is
also improved at the image upper left part. Moreover, the stars, lines and the ‘European
Union’s place on the globe’ can be clearly distinguished, which is considered as a large

improvement compared to the raw data.

Compared to the probe apex size of 70 um, this diameter of an euro cent coin is 230
times larger and takes about 3 hours for the imaging. Apart from the large surface imaging,
our iNFMM is also able to image small object like a device on wafer. For example, in this

case an accelerometer is chosen as the imaging target because of its particular shape.

The optical image of the fabricated accelerometer is presented in Figure 11-18.a. The

left part of the accelerometer is the fixed plates and the right part is the moveable plates.
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With the same scanning path as indicated in Figure II-16.c, the raw data of the transmission
coefficient Sy in terms of magnitude are acquired and shown in Figure II-18.b. One can
note that all the plates appear in the image but the spacing between each plate is not very
clear, which is mainly due to the signal drift and the sample tilt error. Moreover, the two
patches at each side show a different magnitude level compared to the middle plates, which

1s considered incorrect since their material as well as the stand-off distance are the same.
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Figure II-18: The image from the fabricated accelerometer on wafer: (a) The image of the
accelerometer (b) The raw image (c) The treated image with the proposed algorithm.

After applying the proposed algorithm described previously, the new image obtained
is given in Figure II-18.c, where the spacing between each plate can now be clearly
distinguished. Furthermore, the difference in magnitude between the patch at the extremity

and the middle plates is reduced. However, this difference cannot be completely removed.
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11.3.2.3 Conclusion

In this part, the surface imaging performance of our iNFMM is presented respectively
for 1D and 2D scenario. The measurement precision as well as the lateral resolution is
introduced in the part of this chapter dedicated to 1D study. These results can also be
extended to the 2D imaging case because the 2D imaging is realized by scanning the sample
line by line. In the section dedicated to 2D characterization, surface imaging applications
including large surface imaging and on wafer device tests are given as examples. For the
large surface imaging case, an one euro cent coin is selected whose surface is about
17.05*%17.05 mm?. This test proves the large surface mapping feasibility proposed by our
INFMM. For the on wafer device, an accelerometer is chosen for demonstration. The
obtained result indicates that the structure of device can be ensured with the proposed
characterization means. Furthermore, with a proper selection of setting parameters and a
signal processing method to be implemented, a better image quality can be therefore
obtained in terms of noise and the contour clarity. Once the surface imaging are tested, we

focus on the evaluation of iNFMM subsurface performance.

I1.3.3 Subsurface imaging performance

As mentioned in the introduction, the iNFMM is also able to perform subsurface
characterization of samples thanks to the penetration ability brought by microwaves.
Consequently, the 1D and 2D imaging performance in case of subsurface situations are

evaluated in this section.

11.3.3.1 1D imaging

First of all, the 1D subsurface imaging performance is studied. The sample under test
chosen is the one illustrated in Figure II-7.a, on which different thicknesses (2, 7, 12 pm)
of cover layers are deposited. The cover layer is made of SPR 200 photoresist resin because
of its excellent uniformity at a range of thickness from 1 to 12 um with only a single-coat

process. Similarly to the previous studies, the setting parameters should be carefully
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determined. For this study, the zero level is set to -55 dB, the IFBW is 100 Hz, the power

is 0 dBm and the stand-off distance is kept to 1 um above the cover layer.

Since the thickness of the cover layer is no more than 12 um, the tip apex size is

chosen to 30 um. Two reasons are considered for this selection. The first one is to ensure

the sample can be detected in the near-field region, which means the tip-sample distance

has to be smaller than the tip apex size. The second reason is considered for a better

resolution. This is why a 50 pm EMP (or even larger for example 70 pum EMP) is not

selected. In addition, the experimentation is carried out at 18 GHz. The scanning results of

the gold lines whose widths vary from 10 um to 90 um are depicted in Figure I1-19.
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Figure II-19: Measured magnitude and phase shift of the transmission coefficient S»; by an
EMP whose tip apex size is 30 pm in case of different thicknesses of cover layer: (a) magnitude of
the transmission coefficient (b) phase shift of the transmission coefficient.
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The measured transmission coefficients (S21) in terms of magnitude and phase shift
corresponding to the scan of different gold line widths covered by resin layers of different

thicknesses is shown in Figure I1-19.

As expected, the transmission coefficient sensitivity decreases with the presence of a
thicker cover layer, both in magnitude and phase shift. In more details, one can note that
the measured magnitude sensitivity increases from 0.05 to 0.45 dB for the gold line width
going from 10 to 90 um with a 2 um thick cover layer. This sensitivity range changes from
0.04 to 0.33 dB when considering a thicker cover layer of 7 pm. If we continuous to
increase this cover thickness to 12 um, this value varies from 0.02 to 0.18 dB. One can also
find out that the obtained phase shift varies from 0.2 to 3.2 degrees when a 12 um thickness
cover layer is deposited on the sample. This sensitivity range changes from 0.7 to 7.2
degrees once the cover layer is slightly thinner (7 pm). Without cover layer, the sensitivity

range of measured phase shift turns from 2.3 to 21.3 degrees.

If we consider only the 90 um gold line, it is more obvious to find out that the
transmission coefficient sensitivity increases with the decease of the cover layer thickness,

it goes from 0.18 to 0.62 dB for layers’ thickness ranging from 12 to 0 um.

As a summary of these results, the increase of cover layer thickness leads to an
expected increase of the difficulty to detect the sample under test. It is demonstrated that
with a 30 um EMP, the INFMM is still able to detect the sample which is covered by a 12
um thick SPR 200 photoresist resin layer. Theoretically, the cover layer thickness is not
only limited to 12 um but can be extended up to the tip apex size (30 um here). However,
due to the photoresist uniformity, it is difficult to produce a thicker layer than this value
with a single-coat process. So considering the measurement condition, thicker coatings

could be envisaged.

11.3.3.2 2D imaging

Following the 1D imaging study, the 2D cases are carried out by considering the

fabricated accelerometer on wafer (Figure II-18.a) in this section, As for the 1D subsurface
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imaging case, the setting parameters remain fixed and two cover layers with the thickness
of 2 um and 12 pm are deposited on sample. The obtained images are treated with the
implementation of local regression and local likelihood models algorithm. The results are

shown in the Figure 11-20.

(©) (d

Figure I1-20: The acquired image from the fabricated accelerometer on wafer: (a) The raw
image with the cover layer of 2 um (b) The treated image with the cover layer of 2 um (c¢) The raw
image with the cover layer of 12 pm (d) The treated image with the cover layer of 12 pm.

The raw data of the scanned accelerometer under a 2 and 12 um thick resin layer are
presented respectively in Figure 1I-20.a and Figure I1-20.c. For the Figure 11-20.a, the plates
appear clearly but the spacing between each plate at the top part of image is blurry. The
reason is the same than for the 1D case. For the Figure II-20.c, only the misty contour of
the accelerometer can be seen, which is caused of course by the existence of the 12 um

thick resin layer and the existed signal drift.

To reduce these distortions and improve the image quality, the proposed algorithm is

applied on the two raw images and the treated images are finally given respectively in
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Figure I1-20.b and Figure 1I-20.d. From the Figure II-20.b, one can find out that the spacing
between each plate is much clearly distinguished compared to Figure 11-20.a. Furthermore,
the plates and the spacing can be found in Figure II-20.d. However, the sensitivity between
the plate and the spacing is still quite small (0.15 dB), which is due to the attenuation caused
by the resin layer.

As a summary for this test, the quality of the obtained image becomes worse when the
cover layer is thicker. However, when the proposed algorithm is applied on the raw image,
better quality in terms of contour definition and background uniformity can be therefore

obtained, which helps to enhance the subsurface imaging performance.

I1.3.4 Conclusion

In this section the imaging performance of our iINFMM is evaluated both in surface
and subsurface condition. For the surface imaging case, the measurement precision as well
as the lateral resolution is studied in the 1D case. Two examples respectively for large
surface imaging and on wafer device test are imaged in the 2D scenario. Both of them are
well detected and the applied algorithms gives a better imaging quality. For the subsurface
imaging case, different thicknesses of photoresist resin ranging from 2 to 12 um are
deposited on wafer to evaluate their influence on the imaging quality. It is noted that thicker

layer is surely leading to a poor measurement sensitivity and contour clarity.

11.4 Conclusion

In this chapter, two parts are mainly introduced for the better understanding of our
iINFMM. The first part starts with a brief description of the INFMM setup, where the main
components are presented. After that, since the measurement precision as well as the noise
figure is related to the setting parameters, their influences are discussed. Finally, the

measurement errors are carefully evaluated based on the previous research work [GU 16 _d].

The second part shows the imaging performance of the proposed iNFMM system, in
both surface and subsurface situation. The 1D and 2D images are illustrated by using the

setting parameters previously determined. To improve the image quality, some image
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treatment methods such as position/signal difference method, adaptive robust statistic

method and local regression and likelihood estimation method are respectively used. With

the help of these image treatment approaches, a better imaging quality is achieved.
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Chapter I1I : Dielectric characterization of glucose aqueous

solutions with INFMM

II1.1 Introduction

In recent years, the knowledge of the dielectric properties of biological aqueous
solutions has attracted increasing attention due to its importance in a spread range of
applications in different fields such as biomedical research [ZHA 14], clinical monitoring
[KAR 13] and food processing [LAM 06]. Among the solutions of interest, glucose
aqueous solution is considered as one of the most important since it plays a fundamental
role in a wide range of biological processes [GYO 98]. For instance, the diabetes is due to
the uncontrolled increase of the glucose concentration in blood, which is either caused by
the inability of pancreas to produce the insulin (Type 1 diabetes) or the body is still able to
produce insulin but becomes resistant (Type 2 diabetes). Based on the research data
provided by International Diabetes Federation (IDF) Diabetes Atlas, to date 415 million
adults are confirmed to have diabetes and this number will rise to 642 million by 2040 [INT
15]. Furthermore, one over two adults with diabetes is undiagnosed and 5 million people
died from this disease in 2015 [INT 15]. As one of the largest health emergencies, the only
method to improve the diagnosis and management of diabetes mellitus is to continuously
monitor the glucose level in blood. The world health organization gives a criteria for this
diagnosis. The glucose concentration should be no more than 126 mg/dl (1.26 mg/ml)
during fasting and this level should not exceed 200 mg/dl (2 mg/ml) two hours after eating
[INT 15]. Thus, diagnosis methods which are fast, costless and of high precision to

characterize the glucose concentration in blood are necessary.

In the following sections, different characterization methods to distinguish the glucose
concentration are briefly introduced in the section III.2. In section IIL.3, the high
measurement precision of the interferometer-based matching network is under
investigation. The error rate due to different modes of characterization is discussed in

section II.4. A well-established first order Debye model to determine the complex
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permittivity of different concentrations of glucose aqueous solutions is illustrated in section

IILS.

Afterwards, we present the investigation of glucose aqueous solutions with the
NFMM system based on two modes: immersion mode and non-contact mode. It has to be
mentioned that in a previous study NaCl aqueous solutions have been successfully
investigated in immersion mode by the interferometer based NFMM proposed [GU 16 _a],
[GU 17]. However, in the frequency range of interest (2 GHz to 18 GHz), NaCl solutions
show larger variation on the complex permittivity than glucose solutions for the same level
of concentration. This phenomenon is due to the fact that NaCl is an ionic compound while
glucose performs strong hydration capability in bulk water [SHI 15]. Hence, the distinction
between glucose aqueous solutions based on the variation of permittivity come up much

more challenging.

In section II1.6, the characterization of the glucose concentration in immersion mode
is demonstrated. In our study, glucose concentrations from 0 to 10 mg/ml (physiological
range) with a step of 1 mg/ml are firstly investigated to prove the measurement feasibility.
After that, the non-contact mode is discussed and compared with the immersion mode in
section II.7. With a careful control of the measurement procedures, the glucose
concentration ranging from 0 to 3 mg/ml with a step of 0.6mg/ml is prepared for the non-
contact mode. This small resolution is to meet the typical day-variation level ranging from
50 to 250 mg/dl [INT 15]. Finally in section IIL8, the conclusions related to these two

measurement modes are given.

I11.2 Different characterization methods

II1.2.1 Introduction

Different characterization methods to figure out the glucose concentration in blood
have been proposed [YAN 11], [VAS 12], [HAY 03]. One of the most promising methods
to evaluate solutions concentration in biological samples is the enzyme oxidation technique

[He 01]. Nevertheless, despite its high accuracy, it has shown some limitations like
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instability and invasive character [YAN 11]. Studies have also shown the variation of
glucose concentration changes the complex permittivity of the solution which directly
influences its impedance [TUR 07]. Therefore, the glucose concentration can be identified
by estimating the corresponding complex permittivity. Among the different instruments
candidate for this kind of characterizations, one can find tools based on microwave
techniques. Owing to the advantages provided by microwaves, including features such as
non-invasive character and label-free approach, the differentiation of the glucose
concentration as well as the establishment of dielectric spectra of glucose aqueous solutions
attract a great attention [VAS 12], [LEE 12]. Nevertheless, to be accepted as a reference
technique, the characterization method has to be able to distinguish solutions of small
concentration and answer to requirements such as rapidity, simplicity of operations, high

selectivity and sensitivity, which are still an open challenge.
II1.2.2 Characterization by microwave techniques
I11.2.2.1 Open-ended coaxial probe method

In fact, numerous studies in the microwave range have been dedicated to several
sensing techniques and modalities to distinguish glucose aqueous solutions in different
concentrations. The first approach is the well-known open-ended coaxial probe method

[SEN 16] [NOT 06]. An illustration is given in Figure III-1.
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Figure III-1: Keysight 85070e open-ended coaxial probe [NOT 06].
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The principle of this technique is to measure the magnitude and phase of the signal
reflected at the open-ended coaxial probe which is immersed into the sample under test.
The probe size is typically 3.5 mm, which means that it needs a large volume of sample for
the test. Except this drawback, the advantages are clear. Indeed, it is already successfully
commercialized, the calibration method as well as the supporting software make it simple
to use. This broadband technique can work from several Hz to tens of GHz. According to
the measurement results presented in [SEN 16], the precision is 1 mg/ml for the D-glucose

in Ringer Lactate solution.

I11.2.2.2 Resonator technique

The second method is based on the resonator technique which is mainly presented as
a microstrip ring [SCH 13], a lambda/2 resonator [SCH 14] and a whispering gallery [GUB
15]. These structures are presented in Figure I11-2.

:®

B glucose container
R

(a) (b)

Figure II1-2: (a) Microstrip ring resonator [SCH 13] (b) Lambda/2 resonator [SCH 14] (c)
Whispering gallery mode resonator [GUB 15].
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The principle of this method is to detect the frequency shift from the reference
resonant frequency, due to the concentration level variation. By this characterization means
a glucose concentration variation of about 0.5 mg/ml can be distinguished [SCH 13], [SCH
14]. Nevertheless, the resonator-based structure presents some restrictions in terms of
frequency bandwidth, which means the working frequency of a resonator-based sensor can
only function around its resonance frequency. Furthermore, the measurement sensitivity is
strongly dependent on the resonator quality factor but this latter falls rapidly when high-

loss materials are involved in the tests.

111.2.2.3 MEMS sensors

Recently, new characterization means have emerged. Actually, taking benefits from
the modern micro-electromechanical system (MEMS) fabrication technique, several

mediator-free sensors have been realized on chip as shown in Figure III-3 [DHK 15].

\
/, (a) S

100 pm !

(d) |

Figure III-3: (a) Schematic diagram of the fabricated glucose sensor. (b) 3-D view of the
glucose sensor. (¢) Scanning electron microscope (SEM) picture of the capacitive air-bridge
structure by IPD technology. (d) Forced ion beam (FIB) picture of the cross-sectional view of the
fabricated glucose sensor [DHK 15].

91



Dielectric characterization of glucose aqueous solution with INFMM

This method which requires a small volume of sample offers a better sensitivity
(around 0.2 mg/ml) compared to the previous technique. However, this kind of sensors
based on relatively complicated structures such as air-bridge capacitors and microfluidic

channels are still quite challenging for fabrication and measurement.

I11.2.2.4 Finger sensing structure

It is worth noting that considerable efforts have been made in non-invasive
measurement of glucose in blood which relies on the interaction between the finger and the

sensing structure [BAG 15].

(a) (b) (c)

Figure III-4: (a) Fabricated prototypes with two different dimensions (b) Scattering
parameters measurements of the filter with the VNA (c) Placement of the thumb on the filter [ BAG
15].

As illustrated in Figure III-4, this non-invasive sensor is actually a microstrip band
pass filter. By placing the thumb on the sensor, the glucose concentration can be monitored
continuously. This approach is expected simple, painless and cost effective for the diabetes
patients. Nevertheless, studies have shown that the finger positioning as well as the
pressure level on the sensing structure influence the results, which turns to be inaccurate

[TUR 16], [TUR 17].
111.2.2.5 NFMM system

Since very recently, near field microwave microscopy is regarded as a promising

method to address some of the limitations of the sensing techniques mentioned above [LEE
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08], [BAB 06], [GU 16 _a] and [GU 16_b]. This kind of technique takes advantage of the
high sensitivity and label-free capability. However, according to the matching networks,
the working frequency band is not the same. Matching networks based on the resonator
technique can only operate at a fixed frequency (Figure III-5 [LEE 08]). To achieve a
broadband matching performance, one can apply the interferometer-based matching
network which has been demonstrated in a large frequency band (2-18 GHz) [GU 14], [GU
16 _c]. This method provides a high sensitivity at any frequency in the frequency band

covered by the interferometer.

(a)

Computer

Resonator
Feedback

Probe Tip—>}“<—Tuning Fork
Glucose—&_]
PEL

x-y-z Stage

Lock-in amp.

(b)

gann;

; Tuning screw
Resonant cavity —>| g

Input | Output
Dielectric resonator
Probe —>- \
Tuning fork

Figure III-5: (a) Block diagram of NFMM with tuning fork distance control. (b) NFMM
microwave resonator and probe tip assembly [LEE 08].

Additionally, the volume needed for the tests is relatively small thanks to the
evanescent microwave probe (EMP) employed whose size is in the order of several microns.

Finally, overall the measurement process is rather simple and fast.

111.2.3 Conclusion

In this part, different characterization methods based on microwave techniques to

measure the glucose concentration have been illustrated. These methods are considered to
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be sensitive enough to distinguish small glucose concentration (1 mg/ml or even less).
However, among these existing characterization means, only NFMM technique manifests
advantages such as broad operating frequency band, high sensitivity, measurement

simplicity and small volume of sample needed.

I11.3 Interferometer based matching network evaluation

Compared to the other measurement methods, our NFMM system takes the advantage
of the high precision and broad frequency band brought by the interferometer-based
matching network [GU 16 a]. In this part, the high precision of this technique is
demonstrated. Firstly, to appreciate the benefit of the system proposed, simulations are
conducted without the presence of the interferometer-based matching network. A schematic
of the systems with or without the interferometer-based matching network is given in Figure

I11-6.

VNA

VNA I VR

T Hybrid

k’] Su Coupler

a3
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g LN }: Arg.I'ryy
(]

(@ b

Figure I1I-6: Schematic of NFMM, (a): without interferometer, (b): with interferometer.

We present thereafter the influence of the relative distance between the probe and the
solution on the reflection coefficient S1; for four glucose concentrations (DI water, 1mg/ml,
Smg/ml and 10 mg/ml) in case of the system without interferometer. The simulation results

are illustrated in Figure III-7.
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Figure III-7: HFSS™ Simulation results of the reflection coefficient versus the EMP position
to the solution without the presence of interferometer-based matching network (frequency fixed at
2 GHz, concentration from 0 to 10 mg/ml): (a) Reflection coefficient magnitude (b) Reflection

coefficient phase shift.

Note that the relative distance is referenced to a zero point, which is defined as the

position when the EMP comes in contact with the solution. Positions larger than 0 indicate

the EMP is pulled out of the solution which is related to the non-contact mode while the
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negative values denote situations when the probe is in the glucose aqueous solution which

1s referenced to the immersion mode.

For the immersion mode characterization, the figure exhibits that for a decrease of the
depth from 0 to -300 um, the simulated reflection coefficient varies from around -3 dB to
almost -5 dB. Closed up figures are provided to appreciate the gap in the reflection
coefficient as a function of the solution concentration. As a conclusion of these tests, one
can find that the variations in the solution are practically indistinguishable (e.g. 0.01 dB in
magnitude / 0.08 degree in phase at an immersion depth of 130 um in the concentration

range going from 0 (DI water) to 10 mg/ml).

For the non-contact mode characterization, the Figure III-7 demonstrates that the
simulated reflection coefficient varies from around -1.7 dB to almost -1.2 dB when the
probe leaves the solution to reach a distance of 300 um. In fact, one can note that the
variation of the reflection coefficient is more pronounced between 0 to 10 um, after that, a
saturation is observed. This phenomena corresponds to the fact that the electric field is
mostly confined around the probe tip [GU 16 _a]. A larger electric field intensity can be
detected at solution-air interface when the EMP is positioned closer to the solution. Based
on the close-up figures, when the probe is at a distance of 10 um or more, the variations of
the reflection coefficient are totally indistinguishable. In addition, a frank break in the
evolution of the reflection coefficient is noticed when the probe goes through the solution-

air interface (1 dB difference) during the pulling of the EMP out of the liquid.

As demonstrated in this part, a characterization by means of a system that does not
include an interferometer-based matching network (IBMN) is not sensitive enough to well
distinguish the solution under test. In the following section, the improvement brought by
the IBMN is illustrated (Figure I1I-6.b). To this end, we give an example of the sensitivity
improvement when using the IBMN in immersion mode. The evaluation of the
transmission coefficients when the probe is immersed in DI water and in a glucose-water
mixture with a concentration of 10 mg/ml are given in Figure III-8 for a depth ranging from

-300 to 150 um.
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Figure I1I-8: Measured transmission coefficients for different immersion depths of the EMP
(frequency fixed at 2 GHz, concentration (0, 10 mg/ml)): (a) Magnitude of transmission coefficient
(b) Phase shift of transmission coefficient.

It has to be mentioned that the measured reflection coefficient is changed to the
transmission coefficient by IBMN to avoid the directivity errors caused by the VNA when

the small signals are under investigation.

In Figure III-8, as it has been already observed in the simulation study, an abrupt
change in both magnitude and phase shift of the transmission coefficient, is recorded at the

solution-air interface (zero point). One can figure out directly the improvement of
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sensitivity from the difference of transmission coefficient thanks to the IBMN. Compared
to the Figure I1I-7, for example at the depth of 300 um, one can note that the transmission
coefficient magnitude variation between water and glucose aqueous solution (10 mg/ml) is
increased from 0.007 dB to 5.9 dB while the phase difference is enhanced from 0.35° to
10.2°. Finally, as evidenced by the measurement results, the transmission coefficient as
well as the sensitivity are strongly dependent on the immersion depth, which reveals that a
fine control of the position in the liquid should be assured in particular when investigating

low concentration solutions.

I11.4 Measurement repeatability

In the second chapter of the manuscript, the impact of the setting parameters on the
measurement repeatability is provided (deviation of the repeated measurements from the
mean value). Based on that study, the measurement repeatability of glucose concentration

differentiation is discussed in this section.

For the immersion mode characterization, the setting parameters are an [IFBW of 100
Hz, a power of 0 dBm, a number of frequency points of 201 and a zero level of -55 dB at
300 um depth in the solution. For the non-contact mode, the power and number of
frequency points remain the same, nevertheless, the IFBW is increased to 500 Hz and the
zero level is set to -55 dB at a height of around 5 um above the solution. The reasons for
choosing these setting parameters are given in the following paragraphs. We list in table

III-1 these setting parameters.

Modes | Power (dBm) | IFBW (Hz) | . NUmoerof Zero lovel
requency points
Immersion 0 100 201 -55 dB at 300
um depth
Non- -55 dB at about
contact ! >0 201 5 um height

Table III-1: Setting parameters for two measurement modes in terms of Power, [FBW, number
of frequency points and zero level.
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In this table, the power is the one emitted by the VNA. The IFBW is the intermediate
frequency bandwidth. For a conventional VNA, the receiver mix the detected microwave
signal to a lower intermediate frequency (IF) by means of a local oscillator (LO). The
obtained IF signal is bandpass filtered that narrows the receiver bandwidth and greatly
improves the sensitivity, dynamic range and precision. The number of frequency points
represents the frequency points to form the measured transmission coefficient in a
frequency band. When this number increases, the curve becomes more accurate. The zero
level indicates a very low level of the transmission coefficient Sy1 in order to match the

high EMP impedance to the VNA impedance.

First of all, the different positions to set the zero level are achieved according to the
different modes. As discussed in the chapter I, the zero level is related to the matching
between the EMP and VNA. A level of -55 dB indicates a very good matching. Thus, a
small variation of the transmission coefficient can be easily detected. The lower is this level,
higher is the sensitivity. However, the signal will turn to be unstable during the
measurement. According to the table II-4, a compromise between the sensitivity and the
standard deviation of the transmission coefficient Sz as a function of the zero level has to
be chosen. In these two measurement modes, we set the zero level to -55 dB for a high

sensitivity and a relatively low deviation.

Secondly, the reason for choosing two different values of IFBW is based on

considerations including standard deviation (drift errors) and evaporation effect.

For the standard deviation, it evolves with the acquisition time. As concluded in table
II-1, for a fixed number of frequency points and acquisition time, a higher IFBW leads to
higher drift errors. The standard deviation for an IFBW of 100 Hz and 500 Hz is about 0.8%
and 0.9 %, respectively. This value increases to 1.5% for an IFBW of 1000 Hz, which is
multiplied by a factor of almost 2. Taking into account the drift errors, the IFBW should

be chosen no more than 500 Hz.

The second consideration to take for the IFBW selection is related to the evaporation

effect of the liquid sample. For the immersion mode, the probe is plunged into the solution
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at a depth of 300 um to ensure a maximal interaction between the probe and the solution
under test. This depth is selected to limit the evaporation effect during the measurement.
However, this effect is very important for the non-contact mode. The measured evaporation
rate is about 0.5 um/s in Z direction. Strictly speaking, this value is mainly dependent on
the temperature, atmospheric pressure, humidity and the liquid density. Because the
measurement environment is fixed and the liquid density remains nearly constant for small
concentrations of glucose aqueous solution, the evaporation rate is considered as stable.
For the non-contact mode measurement, the probe remains fixed while the solution
container is pulled up by the XYZ table in Z direction. The relative distance between the
EMP and the solution container is affected by the evaporation effect and the pushing rate,

it can be estimated by the following equation:

relative distance = (pushing rate — evaporation rate) * time

The pushing rate depends on the step size, number of frequency points and the
acquisition time. A smaller step size, a larger number of frequency points and a longer
acquisition time will lead to a decreased pushing rate. Nevertheless, to ensure the
measurement precision, the step size is chosen as small as possible (1 pm) and the number
of frequency points to represent the transmission coefficient is selected as 201. Thus, to
increase the pushing rate, one should only adjust the acquisition time. Since this latter
depends on the IFBW value, a higher IFBW leads to a faster sampling speed and a larger
number of frequency points. If we fix the number of frequency points, a shorter acquisition

time can be attained with a higher IFBW.

Based on the relative distance equation provided above, to ensure a positive value
(the EMP moves closer towards the solution), the pushing rate should be larger than the
evaporation rate (0.5 pm/s). Therefore, for a step size of 1 um, the acquisition time for each
step should not exceed 2000 ms. For the non-contact mode, each measured transmission
coefficient is repeated four times and the average data is achieved to reduce the

measurement uncertainty. Thus, the acquisition time for each step cannot lager than 500
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ms. Here we give the number of frequency points as a function of IFBW for an acquisition

time of 60 seconds and 0.5 second.

IFBW (Hz) | Number of | Number of
step (60s) step (0.5s)
1 60 Less than 1
10 600 5
50 3000 25
100 6000 50
500 30000 250

Table III-2: Number of frequency points as a function of [IFBW; zero level = -55 dB, f=2 GHz,
acquisition time is respectively 60 second and 0.5 second.

Since the acquisition time is limited to 500 ms, the number of frequency points
corresponding to different IFBWs should divide a factor of 120 which is calculated by
60s/500ms.

From the table III-1, if the number of frequency points is set to be 201, the [FBW
should be chosen to 500 Hz. The standard deviation related to an IFBW of 500 Hz for a 60

seconds acquisition time is about 0.78%, which can be found in table II-2.

The measurement uncertainty can be caused not only by the setting parameters but is
also due to the XYZ table mechanical errors. In our test, the XYZ table only moves in the
Z direction. Based on the scanning repeatability study provided in chapter II, a standard
deviation in the order of 6% for the z direction is found after 2 hours moving [GU 16 _d].
As our measurement takes much less time than 2 hours (about 1 min), if this derivation is
regarded as linear to time, the error rate during out measurement is about 0.05%, which

can be ignored.
II1.5 Complex permittivity analysis model
After evaluating the errors which occur during the measurement to assess the

repeatability of the experimentation, we estimate the complex permittivity of solutions of

different glucose concentrations. Complex permittivity models of the glucose-water
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mixtures have been studied and discussed in different studies found in literature [TUR 15],
[HOF 13] and [FUC 02]. The components of the complex permittivity, namely the dielectric
constant and the dielectric losses, are dependent on the angular frequency w and the glucose

concentration C in mg/ml:

e(w,C) = Re[e(w, C)] — ilm[e(w, C)] (11 - 1)

According to the first order Debye model, the dielectric spectrum of glucose aqueous

solutions can be represented by the following equation [DEB 291:

_ €00(C)—€400(C) .
8e(®,€) = £4en(€) + 22 Z om0 (11 - 2)

Where €,,,(C) denotes the static relative permittivity, €, (C) is the infinite frequency
relative permittivity and t,,(C) indicates the relaxation time. Several investigations, mainly
conducted by using a commercial open-ended coaxial dielectric probe [ZHA 12], [RAI 98],
have revealed the impact of the glucose concentration on the Debye-type parameters. Thus,
relationships between the glucose concentration and the Debye-type parameters have been

demonstrated by fitting the measurement data into the Debye equation [TUR 15]:

£,0(C) ~ 80.769 — 0.439.1075.C

£000(C) ~ 4.076 + 5.048.1077.C (111 - 3)

1, (C) ~ 8.008 + 0.275.1075.C [ps]

Based on these equations, it is observed that the static relative permittivity €,,,(C)
decreases with the increase of the glucose concentration while the relaxation time t,(C)
shows a contrary behavior. The infinite permittivity €, (C) keeps the same tendency with
the relaxation time t, (C). These variations are due to the fact that the structure and dynamic
of water surrounding the glucose molecules are changed with the glucose concentration
increase. Because the polar hydroxyl groups in glucose are supposed to replace the

surrounded local tetrahedral coordination of the hydrogen bond network of water [SHI 15].
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This formation of hydration shell influences the static relative permittivity and makes the
water molecule difficult to rotate, which leads to an increase of relaxation time and a

decrease of static relative permittivity [NAN 97].

It is worth underlining that the model is completed at a room temperature of 25 degrees,
which is also the case for our measurements. Thanks to these equations, the complex
permittivity of glucose aqueous solutions, considered in the physiological range (0 to 10
mg/ml), is extracted for eleven concentrations (step of 1 mg/ml). The results are presented

in Figure II1-9.
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Figure III-9: The extracted complex permittivity of the glucose aqueous solution in
physiological range varying from 0 to 10 mg/ml versus frequency. (a): The real part of the complex
permittivity and its close up figure at 6.5 GHz. (b): The imaginary part of the complex permittivity
and its close up figure at 6.5 GHz.

One can observe that, in the frequency range from 2 to 20 GHz, the real part of the
complex permittivity falls with the frequency enhancement. Concerning the dielectric loss,
it firstly increases and then turns to stabilize at high frequency. This stabilization at high
frequency is due to the polarization of dipoles in the glucose molecules which cannot keep
up pace with the increasing changing rate of applied electric field. This failure in
accelerating oscillation leads to energy absorption [AHM 12]. This phenomenon is verified
by the existing literatures [FUC 02], [MAS 92]. Thanks to these equations, the complex
permittivity of glucose aqueous solution for a given concentration can be evaluated at any

frequency in the range of interest.

I11.6 Glucose concentration characterization in immersion mode

111.6.1 Introduction

In this section, the immersion mode characterization is under investigation. As can be

seen from the word ‘immersion’, the EMP is plunged into the solutions to measure the
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glucose concentration varying from 0 to 10 mg/ml (physiological range) with a step of 1
mg/ml. To prove the measurement feasibility, an electromagnetic simulation without the
presence of IBMN is firstly carried out between the EMP and the glucose-water mixture at
different frequencies from 2 to 18 GHz. Then, the experimental procedure is described in
details. After that, the measurement results at several frequencies are illustrated and the

measured transmission coefficients are finally translated into the complex permittivity.

I11.6.2 Electromagnetic simulation of probe-solution interaction

After the determination of the parameters in the first order Debye model, the estimated
complex permittivity is used to conduct electromagnetic simulations in HFSS™
environment for the analysis of the probe-solution interaction. In the simulation test
presented, the tungsten EMP is fully immersed into a glucose-water mixture (10 mg/ml) at
a depth of 300 um to ensure a maximum electromagnetic interaction. The probe apex is a

semi-sphere with a diameter of 260 pm.
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Figure III-10: Analysis of the probe-solution interaction at the cross section of the EMP (a)
for a glucose concentration of 10 mg/ml at depth of 300 um for different frequencies (2 GHz (b),
10 GHz (c) and 18 GHz (d)). E-field intensity along the extruded line at different distances from
the tip (e).
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As shown in Figure III-10.b, c, d, the E-field is mainly confined around the tip apex
and the field intensity decays rapidly when the frequency increases. In order to analyse
quantitatively this variation, a line is drawn from the tip towards the solution. The field
intensity registered at different positions along this line is therefore given in Figure II1-9.e.
At the tip apex, a maximum field intensity around 400 V/cm is registered at 2 GHz, this
value drops to 120 V/cm and 108 V/cm at 10 GHz and 18 GHz, respectively. One can note
that the fall between 2 and 10 GHz is quite important (gap of 280 V/cm) whereas a slight
decay between 10 GHz and 18 GHz is observed (difference of 12 V/cm). As for the
stabilization of the dielectric losses at high frequency, the evolution toward a steady state
is due to the rapid E-field polarization change which becomes too fast for the dipole to
oscillate from a few GHz. Thus, even though the frequency continues to increase the
molecules rotation speed is limited. If a fixed frequency is considered, we retrieve that the
longer is the distance from the probe the smaller is the E-field intensity. For instance, at 2
GHz, the field diminishes fast from 410 V/cm to 23 V/cm if the distance between the tip

apexes grows from 0 to 0.5 mm.

I11.6.3 Experimental procedures and measurement results

I11.6.3.1 Experimental procedures

During the measurement, the glucose aqueous solution is firstly poured into the plastic
container and then placed beneath the EMP. The motor driven XYZ stage is finely
controlled to adjust the position of the plastic container while the EMP remains fixed. On
account of the liquid surface tension effect, the liquid-air interface performs a meniscus
level which gives rise to different solution heights along the meniscus. To overcome this
limitation and ensure this contact position can be repeated for each measurement, the EMP

relative position as well as the volume of glucose-water mixture are fixed for each test.

For the immersion mode characterization, the EMP is slowly plunged into the solution
with a step of 1 um (by moving the container). Once the EMP reaches the solution, as
predicted by the simulation, an abrupt break on the transmission coefficient appears and

the ‘zero point’ (interface air-liquid) is therefore noted. Then the elevation of the plastic
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container continues until the EMP arrives to a certain depth of several hundred microns
(e.g. 300 um) into the solution, so that the tip apex is fully immersed to guarantee a
maximum electromagnetic interaction between the probe and the solution. At this depth,
the zero level (cancelation level) is set to -55 dB to lower the measurement errors brought
by the NFMM [GU 16 c]. After setting these parameters, the EMP is pulled out of the
solution (by lowering the container) and immersed into it again to reach the same depth.

The transmission coefficient is registered during this ‘pull in’ procedure [GU 16 c].

I11.6.3.2 Measurement results at different frequencies

After demonstrating the sensitivity improvement at a fixed frequency (2 GHz) thanks
to the presence of the interferometer-based matching network, we extend the study to the
evaluation of the broadband performance of the glucose concentration differentiation by
means of the proposed NFMM. Note that, except for the working frequency all other
parameters of the NFMM remain unchanged during the manipulations and identical

experimentation procedure are ensured.

Therefore, the EMP is immersed at 300 um at the centre of the plastic container. For
demonstration, the magnitude and phase shift of transmission coefficients obtained at 2 and
18 GHz, which are the extreme values of the working frequency band, are given in Figure

II1-11 for various concentrations.

|S21| (dB) Arg. S21 (°)

-46 156
/ —0mg
/ 154  —Img
47 R  / - | 2mg
48 // o img
. —4mg
150 —Smg
-49 / / 148 F —6mg
/ —Tmg
-50 4 146 | —8mg

—9mg

144 ¢ 10mg

—0mg

—lme 142 f
- 2mg
=52 3mg 140 -
—4mg —
-53 Smg 138 F
—6mg
&=l s 136 =
- —8mg 134 |
< —9mg
-55 10mg 132 }
-56 L 130 :
2.043 2.044 2.045 2.043 2.044 2.045
Frequency (GHz) Frequency (GHz)

107



Dielectric characterization of glucose aqueous solution with iNFMM

[S21] (dB) Arg. S21 (°)
8 8
\ ——0mg_S21Mod ~——1mg_S21Mod —O0mg_S21Ph —1mg_S21Ph
490 | N\ 2mg_S21Mod 3mg S$21 Mod 126 2mg_S21Ph 3mg S21Ph
—4mg S21Mod S5mg S21 Mod ) —4mg S21Ph 5Smg_S21Ph
o —6mg S21Mod  —7mg_S21 Mod 124 —6mg S21Ph —7mg_S21Ph
- —S8mg_S21Mod  —9mg_S21Mod/’ 122 —S8mg S21Ph —9mg_S21Ph
51 10mg_S21 Mod / 10mg_S21Ph
52
=53 F
54 F
55 |
(c)
-56 L 108 — -
18.055 18.056 18.057  18.055 18.056 18.057
Frequency (GHz) Frequency (GHz)

Figure III-11: Measured transmission coefficients (S;;) as a function of glucose
concentration: (a) magnitude at 2.044 GHz (b) phase shift at 2.044 GHz (c) magnitude at 18.056
GHz (d) phase shift at 18.056 GHz.

It is clearly shown in Figure III-11 that the concentrations of glucose-water mixtures
ranging from 0 to 10 mg/ml are well differentiated by means of S21 magnitude and phase
shift at the two frequencies under evaluation. In Figure III-11.a, b, DI water gives a
minimum transmission coefficient of -55.03 dB/133.46° at 2.044 GHz. With the growth of
the glucose concentration, the transmission coefficient turns to be larger and the maximum
value attains -49.60 dB/143.67° for the concentration of 10 mg/ml. The dynamic range of
the transmission coefficient is therefore calculated as 5.43 dB and 10.22° for the magnitude
and phase shift, respectively. From Figure III-11.c, d, similar tendency is observed at the
higher frequency of 18.056 GHz. In that case, DI water shows a minimum transmission
coefficient of -55.18 dB/108.60°. The maximum value is observed as - 53.67 dB/113.76°
at a glucose concentration of 10 mg/ml. The concentrations distribution can be evidently
distinguished but a lower dynamic range (1.51 dB and 5.16° respectively for the magnitude
and phase shift) is observed compared to the case at 2 GHz. This observation is in
accordance with the simulation results and the theoretical analysis mentioned in the
previous part. To quantitatively evaluate the linearity of this distribution, the transmission
coefficient corresponding to different glucose concentrations are given for these two fixed

frequencies in Figure I11-12.
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Figure III-12: Measured transmission coefficients (S;;) as a function of glucose
concentration: (a) magnitude at 2.044 GHz (b) phase shift at 2.044 GHz (c) magnitude at 18.056
GHz (d) phase shift at 18.056 GHz. Dashed line: fitted polynomial line at first order.

According to the fitted polynomial lines at first order, the acquired values show a good
linearity since the coefficient of determination R? is greater than 0.98 in all cases, which
indicate that the distribution of the transmission coefficient is strongly correlated to glucose
concentrations. Concerning the measurement dynamic range, one can observe that the
variation of the transmission coefficient magnitude between water and the glucose aqueous
solution of 10 mg/ml is around 5.4 dB at 2 GHz and reduces to 1.5 dB at 18 GHz. The
phase shift shows the same tendency with a variation that goes from 10.2° to 5.2° for the

same frequencies.
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I11.6.3.3 Extraction of complex permittivity

The linear correlation demonstrated in the previous section is achieved by taking care
in applying the same measurement conditions including NFMM setting parameters, room
temperature, immersion depth, liquid volume and probe-solution contact position. The
knowledge of the transmission coefficient allows the determination of the corresponding
complex permittivity by using an inverse procedure based on the one port calibration

method [TUC 16]:

e10€01l'EMP
S,1 =ego + m (111 — 4)

Where ey is the directivity error, 14 denotes the port matching error and the term
e10€p1 represents the tracking error. ['gyp is the probe reflection coefficient which can be
theoretically expressed by:

Femp = L= %
Zs + 7y

(I - 5)

Where Z, is the VNA characteristic impedance (50 ) and Z; is the probe impedance.
Since the sample is in the near field range of the probe and the apex size of the probe (D) is
much smaller than the wavelength, the electromagnetic wave between the tip and sample is
considered quasi-static and the probe impedance Zg is therefore given according to the

lumped element model [ANL 07]:

1
Zs = m (111 —6)

From the equation given above, for a given frequency F and a probe apex size D, the
probe impedance as well as the probe reflection coefficient are mainly governed by the
sample permittivity. The calculation of the three complex error terms (eqg, €91, €10€01) 1S
realized by choosing three solutions with known glucose concentrations. The probe
impedances are therefore represented by Zg; , Zs; and Zgz and result in three

corresponding probe reflection coefficients I'gyp1, [gmp2 and [gyvp3. Once the errors terms
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are determined, the translation from measured parameters to complex permittivity is
established. However, this inverse procedure is a difficult task for broadband applications
since the calibration procedure has to be repeated each time the frequency changes. In our

study, the frequency range is from 2 to 18 GHz. So to keep a reasonable number of

calibration procedures we consider a frequency step of 2 GHz.
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Figure III-13: The complex permittivity of glucose-water mixture versus frequency as a
function of concentration and its close up figures at 4, 8, 12 and 16 GHz: (a) Real part of the
complex permittivity (b) Imaginary part of the complex permittivity.
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After the application of this inverse procedure, the translated complex permittivity of
glucose aqueous solutions with a concentration from 0 to 10 mg/ml is plotted in the

frequency range from 2 to 18 GHz in Figure I1I-13.

As shown in Figure I1I-13.a, the real part of the complex permittivity for each glucose
concentration in the entire frequency band is given. According to the theoretical Debye-
model provided in Figure III-9, the variation caused by a glucose concentration change (1
mg/ml) on complex permittivity is quite small. In the same figure, to better appreciate the
differentiation of glucose concentrations, we give a zoom up for four discrete frequencies
(4, 8, 12 and 16 GHz). For DI water, it always gives the highest dielectric constant
compared to glucose-water mixtures and this value decreases when the frequency
increases. For a particular frequency, it is noticed that the dielectric constant decays with
the enhancement of the solution concentration level. These tendencies are consistent with

the theoretical values.

In the frequency range from 2 to 10 GHz, the imaginary part of complex permittivity
shows the same tendency compared to the Debye-model. DI water demonstrates minimum
dielectric loss that increases in a quasi-linear manner with the concentration level elevation.
Nevertheless, after 10 GHz, the differentiation of dielectric loss for each concentration is
not evident as it evolves towards a saturation point. Finally, the complex permittivity
measured on a large frequency band for a low concentration range of glucose aqueous
solutions demonstrates a consistent behaviour when compared to the one described by the

Debye-model.

I11.6.4 Conclusion

In the immersion mode measurement, the complex permittivity of glucose aqueous
solutions whose concentrations vary from 0 to 10 mg/ml (physiological range) is
experimentally demonstrated in a frequency band spanning from 2 to 18 GHz. The
interaction between the evanescent microwave probe and glucose-water mixtures is first
studied by means of a finite element method solver, HFSS™ without the presence of IBMN.

The results point out that the electric field is mainly confined around the probe tip and
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evolves with the glucose concentration and the applied frequency. Then, the simulated
reflection coefficient has been shown to be strongly influenced by both the glucose
concentration and the immersion depth while a frank break is observed at the air-solution
interface. The simulated results also demonstrate a very low sensitivity to glucose solutions
in the concentration range of interest. To overcome such a limitation, an interferometric
matching system is integrated into the NFMM for the measurement procedure. In this
configuration, the reflection coefficient acquired from the EMP is mixed with a reference
signal and the result of this operation is collected by a VNA in a transmission mode. An
enhanced sensitivity of 0.54 dB/ 1 (mg/ml) for magnitude and 1°/ (mg/ml) for phase is
obtained at 2 GHz. At 18 GHz, the minimum distinguishable variation is measured as 0.15
dB. With this same sensitivity, it is implied that our approach can arrive to a detectable
resolution up to 0.3 mg/ml (1 mg/ml/ (0.54 dB/0.15 dB)) at 2 GHz. Based on the one port
calibration method, the measured transmission coefficients are translated into complex
permittivity. Compared to the conventional resonator method, the proposed technique
enables a broadband characterization of high loss materials with a quite high sensitivity. In
the next section, the glucose concentration characterization in non-contact mode is

demonstrated to compare with the immersion mode.

I11.7 Glucose concentration characterization in non-contact mode

II1.7.1 Introduction

After the characterization of glucose solution in immersion mode, we move now to
the configuration where the probe is not in contact with the solution under test. This non-
contact mode is considered to be more challenging because the EMP has no direct
interaction with the glucose aqueous solution. Indeed, the air in between them will leads to
much attenuation. However, this configuration is regarded as non-destructive and much

easier to be applied in the daily monitoring for the patients with diabetes mellitus.

For the non-contact mode characterization, the measurement goal is to differential the

glucose aqueous solution from DI water to 3 mg/ml with a step as small as possible. This
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step (sensitivity) has to meet the distinction requirement of the diabetes mellitus. Thus,
according to the glucose characterization results in immersion mode, the frequency is set
to be 2 GHz based on the sensitivity consideration. With respect to the simulation results
provided in Figure III-10, it can be found that the E-field intensity decreases with the
increase of the distance between the probe tip and the solution. First of all, a simulation has

to be done to evaluate the E-field intensity at the air-solution interface.
I11.7.2 Electromagnetic simulation of probe-solution interaction

In this section, for the non-contact mode, the electromagnetic simulation of the
interaction between the probe and glucose aqueous solution without the presence of
interferometer-based matching network is established. The simulation results are illustrated
in Figure III-14.a, where the E-field intensity collected at the air-solution interface is
strongly influenced by the distance between the EMP tip and solution. One can find that
for a ‘stand-off” distance spanning from 1 to 10 um, the E-field intensity decreases from
65000 to 10000 v/cm. During this decrease, the downtrend becomes smaller for higher
distances. This phenomena is with respect to the fact that the E-field is mainly confined

around the probe tip and decreases rapidly away from the tip.
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Figure III-14: Analysis of the probe-solution interaction at the cross section of the EMP tip
for non-contact mode in terms of E-field intensity and distribution (a) The stand-off distances
influence on the E-field intensity for a glucose concentration of 1.2 mg/ml at 2 GHz (b) E-field
distribution at a standoff distance of 1 um between the probe and solution (¢) The zoom up figure
of E-field distribution in air (d) The zoom up figure of E-field distribution in solution.
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To better demonstrate the E-field distribution from the EMP tip to a certain depth in
glucose aqueous solution which is shown in Figure III-14.b, we separate the E-field
distribution into two parts, one is between the tip and air-solution interface, the other one
is inside the solution, which are respectively given in Figure III-14.c and Figure I11-14.d.
The E-field intensity between the probe and solution is around 60000 V/cm while the one
inside the solution is only about several hundred v/cm. This indicates the majority of the
signal is reflected at the air-solution interface. Thus, compared to the immersion mode
characterization, the non-contact mode brings more challenge in terms of sensitivity. This

measurement difficulty is also proved in the Figure I1I-15.
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Figure III-15: The simulated reflection coefficient of glucose-water mixture for the
concentration varying from 0 to 3 mg/ml at 2 GHz without the interferometer-based matching
network: (a) The magnitude of the reflection coefficient (b) The phase shift of the reflection
coefficient. Dashed line: fitted polynomial line at first order.

As illustrated in Figure III-15, from the simulation results, one can hardly distinguish
the different glucose concentrations in terms of magnitude and phase shift of the reflection
coefficient. Indeed, the obtained sensitivity is extremely small both in magnitude and in
phase shite. As expected, this sensitivity is much smaller than the one find in immersion
mode characterization, which indicates the higher difficulty of a characterization in non-
contact mode. Nevertheless, based on the first order polynomial fitting, the acquired values
show a good linearity since the coefficient of determination R? is greater than 0.97 in all

cascs.
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I11.7.3 Experimental procedures and measurements results

As illustrated in the previous part, the simulation results show a very low sensitivity
in case of the system without the presence of interferometer-based matching network.
However, a good linearity is observed which allows an assumption that a system with
interferometer-based matching network can improve the sensitivity enough to distinguish

small glucose concentrations. The measurement procedure is described in this section.

I11.7.3.1 Experimental procedures

The experimental procedures for the non-contact mode characterization is similar to
the immersion mode except that the zero level is adjusted when the EMP is above the
solution. At the start of the measurement, the EMP moves slowly towards the solution with
a step of 1 um (by elevating the solution container) until a position of EMP equals to about
5 um above the solution. This stand-off distance cannot be exactly ensured because of the
existence of evaporation effect previously described. At this position, we set the zero level
(cancelation level) to -55 dB and the other parameters given in Table III-1. After that, the
measured transmission coefficients start to be recorded during the elevation of the plastic

container until the EMP is in touch with the solution.

The measured transmission coefficient at a distance of 1 um between the probe and
solution is selected as the results. To avoid the random noise, for each sample with a fixed
glucose concentration, the measurement is repeated 5 times and the average transmission

coefficient is calculated.

II1.7.3.2 Measurement results at 2 GHz

The measurement results are shown in Figure III-16. The evaluated transmission
coefficients in terms of magnitude and phase shift correspond to the concentrations
spanning from 0 to 3 mg/ml are given. It is noticed that the different glucose concentrations

with a step of 0.6 mg/ml are clearly distinguished at 2.029 GHz.
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Figure III-16: Measured transmission coefficients (S;;) as a function of glucose
concentration varying from 0 to 3 mg/ml with a step of 0.6 mg/ml at 2.029 GHz: (a) The magnitude
of the transmission coefficient. (b) The phase shift of the transmission coefficient. (¢) Magnitude
at 2.029 GHz as a function of the glucose concentration (d) Phase shift at 2.029 GHz as a function
of the glucose concentration. Dashed line: fitted polynomial line at first order.

As can be found in Figure I1I-16.a, b, the measured transmission coefficients in terms
of magnitude and phase shift are well distinguished for all the solutions considered (from
DI water to a glucose solution of 3 mg/ml with a step of 0.6 mg/ml). In Figure III-16.c, DI
water gives a minimum transmission coefficient of -52.0 dB/-38.6° at 2.029 GHz while the
solution with a glucose concentration of 3 mg/ml gives a maximum value of -50.5 dB/-

33.8°. The dynamic range of the transmission coefficient over the 3 mg/ml concentration
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range is calculated as 1.5 dB and 4.8° for the magnitude and phase shift, respectively. If
we compare this dynamic range of the measured transmission coefficient to the one

obtained in the immersion mode, we can report the results given in table I1I-3.

Mode Dynamic range from 0 to 3
mg/ml in magnitude and phase shift
Immersion 2.1dB 2.5°
Non-contact 1.5dB 4.8°

Table III-3: Dynamic range of the measured transmission coefficients from the DI water to

3 mg/ml both in magnitude and phase shift.

For the two modes characterization, the measured dynamic range for a concentration
ranging from 0 to 3 mg/ml are in the same order. Even though the non-contact mode brings
more challenge in terms of sensitivity, the higher IFBW gives compensation in this part

and finally brings the same order of the dynamic range.

Same as the immersion mode, a dashed line is drawn by a fitted polynomial line at
first order to evaluate the results’ linearity. The coefficient of determination R? is always
greater than 0.97 if one initial point is ignored, which indicate that the distribution of the

transmission coefficient is correlated to glucose concentrations.

I11.7.3.3 Extraction of complex permittivity for non-contact mode

Thanks to the inverse procedure given in the section II1.6.2.3, the measured
transmission coefficients in terms of magnitude and phase shift are translated into complex
permittivity (Figure 11-17). As shown in this figure, the variation of the real and imaginary
part of complex permittivity determined at 2 GHz shows a linear behaviour with the
variation of glucose concentration. It also demonstrates a consistent values when compared

to the one described by the Debye-model.
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Figure III-17: The complex permittivity of glucose-water mixture for each concentration at
2 GHz: (a) Real part of the complex permittivity (b) Imaginary part of the complex permittivity.

II1.7.4 Conclusion

First of all, thanks to HFSS™, the electromagnetic interaction between the EMP and
the glucose solution is evaluated with different stand-off distances varying from 1 to 10
um. As predicted theoretically, it is verified that closer the probe is to the solution, larger

is the larger E-field intensity at the solution-air interface.

Thanks to the interferometer-based matching network, the sensitivity is improved
which is equal to 0.32 dB/ (mg/ml) for magnitude and 0.96°/(mg/ml) for phase at 2 GHz.
The glucose concentrations spanning from 0 to 3 mg/ml with a step of 0.6 mg/ml are well
distinguished. After the application of the inverse procedure proposed in section 111.6.3.3,
the translated complex permittivity of glucose aqueous solutions for a concentration from

0 to 3 mg/ml is successfully extracted.

I11.8 Conclusion

In this chapter, a brief introduction to need of the glucose aqueous solution
characterization is firstly given. Different applications in varies fields have been listed.
Among those evaluation methods, the interferometer-based near field microwave

microscope is selected since it owns advantages such as broad operating frequency band,
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high sensitivity, measurement simplicity and small volume of sample needed. After
demonstrating the sensitivity improvement brought by the IBMN, the measurement
repeatability is evaluated. With a well-established complex permittivity model, the glucose
concentration characterization is carried out in two modes: immersion mode and non-
contact mode. Based on the data collected, electromagnetic simulations are realized by
HFSS™ with different configurations for the two modes. After the simulation, related

experimental procedures are carried out.

In the immersion mode measurement, the transmission coefficient of glucose aqueous
solutions whose concentrations vary from 0 to 10 mg/ml (physiological range) with a step
of I mg/ml is experimentally demonstrated in a frequency band spanning from 2 to 18 GHz.
An enhanced sensitivity of 0.54 dB/ (mg/ml) for magnitude and 1°/(mg/ml) for phase is
obtained at 2 GHz for the immersion mode. For the non-contact mode, the glucose
concentrations spanning from 0 to 3 mg/ml with a step of 0.6 mg/ml are investigated at 2
GHz. The measured sensitivity turns to be 0.53 dB/ (mg/ml) for magnitude and 1.6°/(mg/ml)
for phase.

Finally, after the application of a one-port calibration, the transmission coefficients

are translated into complex permittivity for each mode.
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Chapter IV : The improvement of iNFMM: multi-port

reflectometer based on broadband multi-layer coupler

IV.1 Introduction to multi-port reflectometers

The fundamental works on multi-port technique are firstly proposed in the 1970s by
Engen [ENG 77 a], [ENG 77 b] and Hoer [HOER 77]. In these references, the term ‘six-
port’ is mentioned for the first time. Since then, both in theoretical and experimental fields,
many excellent works have contributed to the development of this technique [ENG 79],
[MOL 06] [HAD 13] [TAT 13] [HAN 15] [WIL 17]. A six-port acts as a network analyzer
and is able to measure the complex impedance of a device under test. The complex
impedance is characterized in terms of reflection coefficient, which explains in part the

name given to this system.

The six-port reflectometer is basically a circuit made of passive components including
couplers and power dividers. In particular, these components are chosen as a function of
the propagation structure and the operating frequency. Generally, the six-port reflectometer
has two input ports and four output ports. The generated output signals are the combination

of these two input signals with a different phase shift [GHA 09].

Compared to the conventional network analyzer, the six-port technique owns a major
advantage, which is related to the only utilization of scalar measurements such as power or
voltage. As well known, the conventional network analyzer is based on a receiver
architecture that mixes the received microwave signal to a lower intermediate frequency
(IF) by means of a local oscillator. The magnitude and phase information extracted from
the IF signal are obtained thanks to an analog-to-digital converter (ADC) and a digital-
signal processor (DSP) [AGI 13]. Nevertheless, these required hardware are expensive and
take up space in the system. Compared to the conventional network analyzer, the structure
of a six-port reflectometer is simple and cost effective. Furthermore, the simplified

structure makes it easier for its use in portable applications. When talking about the
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measurement precision, with the help of calibration techniques, the calibrated six-port
reflectometer can achieve a relatively high precision compared to the conventional network
analyzer [HAD 08]. Hence, the six-port technique is considered as a good alternative

solution for the reflection coefficient measurement.

To date, many applications are based on the six-port technique such as the six-port-
based near field microwave microscopy [HAD 13], precise alignment measurements [KOE
16], radar application [ZHA 08], [VIN 16], telecommunication [HAD 10] and heart rate
detection [WIL 15]. Depending on the application, different six-port reflectometers can be
found in different structures, but the overall trend is related to the compactness and

broadband features in the microwave/millimeter wave frequency band [BAU 15].

Thanks to the excellent work of the researchers involved in this task, the six-port
technology and related applications have been substantially developed. In the next section,
some typical six-port junctions are presented with their main components. Based on our
design target, the proposed six-port reflectometer is described in section IV.3, where the
design procedure, fabrication methods and measurement results are also demonstrated.
After that, the six-port reflectometer is given with a broadband characterization and finally

comes with the conclusion.

IV.2 Typical six-port reflectometer junctions

IV.2.1 Introduction

As already said, the components inside the six-port junctions are mainly chosen
according to the working frequency which corresponds to targeted applications. In this
section, the two most popular junctions and the components associated are discussed in

details. Then, we present our strategy for the selection of our design.
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IV.2.2 Six-port junction with hybrid couplers and a power divider
IV.2.2.1 Theoretical basis

The most common six-port junction is composed of a Wilkinson power divider and

three hybrid couplers as shown in Fig I-1[WIL 15]:

= o
> I

Ps Pe

Figure I'V-1: Schematic of a six-port junction [WIL 15].

The main idea of this structure is to superimpose the two input signals P and P> by
means of the Wilkinson power divider and the hybrid couplers. The input signals are
delivered to four output signals (P3 to Ps) with a static phase shift of 7/2 amongst each other.
Based on the theoretical derivation provided in [WIL 15], the two input signals Py and P>

are defined in complex forms by the following expressions:

P, = A, [cos(wt + ®,) + j sin(wt + D,)]
(Iv-1)
P, = A, [cos(wt + D) + j sin(wt + D,)]
Where A1 and Az denote the amplitudes, w represent the angular frequency and the @
is the phase value of each signal. As demonstrated in Figure IV-1, the power divider splits
the input signal Py equally into two parts while the coupler separates the input signal P>

into two signals with the same magnitude but a phase difference of 90°. Therefore, the
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output signal P3 can be calculated by the addition of a half of P and a half of P> with a 90°
phase shift. The other output signals can be written in the same way as given in the

following equation:

P3 = 0.5 * (Pl +jP2)
P4_ = 05 * (]Pl + Pz)
(Iv-2)
Ps = 0.5 % (jP, +jP,)
P6 = 0.5 * (Pl - Pz)
One can note that the relative phase shift between the four output signals are 90°. Thus,

a complex representation of Z can be obtained with the in-phase and quadrature

components. This obtained impedance Z is derived as follows:

Z=1+jQ=CFs—=P)+j(Pz—P)  (IV-3)

Once Z is given, the reflection coefficient I' can be calculated by the well-known

equation:

(IV — 4)

Where Zs is the source impedance of 50 Q. After this very brief recall of the theoretical
principle of the six-port junction with hybrid couplers and power divider. This structure

can be applied as a six-port network in various applications.

1V.2.2.2 Components selection strategy

As illustrated in Figure IV-1, the main components of the described junction are the
hybrid coupler and the power divider. Since the six-port junction is a passive structure, its

working frequency depends on the operating bandwidth of the components considered for
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its realization. Thus, the components selection strategy is related to the working frequency

and consequently to the targeted applications.

For the power divider, the Wilkinson type is the most popular one as it owns a great
advantage with respect to the design facility and the frequency band achievable. Indeed,
the multi-section Wilkinson power divider can achieve an operating frequency over several
octaves in the microwave range [WEI 15], [HON 17]. The one realized with SIW

technology also provides a good performance in the millimeter range [MAN 15].

(a)
(c)
Figure 1V-2: Different types of hybrid couplers integrated in a six-port junction. (a) Branch

line coupler [QAY 14] (b) Short-slot coupler in SIW [MAN 15] (¢) Multi-section coupler in tandem
structure [HON 17] (d) Elliptical microstrip-slot coupler [WEI 15].

(b)

4.stage Wilkinson PD

(d)

Compared to the power divider, a large choice of hybrid couplers is available. Indeed,
many types of coupler can be chosen according to their technology and operating frequency
band. For instance, in Figure IV-2, different types of hybrid couplers are included within a

six-port junction.
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As demonstrated in Figure IV-2, the four examples of six-port junctions make use of
a Wilkinson power divider but different kinds of hybrid couplers. One can find in the
Table.IV-1, the operation bandwidth corresponding to the different types of couplers

considered in these examples.

Coupler types Working bandwidth (GHz)
Branch line 1-3.3
Short-slot 60-62
Multi-section 2-8
Elliptical microstrip-slot 0.5-5

Table IV-1: The working frequency range for the four types of coupler illustrated in
Figure IV-2.

Indeed, the six-port junction with three hybrid couplers and a power divider is
considered as the most popular structure. Nevertheless, other junctions can also provide a
comparable performance in terms of design facility and frequency band. In the next section,

a junction with only hybrid couplers is described.
IV.2.3 Six-port junction with only hybrid couplers
IV.2.3.1 Theoretical basis

According to the configuration illustrated in Figure IV-3, the six-port junction is based
on five couplers. Without the existence of the Wilkinson power divider, the design
complexity is even more decreased. As shown in the figure, this configuration, includes
four power detectors, five 3 dB/90° broadband couplers and the transitions between them.
As a result, the performance of the six-port reflectometer is mainly dependent on the
couplers properties.

The reflection coefficient (I') can be therefore calculated from the power measured by
the four detectors (P3 to Ps) when connecting a DUT at port 2. Assuming that the five
couplers ensure ideal -3 dB coupling and the system is lossless, the reflection coefficient I
is given by [SEM 06]:

Ps+P,—P;—P, P,—P
F=5 6 3 4-+].6 5
4P, 2P,

(IV—5)
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It has been demonstrated that this reflection coefficient can also be expressed as a function
of the reflectometer S-parameters by the following equation:

[= 1S511% + [Se11* = [S311% = [S41/? ]. 1Se11% = |Ss1 | v — 6)
4]S44/? 2]S41]?
P5 P6
1
FAAN
|
Q5
21270" '83/130" | 34130" 5490"
P3e— — X o P4
Q4 Q3
8
] fZE E4/90
4
Q2
2 ‘5‘4904’
A S 1
( Port 2 | DUT]
| Port1 v
@, '2—'40"
Source

Figure IV-3: Six-port reflectometer conceptual diagram where Qi (i= 1 to 5) is a 3 dB/90°
coupler

Thus, when applying this junction, much attention has to be given to the design of the coupler.

1V.2.3.2 Six-port reflectometer with only couplers

Based on the conceptual diagram given above in Figure IV-3, a six-port reflectometer

has been designed as illustrated in Figure IV-4:

As can be seen from the figure, five branch line couplers are implemented in the
proposed six-port junction with a fine designed interconnection. To get through the
frequency band limitation of a branch line coupler, the authors apply the defect ground
structure (DGS) technique on the bottom side of the coupler, where a ring headed dumbbell
is etched in order to not only improve the bandwidth but also better control the

characteristic impedance [SHU 14].
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Figure IV-4: The six-port reflectometer with five branch line couplers (a) The layout of
branch line coupler (b) Top view of branch line coupler (c) Bottom view of branch line coupler
using defect ground structure technique (DGS) [SHU 14].

This six-port reflectometer can achieve an operating frequency band ranging from 2.5

to 4 GHz [SHU 14].

1V.2.4 Conclusion

In this section, a brief presentation of the six-port reflectometer is given firstly. After
that, two six-port junctions are discussed theoretically in terms of reflection coefficient
measurement. Different examples using the given junctions are also demonstrated. Mainly
based on consideration such as simplicity on the design, the junction with only couplers is
chosen as our design basis. In the next part, the coupler to be included in the six-port

reflectometer is under investigation.
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IV.3 Broadband multi-layer coupler design

I1V.3.1 Introduction

As described in section II, two kinds of six-port junctions as well as the associated
components are briefly presented. One can note that the broadband coupler plays an
important role in the discussed junctions. Thus, in this section, we propose a broadband

multi-layer coupler which is able to meet the requirements of a six-port reflectometer.

IV.3.2 The broadband coupler selection

The broadband coupler candidate for an integration in the six-port reflectometer is
described in this section. In our design goal, the reflectometer should be able to operate
from 2 to 20 GHz in order to cover the bandwidth that corresponds to the near field

microwave microscopy platform.

As discussed in the section IV.2.3.2, a method to increase the bandwidth of a branch
line coupler named as Defect Ground Structure (DGS) can be used [SHU14]. The DGS
presents a rectangular ring headed dumbbell shape which can enhance the bandwidth of
11% compared to the conventional branch line coupler. However, this limited bandwidth

is not large enough for an ultra-large band application from 2 to 20 GHz.

For a conventional rat-race coupler, the bandwidth is about 20% but can be increased
by using a multi-section impedance transformer [GRU 12] to attain a bandwidth of about
an octave. But this bandwidth remains too small when considering our objective. In
addition, because of the physical discontinuities at the junctions of the rat-race, the

insertion loss are important at high frequency, which is not suitable for our reflectometer.

The multi-section directional coupler is one of the candidates for the six-port
reflectometer topology [KIM 04]. Actually, its bandwidth can potentially attain several
octaves. Nevertheless, the major disadvantage of the multi-section structure is the abrupt

change between each section along the transmission line. This discontinuity leads to a poor
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matching which is even more pronounced at high frequency. To avoid these frank physical
discontinuities, a continuous variation along the coupling path of the coupler could be
implemented. Therefore, the non-uniform coupler appears as a possible solution for the

reflectometer bandwidth enlargement.

In the next section, we discuss the theory and the design procedure of the proposed
ultra large band coupler. In addition to the bandwidth performance, several methods have
been applied in order to increase the matching and isolation capabilities. The improvements
brought by the solution investigated are evaluated by using the finite element environment
based platform, HFSS™. The fabrication method is also proposed and finally the

measurement results are presented.

1V.3.3 Multi-layer coupler design

1V.3.3.1 Tandem configuration

When designing an ultra large band coupler, the difficulty is to achieve a desired
coupling factor in the entire frequency band. In the reference [SHE 66 a], the authors
present a possible solution to figure out this problem. The idea consists in discretizing the
coupling path into small elements. These elements are well positioned in order to perform
different coupling factors, which have to be carefully calculated. After reconnecting them
as a successive coupling path, it can achieve a flat coupling factor in the entire frequency
band. With respect to this idea, in our design, a 3 dB coupler with tandem configuration

can be realized by cascading two couplers together [ANS 14], [MON 07].
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Figure I'V-5: Tandem structure to realize a 3 dB coupler by cascading two couplers.

As shown in Figure IV-5, for the first coupler, an incident signal feeds the input port
A and is divided in two parts that travel toward the output port B and the coupling port C.
In ideal case, there is no signal at the isolated port D. With such a tandem arrangement,
the output port B and coupling port C of the first coupler are respectively connected to the
input port E and isolated port H of the second coupler. In the following part, the theoretical
derivation that determines which coupling factor should be chosen for the two identical

couplers to produce a 3 dB coupling is given in details.

As a four port component (Figure IV-6), the coupler operation can be completely
described by a 4*4 scattering matrix. The numbering chosen for the coupler ports is the
following: 1 is related the input port A in the Figure V-5, 2 refers to the output port B, 3
corresponds to coupling port C while the 4 is the isolated port D.

Port 1 Port 2
(Input) (Output)
Coupler
Port 4 Port 3
(Isolated) (Coupled)

Figure IV-6: The coupler: a four port network.
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[S11 S12 S13 Sl4

S21 S22 S23 S24

Scattering matrix of a coupler = [S] = S31 S32 S33 S34
1541 S42 S43 S44 |

For an ideal TEM mode coupler, all the ports are matched (S;; = S, = S33 = Sy =
0). Because of the symmetric character of the coupler, the input port and the isolated port
(Figure I11-6) are regarded as identical. The same stands for the coupling port and the output
port. Additionally, the isolated port is always independent from the input port and the
network is reciprocal, Thus, S;4, = S4; = S;3 = S3, =0 and S;, = S;; = S34 = S43.
Since an ideal TEM mode coupler is lossless, the signal at the input port is fully transmitted
to the output port and the coupling port while occurs a 90° phase shift between the output
ports and the coupling ports. Therefore, S;,* + S13° = 1. Based on the analysis given
above and to meet these conditions, we give a possible value respectively for S;, and S;;
where the S;, = —icos(a) and S;3 = sin(a), the scattering parameters of the TEM mode

coupler are therefore given by the following matrix [MON 07]:

0 —icos(a) sin(a) 0
— icos(a) 0 0 sin(a)
51 sin(a) 0 0 —icos(a)
0 sin(a) - icos(a) 0

Where sin(a) is the coupling coefficient of the coupler. With respect to the topology
given in Figure IV-5, if a signal is injected at the input port A, the signal at the output port
B and coupling port C of the first coupler can be predicted by using the scattering

parameters.
A0
Bl |- icos(a)
c| | sin(a)
D] [ 0
This gives:

—icos(a)
0
0

sin(a)

sin(a)
0
0

—icos(a)
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B = —icos(a);

C = sin(a) (V-7
D =0;

As the output port B and the coupling port C are connected to the isolated port H and
the input port E of the second coupler, respectively, the signals at the ports B and H should
be identic and the signals at the port C and E should also be the same.

H = B = —icos(a);
(IV —8)
E = C = sin(x)

To calculate the signals at the output port F and at the coupling port G, one can use

the results found for E and H:

B 0 —icos(a) sin(a) 0 sin(a)
F| |- icos(a) 0 0 sin(a) . 0

G sin(a) 0 0 —icos(a) 0

Hl | 0 sin(a) - icos(a) 0 | |-icos(a)

After the matrix calculation, the signals from port E and H are transmitted to port F

and G, this leads to:

F = —icos(a) * sin(a) + sin(a) * —i cos(a) = —isin(2a)
(IV-9)
G = sin(a) * sin(a) + —icos(a) * —icos(a) = — cos(2a);

With the tandem configuration, a 3 dB coupling is expected. To ensure that the
magnitude of the signal at the output port F is equal to the one at the coupling port G, one

should verify the following expression:

|F| = |G| = |—cos(2a)| = |—isin(2a)]| (IV—-10)
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To that end, 2a should be equal to %, which means that a is equivalent to g . Thus, the

coupling (¢ = sin (a)) in decibels is given as:
s
Coupling factor R = —20log (sin (§)) = 8.34 dB (Iv-11)

Thanks to the theoretical derivation, a 3 dB coupler that can be realized by placing
two 8.34 dB couplers in tandem structure is demonstrated. Once the cascade structure of
two 8.34 dB couplers is chosen, the design of a non-uniform broadband TEM directional
coupler is started. In the next section, we introduce the design procedure of the proposed
coupler in details. The first step is to derive the even/odd mode impedance of each small

element which consist of the coupling path.
1V.3.3.2 Theoretical derivation for even mode impedance

Generally, a typical coupler performs a coupling factor between two coupled paths.
To evaluate such coupling factor, one should make use of the even/odd mode analysis
method provided in the references [MON 07] [YIG 12]. As presented in Figure IV-7, the
planes (OO’) and (PP’) in between the two symmetric coupled lines act like an electric or

magnetic wall.

Electric wall Magnetic wall

0Odd mode excitation Even mode excitation

Figure IV-7: Even/odd mode excitation of the two coupled lines.
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The scattering parameters of a symmetric four ports network two-coupled lines are

given by the following matrix [MON 07]:

[Slle + Sllo  S2le + S2lo  Slle — Sllo S2le — S210 |
2 2 2 2

S2le + S21o  S22e + S220 S2le — S21o  S22e — S220
2 2 2 2

Slle — Sllo S2le —S2lo Slle + Sllo S2Zle + S21o
2 2 2 2

S2le — S21o  S22e — 5220 S2le 4+ S21o S22e + S220

L 2 2 2 2 ]

Where Si1e0and Sz1e/0 are respectively the reflection coefficients and the transmission
coefficients of the even/odd mode signals. As recalled in the previous part, for a TEM type

coupler, the following conditions are respected:
S11 = S22 =533 =544 =0
S14 =S41 =S323 =53, =0
(IVv-12)
S12 =531 =834 =843 #0

824 = 842 * O, 813 = 831 * O

Therefore, if we apply these conditions to the matrix given above, the relation between

the even and odd mode signals at each port can be found:

(IV —13)

S11e = —Si110» S22¢ = —S220 and Sz1¢ = Sz10

With respect to these relations, the matrix representing the four port network can be

reduced to:

0 S2le Slle 0

S2le 0 0 S22
Slle 0 0 S2le
0 S22¢ S2le O
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The paper [CRI 66] demonstrates that the coupling factor of a TEM-mode multi-
section coupler can be analyzed from the even/odd mode impedance of each section. As
well known, this latter is strongly linked to the physical dimensions of each section. Thus,
with a design goal of an equal-ripple and maximally-flat coupling in the entire frequency
band, it is suggested to vary the physical dimensions of each section along the length of
the coupling path. From the Cristal and Young’s table [CRI 66], if the dimension of each
coupled line is well chosen, the impedance of the even and odd mode respectively Z,.and

Z,, should satisfy the following condition:

Zoo * Zog = Z, = 500 (IV—14)

Thanks to the transmission line theory and small signal analysis, the coupling between
the input port and the coupling port can be finally determined by the equation given in the
reference [TRE 66]:

d/2

S31 = —je‘jﬁdj sin(2Bw)p(u)du
—d/2
where, p(u) = %%m(zoe) (IV — 15)
and d=—x

Bc

As mentioned above, the coupling factor depends on the even/odd mode impedance
of each section, which is described by p(u). The parameter d is the overall length of the
coupling path (Figure IV-9), f is the wave propagation constant in air and S, is the phase
constant of the coupler for the center frequency f, (11 GHz) in our case. Since this design
is based on a nine section coupler illustrated in Figure IV-8, the sections at two sides are
symmetric to the middle section, thus, we consider here the n equals to 5 when looking to

one side of the coupler as indicated by the flash.
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|

Figure I'V-8: Schematic of a nine-section coupler.

To achieve a maximum coupling and bandwidth, p(u) can be derived as [TRE 66]:

p(w) = £

7 (Iv-16)
2

Where R is the coupling factor in decibels (8.34 dB in this case) and u is a variable
representing the distance of each element from the mid one. Since the equation (IV-16) is
infinite and to avoid the Gibb’s phenomenon (ringing problem) [CRI 66], the ripple level
may be equalized by using the weighting technique and a weighting function w(u) is

inserted into p(u).

pw() = pw) *wu) (IV—-17)

The weighting function can be calculated using the method given in [TRE 66]:

W, =lIn (;Z:i) * R 1 2
W, =lIn (;Z::) * Ri4
W3=ln<§:2)*n*Ri4 (IV —18)
=)
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Once the weighting function is calculated, the final even mode impedance can be
derived as the integral of the even mode impedance of each element along the coupling path

by using the equations from IV-14 to IV-18:

u u u 102
f pwW)du = f ww)p(uw)du = —Ef W(U)Mdu (IVv—-19)
—d/2

1, Zoo(t) _
2 TJ_q u/2

Zo -d/2
1V.3.3.3 Coupling factor determination

After the derivations of even mode impedance’s equations, we can start the calculation
by firstly choosing the design parameters given in Cristal and Young’s table [CRI 66]. The
selection criteria of these values are based on the bandwidth and ripple level desired. In our
design, the bandwidth is from 2 to 20 GHz, which means the bandwidth ratio should be
greater than Fmax /Fmin=10. To get a maximally-flat frequency response, the ripple level

is needed to be as small as possible. We consider a ripple level of a fraction of dB.

Ripple level Bandwidth
(dB) Z Z2 Z3 Z4 Zs Ratio
0.20 1.02379 | 1.06452 | 1.14687 | 1.33341 | 2.21025 9.498
0.25 1.02764 | 1.07099 | 1.15622 | 1.34622 | 2.23285 10.256
0.30 1.03134 | 1.09697 | 1.16469 | 1.35771 | 2.25315 10.960

Table I'V-2: The even mode impedance of the 9 sections tandem structure with the ripple level
and the bandwidth ratio in Cristal and Young’s table.

As given in the Table IV-2, the Z, (n=1 to 5) is the ratio of the even mode characteristic
impedance to the normalized impedance of 50 Q for the five sections considered. Since the
coupler is symmetric, the nine sections along the coupling path can be reduced to the five
sections at only one side as described in Figure IV-8. According to the Table IV-2, for a
bandwidth ratio of 10.256, the ripple level is 0.25 dB, which indicates an acceptable

fluctuation on the coupling factor in the entire frequency band.
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From the obtained impedance Z, (n=1 to 5), one can derive the coupling function k(u)
which returns the coupling coefficient of each coupling element along the length of the

coupler. This coefficient, given by equation IV-20 [CRI 66], is illustrated in Figure IV-9.

_ (Zoe(u)/zo)z —1

KW = ez v 1

(IV = 20)

It can be noted from the figure that the coupling is more pronounced at the cross
section of the two coupled path, this one is identified as tight coupling. The coupling factor
R decreases with the increased distance from the mid-section, this value tends to zero at
the end of the length. This one is denoted as loose coupling. The coupling factor R in

decibels is related to the corresponding section along the length of the coupler.
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Figure I'V-9: Coupling factor R along the length of the coupler.

With respect to the formulas given in previous equations (IV 14 - 20), a numerical
algorithm developed in MATLAB™ environment is written to determine the coupling
factor R along the length of the coupler. The following step is to figure out the physical
dimensions of each coupling element on the basis of the coupling factor R. According to
Figure IV-9, the coupling element are broadside coupled along the length of the coupler
and form a cross section at the mid part. To realize this structure, one should apply the
broadside-coupled offset stripline configuration. In the next section, the calculation of the

design parameters of a broadside-coupled offset stripline are given.
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1V.3.3.4 Broadside-coupled offset stripling configuration

In the broadside-coupled offset stripline configuration, the design parameters are the
strip width W, the strip offset length W,, the strip spacing S and the ground spacing
distance L. The electrical parameters are the dielectric constant of the substrate (g,-) and
the even/odd mode impedances of each stripline element. The general offset stripline

configuration is presented in Figure I-V10:

Top stripline

Strip width Strip offset

_ S Y SV — opper GND
Strip spacing st I ' :
= L+ | .
We I~ /Ground spacing
Overlapped / :

Bottom strfpline
length v

Figure IV-10: The offset stripline configuration.

Since the coupling factor versus distance function is already figured out by means of
equations IV-20, the offset stripline dimensions (W, S, L and W,) can be determined from
the design equations proposed by J. Paul Shelton [SHE 66 _b]. In this reference, the author
demonstrates two types of coupling: a loose coupling at the two sides and a tight coupling
at the mid part (cross section) as indicated in Figure IV-9. Indeed, these two types of
coupling are mainly dependent on the relative position of the two broadside-coupled
elements. To identify in which condition a tight/loose coupling should be applied, the
capacitance between the two coupled elements should be analyzed. By means of the
fringing capacitance derivation and the Schwartz-Christoffel transformation [SHE 66 b],

these conditions are given thereafter:

Tight coupling conditions:

> 0.35
1-§5
(IV = 21)
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Wc'>07
s =

Loose coupling conditions:

!

> 0.35
1-§ <
(1V — 22)

2xW'

° >10.85
1+8 =

Where W’=W/L, S’=S/L, W.’=W./L and W,’=W,/L. These symbols denote the
normalized values. Once the coupling condition is identified, according to the equations
provided in [SHE 66 _b], the design parameters of the stripline including the space width
W, stripline offset distance W,, strip spacing S and the overlapped length W, can be
calculated using the MATLAB™,

IV.3.4 Structure improvement in terms of insertion loss and isolation

A multi-section topology based coupler can operate in a broad frequency band. For
example, a frequency band spanning from 0.5 to 18 GHz has been demonstrated in the
reference [ANS 14]. With such a large frequency band, poor matching properties and
reduced directivity due to the abrupt change between each section along the transmission
line represent a major issue. To avoid these drawbacks, a modified structure is described

1n this section.

1V.3.4.1 Reduction of the insertion loss

The main limitation of the tandem structure is related to the transition aspect between
each successive section along the coupled path which impacts the matching properties. In
order to improve the matching property, the horizontal distance between each two adjacent
coupled elements should be reduced as much as possible. Thus, the number of discrete
points should be theoretically infinite. However, based on the concern of the design

complexity, this number is chosen to be 400 as a compromise. Thus, based on equations
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given in the previous section, a numerical program is written in MATLAB™ to represent

the nearly continuous coupled line from 400 discrete segments.

As demonstrated in the Figure IV-11, a tandem structure with a large number of
sections allows the reduction of the discontinuity. In the example given, a 5 sections
tandem structure is compared to a 400 sections one. It is obviously found that the
discontinuity between each coupled element is further reduced by increasing the

discretization number of elements along the coupled path.

Multi-section structure | | Non-uniform continuous structure

‘ Infinite small coupled lines

() (b)

Figure IV-11: Transition aspect between each two successive sections of a tandem structure
of (a) 5 sections (b) 400 sections.

Although this discretization method can be easily applied to the two sides of the
coupled lines, it is more difficult in case of the middle part (cross section of the two coupled
lines) since the discontinuity at this location is more important as demonstrated in Figure
IV-12.a. To smooth such discontinuity, different types of compensation methods are shown
in Figure IV-12 and simulated in HFSS™ environment. The simulation results for these

different kinds of compensation methods are compared thereafter.
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Round corner Round Square
compensation compensation compensation

(b) (c) (d)

Figure IV-12: The insertion loss compensation method in the mid cross section. (a) Original
section (b) Round corner compensation (¢) Round compensation (d) Square compensation.

IV.3.4.1.1 Round corner compensation

As demonstrated in the previous section, the proposed 3 dB coupler is composed of
two 8.34 dB couplers whose properties determine directly the performance of our design.
Based on the simulation complexity consideration, the simulation of a 8.34 dB multi-
section coupler with tandem structure is first achieved by considering a round corner

compensation method. Figure IV-13 shows the simulation results in such case.
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Figure I1V-13: S-parameters simulation results when the round corner compensation method
is applied in the middle cross section for a 8.34 dB multi-section coupler (a) S-parameters
magnitude (b) Phase shift difference between the output port 2 and coupling port 3.

In the entire bandwidth ranging from 2 to 20 GHz, the S-parameters simulation results
show a good coupling around -8.3 dB, a reflection coefficient below -25 dB, an isolation
performance better than 17 dB and a phase shift of 90 + 5° between the output port 2 and
the coupling port 3.

1V.3.4.1.2 Round compensation

In this part, the round compensation method is tested. The simulation results are given

in the Figure IV-14.
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Figure IV-14: S-parameters simulation results when the round compensation method is
applied in the middle cross section for a 8.34 dB multi-section coupler (a) S-parameters magnitude
(b) Phase shift difference between the output port 2 and coupling port 3.

Over the entire frequency band, the S-parameters simulation results show a good
coupling around -8.3 dB. The reflection coefficient is always below to -24 dB, an isolation
performance better than 21 dB and a phase shift of 90 + 1° between the output port 2 and

the coupling port 3.Compared to the round corner method, the round one gives a better

performance.
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1V.3.4.1.3 Square compensation

In this section, the third compensation method: square compensation is simulated and

the results are presented in Figure [V-15:
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Figure IV-15: S-parameters simulation results when the square compensation method is
applied in the middle cross section for a 8.34 dB multi-section coupler (a) S-parameters magnitude
(b) Phase shift.

According to the Figure IV-15, the S-parameters simulation results show a good
coupling around -8.3 dB in the desired frequency band. The reflection coefficient is always
below -22 dB and an isolation performance better than 17 dB. The phase shift between the
output port 2 and the coupling port 3 is around 90 + 2°.
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To sum up the compensation methods proposed above, their simulation results are

gathered in the Table.IV-3:

Compensation method | Matching property | Coupling | Isolation | Phase shift
Round corner -22dB -8.3dB -17dB 90 + 5°
Round -24 dB -8.3 dB -21 dB 90 + 1°
Square -22 dB -8.3dB -17.dB 90 +2°

Table IV-3: The comparison of simulation results for different compensation methods.

According to these results, the round compensation method is selected to ensure a
good matching better than -24 dB at each port, a good isolation better than 21 dB and an

almost constant phase shift of 90° between port 2 and port 3.

1V.3.4.2 Isolation improvement

In the previous part, it has been shown that the round compensation method to enhance
the matching property leaves an isolation performance around -20 dB. As indicated in the
reference [OBO 14], the isolation performance mainly depends on the velocity difference
between the even and odd modes propagation. Thus, for a better isolation performance, an
air gap is positioned between each crossover of the parallel-coupled lines to equilibrate the
even/odd modes propagation velocity. As illustrated in Figure IV-16, at the cross section
part, the odd mode is located between the two stripline (127 pm) and the even mode one
(508 pm) is between the top/bottom stripline and the copper GND. Because the dielectric
constant of air (&, = 1) is less than the one of the substrate (g, = 2.2), the air hole can
efficiently accelerate the odd mode propagation velocity to enhance the isolation

performance at high frequency.
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Figure I'V-16: The air gap placed between each crossover of the parallel-coupled lines and the
even/odd mode propagation path.

The isolation improvement is tested in the HFSS™ environment and the simulation

results are given in Figure IV-17:

S-parameters Magnitude (dB)

Frequency (GHz)
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Figure IV-17: S-parameters simulation results when the isolation improvement method is
applied in the middle cross section for a 8.34 dB multi-section coupler (a) S-parameters magnitude
(b) Phase shift between the output port 2 and coupling port 3.

With the simulation results given above, it is observed that this air gap inserted in
between the cross section of two coupled lines can effectively improve the isolation
performance from 20 dB to 25 dB, especially at the high frequencies. The phase shift
between the output port 2 and the coupling port 3 is around 90 + 1°.

This method evaluated in this section gives an isolation improvement of around 7 dB

at 20 GHz. In the following part, the design of the proposed coupler is given in details.

IV.3.5 Design of the proposed coupler

In the previous section, the isolation improvement method as well as the insertion loss
reduction technique are evaluated in order to improve the performance of the proposed
coupler. As explained in IV.3.2.1, a 3 dB coupler can be realized by cascading two 8.34
dB coupler. Therefore, to evaluate the performance of a 3 dB coupler, the designed
structure is simulated and presented in Figure IV-18. In this structure, two 8.34 dB couplers
Ci and C; are cascaded to realize the 3 dB coupling. Two layers of copper at the top and
bottom are considered as ground plane. This configuration is also illustrated in Figure IV-

10, where the multi-layer (three layers) structure is given. As previously discussed, an air
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hole is inserted into the cross section to enhance the isolation performance. In addition,

several holes are drilled to help to align the different layers which are fixed with screws.

Coupler C2_4-7-
>
N

Coupler C L«"’,’.
e

e

Teflon screw hole diaﬂieté‘r\“\ >

of 3 mm ~
~ //\

- ~

’ .,""/\;vidth: 30 mm

Top stripline h

Figure I'V-18: Structure of the 3 dB coupler based on the cascade of two 8.34 dB couplers.

To protect the circuit and ensure the connection reliability, a metal package is also
fabricated (Figure IV-19). The screw holes and the connectors space are carefully designed

to fix the coupler into the package and ensure the alignment of the three layers.

Figure IV-19: The 3D design of the packaging to fix the coupler circuit.

The fabrication of the coupler and the results obtained for both simulation and

measurement are presented in the following part.
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IV.3.6 Fabrication of a 3 dB multi-layer coupler

A photograph of the fabricated multi-layer coupler is given in Figure IV-20. The
substrate used for the realization is the Rogers RT/Duroid 5880 (&, = 2.2, tan 6 = 0.0009).
For the multi-layer structure, the spacing S (Figure IV-10) is extremely important since it
mainly determines the coupling factor. To avoid increasing this spacing, a special
connector named SMA-KFD469 is used. Thanks to its tapered tip, the connection in

between the layers can be realized.

(a) (b) (c)

Figure IV-20: Photograph of the fabricated multi-layer coupler (a) Bottom stripline (b) Duroid
5880 mid layer (c) Top stripline.

The three parts of the coupler shown on the exploded view in Figure IV-20 are stacked
using screws. In particular, attention should be paid to the alignment of the striplines on
the top and bottom layers. This is achieved by ensuring the same position of the screws
holes drilled on each substrate. The thickness of top and bottom substrates (Figure [V-20.a
and Figure IV-20.c) is equal to 508 um while the mid substrate thickness (Figure [V-20.b)
is 127 um. The etching is realized by using a PCB milling system with a good precision (%
10 um) to enhance the coupler’s performance over the entire frequency band from 2 to 20

GHz.

157



The improvement of iNFMM: multi-port reflectometer based on broadband multi-layer coupler

IV.3.7 Characterization of the 3 dB multi-layer coupler

To appreciate the performance of the proposed coupler the simulation and

measurement results are compared in Figure [V-21.
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Figure I'V-21: Simulated and measured S-parameters as a function of frequency (a) Magnitude
(b) Phase-shift between port 2 and port 3.

The realized coupler demonstrates a good agreement between measurement and
simulation data for both the coupling (S31) and transmission (Sz1) coefficients. Actually,

values around 3.5 = 0.5 dB between 2 GHz and 15 GHz and around 4.3 £ 0.5 dB from 15
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GHz to 20 GHz are measured, which is very good for such a large frequency band. The
isolation (S41) as well as the matching properties (S11) are always better than 17 dB. The
phase shift between port 2 and port 3 is mainly in the range of 90 &+ 5° (Figure IV-21.b).

According to these results, the coupler is proved to be an excellent candidate for the
construction of the six-port reflectometer. Nevertheless, to link the five multi-layer
couplers together, a via-hole is necessary as the striplines on different layers should be
connected to each other at the electrical path between the couplers Q4 and Qs (Figure IV-
3). In particular, this electrical path should be the same to the one between the couplers Q3
and Qs to avoid the phase imbalance at the output ports. Hence, a controlled impedance has

to be carefully designed with minimum insertion loss and phase shift.

1V.3.8 Conclusion

In this section, the coupler selection strategy is firstly given. After that, the multi-
section coupler as well as the applied tandem configuration is theoretically discussed in
order to cover a large working frequency (2 - 20 GHz). With a carefully derivation of the
even mode impedance, a multi-section coupler can be therefore obtained by using the
broadside-coupled offset stripling configuration. Facing to a high insertion loss and poor
isolation features, the structure improvement techniques are carried out and evaluated by
the HFSS™ simulation. Thanks to this design tool, the design of the 3 dB multi-layer
coupler is finished. After the fabrication, it is characterized and the obtained measurement
results show that the proposed coupler is a good candidate for the design of a broadband

six-port reflectometer.
IV.4 Controlled impedance via design
In this section, the design of a controlled impedance via is discussed. In fact, the

insertion loss as well as the phase shift increases with the thickness of the via. Thus, the

feasibility of the structure in terms of transmission coefficient and phase shift compared to
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a standard stripline is under investigation. Based on the description in [WEI 15], the

simulation design and fabricated structure are given in the Figure IV-22.

Top stripline Silver paste

B Port 1 .T:Z.‘ E“‘""I Port 2
127 um § I il g ® |
\ Port 3 (| D Port 4
(2) Bottom stripline
Port 1 .—' Port 4
interconnection
L ]
Port 3 Port 2

(c)

Figure I'V-22: (a) Controlled impedance via design (b) Closed package of the interconnection
structure and its corresponding reference line (¢) Exploded view of the test.

To connect the two striplines on top and bottom layers, a cylinder, with a diameter of
1.3 mm and a height of 127 um (mid layer thickness), is used as the controlled impedance
via as indicated in the Figure IV-22.a. The whole structure is simulated using HFSS™ to
evaluate its performance in terms of transmission coefficient and phase shift in the

frequency band of interest.

This interconnection is realized by adding some conductive silver paste through the
drilled hole at the mid layer. The diameter of the drilled hole (1.3 mm) is slightly smaller
than the stripline width (1.41 mm), which helps to be entirely covered by the two striplines
without any leakage. After a heating of 20 min, the interconnection becomes solid and is

characterized through S-parameters measurement.
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Figure I1V-23: Simulated and measured transmission coefficient of the interconnection as a
function of frequency compared to the reference line transmission coefficient. (a) Transmission
coefficient difference (b) Phase-shift difference.

In Figure IV-23, are given the transmission coefficients of the simulated and measured

data for the controlled impedance via compared to a reference line. The simulated results

show a difference between the via and the reference line around 0.1 dB for the magnitude

on the frequency band of interest. On the measured data side, a maximum difference

between the via and the reference line of about 0.5 dB is retrieved (Figure IV-23.a). In the

Figure IV-23.b, it is observed that, the phase shift difference between the two lines
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(controlled impedance via and reference line) is more pronounced as a function of the
frequency. One can notice that the simulated phase shift difference is lower than 1 degree

while the measured one remains below 5 degrees over the entire working frequency band.

After this first step which consisted to study individually the coupler and the
controlled impedance via, the six-port reflectometer can be simulated to better predict its

performance.

IV.5 Design of a six-port reflectometer based on five 3 dB couplers

I1V.5.1 Introduction

In the previous two sections, the proposed broadband 3 dB coupler as well as the
controlled impedance tuner prove that they are good candidates for their implementation
in the six-port reflectometer. Thus, in this section, the design of the six-port reflectometer

is presented and evaluated by the simulation approach.

IV.5.2 Simulation of the six-port reflectometer

The previous simulation and measurement results prove that the coupler and the
controlled impedance via structure investigated are good candidates for their
implementation in the six-port reflectometer. Hence, according to the topology given in
Figure IV-3, five 3 dB multi-layer couplers and a controlled impedance via are associated

to realize the six-port reflectometer presented in the Figure 1V-24.
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Figure IV-24: Six-port reflectometer layout based on five couplers and a controlled
impedance via (The layout size is 13 cm*10 cm).

In this layout, for better illustration, the striplines on the top layer are in green while
the ones on the bottom layer are in purple. The signal feeding the port 1 is splited by the
coupler Q; and a part goes to the device under test connected to the port 2 and the other
part goes towards the couplers Q2 to Qs. To make sure the phase difference between port 3
and port 4 is 180° (Figure I-3) and remains the same at the entrances of the coupler Qs, the

electrical paths connecting the five couplers must satisfy the following equations:

L1=L2;L3=L4;L5=L6 (IV_23)

To better predict the performance of the six-port reflectometer, we consider for the
simulation by means of the KEYSIGHT/ADS™ the data measured for the coupler and the
interconnection instead of ideal values. Thanks to the reflection coefficient I' derived from
the equation IV-6, the performance of the six-port reflectometer is estimated on the basis

of the simulation results.
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Figure IV-25: Six-port reflectometer simulation results as a function of frequency (a)
Magnitude of S-parameters at each port (b) Phase-shift difference between port 5 ,port 6 and port
3, port 4.

In Figure IV-25 are given the simulation results of the six-port reflectometer as a
function of the frequency. From the conceptual diagram given in Figure IV-3, when the
source is connected at port 1 and the device under test at port 2 is a perfect 50 Ohm load,
the signal level detected at the other ports should be equal to -9 dB. The simulation results
demonstrate rather -13 dB on almost the entire frequency band. Compared to the ideal -9
dB performance, the magnitude difference is mainly caused by the imperfection of the
coupler in terms of transmission coefficient and coupling factor (3.5 = 0.5 dB). Indeed, the

signal feeding the input port goes through 3 couplers to reach the output port. As predicted
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by the theory, the phase shift between port 3 and port 4 should exhibit a difference around
180° compared to the one observed between port 5 and port 6. One can note from the Figure
IV-25.b, at several frequency points, this phase shift is not constant and varies between a

maximal value of 220° and a minimal value of 150°.

The simulated results show good performance of the six-port reflectometer at most
frequency points in the entire frequency band. However, imperfections of the system still
occur at several frequencies. In order to reduce the influence of these effects and improve

the measurement accuracy, a calibration method is introduced in the next section.

1V.5.3 Calibration method

For a six-port reflectometer, only one-port devices are measured. A basic scheme of

this operation is given in Figure IV-26 [RYT 01].

a, b,
@ J L a,—* Error a,—+*
«—Db Adapter «Db

Perfect
Reflectometer 3 Error Terms

DUT

0

Figure IV-26: One port 3-terms error model [RYT O1].

In the Figure IV-26, first of all, the six-port reflectometer is considered as a perfect
system. The imperfections of the system including the directivity, port match and tracking
errors are represented by an error adapter which is inserted between the reflectometer

considered as perfect and the DUT.

The error adapter is analyzed in details with the help of a flowgraph showing all the
possible signal paths in Figure IV-27. The three terms of errors are identified as eoo

(directivity error), e11 (port match error) and eioeo1 (tracking error).
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DUT
Port - 1
a,
a,
r
b
0 b,

Figure IV-27: The flowgraph shows all the possible signal paths.

The measured reflection coefficient I' iy as a function of the actual reflection coefficient

I" obtained from the flowgraph is:

by ego —AcT

.. =—=
m aO 1_6111—‘

(IV — 24)

If we invert the formula to obtain the actual reflection coefficient, we have:

oo — I
T = 00 m
Ae - ellrm
Where Ae S eooell - 610601 (IV - 25)

The equation can be transformed into a linear form to simplify the calculation:

Con = €00 + Tnlmnerr —Thlde  (IV—26)

Where n is the number of the known loads needed to solve the problem. Thus, the

equations set to calculate the three terms of errors (e, €11 and e;p€y7) are given by:

i = ego + T'ilpie11 — T1Ae

[inz = €go + Tolmper; — TAe (IV = 27)
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s = €go + I'3lmzeq; — 34,

With the three different known reflection coefficients I',, and the measured reflection

coefficientsI’,,,,, the linear equations above can be solved to determine e, €11 and e;p€eq;.

I —T + T, -T
Coa =P * @2 T) (1) 1) 4 (T~ T
(Flrml - l—‘21—‘m2)

€11 =

€00 = I'm1 + T1Ae —T1Tpqe44

(le - l—‘m3) + (Fl - F3)
T

€10€01 = (Tm1 + T14e —T1lpi€49) €44 — (v —28)

(Typ1 — Tmz) + (T — T'3)
where A, = T

[(Fl - FZ) + (le - sz)](rlrml - l—‘31—‘m3)

and T =
(Flrml - FZ sz)

Once the three terms of errors are determined, we can use them to calculate the
calibrated reflection coefficient of an un-known load from the measured reflection

coefficient:

€go — I’
Funknown = AT ;n (v —29)
e mv11

For demonstration, a study where the 2-20 GHz coupler based reflectometer benefits
from a SOL (short, open and load) calibration is given. For the simulation, the port 2 of the
six-port reflectometer is successively connected to a short, an open and a load to calculate
their reflection coefficients. After recording these data for each frequency point from 2 to

20 GHz with an interval of 1 GHz, and knowing the actual values for the reflection
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coefficient of these devices (respectively -1, 1 and 0), the three terms of error are easily

calculated with the equations given above.

To directly observe the performance of the SOL one-port calibration, the smith chart
is a good tool. Actually, the representation of the reflection coefficient before and after the
correction allows an appreciation of the correction efficiency. Since our six-port
reflectometer works in an ultra large frequency band [2- 20 GHz], we choose three
frequency points 2 GHz, 11 GHz and 20 GHz respectively the start, center and stop of the
frequency band of interest to represent its performance and the calibration accuracy. For
demonstration, three loads, which represent different areas of the Smith Chart (around 50
Ohm, a short and a value in between) have been characterized by using the proposed

reflectometer.

Figure IV-28: The Reflection coefficient distribution for three loads (a short, around 50 Ohm
and a value in between) simulation pink star: measured data, red square: calibrated data and blue
triangles: ideal data. F=2 GHz.
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Figure I'V-29: The Reflection coefficient distribution for three loads (a short, around 50 Ohm
and a value in between) simulation pink star: measured data, red square: calibrated data and blue
triangles: ideal data. F=11 GHz.

Figure I'V-30: The Reflection coefficient distribution for three loads (a short, around 50 Ohm
and a value in between) simulation pink star: measured data, red square: calibrated data and blue
triangles: ideal data. F=20 GHz.
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In these figures above (Figure IV-28, 29, 30), we give the distribution of the simulated
reflection coefficients at three frequency points for ideal values (blue triangles), simulated

values (pink star) and calibrated values (red square), respectively.

Generally speaking, a good agreement is observed between the ideal values and the

simulated data retrieved after calibration.

1V.5.4 Conclusion

In this section a 2-20 GHz six-port reflectometer is presented. The key components of
this system, a coupler based on a non-uniform structure and a controlled impedance via
have been investigated in details, designed, simulated, fabricated and measured. The
comparison between the simulation and measurement results shows a good agreement is
obtained. Thanks to the very good performance obtained, these two components have been
integrated in a six-port reflectometer. The characterization of a large range of loads over the
entire frequency band shows a comparable matching with the ideal values. As an illustration,
the results at 2, 11 and 20 GHz for three loads are presented. The results obtained after using
a simple calibration technique (SOL) show a sensitive improvement of the reflection

coefficient measurement.

IV.6 Conclusion

At the beginning of this chapter, a brief introduction to multi-port reflectometers is
given. A multi-port reflectometer is basically built on six-port junctions, which are
commonly represented in two forms: one consisting of hybrid couplers and a power divider,
the other one only based on hybrid couplers. We present in the second section the
conception and existing examples of these two junctions. Because our main application
concerns the near field microwave microscopy (NFMM) field, the working frequency of
the six-port reflectometer has to cover the frequency range from 2 to 20 GHz that

correspond to the operating system. However, this frequency band is too large for a
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Wilkinson power divider in terms of insertion loss and isolation. Based on these

considerations, the junction composed of five couplers is selected as the design basis.

In the third section of this chapter, several couplers are under investigation in terms
of the working frequency. To meet our design target, the multi-section coupler in tandem
structure stands out from the competition relying on its multi-octaves performance. Firstly,
a conventional multi-section coupler is given and the design procedure is demonstrated. To
avoid the disadvantages such as high insertion loss and low isolation especially in higher
frequency, some improvement techniques are applied. These proposed methods are
evaluated by means of finite element simulation by using HFSS™. After validating the
design, the coupler is fabricated and characterized. The measured results show a good
performance over the entire working frequency band. Since the proposed coupler is based
on a multi-layer structure, to realize a six-port junction, a controlled impedance via has to
be used. Thus, this interconnection is also designed, simulated, fabricated and evaluated.
Once these components are characterized, we start a simulation with ADS™ to predict the
performance of the six-port reflectometer. A simple calibration method (SOL) is also
involved in the simulation. The results obtained demonstrate a good performance over the

entire frequency band.
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General conclusion

In this PhD manuscript a homemade interferometer-based near-field microwave
microscope (iINFMM) is presented and evaluated in terms of lateral resolution, in-depth
resolution and measurement precision. The iNFMM is also exploited for different kinds of

applications in the field of microwave imaging and characterization.

The NFMM state of art is briefly described in the first chapter where the measurement
principle, typical features and classical NFMM set-ups can be found. Concerning the
measurement principle, it is based on the understanding of the electromagnetic interaction
between the sample under test and the evanescent microwave probe (EMP). This
interaction is evaluated though the variation of material properties such as for example
impedance, dielectric constant, conductivity and dopant intensity from the calibrated
values. Thus, different kinds of materials can be characterized. Morecover, thanks to the
penetration ability of microwaves, the subsurface properties can also be extracted, which
is considered as a major advantage of the NFMM compared to the other characterization
means. After talking about the advantages of NFMM, some limitations in terms of the
measurement noise and microwave source signal drift are discussed. The measurement
noise is mainly related to the setting parameters of the system and the measurement
environment. The microwave source signal drift is generally evaluated as a function of the
measurement duration. To overcome these two limitations, a careful study on setting
parameters is achieved. After that, a classical NFMM set-up is under investigation. All the
components including the signal generation system, the scanner and the data acquisition
part are illustrated. Then, to address the sensitivity limitation, two of the most popular
matching networks are described in details. Finally, we show that according to various

types of probes, different applications at selected operating frequencies can be achieved.

In the second chapter, a homemade interferometer-based NFMM is briefly presented.
The reason to choose the IBMN is due to its ability to efficiently adjust the electromagnetic
coupling between the probe and the sample under test to guarantee a high sensitivity in a

broad frequency band and bypass the frequency limitation brought by the resonator based
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matching networks. The evaluation of the interferometric technique is then carried out both
in Keysight™/ADS™ environment and experimentally. In the selected frequency band [2-
18 GHz], a Q factor around 10000 can be achieved, which can be seen as a perfect match
between the EMP and the sample. In addition, a measurement repeatability study is
performed to figure out the measurement noise and microwave source signal drift during
the measurement. The surface evaluation of a sample is also presented in this chapter. The
measurement precision is firstly estimated by characterizing the width of a gold line that is
deposited on a high impedance silicon substrate. With a careful choice of the setting
parameters including the tip-sample distance, working frequency, probe apex and IFBW,
a 100 pm wide gold line is estimated to 113 pum with an EMP whose tip apex size is 30
um. After the measurement precision study, the lateral resolution is then performed by
scanning several gold lines with different spacing between them. Keeping the same setting
parameters, the lateral resolution can be evaluated from both signal magnitude and phase
shift. As expected the lateral resolution depends on the combination of probe apex, tip-
sample distance and working frequency. Once the 1D imaging performance is evaluated,
the 2D imaging is carried out with two examples. The first one is dedicated to the imaging
of an euro cent coin whose diameter is 16.25 mm. With such a large scanning surface, the
scanning duration has to take about 3 hours to guarantee the image quality. Indeed, the
scanning duration can be reduced with a sacrifice of image quality. The second sample is
an accelerometer deposited on a silicon wafer. Using the same method, this device is also
imaged. However, in both cases the existing sample tilt and measurement noise blurry the
obtained images and decrease the image quality. To correct this distortion, an algorithm
based on an implementation of local regression and local likelihood models is applied on
the images and finally improves their quality. As an outstanding merit, our iNFMM is also
able to perform a subsurface evaluation. For this demonstration, we have deposited a
photoresist layer with different thicknesses from 2 to 12 um on the accelerometer to
estimate our iNFMM subsurface imaging ability. When the setting parameters such as
stand-off distance, working frequency, probe apex and IFBW are fixed, the 1D and 2D
imaging results are carried out. It is clearly shown that the thickness of the cover impacts
both the measurement sensitivity and the contour details. In fact, the in-depth resolution of

our system depends on the setting parameters, the cover physical property and the tip apex
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size. In our case, even with the 12 um cover, our iNFMM is still able to image correctly

the subsurface device by using a 30 um EMP.

As previously mentioned, our INFMM has an extremely high measurement sensitivity
thanks to the adjustable Q factor provided by the interferometer-based matching network.
This gives us a chance for its implementation in a large range of applications. For example
in the biology field, our system is able to realize the identification of different components
in the solution. For demonstration, the measurement of glucose concentration in blood is
given. According to the fact that different glucose concentrations in blood lead to a small
variation of the blood complex permittivity, the measurement can be realized by estimating
small complex permittivity variation with our iNFMM. To prove the feasibility of this
assumption, first of all, a well-established first order Debye model to determine the
complex permittivity of different concentrations of glucose aqueous solutions is presented
in chapter IIl. Afterwards, based on the data collected from the first order Debye model
and our system, electromagnetic simulations are realized by HFSS™ with different
configurations for two different modes: immersion mode and non-contact mode. The
characterization of the glucose concentration in immersion mode is demonstrated from the
measurement of glucose concentrations from 0 to 10 mg/ml, whereas the glucose
concentration ranging from 0 to 3 mg/ml is studied for the non-contact mode. Finally a

comparison of the two modes is given in terms of the measurement sensitivity.

After demonstrating the different measurement possibilities offered by our iNFMM,
a route is proposed to further improve the system in terms of integration in chapter IV,
which is related to the replacement of the conventional network analyzer by a six-port
reflectometer. In fact, the INFMM equipped with a conventional network analyzer for the
signal generation and measurement is very expensive and takes a large space. To decrease
the cost of the system and for integration consideration, a six-port technique can be
therefore envisaged. In our case, a six-port reflectometer topology with only five couplers
is chosen as a design basis. With a careful design of the coupler, a six-port reflectometer
operating from 2 to 20 GHz can be achieved. Simulation results together with a simple

calibration technique prove its feasibility.
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As a conclusion, the interferometer-based near-field microwave microscope proposed
in this manuscript is able to perform a broadband local characterization of materials with a
very high sensitivity. Applications such as surface/subsurface imaging, sample physical
properties measurement and non-destructive characterization are performed and tracks for

a further improvement of this system are given.
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Perspectives

Concerning the perspectives of this study, several ideas are considered interesting to

be evaluated and potentially helpful for a further improvement of the homemade iNFMM.

The first idea is related to the continuous effort for the integration of the iINFMM. As
introduced in chapter IV, the replacement of the conventional network analyzer by a six-
port reflectometer is a route to consider to decrease the system cost and volume. In fact,
the reduction of system volume and cost can be achieved by decreasing each component
cost and volume. For example, the interferometer-based matching network in our system
is now constructed by individual components including a broadband phase shifter and an
attenuator. Benefitting from the advanced integrated circuits technique, these two elements
can be integrated together in one PCB card and the adjustment of the system could be done
automatically. For a further integration of the system, the requirements of the targeted
applications have to be considered. For example, thanks to the large scanning surface
provided by the high precision motorized XYZ stage, the large surface imaging
applications can be realized. However, this advantage is not useful for applications such as
for example the local characterization of 2D material. Thus, in this case the size of the
scanning element can be reduced. According to the proposed integration method, a small

and relatively low-cost iINFMM can be therefore realized.

The second perspective is linked to the performance improvement of our homemade
INFMM. In fact, this system is a homemade one which is designed to prove the
potentialities of the combination of an interferometer-based matching network and the
near-field microwave microscope. For design complexity consideration, as mentioned in
the chapter I, one limitation of our homemade iINFMM is the lack of a feedback system.
This means the distance between the sample and EMP cannot be kept constant with a high
precision during the scanning and the probe has a chance to touch the sample surface if
precautions are not taken, resulting in a probe/sample damage. Obviously, a feedback
system will contribute in a large extent to the improvement of the system performance.
After talking about the integration of the feedback system, specific probes, such as hybrid

and quadaxial probes can also be implemented in our system in order to improve the
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transmission efficiency and remove the effect of the coaxial shields. These two ideas are

considered useful for the performance improvement of our iNFMM.

The last perspective focuses on novel applications of our iINFMM. As demonstrated
in this PhD manuscript, surface/subsurface imaging and dielectric characterization are
applications for which the iNFMM is a power tool thanks to its high sensitivity. Beside
these two applications, the system could be advantageously used for other purposes like
thermal imaging (thermography) of devices and components. In fact, the advance in
microelectronics including the miniaturization, integration and increased switching speeds
of electronic devices has led to a great performance improvement of the modern electronic
devices. However, it also brings some issues such as the localized heating, electromagnetic
interference and compatibility. To solve these problems, the study of heat dissipation and
the monitoring of heat production are of great importance in validating the thermal design
of the device. Compared to the traditional infrared imaging technique which is limited in
spatial resolution (100 um) and sensitivity (0.1 k), our iNFMM system could be able to
further improve these two specifications with its high resolution and measurement
sensitivity. The conception of the thermal imaging would be based on the fact that the
material property (impedance or dielectric constant) varies with temperature. The small
change of impedance will then influence the reflection coefficient compared to the
calibrated value. In this case, a small thermal variation leading to a property change can be

detected and the thermal characterization of devices becomes therefore possible.
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Abstract

ABSTRACT

Near-field microwave microscopes, which belong to the local scanning probe microscopes
family, are considered today as advanced characterization tools in many applications areas
including physics, biology and micro and nanotechnologies. The near-field microwave microscope
that is used in the work and described in this manuscript is an instrument developed at IEMN
owning a great sensitivity in a wide operating frequency band [2-18 GHz]. The potential of the
microscope in terms of applications is demonstrated through the characterization of liquids with
different modalities of characterization (probe in contact, non-contact and immersed in a liquid).
In particular, this instrument is investigated for dielectric spectroscopy of aqueous glucose solutions.

This characterization tool that offers sub-wavelength imaging capability is also tested in
different situations (surface and subsurface imaging). Imaging resolution and measurement
accuracy are evaluated and easily implementable processing methods are proposed to improve the
quality of imaging. Finally, a solution towards a larger compactness of the instrument is
investigated through the replacement of the network analyzer by a more compact device (six-port
reflectometer type).

Key words: near-field microwave microscopy, evanescent microwaves, interferometry,
microwave imaging, signal processing methods, aqueous glucose solutions, complex permittivity,
six-port reflectometer.

TITLE IN FRENCH:

Imagerie micro-onde et caractérisation di¢lectrique locale de matériaux
a ’aide d’un microscope hyperfréquence a champ proche basé sur un
procédé d’interférométrie

RESUME

La microscopie champ proche micro-onde, qui fait partie de la famille des microscopies a
sonde locale, est envisagée aujourd’hui dans de nombreux domaines d’applications de la physique,
de la biologie et des micro et nanotechnologies. Dans ce manuscrit, le microscope micro-onde a
champ proche qui est exploité est un instrument développé au laboratoire IEMN bénéficiant d’une
grande sensibilité dans une large bande de fréquences de travail [2-18 GHz]. Le potentiel
d’applications du microscope est démontré au travers de la caractérisation de liquides avec
différentes modalités de caractérisation (sonde en contact, sans contact et en immersion). En
particulier, cet outil est mis en ceuvre pour la spectroscopie diélectrique de solutions aqueuses de
glucose.

Cet instrument qui offre une capacité d'imagerie sub-longueur d'onde est également testé pour
différentes situations (imagerie de surface et de sub-surface). La résolution d'imagerie ainsi que la
précision de mesure sont évaluées puis des méthodes de traitement d'images simples sont proposées
pour améliorer la qualit¢ de l'imagerie. Enfin, une piste pour une intégration plus grande de
I’instrument, qui consisterait a remplacer 1’analyseur de réseau par un dispositif plus compact (type
réflectométre six-ports) est explorée.

Mots clés: microscopie champ proche micro-ondes, ondes évanescentes, interférométrie, imagerie
micro-onde, méthodes de traitement du signal, solutions aqueuses de glucose, permittivité
complexe, réflectomeétre six-port.
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