N

N

Réalisation, caractérisation et modélisation de nanofils
pour application RF
Chuan-Lun Hsu

» To cite this version:

Chuan-Lun Hsu. Réalisation, caractérisation et modélisation de nanofils pour application RF. Autre.
Université de Grenoble, 2013. Frangais. NNT: 2013GRENT046 . tel-00951398

HAL Id: tel-00951398
https://theses.hal.science/tel-00951398
Submitted on 24 Feb 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-00951398
https://hal.archives-ouvertes.fr

UNIVERSITE DE GRENOBLE

THESE

Pour obtenir le grade de

DOCTEUR DE L’UNIVERSITE DE GRENOBLE

Spécialité : Nano-Electronique et Nano-Technologies
Arrété ministériel : 7 aot 2006

Présentée par

« Chuan-Lun HSU »

Thése dirigée par « Philippe BENECH » et
codirigée par « Gustavo ARDILA »

préparée au sein du Laboratoire IMEP-LAHC
dans I'Ecole Doctorale EEATS Electronique, Electrotechnique,
Automatique et Traitement du Signal

Réalisation, Caractérisation et
Modélisation de Nanofils pour
Application RF

Thése soutenue publiquement le «21 Novembre 2013»,
devant le jury composé de :

M. Bruno ALLARD

Professeur des universités, Lyon, Président

M. Laurent PICHON

Professeur des universités, Rennes, Rapporteur

Mme Valérie VIGNERAS

Professeur des universités, Bordeaux, Rapporteur

M. Philippe BENECH

Professeur des universités, Grenoble, Directeur de thése
M. Gustavo ARDILA

Maitre de conférences, Grenoble, Co-directeur de these







Resume

Les composants nano électroniques ont fait I'objet d'intérét marqué, au sein denlanaaté des
concepteurs de circuits radiofréquence au cours de ces dernieres années. Non sesllpewent
présenter des caractéristiques intéressantes, mais ils offrent la peesgkemtinéliorations de la
miniaturisation des composants les plus avancés. Les nanotubes de carbone et les nanofils conducteurs
sont attendus comme pouvant potentiellement constituer des blocs utilisables dansdesrfuwits
aux trés faibles dimensions. Les conducteurs métalliques sont utilisés depuis longtenpaliseur
des composants passifs dans les circuits intégrés radio fréquence, cependant ¢rémpauxdont été
menés sur des conducteurs ayant des dimensions nanométrigues et fonctionnant dans le domaine
millimétrique. L'objectif de cette thése est d'exploré les propriétédeRionducteurs métalliques aux
dimensions nanométriques et la possibilité de les intégrés dans des cirds@studiés technologies
CMOS.

Dans cette thése, des lignes de transmission et des antennes irgégngese, utilisant des
nanofils conducteurs, ont été congues et réalisées en utilisant un processusat®fatiop-down".
Les caractéristiques en terme de transmission de signal ont été observéaseakdément dans le
domaine millimétrique par la mesure de paramédré&eux types de lignes ont été congus : des lignes
micro-ruban de faible épaisseur et des lignes coplanaires. Les cargcisistin fonction de la
fréquence du signal d'excitation ont été analysées. Différents paramétres edsmgeur, |'épaisseur,
le nombre de nanofils et la distance entre les nanofils ont été étudiés. De plusdéie oe
propagation basée sur des ondes quasi-TEM a été proposé pour obtenir une compréhension fine du
comportement physique des nanofils. Par ailleurs, une étude approfondies conceteahnigses
d'épluchage (de-embedding) a été menée afin d'améliorer la précision des mespagallda, des
antennes dipdle et IFA, utilisant des nandfils, ont été réalisées paurdesansmission sans ligne de
propagation. Différentes dimensions de conducteurs et différents types de substédés uitisés
pour étudier leurs propriétés et obtenir les meilleures performances.



Abstract

Nano-electronic devices have attracted much attention for the radio frequenugegingi community
in recent years. They not only exhibit compelling characteristics but shanise® to enhance the
miniaturization of modern devices. Carbon nanotubes and conducting nanowiresiearedb@ be
potential building blocks for ultra-small chip of the future. Metallicesihave long been utilized as
the passive components in the RF integrated circuit but there are very féag studheir nanoscale
counterpart particularly up to millimeter-wave frequencies. The focus of this ke explore RF
properties of metallic nanowires and their potentials to be integraté€MOS communication
technology.

In this thesis, transmission lines and on-chip antennas integrated with mealiaires were
developed enabled by top-down fabrication processes. The signal transmissioniegragesuch
devices were characterized well into the mm-wave regime based omottv&parameters
measurement. Two types of nano-transmission lines were designed: thiniditostnp lines and
coplanar waveguides. Their transmission characteristics as a functiomuérfoges were analysed
Different parameters like the linewidth, thickness, number of nanowires, and the distavemntibe
wires were examined. In addition, a quasi-TEM propagation model was proposed to pravitiera f
insight into the physical behaviours of the nanowires. Moreover, a comprehensiveegiarding the
de-embedding techniques was carried out in order to improve measurement accuaaeyhieon-
chip dipoles and planar meander-line invertedntenna were implemented to test the wireless signal
transmission of the metallic nanowires. Various wires dimensions and substratedesigreed to
exploit their characteristics thus facilitating better transmission.
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Chapter 1

Introduction

1.1 Overview of Nano-electronics in Radio-
Frequency Technology

The remarkable research progress in nanotechnology opens up new opportunitieigriorgdesvel
electronic devices. The integration with nanoscale components not only enalsiésidiarization of
the device but increases the capabilities of electronic systems. The aamoéglectronics is to take
advantages of the properties of nanoscale matter that are distinctly diffieyen macroscopic
properties. Researches have been pursued worldwide to find nano-solutions indtheffigignal
processing, energy harvesting, wireless communication and biomedical sensing just tofeanjl]
[2].

In semiconductor electronics, the size of the transistor has a sustained @apapalihg into
nanoscale dimension (known as Moore’s law). The performance and the integration density were
significantly improved over the last thirty years. According to the rammsions of ITRS Update, the
pace of downsizing is less aggressive due to the economic crisis and physiealibaechnology.
The logic CMOS will encounter eventually its shrinking limitation in 2033ars [3]. The
fundamental challenge is the risk of dielectric breakdown as the thickness sifitche dioxide
insulator is merely a few atomic layers [4]. The implementation of nanotegyngrovides
alternative technological solution for replacing current planer bulk CMOS. NanaiMy&s) [5] [6]
and carbon nanotubes (CNTs) [7] [8] are recognized as potential candidatesstituteulthe
macroscopic silicon components in contemporary transistors. With such quasi-one-dialension
structures, a transistor can operate near the ballistic limit (no scatimgits length) thus achieving
extremely high mobility. Recently, CNT field effect transistors (FET) wisib-10 nm channel length
have been demonstrated, having at least more than four times improvement mgrezéocompared
to state-ofthe-art silicon circuits [9].

The advancement in nanoscale transistors has made it possible to turn thef i@sesarch to
high frequency electronic devices [10] [11]. The advantages found in nanotubes and nanowires such as
high carrier mobility, high saturation velocity and high cut-off frequency greated to be especially
suitable for high frequency operation. The recent studies [12] [13] [14]jeonde of CNT-based and
silicon nanowire based field-effect transistors up to terahertz regime sheddigheir analogue RF
applications. As the size of the active devices approaches nario-dietension, to retain the circuit
speed expected from miniaturization, the interconnect technology must be develbpeslitable for
these new device concepts. It is natural to think of using nanotubes and nanowires thembajlies as
frequency interconnects in the integrated circuit. They may play an importaninrtdie design of
future micro and nano-electronics system for transmitting signal between cemtpand connecting
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devices. Above that, the concept of nano-antenna based on nanotubes and nanowirete$sr wir
communication has been proposed to connect nano-electronic devices and the macroscopic world,
making possible potentiglhigh density circuitry in an advanced miniaturized system [15].

1.1.1 Nano-transmission Lines

Today, on-chip transmission lines for silicon monolithic integrated millimetarew(mm-wave)
circuits are fabricated out of metals like copper and aluminium. The dimension aiewelth and
wire thickness is no less than 1 pm in the most advanced back end bline (BEOL) CMOS technology,
thereby ensuring a low conductor loss and a good impedance match [16]. As ihralldgg scaling
scenarios, metal losses increase significantly especially when the linewidth ckméski come close
to a critical value of 100 nm. TH2C metal conductivity degrades due to surface and grain boundary
scattering. Wires are also more vulnerable to electro-migration [1Tfidrregard, metallic carbon
nanotubes outperform metallic nanowires. They exhibit ballistic flow of elextwith an electron
mean free path of several microns and are capable to carry large current dgi@iti®s the other
hand, due to the lack of sufficient control over quality and geometry during fidmicenetallic
nanowires may have more advantages than carbon nanotubes from a practical point Af thes
stage, CNTs may appear to receive more attention than nanowires. But thergcieasing interest
in investigating metallic nanowires regarding their RF interconnect application.

Electrical Properties of Carbon Nanotubes

Carbon nanotubes are formed of sheets of graphite rolled into cylinders. Theediamatying from

0.4 to 100 nm with lengths up tonrdim [19]. Depending on the direction in which CNTs are rolled up,
they demonstrate either metallic or semiconducting properties. Metallic CNTs have been considered as
a promising interconnect material for the future. CNTs can also be catgjdnto single-walled
(SWCNT) and multi-walled (comprising multiple concentric cylindrical sheigs)otubes (MWCNT).

Both of them show excellent high current carrying capacity and thermal conductiaieSWCNTS,

it has been demonstrated that ballistic transport can be more easily achieheedrmler of a micran
Therefore, they ara preferable candidate for interconnect applicatioMWCNTSs [20]. TheDC
electrical properties of SWCNTs can be found in [21]. The resistance NfTaigCa function of the

bias voltage and the length. For a nanotube with a short length, under snedl thiasquantum
resistance limit (or ballistic transport) can be reached. A CNatgsical diameter of 1-2 nm exhibits

high resistance per unit length. The minimum resistance of a single SWENTef, which is
approximately 6 . Several groups have demonstrated the resistance approaching this value
experimentally [22]. Such performance shows insignificant improvement over metal int@tsoiive
overcome the large resistance associated with their small radius, it & tatwnsider using bundles

of carbon nanotubes. Their potential to surpass the performance of metal interchasebten
discussedh [23].

Concerning AC signals, the electrical properties of CNTs are not yet wmelerstood
experimentally. The pioneering work of Burke provides a qualitative descrifaifothe electrical
model of CNTs at high frequencies [24]. They introduced the Luttinger llmpsed transmission-line
model to account dynamic RF responses of a SWCNT over a metallic ground plahe.awhi
traditional transmission line is modelled as a circuit having a magnetic indacfay and an
electrostatic capacitanc€d) as shown in Figure 1.1, the Luttinger liquid-based model includes an
additional kinetic inductanckx and a quantum capacitanCg (Figure 1.2 [25]. Furthermore,tihas
been theoretically demonstrated that the kinetic inductance can be 10,000 tireestdarg the
magnetic inductance. The estimatgedof a SWCNT is in the order of 16 nH/um. On the other hand,

2
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the quantum capacitance is 100 aR/pabout the same order of magnitude as the electrostatic
capacitance [26]. The very high inductance per unit length results in an eleptatimaslow-wave
propagation with a phase velocity in the ordecgf00 tocy/50, wherec, is the speed of light in free
space [27]. This phenomenon of slow waves makes CNTs very appealing in RF applestibas
reduction of transmission wavelength can leverage the miniaturization capabiRR¥ integrated
circuit design.
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Figure 1.2 Equivalent circuit model for a carbon rtahe [25]

Electrical Properties of Metallic Nanowires

While research in metallic nanowires at high frequencies is still in its stadge, theiDC properties

have been studied for many years thanks to the remarkable advancement in CMOS technology.
Copper was first introduced as interconnecting wires at the 220 nm technology tiogldate 1990s

[28]. It has a good conductivity among all the metals. Nevertheless, about $0agegrthe industry

was facing performance limit due to the conductivity as wires mustdre smaller. Processors using

32 nm technology node have already gone into mass production since 2010. The width and thicknes
of the lowest level of interconnects have scaled below 100 nm.

Nanoscale metallic wires can be obtained with different approaches. They can be fabricated either
via physical deposition and e-beam lithography or chemical synthesis. For lithoghgpaioricated
copper wires, it is known that the electrical resistivity is higher thak topper when the lateral
dimension is scaled below 100 nm. Nanowires patterned by lithography are typically palimgyst
and have rough surfaces. Such nanowires suffer from surface and grain-boundary sthtiering
giving rise to high resistivity [17]. Different models were proposed tduate which of these
mechanisms is more dominating. The resistivity in nanoscale wires has beeredlisebe much
greater than the bulk value as can be seen in Figure 1.3 [29] [30]. Chersyrdhigsized NWs, on the
other hand, due to the single crystalline nature, exhibit much lower residtindty that of
polycrystalline NWs. Studies on the fabrication and characterization dé singtal silver, gold rad
copper nanowires with diameters of the order of 10 nm have been reported rEBgr®2]. These
wires show a resistivity only twicas higher as that of bulk metals. They are also free of gyer
dissipation and void diffusion and have high failure current densities. Hence, itoth&n of
interconnects, they are quite attractive.

Just like CNTs,AC characteristics of metallic NWs were first studied theoretic&iynilar
transport properties were proposed to estimate the conductance, capacitance and inductaaite of met
nanowires [25]. It was shown that metal nanowires do possess an appreciable kinean@edastin
the case of CNTH their cross section is reduced to the same order as that of CNTs. While the

3
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magnetic inductance arises from the motions of charges or current, the kidetitance originates
from the kinetic energy of the electrons. It is then intrinsic to anyuwmiack. Its importance depends
on the number of subbands or the current-carrying mdjlén(the energy band of the material. For a
conventional transmission link is large enough th&l, andLk can be ignored whereas in the case of
aCNT, the number of modes is only twd.is approximately equal to the number of half-wavelengths
(electronic) that fit into the cross section. For copper wires, this quagffenot becomes increasingly
pronounced when the cross section scales below 10 x 10 nm [25]. Based on Bédznaation and
Maxwell’'s equations, Hanson [33] derived a general expression forsyhally dispersive
conductivity, which leads to a common form of intrinsic distributed impedance of @Nd solid
NWs. TheirCq andLx were evaluated from GHz up to THz frequencies. He concluded that foda soli
metal wire with diameter equals to 10 nm, its resistance is approximately dexs @f magnitude
smaller than that of a CNT (The grain boundary and surface scattering effectgmezesl) but the
kinetic inductance is at least three orders of magnitude smaller. The quantuntacapacan be
almost neglected. Obviously, slow wave propagation effect is not as significantificmetnowires

as in CNT. The fact is that tledectron relaxation time of a CNT is about 20 times longer than that of a
metallic nanowire (the electron relaxation time is the time that an elgesmes in a given quantum
state before changing state as a result of collision with another @antiahtrinsic excitation). This
makeslLy acquire a greater significance at moderate frequencies at the order of ~1.00 @dttition,

in most of the reported models [25] [34], the skin effect was ignored. Fompéxatime skin depth of
copper is 300 nm at 60 GHz. It seems to be a plausible assumption that the skin kfésceffective

in metallic nanowires, although it has never been proven experimentally.

side
wall

o | grain boundary

Resistivity [puQ cm]

bulk resistivity

0

10 100 1000
Linewidth (hm)
Figure 1.3 Cu resistivity as a function of linewidt#king into account the grain boundary and interfelectron scattering [30]

1.1.2 Nano-antenna

A critical unsolved problem in nanotechnology is how to make electricalatdndan nano-devices to
the macroscopic world. For future nano-systems consisting t¢figh-density circuitry, it is
technologically challenging if each nano-device has to be connected lithograpiisaypotential
solution is to use wireless interconnects [34]. If nanotubes or nanowires cas antenna, it is
possible to achieve short range data transfer such as wireless inter-chipaantipncommunication
while maintaining high complexity and density of nano-systems.

The feasibility of using a CNT as an antenna hastudied over the past years [27] [34] [35]
[36]. Perhaps the most discussed configuration is dipole antenna. Due lowthease propagation
effect, the wavelength of the electromagnetic wave propagati@@MT is considerably smaller than
that of the free-space. With this unique characteristic, CNT nano-antenna damougt into
resonance in the low terahertz regif@7]. In the case of metal nanowires, depending on the used
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metallic material, similar phenomena can be found but only at optical fregsienrci@bove [37]
Considering a carbon nanotube dipole with its half-length equialum, the first resonance in the air

is at 1300 GHz (phase velocity = 0.@J)7whereas a perfectly conducting metallic dipole with the
same size would resonate at 75000 GHz [38].

However, it is clear that there are several issues to be addressalleémano-antenrareality.
Nano-scale antennasveamuch lower gain and radiation efficiency than convemtiovire antennas
which is a characteristic of small size antennas. For instance, for a salgtatlson nanotube dipole
having a diameter of 2.712 nm aadength of 10 pm, the antenna efficiency is at the order 6ftd0
10° at the frequency from 10 to 450 GHz whereas the antenna efficiency of a coppemitipale
radius larger than a few microns is close to 1, behaving almost like a perféattmr{38]. This is a
result of the input mismatching between the CNT and the free space and theted$igh conductor
losses at this size. The radiation properties of metallic nanowires and caabes for antenna
applications in the GHz to THz range have been discussed in [39]. For a small radius dipole below 100
nm in radius, the working frequency needs to be increased to maintain a attation efficiency. It
was estimated that a copper dipole having a diameter of 80 nm can maintain radiaismcgflip to
50% if excited at 1 THz. Otherwise #working frequencyof 10 GHz is required, the radius of a
copper dipole must be 750 nm. Alternatively, one can consider materials with better conductivity, such
as MWCNTSs or superconducting materials.

Another possible configuration of nanoscale antennas is the nanoelectronics-basedtdntegrat
antennas. Over the past 40 years, wireless carrier frequencies have intorasé@d MHz in early
improved mobile telephoneygems (IMTS) to 5.8 GHz in today’s IEEE 802.11a WiFi network. At
millimeter-wave frequencies (>30 GHz) the size of an antenna becomes comparablsize tof a
typical integrated circuit, thus enabling the use of on-chip antennas. Furthetineonetegration of
antennas with the RF circuit has been recently received a lot of attant&th GHz thanks to the
unlicensed bandwidth [40] [41]. These antenna elements are typically integratethia6 Ntpper),
the top layer in the back end of the line (BEOL). A representative crossre@tiage of copper
interconnects is shown in Figure 1.4 [42]. Considering a dipole configuration, a good performanc
with respect to gain can be obtained usirf) um wide and 632.5 um long wire for a quarter wave
length radiating element. A more detailed literature review will be provided in &hapegarding the
state-of-the-art of on chip integrated antennas.

;J Copper
v
E < — layecr 6

e,

1

Copper
layer 2

<o — Copper
layer 1
Local tungsten
interconnection

Figure 1.4 Cross-sectional scanning electron microgshptving typical CMOS 7S interconnections with tungsteal interconnections
and six levels of copper wiring [42]

There is no doubt that the technological progress in integrated cigilitdacilitate the
communication technology at frequencies up to 60 GHz, most likely to surpass several @hzlred
and moving into the terahertz range by 2020 [43]. In this context, the exploratioanoscale
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antennas is appealing for they allow an extreme miniaturization. They apmtioe with nano-
electronic devices and at the same time suitable to operate at high frequencies. Almng at
higher frequencies, the wavelength is reasonably small to enable efficienpamaobiantennas to be
integrated on semiconductor substrates. In fact, this new class of antenna concepéiths been
introduced into optical interconnect applications [44]. Zhou et al. [45] developedatype on-chip
dielectric nano-antenna having a linewidth and thickness bélpw and length below 10 pm and
tested it from 190 to 200 THz. As for millimeter-wave wireless aaenect applications, the
applicability of submicron or deep submicron designs has yet to be demonstratetbtstand their
capability and limitation. Theoretically, using existing technology it should bgilde to design small
low-loss metallic antennas with reasonable performance. Hence they caedratéat into a single
chip although it is certain that the issue of the transition framsidal antennas to nano-antennas
needs to be worked out in detail.

1.1.3 High-Frequency Characterization

An established approach to study integrated RF passive components such as transmissiad line
antennas is to measure the scattering parametemardmeters). Almost all high-frequency
characterizations for nanowires or nanotubes carried out to date are through tSg@@ineters
measurement. The test sample can be integrated as a bridging component into mdRwhielvy is
compatible with on-wafer measurement for instance, a microstrip line or a coplanaguide as
shown in Figure 1.5 [46] [47] [48]. Nanostructures can replace the central tandsi¢he signal line.
Appropriate procedures can then be applied to de-embed the contribution of the platiRifnpanis
and thus move the reference plane just before the test device [49]. Such meassempentkes the
extraction of transmission characteristics of nanadimetale devices possible. However, given the
small dimension of nanowires, it is difficult to have a reliable measneriew issues emerge such
asimpedance mismatching, reliability of the contact, pad parasitics and snmall Egel from the
nanostructures. They most often have a strong influence on the accuracy of measurement result.

4 4

Figure 1.5 Generic view of 1) left side: microstripdli2) right side: coplanar waveguide. They are fiaigplatforms for characterizing
nanowires, in which the central conductor can beasg by the intened test sample.

Contact and Interface Effect

One inescapable problem that needs to be addressed in the measurement of nanoscale ttevices i
contact and interface effect. Fortunately, these effects can be approximated peg lelements
equivalent circuits. However, the determination of exact quantity is chalgedge to that fact these
effects become comparalile the signal being propagated in nanoscale devices. The accuracy of the
measurement becomes critically important.

Most of the time, nanowires and nanotubes are in contact with RF pads byclesingroom
techniques including deposition of metallic layers (either sputtering or eviapdrand definition of
patterns on a photoresist (E-beam or photolithography) [31] [50]. InewitHi#re exists contact
impedance at the connection. According to the type of coritangy have a significant contribution
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to the total impedance. In the case of CNTs, contact impedance is typicadien as a parallel RC
circuit in series [26] [47]Interface effect stands for the physical discontinuity between the pad and the
nanowire. The width of a RF pad compatible with on-wafer probes is typiailynh or more which is

at least three orders of magnitude larger than a nanowire. Such step chacgaseila discontinuity

in signal transmission. This effect is generally simulated as a shpatizace. Sometimes it is in
series with an inductance on both sides [51]. The significance of discontinuite toverall RF
response depends on the characteristics of the line. In general, fol@sotkansmission line, it is
important to determine the contribution from the interface [52]. Therefoeedésign of RF pads
needs to be carefully considered to facilitate obtaining a good measurement. Thely estiloik
minimum loss and transmission to be discerned easily [53]. In additiooptimection between the
nanowire and the pads should avoid abrupt change in dimension. A common solitionséa
tapered desigrin which the width of the pad decreases gradually towards the nanowire as shown i
Figure 1.6 [47] [48].

Figure 1.6 Generic view of a coplanar waveguidegrdted with a nanowire. The tapered design RF sfgats can be seen.

Removal of RF Pads Effect

The essential challenge while characterizing a nanowire or nanotube is the impadanatching
[36]. These nanostructureshibit very high impedance as compared to the 50 Q impedance of all RF
test equipment. This leads to inefficient RF energy feeding to the testahaBasides, due to the
high losses, the transmission signal is limited. This characteristimwddiue significant inaccuracy
while de-embedding pad parasitics.

A vast literature exists today on de-embedding methods for transmigstgogHharacterization
thanks to the advancing interconnect technology in RF circuits. These methods either use equivalen
two-port analysis or lumped-component approximations. Some are proven to be more dcaorate
the others up to millimeter-wave frequencies [54] [55] [56], thus are glesddnsively adopted in the
RF community. However, whether they are reliable or not for de-embedding nano-scale dp\ize
few hundred gigahertz remains open to question. Early works of several gregpsnii@loyed the
“oper? deembedding method to remove pad parasitics [57] [58]. This de-embedding method can be
expressed in a simple algebraic form:

Yaur = Ymea — Ygap (1-1)

whereY,,,; denotes the intrinsic admittance parameters (Y-parameters) of device un@BtEstn

this case, it is the nanowiréd),,., denotes the measured admittance of the whole devicedinglthe
platform and the nanowire) anfg,, is the admittance of the empty device (just the platform without
the nanowire). The admittance parameters can be calculatedSfpanameters. The concept of the
method is based on an assumption of a circuit model. The pad parasitics leading td thanChé
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solely described by a parallel admittance which can be determined by the meastitizoh@afinom
the empty device. Consequently, the intrinsic response of the nanowire can be obtaingh thr
subtracting this admittance.

Another technique to extract the intrinsic response is to build a full cmmdel to describe the
Sparameters of an empty device, and then deduce new circuit elements that coulddi® #Holel
model helping the fittingo the Sparameters of the device with the nanostructure [59]. The advantage
of this approach is that we can understand better the effect of designed RF pads, avoiding tia¢ error t
might be introduced due the approximation inherited in de-embedding methods. The dasvtisde
number of unknown circuit elements involving in the fitting process. Figure 1.7 deatesstn
equivalent circuit model of a CNT integrated with a coplanar waveguide [47]. To reduce the amount of
unknown lumped elements, Kim et al. [48] applied a full-wave model based on ADS Momentum
(from Agilent) to simulate the empty device. The capacitance due to the coupént € can be
extracted by fitting to th&parameters of the empty device. Depending on the physical properties of
the contact and RF pads, circuit representation needs to be optimized dedmiie a nanowire in
contact with the RF pads in such a way that its intrinsic characteristics can betedgcextracted.
Clearly, the validation of a model requires many tests and preferable on sampldfereht
configurations and fabrication processes.

Figure 1.7 Equivalent circuit modef atest platform with a CNT. The dotted circle represéhe circuit elements invoked when a CNT is
placed between the pad3® andRp denote the capacitance and resistance of the ®REQ@s denotes the parasitic capacitance of the signa
pad couplingRc andCc denote the contact resistance and capacitancedretive CNT and the pads, d@d., C are the resistance,
inductance, capacitance of thBIT[47].

Circuit Modelling of Nano-transmission Lines

Once the parasitic effect is removed from the signal, it is then podsibéstimate the electrical
properties of the nano-transmission lines. A representation for the lurmeed model of a CNT
itself consists of kinetic inductance along with an intringsistance. The quantum capacitance is
sufficiently small so it is not expected to be measurable [60]. Because ofithelanger impedance
than 50 Q, the validation of each circuit element in @ CNT has proven to be extremely difficult.
Plombon et al. [26] has demonstrated that the resistance of an individual SM/{@Nfie range 010

to 30kQ/um andLg is around 8 to 43 nidm based on several measurements up to 20 GHz. Given the
limited accuracy in measuring a single CNT, the multiple CNTs configaras in fact a more
appropriate solution to study their transport characteristics. Measurements lefl parays of CNTs
were performed that yielded more stable and consistent results. They foune toglttnductance of
CNT bundles is consistent with a scaling-gf~L«/N (N is the number of CNTsYhe extractedR,ungie

is on the same order with the dc resistance.
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High frequency characterization of metallic nanowire remains very little edpldfrom the
result presented in [61], the contact resistance and conductivity of @ 30@Inm-diameter platinum
nanowire were extracted up to 50 GHz. Quantum effects (the conckptaold Cy) were neglected
and the contact was assumed to be an ohmic contact. Figure 1.8 plots the estimaterksistdace
and conductivity from th&-parameters. Theresult left out the extraction of physical meaningful
transmission properties of nanowires. The major issues facing were priraadliracy of the
calibration and measurement noise at high frequencies.
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Figure 1.8 Estimated contact resitance and conduct¥iBt NWs [61]

1.2 Motivation

The high-frequency nano-electronics will continue to be one of the most dynan@cchefields in
nanotechnology. Experimental implementations are only starting. The challenge in nanoscale
measurements has led to a slow progress in delivering the advancement. However, thezizhtoact

of the nanostructure properties is of paramount importance to establish tlomgkliptbetween the
functionality and their characteristics. Most studies reported in this domain are albout manotubes.

Little effort has been placed on metallic nanowires in both theoretical and expeliasreats.
Nevertheless, metallic wires have long been the conventional material for passive devicasaypli

The distributed passive devices such as transmission lines in a silicon techarelagyically built at

the top two metallic layers in the back-end-of-the-line (BEOL). The mininiuckriess is normally

no less than 1 pm. As the continuous scaling of active components extends its gapebilitto
mmwave range, there is a need to develop high quality passive components to complement the
integration density forming a system in a package. Making use of lowerinagtaii layer to design
passive component is a potential solution for this can bring together inte§&tedcuitry in a
compact way. Contrary to conventional transmission lines, the transmissiontipsopérsuch thin-

film RF module are not fully understood. Nanowires made of the same mateyidlava dissimilar
properties due to the influence of crystal structure, surface conditionspadtaatio. It is clear that

much work is needed to explore full potential and limitation of nanoscale métadkcall the way up

to mm-wave frequencies.

Another scalable and cost-effective solution for nano and micro-electronic comngonent
integration is miniaturized on-chip antennas. The downscaling of circuit elements Ii#omm for
complete system interaction on chip will apply to radiation elements eventually.oDbe tack of
accurate model and characterization, the dimensional scaling of integratechgagioularly at mm-
wave frequencies is rarely investigated. The possibility to use nanoscaleécnoetadhip antennas as
building blocks for next-generation devices has motivated this study.

9
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1.3  Objective

The objective of this thesis is to characterize the electrical prepenfi metallic nanowires for
millimeter-wave transmission lines and antenna applications. The study ideihfen exploring the
transmission characteristics of metallic nanowires over a broadband of gighbguencies with
experimental and theoretical approach. The goal is to establedhtionship between their electrical
performance and the geometrical and structural characteristics.

1.4  Scope of This Work

The nanowires fabricated in this study were defined by patterning mdthtliausing top-down
lithography-nano-machining processes. In this way, alignment and positioning of nancavires
specfied and controlledNanowires were realized into transmission lines and on-chip antennas fo
characterizing their transmission up to 220 GHz. Such prototypes were mastandard silicon
substrates because of familiar processing techniques. The minimum produced lireewdtie order

of 10 nm. But excessive metal loss may make characterization of such singlenvaalstic. Here,
various linewidths ranging from 2 pum down to 50 nm and thickness from 200 to 50 nm were designed,
evidencing the transition from the classical to the submicron and deep submiceoregiime. To
develop a reliable test platform for characterising nano-transmissas) two types of vehicles were
tested: microstrip line and coplanar waveguide. The characterization was dought®parameters
measurement. From which, transmission line and antenna characteristics can be extracted:al heoreti
modelling was also performed to verify the accuracy of the measurement and prgligisical
understanding of the results. The simulation was carried out using ADS Momentum andréitS ci
simulation tools from Agilent.

Various transmission line de-embedding methods were reviewed. It is also the aim of this work to
provide a systematic extraction procedure for nano-transmission lines and toadifyiglious data.
Considerable focus was placed on the techniques for determining parasitics. Qopéaletince and
line to pad transition were taken into consideration in the extraction sclemehe first time, a
complete analysis was reported regarding transmission charactengticline dimensions in the
previously inaccessible regimes up to mm-wave frequencies. It is cléaxtessive metal loss will
make single nanoscale metallic wires inaccessible for technological apigcdilultiple line devices
and their relationship to the electrical parameters were characterized.

On the first try, the attempt was to evaluate the potential of metailimtorized antennas
integrated on silicon substrate. To realize antennas with reasonable performaticewlé was
constrained to at least 1 um. But the thickness can be ddsitpser to nano-meter regime. The
signal transmission of this type of antenna occurs predominantly inside theatsubBte work was
therefore restricted to short distance intra-chip communication. Themileter transmission gain
between an antenna pair from two-p8sparameters measurement was only in the central forward
direction. The input impedance may give an approximation about radiation cafdmtystudy is
useful both to understand how nano-antennas differ from traditional antennas moslide useful
guidelines for designing integrated nano-antennas.

10
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1.5 Outline

The thesis is organized as follows. First, characterization of submicron Al thin film micrastripili

be presented in Chapter 2. The analysis will reveal specific problems linldtdhracterization of
nano-scale components integrated in a micro-scale test vehicle. In Chapter 3, a simplesCPW t
structure will be proposed to characterize Al and Au nano-transmissies. [The transmission
characteristics of various line dimensions and device structures will bedpland discussed
Inadequacies in the de-embedding techniques will be identified to improve the acaifracy
transmission line measurement. Next, in Chapter 4, on-chip dipoles and planadifvenitennas
integrated on different substrates will be used to evaluate the parfcenof nanoscale wires for
wireless communication. The measured antenna characteristics in relation toehsiana scaling
will be presented. Finally, the key findings obtained in this work will be sumaethin Chapter 5.
Some potential future work will also be pointed out.
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Chapter 2

Parameters Extraction of
Submicron Thin Film Microstrip
Lines

In this chapter, metallic nanoscale wires integrated into microstrigdatare will be tested.
Microstrip lines are extensively used for transmitting signals in Si-basedolithic
microwave integrated circuit (MMICs). Typically, in current CMOS technologgyastrip
lines are realized at the top metal layer in the back end of the lE@L(Bwith its thickness
in the order of a few microns. However, the feasibility of using lower lmathl layer in
BEOL with smaller thickness and linewidth is very little explored since intujtivlé
conduction los$s an issue. One special advantage of microstrip lines is low substrate losses.
The ground metallization can confine electromagnetic waves within thectdeléayer.
Therefore, transmission performance will not suffer from lossy substsatEs as low-
resistivity silicon wafers [62]. As an initial approach for nanowiresratiarization,
microstrip line structure can be an attractive vehicle.

The chapter starts by introducing the fabrication processes. Next, the clieatoter
method will be presented. Preliminafparameters results will then be given. In the
following section, an equivalent-circuit model based on transmission line tvlbbe used.
ADS Momentum simulation will be also included for reference. The extracted expaiment
and theoretical transmission parameters of thaliikkbe presented and discussed. Finally, a
modified circuit model will be introduced to accommodate the parasitictetilowing a
more accurate prediction for the intrinsic electrical properties dfrteeover a wide range of
frequencies.

2.1 Test Structure Fabrication

The thin-film microstrip line (TFML) structures of this study wéabricated on standard low
resistivity silicon substrate§irst, a 0.5 um LPCVD silicon dioxide layer was deposited on
both sides of silicon wafers for signal isolation. On top of @,5aum thick aluminum (Al)
layer as the ground plane of the device was realized by sputtering. A PECVD aXider¢;,

= 3.9, tand, = 0.001) of 0.3 um was deposited to serve aglielectric layer for the TFML.
Next, photolithography and buffered oxide etching (Silox Vapox IIl) were used to pattern
via holes. Silox Vapox Il is a commercial buffered oxide etchant from Transenpadgimt
provides great etching selectivity between aluminium ang Bigers. Its etch rate is about

13



CHAPTER 2

250 nm/min. To define the microstrip area, the ground pads and the signal padgjrar{Al f

= 3.77 x 10 S/m) with thickness of 0.5 um was sputtered and patterned with lithography. The
photoresist was Shipley S1813 (about 0.5 um). The exposed area was etched using Al wet
etchant at 45°C. This etchant consists of several different acids with theaddmne being

H3PQ,. The etch rate is about 300 nm/min. It should be noted that a good control of etch time
is very important. Since wet etch is an isotropic process, the etchant wsaldtiick the
sidewall of the protected area, resulting in the undercut or even complete remalkihes.

The process time should then be long enough to remove all the open area but not over-etch
the Al lines. After photoresist strippirig acetone, the TFML structure and the pads can be
obtained. A schematic drawing of each fabrication step is presented in Eiguiéhe final
structure layout can be seen in Figure 2.2 and a closer look at the transition before the line and
the pad is shown in Figure 2.3. There are three kinds of line ldpgthtliis study including

100, 200 and00 um. Tapered signal pads were designed to minimize signal discontinuity,
although they weraot optimized for 50 Q. Note that the pads are compatible with the two-

port networkS-parameter measurement which will be discussed later. The distance between
the signal and the ground pad is 100 um (Figure 2.2). The accurate thickness EBfthe T

was observed by scanning electronic microscopy (SEM). Values are presented én2Eigur

next to the illustration of the side view. It should be mentioned that due to the bmivatihe
photolithography process, only lines with linewidth larger than 1 pm can be realized.

Al ((;Ségnzrld Plane)
Hioz Deposition of the isolation
ERcE layers, the ground plane and t

dielectric layer

Si02
Al (Ground Plane)
SiO2

Via hole oxide etching in Silox
Bare Si Vapox Il

Al
Si02
Al ((i::g;ljnd Plane)
o Deposition of the Al layer for

Bare Si the pads and the microstrip lin
Ground Signal Pad Ground
via B Al Y S [ 3T
- Si02 0.326 pm

Al (Ground Plane) - - 2221717777 I Da%uiC _ _

5102 s------------ldTxm- et etching to define the pads
. and microstrip line area
Bare Si

Figure 2.1 Fabrication steps of the TFML structure. Mieasured linewidth is 1.28
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Figure 2.2 Photo of a fabricated 200 um-long TFMd pads  Figure 2.3 Close look at the transition betweenitieeadnd the
pad. Note that the pad and the line are in the sayee.

2.2  Scattering Parameter Measurement

Two-port scattering parametes-parameters) measurement is applied for examining the high-
frequencies conduction of the transmission lines as a function of frequency. rom
parameters, it is possible to derive transmission line parameters, namedgtetistic
impedance 4c) and propagation constanj ver a wide frequency band. They are the two
essential physical parameters that characterize transmission lines. Cistiatteedance is
comparable to the resistance that determines the amount of current that fool¥€ icircuit
whereas propagation constant describes the change of amplitude and phase of wave during the
transmission. In the case of a lossy lide,andy are complex number. In which, the real
component ofy is called attenuation constant), representing losses during signal
propagation. The imaginary component is called phase conglarwhich determines the
speed of the propagation wave /f).

2.2.1. S-parameters Basics

RF signals are sent out from both ports. Some part of the signal bounces baclkf $ome
scatters and transmits to another port and some of it disappears as Jqsme@sneters
guantify how RF signal transmits through a device from one port to another. A tiypical
port network is shown iRigure 2.4 [63]:

I I
O—— O
u + two-port + b
11— v network %
bl - 1 S 2 a4 (12
o—| ——0

Figure 2.4 A two-port network [63]. Typically, portid considered as the input port and port 2 is coresidas the output port

A set of Sparameters is a mathematical matrix that relates the outgoing Wwaueso the
incoming wavesy, a, as
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by S11 512] [al]
= . 2-1
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Looking at theS-parameter coefficients individually, we have:

b, b,
S11= a_1 Si2= a_z
a,=0 a;=0 _
b, b, 1 (2-2)
S21 = — Sa2 = —
al az_o az a1=0

Si; is equivalent to the input reflection coefficient aBg is the forward transmission
coefficient. Since test structures in this work consist entirely of synamegssive
components, the network is reciprocal. This also m&ns Sy, as well asS,; = Sp,. Apart

from Sparameters, a linear two-port network can also be characterized by a number of
equivalent circuit parameters, such ABCD matrix (transfer matrix), impedance and
admittance matrix. One can convert to another by using adequate egjuation

2.2.2. Measurement Setup

The Sparameters of the TFML devices were measured using ANRITSU ME7808C
Broadband Vector Network Analyzer (VNA) and a semi-automatic Cascade S300 station.
The tests were conducted from 1 to 65 GHz using RF probes in GSG configuration with a
pitch of 100 um provided by Cascade Microtech. The VNA was calibrated the Cascade
Impedance Standard Substrate (ISS, 1083). Specifically, three types of standards were
utilized, including thru, short and load, as shown in Figure 2.5. The material of thisaseib

is alumina. Load-Reflect-Reflect-Match (LRRM) calibration method was appliagsiog a
commercially available software package WinCal from Cascade Microtech. LRRM has
proven to offer the best accuracy and repeatability. It is also the least sensitive approach to the
placement of the probe over the pad [16]. The details of this calibration procedutse

found in [64]. After the calibration, the reference plane is at the end of the ppsbe t
meaning that all errors up to the probe tips are removed. The calibration viiesl var the

thru standard within the general recommended limits of £ 0.1dB up to 65 GHe befting.

Each measurement was made with 201 frequency points using 128 averages in a 100 Hz
resolution IF bandwidth. The settings for IF bandwidth and averaging determine the effective
noise. IF bandwidth is roughly proportional with the reciprocal of the sweep time. Point-by-
point feature was adopted for averaging. This means additional measurements cas¢hi

128 data points, at each given frequency point are taken at once. In this way, #ngedispl
data can be fully optimized during a single sweep. Generally, reducing IF bandwidth and
increasing the point averaging can both minimize the noise although the swees time i
compromised. The chuck was electrically connected to the ground prdies.test samples

with different line lengths and the de-embedding structures were measured.
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Figure 2.5 The standards used in the calibration. Fefntol right, thru, short and load are shown.

2.2.3. De-embedding Procedure

De-embedding is the act of removing the reference plane wdbke device under test (DUT,
in this case, it is the nanowire). A schematic explanation is shown in Figuraf26the
calibration, the reference plane is situated at the end of the probe tips. HoweRRét,thds
used to access the DUT are inherent in the measurement. This could sometimesdialy
the measured characteristics, especially when the device is small.

o Fixture DUT Fixture DUT

o

Calibration Planes Effective New
Measurement Planes

Figure 2.6 Schematic explanation of the effect eédedding. Left: the reference plane is at the épdabe tips and in front
of the fixtures (RF pads) after calibration. Right: Neference plane is created aftierembedding the error boxes of the
fixtures [65].

There are many de-embedding schemes for removing the effects of tiestsfiftom
device measurements. Each fixture needs to be first modelled. Then, appropriatpiéschn
can be selected for de-embedding process. That said, the most difficult partreate an
accurate model. Generally, an initial fixture model can be derived by an obwerehiis
physical structure. @ account the actual behaviour of these fixtures, measurements made on
de-embedding structures are required [66]. The de-embedding structures desipiete#t t
include open and short, as shown in Figure 2.7. The fabrication processs@&rtbeas that
describe in Section 2.1.

Figure 2.7De-embedding structures for the TFML. The left phdtovgs a open device and the right one is a short device

The de-embedding technique used in this work is short-open method, which is given by
[67]:
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- -1
Ydut = (Zmeas - Zshort) - (Zopen - Zshort) (2'3)

where Zgen, Zsort are the two-port impedance parameters measured on the open and short
devicesZs is the measured two-port impedance of the deviceYandre theY-parameters

after de-embedding. The admittance is then convert&iprameters. This type of puyel
lumped de-embedding technigc@nremove the effects of shunt capacitance and series losses
of the RF pads. From th&parameters, the transmission line parameters: characteristic
impedance&Zc and propagation constgntan be evaluateas[68]:

_ |+ 811)* = (S21)? .
st J A= 51)2 — (520)? &

and

-1
S = _%. In <<1 — (5121)1‘2"; (521)? + K> ) (2-5)

whereZz, is the impedance of thmeasurement system (%Din our case)l, is the length of the
NW andK is defined as follows:

. <(1 — ()% + (51D - (2 -Sn>2>”2 (2-6)
(2-5,1)2

Note that the plus and minus symbols in Equati@4) and(2-5) are used for correcting
unrealistic values. For instance, propagation constant should never be negative.

2.2.4. Preliminary Results

Figure 2.8 and Figure 2.9 show the meas@pdrameters in magnitude before and after de-
embedding. One can immediately identify the bad measurement from the reflection
coefficients,S;;. The measurement bf= 100 um suffers from the bad contact when landing
the probes onto the pads. It is relevant to mention that the thickness of the gtsri thin
(about 0.4 um) for the probe tips. Very often, the tips penetrated throagpatts and
touching the underlying oxide. Poor probe-pad contact introduces additional parasitics. In
response to this, reflection coefficient appears significantly different the others. Despite

the bad probing characteristics, the transmission coefficntsehave quite well as shown

in Figure 2.9. As expected, the longer the line, the higher the insertionnesgign loss is
defined as -20g,,|S,1|). Besides, the insertion loss increases with increasing frequency. It
can be seen that the pad design is not optimal. For one, the parasiticatishis much
larger than the intrinsic device signal. This might introduce additionakear@ uncertainties
after de-embedding.
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Figure 2.8 Comparison of the magnitiudeSpfbefore and Figure 2.9 Comparison of the magnitiudeSpfbefore and
after de-embedding after de-embedding

2.3 Modelling

As mention earlier, a transmission line can be modelled as a two-port néfvloekiine is
uniform along its length. Its behaviour can be described by two parameters: c¢isi@cte
impedance 4c) and propagation constan).(Typically, a transmission line has its constants

of resistanceR), inductancel(), capacitance@) and conductancés per unit length lumped
together. They are distributed along the length and cannot be separated individually [69]
Therefore, a transmission line can also be modelled as a distributed circuit Mbdel
conventional transmission line model will be used as a first approach for the mmualiat
nanoscale transmission lines, and the assessment of its applicability wésdréodd in the

next section.

2.3.1. Implementation of a Lumped Circuit Model

A TFML can be described by an equivalent-circuit model as shown in FidLiréf 2. quasi-

TEM propagation is satisfied. Note that the light blue layer represents thesa&@i@wiched
between the conductors where the propagation takes @ate.C, andG per unit length
depend on the properties of the materials and the geometrical dimension of the midmestri
Similar toZc andy, the quantity of these elements is irrelevant to the line length. F. Schnieder
and W. Heinrich have implemented a closed-form model to determine indivithultyrcuit
elements with a sufficient accuracy [62]. The approximation is particidarlgble for small
dimension conductors. In this work, only the quasi-static analysis was consatetdtie
distributed elements of these lines were calculated based on the close-form formulas
developed by them. There are two reasons why this model was chosen: (1) Therntose-f
formulas provide an understanding to the impact of each physical parameténs to
transmission properties of the line, (2) The model is valid for a brnepidncy range,
starting fromDC, medium frequency up to the beginning of the skin effect region. Rrice

C and G circuit elements are obtainetheoreticalZc and y can be estimated using the
following equations:
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_|R+j-o-L) i
€= ’(G+j-oa-C) )

y=a+j-B=JyR+j 0 L)G+j w- () (2-8)

To verify the model, the calculation result will be compared with the measurenisaf. A
results from ADS Momentum are included for comparison. The simulation setllupewi
explained in the next section.

Figure 210 llustration of the equivalent circuit model in a TEMtructure

2.3.2. ADS Momentum Simulation

Momentum is one of the features in Agilent ADS simulator, as shown urdF®j12. i uses
Method of Moments (MoM) to computeSparameters for RF passives, high-frequency
interconnects and parasitic modelling. It is based on 2D component layouts and provides
users a 3D perspective of current flow in conductors or slots and fardidiltion patterns.

The defined patterns in the layout are first meshed with rectangular and tracgjld. Each

cell is described by an equivalent circuit. The current can then be solved by applying
Maxwell’'s equation and Kirchoff voltage laws in the equivalent network [70]. One of the
important advantages of using MoM is that it consumes less time tdaggrmicrowave
components compare to full 3-D simulators. Another benefit is that it accbjtargrdesign
geometries, including multi-layer structures. To simulate a thin+hilicrostrip line, a centre
conducting strip was created. The layout of the device can also be found ie Eifr
Notice that RF pads were omitted from simulation. Meanwhile, single porselaested to
excite the either side of the conductor. The dielectric layers and the groundnpthaehin-

film microstrip line structure can be generated using the substrate tidafimterface
demonstrated in Figure22. With this setupSparameter as a function of frequency can be
obtained.
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2.3.3. Theoretical and Experimental Comparison

The experimentaR, L, G andC can be calculated froiic andy using the Equations (2-7)
and (2-8). Then, the following equations can be derived:

R = Re{y - Zc} L=Im{y-Zc}/w
(2-9)
G = Re{y/Zc} C =Im{y/Zc}/w
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Figure 2.13 and Figure 24 present theoretical and experimeandL per-unit length up to
65 GHz. It can be seen that above 15 GRiextracted from the measurement ef 100 pm
appears different from the others but corresponds well to Schneider and Heihiechetical
value. R approximated from the close-form formula gradually increases with increasing
frequency. This means that the physical behaviour of the line in the freqbandy of
analysis is within the medium frequency region. As for the inductance, the actued aak
very cohesive and fit well with Schneidemodel. We can see tHatlecays as the frequency
increases. Meanwhile, ADS Momentum as a whole has an inferior performance in
determiningR andL.

Figure 2.15 shows that there is significant discrepancy between the measurement and the
simulation. The capacitance is underestimated by the model. It can be seen tldtdhe
from| = 200 and 500 um are almost identical. This suggests that such additional capacitance
inherent in the measurement is not a random phenomenon. A possible source for this
inconsistency is likely due to inadequacy while de-embedding pad parasiticsthilbthe
capacitance extracted franx 100 pm is significantly higher than the others. This is probably
caused by poor probde-pad contact as mentioned earlier.
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2.3.4. Full Circuit Model

As it appears that the de-embedding lacks accuracy, it is necessary ty ithensburce of
uncertainty. Several authors have reported the issue of step discontinuity whetedhargc
submicron-thick small microstrip lines at millimeter-wave frequencies [B®] [72]. They
have observed that the determination of transmission line parameters is vetiyesénsi
parasitic effect at the transmission line end. The open end leads toescatextrical field.
To account for this effect, additional circuit elements need to be consideredtedrtition
between line and pad. Typically, step discontinuity can be described byud siracture
with two equivalent series inductances and one shunt capacitsndee first attempt, the
network model of the discontinuous effect is simulated with a shunt capaddnskown in
Figure 2.16. Such assumption was also utilized in [54]. The two-port T network \&leqti
to the contribution of a transmission line.

==Cd | 73
i

Figure 216 Circuit model of the complete test strucutre, lind #re pads

Z1,72 andZ3 are calculated using:

71 =72 =j - Zc - tan (l 2ﬁ€> (2—10)
_ —jrZc
= sinQ- o) (2-11)

whereZc is characteristic impedance given by Equation (2-7)sans obtained using:

1 1

An optimizedCd can be found through the fitting process in ADS simulator that minimizes
the difference between the measured and simulated transmission line parametdsswiflesul
be presented in the following section.

2.4 Results and Discussion

In this section, the extracted result and the theoretical prediction wilidvgifesented. The
properties of the TFMLs will then be revealed. An attempt to validate the fallitmodel
points out the limitation of the de-embedding technique. In the last section, titvisg$
transmission parameters to parasitic residue will be addressed.
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2.4.1. Extraction of Transmission Line Parameters

The experimental characteristic impedance and propagation constant of the linles 20ih

and 500 um are presented in Figure 2.17 to Figure 2.20. The simulated values from close-
form approximation (Section 2.3.1) and ADS Momentum are included for comparison. It
should not be surprising that the measurement differs significantly fromntisdéation. This

is actually a direct result of the higher capacitive component found in Section 2c&3.be

seen that the extract@d are much lower than the theoretical ones while the losses and phase
constant show the contrary. These results suggest that new elements must be added to the
simulation to better represent the measurement.
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2.4.2. Preliminary Validation

Let us therefore reconsider the model with the additional circuit element dedariBedtion
2.3.4. Figure 2.21 and Figure 2.22 demonstrate the fitting result to theted#aa@ndy from
the measurement of= 200 um. The best fitting was obtained by applyirgdavalue being
14 fF. The remarkable agreement gives confidence to the assumption of |@tpéd
significant correction irZc is noticeable with the addition @d across the frequency range.
The attenuation constantshows similar trends and approashhe experimental value. In
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other words, the extracted transmission line parameters can be erroneously néetermi
because of capacitive parasitic.

140 T T T T T T T T T T T T 0 30 T T T T T T 5
r —O— a Measurement

120 25 ] o New Circuit Model :
r 0B M t O -4
] —O— Re(Zc) Measurement R P Measuremen el
100 -40 B New Circuit Model :
— Re(Zc) New Circuit Model - ’g 20 -
Q}, 80 - -0+ Im(Zc) Measurement H-60 3 g
) —— Im(Zc) New Circuit Model N E 154
N 60- 80 & o
SRR 5 3
| % PP 10 .
m 40 s ﬂ\—/‘v—\/\ [SVaVNaYetatar 100 Qe e
20 A L 120 51 47
o140 N
10 20 30 40 S0 60 10 20 30 40 50 60
Frequency (GHz) Frequency (GHz)
Figure 221 Real (left) and imaginary part (right) @t for the Figure 222 Attenuation (left) and phase constant (right) 1
measured and simulated 200 pm-long TFML the measured and simulated 200 pm-long TFML

2.4.3. The Impact of Pad Residual Capacitance

Having identified the problem which plagues measurements, it would be imgrestsee

how parasitic capacitance can adversely affect the measured charactdristiqsarasitic
contribution can be isolated from the line by comparing theS-@arameters (calibrated only)

to the simulated ones. Next, similar step can be applied to search fbeghditted Cd
although in this cas€d represents the pad and the pad-line discontinuity lumped together.
Figure 2.23 to Figure 2.26 show the fitting result for two sets of measurerhen29( and

500 um).A good agreement up to 65 GHz is found for both cases by lumping a capacitive
component of about 640 fF. With this knowledge can discuss the level of uncertainty in
the measurement due to the capacitive parasitic residue.
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Figure 2.27 to Figure 2.30 demonstrate the sensitivity of the extracted traosriiss
parameter in response to capacitive parasitic residue in percentage. Twaendjties Iwere
considered in the simulation: 200 and 500 pm using close-form approximation.
Sim_Schnieder denotes the theoretical prediction of the intrinsic linefdhethe ideal case.

To simulate the effect of residue, a quantity of capacitance wikeidétly included at both
ends of the line. Therefore, the dataset #f200 um, error = 5% represents a 200 um-long
intrinsic line embedded with a shunt capacitance of 32 fF (as 5% out oFp40tioth ends

of the transmission line. The results show that even a small quantity of capacitaresddan |
an erroneous reading deviating from an ideal case. Moreover, the shorter thehi@ensre
offset can be observed.
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2.5 Conclusion

The fabrication, characterization and modelling of submicron Al thin-filerestrip lines up

to 65 GHz have been presented in this chapter. Microstrip lines have advantages over other
types of transmission lines, because of its low substrate loss, making theal candidate

to be a characterization platform for nanowires. The closed-form expressions wei® use
estimate the RLCG circuit elements. Unlike traditional transmission lsesh TFML
structure has significant attenuation and its characteristic impedance <imng
dependence on frequency at the lower frequency region. The extracted transmission line
parameters from measured and simulated results suggested that capacitivesparamitic
embedded in the measurement data after de-embedding. The accuracy of transmission line
characteristicss significantly undermined. The capacitive component is most likely attributed

to the electrical discontinuity between pad and line. The effettti®fparasitic residue was
examined using sensitivity analysis. Unfortunately, the dimension of the lineasitirely at
nano-metre level due to technological constraints. In the following chapter, rahgibeof
characterization platform: coplanar waveguide will be tested. Transmission lines
characteristics with both linewidth and thickness down to 100 nm will be presented.
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Chapter 3

Characterization of Metallic
Nanoscale Transmission Lines
up to mm-wave Frequencies

In this chapter, we will continue on the path of characterization nanoscale gsiasntines.
A new structure will be applied astest platform for aluminium and gold lines and the
frequency range is extended up to 210 GHz. The cross-sectional area of this atrése
lower range of nanometric scale. The fabrication, measurement and modelling of nanoscale
metallic lines will be presented. The aim of the work is to understandigiefrequency
transmission properties of nano-lines in relation to the line geontieewidth, thickness and
length) and device configuration (single or multiple lines structureshheAsame time, the
presented results are intended to establish a reliable characterization scheme.

The chapter is divided into three parts. Section 3.1 is dedicated to the charamterizat
single aluminium nano-lines up to 100GHz. Another test set comprised of singlaukiptem
gold nano-lines will be examined in Section 3.2. These nano-lines are realized on
conventional oxide-isolated silicon substrate. Different methodologies will be testatidct
intrinsic frequency-dependent transmission line properties. Their sources dlauntgeare
pointed out. Eventually, a modified de-embedding procedure is adopted that has siccessf
improved the accuracy of transmission line measurements. The extracted intrinsic
transmission line parameters of these nano-line devices are then compared and discussed
detail. In Section 3.3, the measured characteristics of the nano-lines up to 210 GHz are
presented. The chapter will then be concluded with a summary of importanttetiatias of
the nano-lines, which can be utilized wisely while designing passive components. Meanwhi
the guidelines for designing a robust characterization platform are given.

3.1 Single Aluminium Nano-lines

To study the electrical properties of nanowires at high frequencies, they needhtegrated

into a micron size platform in order to be compatible with the test equipierdplanar
waveguide (CPW) was designed that consists of contact pads to test the nanasale lin

also serves as the ground planes for signal propagation. One of the main advantages of CPW
is that all conductors lie on the same plane. There is no need for via bales aFML
structure in Chapter 2. It is known that aluminium has a good conductivityexcellent
adhesion to the Siayer; hence it is a good starting point as a metallic nano-line material.
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Section 3.1 starts with the device fabrication and description of the measurempnt set
Next, a quasi-TEM model is presented to simulate wave propagation in the transmission line
which is employed throughout the whole chapter. A steptep method to subtract parasitics
from the pads and contacts will be proposed. Later the source of uncertaingvahdf|
inaccuracy of the methodology will be pointed out and therefore further improvesnent
required. At the end of the section, an alternative method for de-embeditlingnivanced
accuracy will be addressed. The new method will be used in Section 3.2 for the hew tes
structures that yield more accurate measurements.

3.1.1. Test structure Fabrication

The test device includes an individual Al metal line embedded in the middleCéVa
structure (the two ground planes and RF pads) as shown in Figui@Bld 3.1 summarizes
the geometric parameters of the devices-under-test (DUT). The reason &chiogses of
dimension is to cover the range from micro- to nano-scale wires. Nanoscale ariwaton
requires high precision. A conventional micro-transmission line can be a peEnfiegtement
to visualize the accuracy of measurement as well as the validity of model.

The substrate is a standard silicon wafer (resistivity0 $2.cm) with a 500 nm thick
SiO, layer on the front and back side. The Al wire for sample.N®swvere fabricated by
electron beam lithography (EBL) and lift-off method. First, line features watierned in
JBX-6300FS Electron Beam Lithography System with PMMA 950 K 4% (0.3 um thick) as
resist. Next, an Al layer was deposited by evaporation with a deposition rate i1
After a subsequent lift-off process in acetone, Al lines can be obtained.n&h@ilisample
No.4 was fabricated in a single step together with the CPW structure.

Figure 3.1 SEM image of a nano-size Al wire embeddedCPW structure

Table 3.1 Geometric parameters of the lines in CPW cargfigpn The gap distance is 20mu

Sample No| Linewidth (um) Thickness (n
1 1 50
2 0.5 100
3 0.1 100
4 8 500

To define the CPW structure, standard lithography was applied using AZ5412E as resist
(2.3 pm thick), followed by evaporation of a 500 nm thick Al layer (deposiéiter 2 nm/s)
and lift-off process. It should be mentioned tAatayer is much thicker than that of sample
Nos.1-3. It is to avoid RF probes penetrating through the structure during the measurement. In
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addition, before the Al deposition, the samples were treated with 25 second of argon
bombardment. It is to clean the surface and remove the oxide layer. The size of the whole
CPW structure depends on the length of the linel6 ensure a fair assessment, five different
lengths were chosen for evaluatior=(17, 42, 92, 192 and 492 um). A part of the signal pad
with 100 um in length was designed to be a tapered shape as shown in Figure 3.1. The
distance between the two ground planes (imfixed at 20 um. Figure 3.2 shows a scanning
electron microscopy (SEM) image of sample No.3 connected to the pad. It is worthy t
mention that the nanostructure obtained by this approach is polycrystalline aadduwagh
surface, as can be seen in Figure 3.3. The devices for de-embedding were fabricated at the
same time. Figure 3.4 shows the thru de-embedding device which will be usesiety in

this chapter.

400nm 100nm

Figure 3.2 Contact between the nano-size wire amgail Figure 3.3 Top view of the Al wire

Figure 3.4 Thru de-embedding test structure

3.1.2. Scattering Parameters Measurement

The procedure for th&parameters measurement is similar to what has been described in
Section 2.2.2, but here the test frequency is from 1 to 100 GHz. Figure 3.5 demonsrates th
top view while probing on the CPW structure.
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Ground plane

Figure 3.5 Complete test device with GSG probes

3.1.3. Simulation Based on Quasi-TEM Model

In the literature, the transmission properties of metallic CNTs are described bashe
Luttinger liquid theory, in which, an additional kinetic inductange and a quantum
capacitanceCq are introduced to account the effect of quantum transport. Since quantum
effects have never been experimentally observed in metallic wires, a classisalisson

line theory will be applied without invoking new concept as a first approach. A caommaint
CPW on a dielectric substrate with a centered strip conductor and two infimibedgplanes

at the sides supports a quasi-TEM mode propagation [73]. As mentioned in Chapter 2
traditionaltransmission line can be described by a RLGC model. In common practical cases,
CPW is designed on top of multiple dielectric layers therefore has more complicafest-
elements expressions in the transmission line theory. To account the physical parameter
related to the fabrication processes while still satisfying a quasi-TEM moéagaafjcircuit
representation is used, as shown in Figure 3.6

o—o 7 0

[o 0

Figure 3.6 Equivalent quasi-TEM circuit model for th&insic CPW device

whereZ is the total impedance per unit length of the longitudinal cimnitY is the total
shunt admittance per unit length. The relationship between the distributed circparemts
and the transmission line parameters can be expressed as follows:

Z
y=vVZ-Y Ze= |5 (31)
The frequency dependedtandY are obtained using close-form approximation and ADS
Momentum simulation, respectively. This method is simple and computationally efficient
valid only for quasi-TEM mode analysis.
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Model Elements Evaluation with Close-Form Approximation

The total series impedance is given by:
Z=R-+j -w-L (3-2)

whereR is the conductor loss per unit length dani the inductance per unit lengfR.andL

in relation to the physical parameters of the CPW devices can be estimated byeHerahos
formulas found in [74]. Their variations as a function of frequency are also cavetiee
description. While the close-form expression is known to be quite accurateti milli-
meter wave frequencies for modern monolithic microwave integrated circuit (MMIC
coplanar lines, it is limited to devices with a single-layer substrate [73]CP@V devices
with multilayer dielectrics, such as in our case, it is more difficuloltain a simple
expression of circuit component for the substrje (

Model Elements Evaluation with Simulation Tool

A complementary simulation based on full-wave electromagnetic modelling using ADS
Momentum was implemented to estimate the shunt compdhdémtADS Momentum, CPW
structures can be simulated as two coupled slot lines (representidiptiece between the
ground planes and the signal line) as can be seen in Figure 3.7. Coplanar modectess se
for signal excitation at either side of the slot lines. NoticettiaRF pads were omitted from
the simulation. Using the simulatesiparametersZc and y can be derived. Next, using
Equation(3-1), we can obtairY. The simulatedZ, on the other hand, is not valid for this
application due to the fact that the signal line can only be considered as a perfect camductor
the simulation setup. The estimatédrom the close-form approximation is more realistic to
describe the desighed CPW devices than the one simulated here.

File Edit Select View Insert Opt\cms Tools Schematic Mementurn  EMDS  Window DeslgnGulde Help

TLines Microsteip = e C}- m -% \vsmnd— Al * i

_Miana | 5 t
Select: Enter the starting point Qiterns cond 206.020 -49.740 -17.962,-116.259  urm A/RF SimSchem

Figure 3.7 ADS Momentum interface showing the simutasietup of a CPW structure
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3.1.4. Parasitics Subtraction

Pad Parasitics Subtraction

The “thru-only de-embeddirigmethod was applied in this study to remove the effect of the
pads. It only requires a thru test structure [75]. This method belongs to a ebasade
technique. A thru test structure can be represented by two identical two-peorksein
series, as shown in Figure 3.8.

o—e |

'("] 1p Sl 2p .S! 1p SI 21).
‘("2 1p 52 2p SZ 1p SZZU
L — —0

left pad right pad

Figure 3.8 Two port network of the thru de-embeddesy structure

Their Sparameters can be derived from

S11e + S22¢
S =S = 3-3
11p 2 = s, S (3-3)

1
Si2p = S21p = \/Z (Siz2e +S216) " (1 = S11p°) (3-4)

where Sy denotes the measur&iparameters of the thru pattern a8g, denotes thes
parameters of the pad. The de-embedding is performed by convertiggah@meters into an
ABCD-matrix and then followed by a matrix operation as

Taue = Tp_l " T Tp_l (3-9)

whereT, is the ABCD-matrix of the input and output pad aiig is the measuredBCD-

matrix of the CPW devicely, is the ABCD-matrix after de-embedding which can be also
converted td&S-parameters. Finally, the transmission line parameters, characteristic impedance
Zc and propagation constaptare evaluated using the formulas described in Section 2.2.3.
Such de-embedding procedure is directly applied on sample No.4. Since the line was made in
a single step with the CPW structure, there is no need to address the contact impedance.

Contact Impedance Removal

In the case of Sample Nos.1-3, the contact between the line and the pad is nbtlpefec
necessary to characterize contact impedance for obtaining the intrinsic response of ¢he devic

1) Low-Frequency Impedance Measurement

To identify the contact impedance, the electrical conductance of the CPW devices was
examined at lower frequencies. The impedance measurement was performed usingran Agil
4284A LCR Meter. The frequency sweep was set from 4 kHz to 1 MHz. The @ifSddias

current andDC bias voltage were set to zero and the amplitude level of the oscillated input
voltage was 1 mV. The measurement was carried out with Karl-Suss PM5 wafer probe station.
The probes were also provided by Karl-Suss (single tip, PH120 Precision Probe Manipulato
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Two probes were placed separately on the signal input and output pad to measure mean
current crossing the wire. 50 data points were acquired per sweep. Before the measurement
open-short calibration technique was employed. The impedance of the device aasdobt
automatically in a form of resistance and reactance. In such frequency rangg, be c
expecedthat there is no wave propagation inside those CPW device$ witi@ pm. Hence,

the line can be assumed as a pure resistor. An equivalent circuit modsuggested to
estimate the impedance of the device, shown in Figure 3.9. Such model has a physical basi
and is consistent with those proposed by other authors [26] [76]. The impedaneeiofuit

model can be simulated in ADS from Agilent. Not knowing the resistance ofithe the

bulk Al conductivity, 3.77 x 10S/m was used for an initial estimation. In addition, the
contact impedance was assumed to be identical at the two sides of the wiréswhi case

when a perfect alignment is achieved.

Cc Cc
I [
I I
oy —es \AN o——9 0
L AAA R L AaAA—]
Rc Re

Figure 3.9 Circuit model of the CPW devices at lovgirencies

2) Evaluation of Contact Impedance Using Circuit Modelling

Figure 3.10 shows the measured and simulated results for two representative devices, sampl
Nos.2 and 3 with = 17 um. A good agreement is obtained by fitting a constant valuRe for
andCc in both devices across the entire frequency range. In the case of samplcho4£3

MQ and Cc is 199.84 fF whereas for sample Nd=8,is 29.3 MQ and Cc is 106.9 fF. The
assumed metal losses of the wires are 9 and 45 Q for sample Nos.2 and 3, respectively. Such
values have negligible contribution in the model. In fact, during the fiftingess, it can be
noticed that the variation & has no effect on the overall impedance in this frequency range
and the resulting impedance is primarily dominatedRbyand Cc. Most importantly,Rc is
considerably large, suggesting that there is a dielectric component at the comaehlibe

line and the pad. This could be attributed to the remaining nativeirélmmoxide layer
formed on the surface of the Al wire before the fabrication of the CPW structure. It is possible
that the argon treatment is not sufficient. The fit value of sample No.3 denesistramaller
capacitance and a higher loss at the contact than that of sample No.2. Thisicdarbmod
physically since the contact surface area between the sample No.3 and the padfigeabout
times smaller.
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3) Subtraction of Contact Impedance

Having obtained the circuit elements of the contact, we can proceed &ot éke intrinsic
properties of the CPW devices at high frequencies. The new de-embedding scheme based on
the cascade configuration is modified, as shown in Figdre 3.

Ce Al wire Ce
o—s b 4 —0
Sllp 312;0 [Sllp Sl?.p]
[Szlp SzzJ Sa1p Sa2p
o——29 [ ]
left pad right pad

Figure 311 Parasitic circuit model of the CPW device

The contact impedance can be included in the two-port network by uskBCahmatrix as

1 Rc
T, = 1+j-w-Rc-Cc] (3-6)
0 1

wherew is the angular frequenciRc andCc are taken from the low frequency measurement
and modelling. Then, to subtract the pads and the contacts, we perform the next matrix
operation:

Toue =Te Ty '+ Ty Tt - T, 71 (3-7)

Tqxe represents the intrinsic performance of the CPW devicdBi@D-matrix. Finally, it is
converted taSparameters and the transmission line parameZerandy can be calculated
[68].

4) Validation at High Frequencies

To confirm whether the extraction method of contact impedance remains valid at high
frequencies, th&parameters of a simulated intrinsic device (calculated using the quasi-TEM
model described in Section 3.1.3) with addition of the contact impedance obtaimethé
low-frequency measurement at both sides of the line were compared to the mé&sured
parameters up 100 GHz de-embedded by the thru without contact impedance subfiaetion.
aboveS-parameters can be derived using

Ty, =T: " Tsimu - Tc (3'8)

Ty=T, '~ Ty T, " (3-9)

whereT, is theABCD-matrix of the input and output pafl, is ABCD-matrix of the estimated
contact impedance ang, is the measuredBCD-matrix of the CPW devicel; and T, are

then converted t&parameters. If these twdparameters are similar to each other, it implies
thatRc andCc determined at low frequencies (from 4 kHz up to 1 MHz) remain applicable at
high frequencies (from 1 GHz up to 100 GHz). As an example, Figure 3.12 and Fiftire 3.
show the comparison of the derivBgarameters for the case of sample No.2 W92um.

The quasi-TEM model without addition of contact impedance is also included fpadson.

It can be observed that the theoretical results are in a very good agreement withezxpke
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data when RcCc model has been taken into account, particularly at lower fregegiocy
This indicates that this circuit model describes adequately the contgmdance.
Furthermore, as there is no significant difference above 70 GHz between thd BMasi-
model datasets with and without RcCc model (less than 5% in the magnitBdamds;)), it
infers that the effect of contact impedance can be ignored when the freigiendfyciently

high.
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3.1.5. Results and Discussion

The results are examined as follows. First, the raw measurement (edljleia well as de-
embedded data will be shown, illustrating the impact of parasitics subtraction. Tdetezktr
transmission line parameters in relation to different line geometrisbei presented.
Simultaneously, the level of credibility of the extracted characteristicsb@illliscussed in
detail. In addition, several factors are identified that could influence the agafréiee de-
embedded data.

De-embedded S-parameters

Figure 3.14 to Figure 3.17 show the magnitude and phase of the experigeanalS,; from
sample No.3 with different lengths obtained using the modified de-embeddingqgtezhni
Sample No.3 was chosen for examination since it has the smallest cross-sec@oaat@ng
all the samples (the thickness and the linewidth closer to 100 nm). It can be Hatitidet
magnitude ofS;; tends to be closer to zero as the length of the line increases. The responses
are very similar between those devices with the wire length above 92 um. Thelostuis
less than -2 dB (at least 80% of the incident power is reflected to the sdumeekflection is
nearly like an open device. On the other h&dshows obvious dependence on the length of
the nano-line. Insertion loss (insertion loss is defined deg2flS,,1) rises with the increase
of the length but is slightly reduced with increasing frequency. More than a 3tseBion
loss is observed when the line length reaches 492 um. That is less than 3%noidém i
power is transmitted through the ling,; exhibits a series capacitive component probably
because the contact impedance is under-de-embedded, leaving a residual capacitance.

One can notice noise in the vicinity of 65 GHz. The sources of error atg tike to
drift of the calibration and #poor probe to pad contact. The significant degradation of signal
to noise ratio is a result of the nature of the measurement system. dadbdmnd VNA
combines the 40 MHz to 65 GHz output from a stand-alone VNA and the 65 GHz to 110 GHz
output from a millimeter-wave module. There is increasing power loss due toalhe
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assemblies when operating the stand-alone VNA closer to 65 GHz. In addition,-tfé cut
frequency of the waveguide in the millimeter-wave module is around 70 GHz. &im @bt
clearer signal trace, it is often necessary to re-calibrate the VNipmve the signal to
noise ratio.
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Figure 314 De-embedded,;; magnitude from sample No.3 Figure 315 De-embedded,;; phase from sample No.3
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Figure 316 De-embedded,; magnitude from sample No.3 Figure 317 De-embedded;; phase from sample No.3

Figure 3.18 to Figure 3.23 show the comparison of the experim@atahd S,; from
sample Nos.1 to 3 with= 192 um based on difference levels of parasitic subtraction. Three
datasets are compared: r&parameters without de-embedding (calibrat&gfarameters de-
embedded with a thru an8parameters first de-embedded with a thru and followed by
subtraction of contact impedandecan be observed that the pads contribute significantly to
the transmission and their loss is not negligible. In the case of sample Nos.laanaffRet
of signal level in magnitude for botf; and $; below 40 GHz can be seen after the
subtraction of contact impedance. The correction however, is not so much noticeable
sample No.3. The simple fact is that the extracted contact impedance based dhraaiieiu
and low frequencyc measurement will present certain level of errors which inevitably leads
parasitic residues.
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Extracted Transmission Line Characteristics

With the proposed calculation approach, it is possible to calculate the -chistiacte
impedance 4c) and propagation constant) (of the samples using the corresponding line
geometry and physical parameters.

Figure 3.24to Figure 3.31 show the frequency dependence afdRelfn(Zc), o andp of
the intrinsic CPW devices. The simulated and measured results are compared. Each type of
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sample has three sets of extracted experimental data from differerdgrgtad ( = 92, 192

and 492 um), ensuring a more reliable assessment. It should be mentioned that the dataséts o

| =17 and 42um are too noisy to be presented. The simulated results are shown in solid line.
It can be observed that sample No.4, having a relatively large linewidth and thickness,
exhibits reasonably well-matched characteristic impedance and attenuation belownbatB/m
the maximum frequency, as seen in Figure 3.24 and Figure 3.25. The model agrees
sufficiently well with the experimental data, indicating that the thry-omethod is
appropriate for subtracting pad parasitics. The bulk Al conductivity, 3.77 8/f®was used

in the calculation. One can see that the imaginary characteristic impeddiribesdatasets
diverge slightly from each other at high frequencies, probably resulted tihe error
produced by the de-embedding methlod.492 pum exhibits the largest offset of 9 Q at 90

GHz compared to the theoretical value. It is known that the error is a function of the DUT size
since the reference plane is established at the center of the thru test strutture [75
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Figure 324 Measured and simulat&d of sample No.4 Figure 325 Measured and simulatedf sample No.4

The measured characteristic impedances of sample Nos.1 and 2 decay gradually with
increasing frequencies. The same trend is found in the model, as shown Figure 3.26 and
Figure 3.28In the close-form formulas, while calculatifgandL, the Al conductivity was
intentionally decreased to 1.6 x’18/m to meet the extra conductor losses observed in the
measurement. In this way, the model gives the best fit in the propagation constafitess w
the characteristic impedance. The comparison of the imagidaryshows obvious
inconsistency between the datasets in the low frequency region. Take sample No.l for
example, the Inxc) of | =92 pm is two times more than that of | =492 um at 15 GHz. Based
on the analysis from the previous section, this type of error present at lowrfcgzglis most
likely due to contact impedance residue. For the same reason, we can also inbSiguwes
3.27 and Figure 3.29, an apparent divergence below 30 GHz. Despite the mismatch,
overall trend in relation to the frequency can be identified at the mid and leighefrcy
range. These two samples have similar transmission line properties as thegectusal
areas are the same. The attenuation rises with increasing frequency and reaé&issy8at
100 GHz.

At high frequencies, one can notice that certain dataset shows less agreemém with
theoretical value. The source of error is probably due to poor probe-to padtcdatzde 3.2
summarizes the discrepancy between the simulation results and measurement fer sampl
No.2. In the case of sample No.2, for a single frequeey90 GHz, the difference between
datasets can reach 19% forand 8% fors whenl = 492 um and 192 um are chosen for
comparison. Although it is less noticeable visually, it should be mentioned ¢hdiffédrence
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for ReZc) and Imgc) is 14% and 11%. Meanwhilé,= 492 um demonstrates the best
agreement with the model having less than 5% erret, fiand ReZc). This corresponds

with the sensitivity analysis in Chapter 2. Transmission lines with longgthkerare less
susceptible to parasitic residue, hence yielding more precise result.thétess, the
prediction for the imaginary impedance is less satisfactory; the discrepantggemscmuch

as 35%. The accuracy and the repeatability of the measurement in general can be improved by
re-probing or frequent cleaning of probe tips.
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Table 3.2 Discrepancy between simulation results medsurements for sample No.2. The variatiorn.d estimatedas
dmea”%imu The gther parameters are calculated in the same manner.

Asimu

% variation 30 (GHz) 60 (GHz) 90 (GHz)

Re(Zc)| Im(Zc)| a B Re(Zc)| Im(Zc)| « B |Re(Zc)| Im(Zc)| o B

I =92 pm -7.0 60.2( 6.6 -17]1 -13.p 49p -0.3 B.5 -10.6 33.4.718©.2
| =192 pm| -4.5 20.7] 6.9 -10(7 -8.1 15,7 1.8 p.6 -18.3 19.9 6p1L.9
| =492 ym| -1.8 15.6] -1p -2.90 3.0 249 -43 0.1 -5[3 33.4 1132

In the case of sample No.3 with both linewidth and thickness close to 100 nm, the
absolute characteristic impedance goes down to 450 Q at 100 GHz. Similarly, it can be seen
that in Figure 3.30 and Figure 3.31, there is a discrepancy between the experimental and
simulated ImZc) anda with inconsistency between datasets below 30 GHz. Noticd that
492 um has a rather ambiguous o andf at high frequencies compared to the other datasets.
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The excessive losses in this line result in a very small transmisgitad, sinaking it difficult

to extract an accurate attenuation constant. A more detailed analysispifeh@menon will

be delivered in Section 3.2.5. Considering the other two devices with shorttrs|etige
percentage difference between thenaiandg is less than 5% at 90 GHz. One can observe
that the attenuation becomes considerably large over the whole frequeeatsng 80
dB/mm at 100 GHz. It is interesting to note that the phase comstaittigher than the other
sample types, indicating that there is slower wave propagation in this strivteaewhile,a

is underestimated by the model over the whole bandwidth. Disagreement can also bg seen in
in the high-frequency region. The discrepancy between the measured and simiga2&&o

and 18% fop at 90 GHz wheh= 192 um is chosen. The slow wave propagation phenomena
was described in [77] for the general lossy transmission line case. The autked dbe
transmission parameters in the complex plane and found that the phase velodibgsyn a
transmission line is always less or equal to that in the ideal case. Impaortaot, the
physical effects associated to general losses are always covered in the conventional
transmission line theory. The discrepancy between the theoretical and actalcoald
suggest two things: 100 nm is a critical dimension. The conductivity drops considerably lower
than to 1.6 x 10S/m or there is new concept associated with quantum effects that should be
considered. Such observation will be elaborated further in Section 3.2 bythsingw test
structures.
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Impact of Misalignment on Extracted Parameters

Let us discuss the level of uncertainty that can possibly degrade the adcuthiy de-
embedding procedure. The apparent difference between the experimental results below 30
GHz could be due to the error in the estimated contact impedance. The assunaptibe t
contact impedances at both sides are identical could potentially introduee & the
extraction since there is always certain degree of misalignment. B@i#eand Figure 3.33
demonstrate the effect of misalignment to the extracted transmission lineetensaraf
sample No.2 witH = 192um. In the case of perfect alignment, each contact contributes to
50% of the total impedance in the low frequency measurement. Case 1 asstirties|&ft
contact is responsible for 25% of the total impedance and 75% from the reghCase 2 is

with the reversed order. The correspondirgand Cc can be estimated using the method
described in Section 3.1.4. The transmission line parameters for each cadercdre t
obtained. Six data points are selected from each dataset, namely 15, 30, 45, 60, 75 and 90
GHz. The result without contact impedance correction and the developed model are also
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included for comparison. The maximum variation between the perfect alignment and the
cases of misalignment for bo#t andy is observed at 15 GHz. The percentage difference is
less than 5% for R&€) at other frequencies. The same applies t@dmexcept at 15 GHz, a
variation up to 10% can be seen for both cases. As, ftite misalignment can affect the
derived result as much as 9%odirand 13% ing at 15 GHz. This readily explains why there
was a significant variation in the extracted results between devicestlimrsame design
below 30 GHz in the previous section. Such correction, however, is necessaryhsince t
accuracy is improved by making the experimental datasets shift closer to the thecabieal
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Figure 332 Measured and simulateft of sample No.2 with=  Figure 333 Measured and simulatedf sample .2 with |
192 um. Case 1: left contact contributes to 25% of tal t = 192 um. Case 1: left contact contributes to 25%hef
contact impedance. Case 2: left contact contribut@8§%b of the total contact impedance. Case 2: left contact dmnis to
total contact impedance 75% of the total contact impedance.

Impact of Signal Pad Coupling on Extraction Parameters

Another important issue worthy to be addressed is the signal pad coupling. Sevieoas

have reported the significance of such effect while characterizing nanoscale @¢\nigs
frequencies and therefore it should be subtracted [26] [48] [53]. The lendtte afano-
devices under test in those studies is typically less thapniOThe capacitive coupling
between signal pads should naturally be taken into consideration in circugisnBpsed on

the calculation here, the minimum wire length isy®2 for having a clear transmission line
behavior in the frequencies of interest; thereby the coupling effect alliniimitted in the
proposed de-embedding procedure. To evaluate the uncertainty caused by such as#umption,
is useful to estimate the coupling impedance usin@{erameters measurement of an empty
CPW device as shown in Figure 3.34.

Figure 334 Open de-embedding test structure (empty device)
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The coupling impedance can be extracted from the following procedures [26] [78]:

— -1 -1
T = Ty " Topen Tp (3-10)

c0
Zeo =Tz (3-11)
Topen represents the measur@BCD-matrix of the open devicg, is theABCD-matrix of the
input and output pad,, represents the coupling impedance between signal pads. Figure 3.35
shows the extracted,, of empty devices with different distances (L2, L3 and L4, each
represent$ = 92, 192 and 492 um, respectively). A circuit model is included for analysis to
provide a better physical understanding (Figure 3.36). It simply consistogiaxallel RC
circuits in series, representing the capacitive coupling and corresponding lossthetiio
different layers, the SiQOlayer and the silicon substrate. As can be seen in the figure, the
extracted coupling reactance, g changes from capacitive to slightly inductive with
increasing frequency while the circuit model demonstrates a lossy capgeitiveoupling
mechanism in the whole frequency range. The inductive component could suggest that there
may be another mode of signal propagation. During the fitting process, fowask that the
further the distance between the signal pads is, the smaller the valGgsanfd Cy are,
meaning a weaker capacitive coupling.
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Figure 335 Extracted coupling impedance from the open devicéofden: open device witlr 492 pm. L3 open: open device
with 1= 192 um. L2 open: open device with92 pm.
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Figure 336 Circuit model of the coupling impedanZeo

Assuming such coupling exists and remains unchanged when there is a nanowire placed
in between the CPW structure, we can subtract it as following:

Tn =T, T, " T~ T,” - T,7" (3-12)

Yaur = Yin — Yeo (3-13)
Yau represents the admittance of an intrinsic CPW dewgeis the admittance of the
measurement after subtraction of pads and contact impedances. Fpakyconverted t&
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parameters angc andy of the intrinsic device can be obtained. As an example, Figure 3.37 to
Figure 3.40 show the transmission line parameters for sample Nos.2 and|3-vif2 ym

after subtraction, labelleds “De-embedding2. The result without removal of parasitic
coupling labelled as‘De-embeddingl and the developed model are also shown for
comparison. In the plot af, it can be noticed clearly that the difference between with and
without elimination of coupling impedance increases as the frequency egrdster the
subtraction, the attenuation increases by 30.7% and 10.0% for sample Nos.3 and 2at 90 GH
respectively. As for R&E), Im(Zc) andp, no apparent dependence on the frequency is found
in terms of the differences in percentage. The fluctuation of the trauer neflects the
fluctuation in the extracted coupling reactance. According to this residtacknowledged

that the existence of lossy capacitive coupling between the signal pads. The rehbisl
coupling parasitic is undoubtedly physically meaningful although in practicedifficult to
determine the actual value. Above all, the measurement of an open device isngiiyese
and prone to calibration errors. At this moment, it is unknown whether the attempt of
subtraction improves accuracy or the contrary in this test result. Fext@etination will be
presented in Section 3.2.
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3.1.6. Alternative Extraction of Parasitics

It appears that the accuracy of the extracted parameters is very sensitieeestimated
contact impedance, especially at low frequencies. In the following sectionteamative
solution is developed that excludes a direct estimation of the contact impedance.

Methodology

A popular de-embedding technique for transmission lines at mm-wave frequertbeswe

line method [54]. This method makes use of two uniform and symmetric transmiss®bflin

the same dimension but with arbitrary length. The intrinsic transmiss@pioperties can be
extracted through two-port network de-embedding. The detailed description and derivatio
will be omitted here but can be found in [54]. Such method assumed that parasitic
contribution can be modelled solely by a lumped parallel admittance. In principle, the two
line method is also applicable for a lumped series impedance assumption. The proposed
solution resembles the one suggested by [54]. However, the thru-only method istadded
remove pad parasitic. Assuming the contact impedance is identical for both lines amrd can b
expressed as a series impedance lumped at both sides of the transmissida poesible to
correct the contact impedance with the two line method. Under this assumption, we obtain:

T X Ty =T, T+ T X T, Ty ™ 1,70
=T Tipey* T} (3-14)
= T’lz—ll

where Tj»;; is the ABCD-matrix of an intrinsic transmission line of lengtl2-L1. T, is
ABCD-matrix of the contact impedance ahgandT,; are the measure®BCD-matrix of the
CPW device with line length being L2 and LT,, andT’; arethe ABCD-matrix after de-
embedding withathru. In which, we also have:

1 7,

T. = [0 1 ]; and therefore TC_1 = [1 _ZL]

0 1 (3-15)

Z, represents the series contact impedahgg; can be expressed as a series combination of
the intrinsic transmission line and the parasitic contact impedance:

Z 0 ] (3-16)

Z'yyn=Zpn+t 0 -7,

Z, 1 represents th&-parameters of the intrinsic impedance. By conneciiiig; in series
with a port-swapped version of itself, thus cancelling out the effects of the contact impedance:

Z'-11 + swap(Z'12-11)

> (3-17)

Zip—nn =
Note thatswap ([Zi Z;ﬂ) = [Zi; Zii

parameters. We can then extract the characteristic impedZorean{d the propagation
constanty). Given that %.,;is symmetricZ_ can be calculated from:

]. Next, theZ-parameters are transformed $o
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Z, 01 _Z'pn—swap(Z'iz-11) i
[ 0 _ZL] B 2 (3-18)

Contact Impedance Estimation

The experimental results from Sample Nos.1 and 2 will be used for prelnaixamination.

Their contact impedance can be extracted by the method mentioned above, as shown in
Figure 3.41 to Figure 3.44. For each sample type, since there are three setsuoémmeat

from different lengths (L4 492 um, L3= 192 um and L2 = 92 um), the de-embedding can

be performed with three combinatioi2-L3 = 100um, L3-L4 = 300pum and L2L4 = 400

pm). The contact impedances evaluated from Section 3.1.4 based on the low-frequency
measurement are included in the datasets to establish a reference point. It canthat seen
both the modelled and experimental results reveal a strong capacitive behaveoontact
resistance derived from the circuit model (Figure 3.9) at this frequency range whlhegli
whereas the ones extracted from Equa{®d8) shows the contrary. There is an additional
resistive component in the contact impedance composition. Ideally, the contact impedances
obtained from the three datasets should be not far from each otheriffErende between
datasets is probably due to the measurement uncertainty. Some even exhibit non-physical
negative resistance at high frequencies. If the proposed de-embedding techniquae veevali
should be able to accurately reconstruct $hmarameter of the original measurement using
only the extracted values fac, y, andZ.. When plotted next to the raf#parameters of
sample No.2 with L3 (Figure 45 and Figure 3.46), th&parameters reconstructed usifig

from L2-L3 differ significantly at mm-wave frequency range. In contrast, thewithe_3-L4

is relatively close to the raw measurement. Hence, it is reasonable tuasdlig negative
resistance given by the extractgd is rather an erroneous reading. In addition, it is also
possible to see the discrepancy at low frequencies in magnitude between Sgarameters

and those ones reconstructed usiiggiven by low frequency measurement and circuit
modelling. This implies that the contact reactance is slightly underestimattu lmgethod
derived in Section 3.1.4 which is also readily evident in Figut2 @&d Figure 3.44.
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800 ]
o |
'150 T T T T T T T T T '1000 - T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Frequency (GHz) Frequency (GHz)

Figure 341 Contact resistance estimated from the two | Figure 342 Contact reactance estimated from the two |
method and the circuit model for sample No.1; where=L. method and the circuit model for sample No.1; where U&2
492 ymL3 =192 pm and L2 =92 uym um, L3 =192 pm and L2 =92 pym
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Figure 345 Comparison betweenS,; raw data and Figure 346 Comparison betweenS,; raw data and
reconstructed from the two line method using the @in reconstructed from the two line method using the con
impedance extracted3-L4 and L243 as well as the directly impedanceextractedL3-L4 and L23 as well as the directly
obtained from circuit model obtained from circuit model

Parameter Extraction

Figure 3.47 to Figure 3.52 show the frequency dependence Bf)Re\(Zc), o andp of the

intrinsic CPW devices de-embedded with the new method. The simulated and measured
results are compared. Each type of the sample has three sets of extracted experimental data
from different combinations of lined.2-L3 = 100 um, L3-L4 = 300 um and L2-4 = 400

pm). The simulated results are shown in solid line. One can notice that the traceslare
smoother and the variation between datasets is minimized compared to thevesefisrted
previously. It is in fact more likely that these datasets de-embeddedheinew method are

more accurate. For one, better agreement with the proposed quasi-TEM model observed in the
case of sample No.2 gives confidence to the accuracy of this de-embedding proé¢edure. |
considering the case of U2, the discrepancy of imaginary characteristic impedance has
minimized to 9.3 and 8.4% at 30 and 60 GHz, respectively as opposed to 20.7 and 15.7% as
presented in Table 3.2 for the casd ef192 um. When examining the results from sample
No.1, mismatch between datasets is also noticeable in particular at the lower fiexjUENEi
imaginary characteristic impedance extracted from L2-L3 is underestimated dver-ide-
embedding of contact reactance. Note that in Figure 3.42, the derived contact rdaotance
L2-L3 is higher than the others. The attenuation is lower than the model prextiobed the
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whole frequencies. It appears that the accuracy of the model deteriorates in thisapadeil
This issue will further be discussed in Section 3.2. Meanwhile, in the case of sample No.3, the
extracted values have significant error, therefore cannot be reliably analysed.
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3.2 Single and Multiple Gold Nano-lines

The proposed new de-embedding procedure is much less sensitive to measurensesmakrror
parasitic residues, making it adequate for high-frequency characterizatidgre fallowing
section, similar tests will be implemented but using gold nanowires. This is tbaidation,

thus minimizing the influence of contact impedance. A new CPW structure \githaber
occupied area will first be demonstrated which helps improve the accuracy of meagurem
Next, the transmission properties of different device configuration will be tigaesd,
including single and multiple lines devices. The effect of gap size and distaivoeehe
nanowires will also be studied. The idea of putting several hanowires in paradiekesolve
excessive metal loss due to dimensional scaling. However, parallel combinatimogfires

will result in different signal propagation properties, such as decreasedtiveffinductance.
Besides, paralleling nanowires may interact with each other. It is wakthiwrexamine how

the transmission characteristics of a parallel nanowire system scale with the numbers of wires.
At the end of this section, inadequacy of this de-embedding procedure is evartiedied.

It will be shown that de-embedding method should be adapted according to the frequency
range to ensure a more accurate interpretation of measurement result.

3.2.1. New Test Structure Design and Fabrication

The fabrication steps are similar to those described in Section 3.1.1. However, golh§Au)
used as the material for the lines instead of aluminium. For better adhestbe oxide-
coated Si substrate, it is necessary to deposit a thin layer of Chro@iniogfore Au
deposition. Table 3.3 summarizes the georatpparameters of all the devices-under-test
(DUT). Some devices include parallel multiple lines in the same signal gaghmaterial for

the CPW structures remains aluminium. They were designed either to be compakil8e wit
pmpitch or 100 um-pitch GSG probes. Two gap distances were chosen: 12 and 20 um.
Figure 3.53 shows two 50 nm wide Au wires embedded in a CPW structure. It can be seen
that in Figure 3.54 the signal pads lie over the line, ensuring a suffobeact area
Compared to Al nanowires, the surface of these Au nanowires is much smoother, as can be
observed in Figure 3.55.

Figure 353 SEM image of two parallel nano Au wires embedded ifP®/Gtructure
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Table 3.3 Geometric parameters of the gold lines in CBMiguration

. i . . . Interline
Sample No L|r1(evr:§Jth Th(lcl:nn)e& SngITi/rl:/EI)ultlple distance Gap (um
H W (um)
Al 0.1 0.1 X1 20
Al 0.1 0.1 X1 12
A2? 0.1 0.1 X2 0.2 20
A2 0.1 0.1 X2 0.2 12
A2P 0.1 0.1 X2 1 20
A5? 0.1 0.1 X5 0.2 20
A5P 0.1 0.1 X5 1 20
Bl 0.2 0.1 X1 20
Bl’ 0.2 0.1 X1 12
B2? 0.2 0.1 X2 0.2 20
B2° 0.2 0.1 X2 1 20
B5? 0.2 0.1 X5 0.2 20
B5° 0.2 0.1 X5 1 20
c1 1 0.05 X1 20
D1 0.1 0.05 X1 20
E1l 0.05 0.05 X1 20
E2 0.05 0.05 X2 1 20
F1 8 0.5 X1 20

Figure 354 Contact between the nano-size wires and the Figure 355 Top view of an Au wire

3.2.2. Scattering Parameters Measurement

The experimental setup and the measurement procedure resemble those described in Section
2.2.2, except that the measured frequency ranges from 1 to 110 GHz and the canfig@irati

the GSG probes is for 50 pm-pitch RF pads. Figure 3.56 and Figure 3.57 show the top view
of the test device with the probes under optical microscope.
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Figure 356 Complete test device with 50 pm pitch GS Figure 357 The test device with the probes at low
probes magnification

3.2.3. DC Resistance Measurement

I-V measurements were conducted on an HP 4155 semiconductor parameter analyser. The
DC resistance was measured at different applied currents in the range of 100~%08 pA
compliance voltage at 2 V. The measurement was carried out with Karl PMisavafer

probe station. The probes are also provided by Karl -Suss (single tip, PH120 Pireaisien
Manipulator). Two probes were placed separately on the signal input and output pad to
measure the total resistance. 25 data points were acquired. Three ypepledre selected

for testing (sample Nos.C1, D1 and E1). The measured resistance with respect eatdiffer
line lengths is plotted in Figure 3.58. Note that the obtained value is afsiln@ resistance
consisting of probe to pad contacts, pads, pad to line contacts, and thelfink issgossible

to isolate the line resistance using the measured resistance of differens laltigbigh the
extracted resistance per unit length is very sensitive to measurement ldoweszer, the

result suggests that the contact between the line and pad is an ohmic contactr{piaiety
metal). And based on the linear fitting, such contact impedance should be less ¢hamd0

the conductivity is about 2.4 x 1@/m in the case of Sample No.D1 (the bulk gold
conductivity is 4.2 x 10S/m).

5000 T . . . T . . . T
-- O - Sample No. C1 (w: 1 pm, t: 0.035 pm)
-+ + - Sample No. D1 (w: 0.1 pum, t: 0.05 pm)
A0 —2-- Sample No. E1 (w: 0.05 um, t: 0.05 pum)
g —— Linear fit of Sample No. D1
3000 y=38.64+8.26x ]
=
=<
Z
+=2000 -
)
b=
& 1000 -
2 1000

Length of Nanaline (um)

Figure 358 Total DC resistance of three different sample typesnavt denote the linewidth and thickness of the lines.
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3.2.4. Verification of the New Subtraction Method

The method described in Section 3.1.6 for the extraction of transmission line paraniketers w
be applied on these new samples. The contact impedance can also be estimated. The extracted
contact impedancg, is an approximation for the actual impedance. Figus® S8hows the

contact impedance of sample Nos.B1 and C1. The impedance indicates a capacitive behaviour
with a positive resistance. In an attempt to understand the physical behavioeiesfracted

contact impedance, simulation is performed using the circuit model in FigixeTBe best

fit is obtained by tuning the individual circuit elements udtig= 15Q, R2 = 34Q, C1 =

0.34 fF,C2 = 300 fF for sample No.C1. In case of sample NoF17 63Q, R2 = 280Q, C1

= 0.16 fF,C2 = 108 fF were obtained. The R2C2 model accounts for the variation of contact
resistance as a function of frequency. The roles of each element are as.fBRohas a

strong influence on the maximum value for both the resistance and the readteneasC2

is responsible for the frequency where the maximum value occurs. At veryréiglemcies,

the contact resistance is approximateg Rl. Cl1 represents the influence of signal
discontinuity at the transition between the line and the pad as was discussed in Chdyater 2. T
addition of such component is to optimize the resistance at high frequenciés. vsdue of

C1 is relatively small, the effect of such capacitance can be neglected. oftetbk
assumption that the contact impedance can be modelled solely by a lumped seriaa@@mitt

is not violated, the new proposed de-embedding method should be valid for these samples. It
is interesting to note that the estimated contact impedance is found to be somewhat larger than
that obtained in DC measurement.
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Figure 359 Extracted contact impedance using the two line method
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Figure 360 Circuit model of a Au nano-transmission line with emtimpedance
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3.2.5. Results and Discussion

The results are examined as follows. First, it will be demonstrated thanthder CPW
structure combined with the 50 um-pitch GSG probes yields better measurement results. Then,
the coupling effects between signal pads will again be addressed and the pogsibility
improve the de-embedding will be discussed. The extracted characteristics of tHme®mno-

in relation to their geometry and structure will be wghoLater, the physical limitations
impeding the de-embedding method will be revealed. The fundamental technique is then
extended to be more elaborate in order to maintain an accurate measurement well-into mm
wave regime.

Impact of Pad Design on Extracted Parameters

Figure 361 to Figure 3.64 show the frequency dependende,of and distributed parameters

R, L, G andC of sample No.F1 de-embedded with the new method. The simulated and
measured results are compared. The geometry of sample No.F1 is identical to thaef sam
No.4 in Section 3.1, representing a conventional micro-scale transmission lin@s It w
fabricated at the same layer as the CPW structure with linewidth and thitlaiegs8 and

0.5 pum, respectively. There are three sets of extracted experimental datdiffiement
combinations of lines (L2-L3 = 100 um, L3t = 300 um and L2-L4 = 400 um). The
simulated results are shown in solid line. It is not surprising to see thatithatiest for the

contact impedance is close to zero, as shown in Figure 3.65. The improvement using the 50
pm-pitch pads and probes can be noticed from the better agreement with thedoropdsk
compared to those results obtained from the 100 um-pitch setup (Figure 3.47 and Figure 3.48).
It is in fact more likely that this set of measurement has betteragcufor one, IN¥c)

should approach zero at high frequencies. For a low loss transmission line, when the
frequency increases to a certain level, werg oL andG « »C. Zc can be simplifiedo

JL/C which is purely real.

As shown in Figure 3.63, the closed-form formula depicts the increasing resistance
across a broad frequency range. Such increase is related to the initial stageiéskaince
the linewidth is larger than the skin depth (0.32 um at 65 GHzandtinductivity being 3.77
x 10’ S/m). There is observable deviation between the theoretical and experimentahvalues
high frequencies. The conductance value simulated in ADS Momentum agrees vamittwell
the experiment. By contrast, the model does not capture the frequency dependence of
inductance and capacitance above 20 GHz.
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Figure 361 Measured and simulat&d of sample Nd=1 Figure 362 Measured and simulatedf sample No.F1
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Figure 3.66 to Figure 3.69 further demonstrate the improvement in accuracy using 50
pm-pitch probes and pads. The dataset of L2-L3 from sample No.C1 is used fiatidinst
The best indicator to evaluate the measurement accuracy is the ex®act&landC. It is
evident that the measurement with 50 um pitch test set is much closertbeoretical value
and yields physically reasonable characteristics. This implies that reducisgé¢hef the
pads and the implementation of smaller pitch GSG probes helps to improve the acturacy o
the measurement. In other words, paresftiom the test set should be minimized despite the
availability of de-embedding techniques. Note that the Au conductivity apptiethe
simulation is 1.9 x 108/m which is 16% higher than that of Al nanowires.
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Figure 366 Measured and simulatett of sample No.C1 with
different pad designs

Figure 367 Measured and simulatedf sample No.C1 with
different pad designs
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Impact of Signal Pad Coupling on Extraction Parameters

In Section 3.1.5, the issue of signal pad coupling was revealed. Due to the substantial
uncertainty presents in the result, it was difficult to determine if éaendbedding technique
should be adjusted to account foistparasitics. In this section, the path will be continued to
analyse this effect to the test result. Figure 3.70 shows the extéagctddb0 pm-pitch CPW

empty devices of various separation distances using the method described in Section 3.1.5.
These empty devices show similar behaviours as those of 100 pm-pitch ones 3REGure
However, the capacitive coupling effect is less pronounced between these signal pads.
Considering the curve of I8{,) with | = 92 um, it tends to be slightly inductive at above 36
GHz. As mentioned earlier, it is likely that there is another mode of propagatcited
between the pads, which will offset lfy), making it significantly less capacitive. At 110
GHz, a small inductance of approximately 3 nH can be derived.
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Figure 370 Coupling impedance between 50 um pitch signal padiferent distanced.4 open: open device with= 492 um.
L3 open: open device with= 192 pm. L2 open: open device with 92 pm.

To determine whether it is necessary to consider such parasitics, it is helgufytdhe
accuracy of the extracted parameters after subtraction. As an example, we takéNsaBiple
having the linewidth and thickness being 0.2 and 0.1 um using only the dataset of &r2-L3 f
verification (Figure 3.71 to Figure 3.74). The observation is similar tarirfaection 3.1.5 in
which the major difference between with and without subtractiofi.afcoupling admittance
between the signal pads) lies in the attenuation constant. Here at 90 GHz, aeiotiE
in o is obtained and the discrepancy between the extracted and simulated data igemhinimi
from 8.4 to 4.6%. A noticeable difference can be observeRl amdL as shown in Figure

56



CHAPTER 3

3.73. The result after the removal ¥f, seems more reliable. For orfle,and L are less
sensitive to the frequency, and correspond better to the simulation. Sincis thewiceable
improvement in the extracted result, it is reasonable to believe that the rexheigadal pad
coupling should be included in the de-embedding technique.
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Figure 373 Measured and simulaté&tlandL of sample No.B Figure 374 Measured and simulate® and C of sample
with and without removal of coupling effect No.B1 with and without removal of coupling effect

Performance Comparison of Single and Multiple Nano-lines

The discussion in the previous section completes the de-embedding procedure wheh will
applied to the test structures. Apart from single nano-lines, multiple nanoalihedso be
characterized. The performance of single and multiple nano-lines foema dimension will
be compared in the following section. It is important to see how the tranemitkse
parameters scale with number of nano-lins$. (The information is helpful not only to
provide a design rule for passive RF components but to identify limitatighie measurement
setup. The sets of measurement in this analysis are from sample Nos.Al and B1. The
linewidths of these samples are 0.1 and 0.2 um, respectively with the sekmeghiof 0.1
pm.

The first set of data presented is from sample No.B1. Sampl&2amnd BS refer to
two and five nano-lines carrying currents in a parallel path with #&ighl cross-section as
sample No.Bl. The interline distance is 0.2 um. Figure 3.75 to Figd& sBow the
measured and simulateft andy. In each figure, there are three groups of traces, sample
Nos.B1, B2 and B5. Three datasets extracted from different pairs of nanolines (L2-L3, L3-
L4 and L2-L4) are included for every group. Quasi-TEM model for the single transmission
line is added as a reference. Each group has a distinct trace so it ie daginguish one
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from another. Sample NB5? having the most amounts of metal lines naturally has the lowest
characteristic impedance and propagation constant. The result extracted from multiple nano
lines either from sample NB®2° or B5* demonstrates a consistent trend. As for the single line,
the dataset associated with the measurement of L4 (L3-L4 and L2-L4) shows a significant
deviation inZc from the model, in particular at frequencies above 30 GHz. This could be
attributed to small transmission signal given from L4. The only well-behewed is from

L2-L3 which agrees sufficiently well with the model. For better understantiey
performance of these structures, one should consider the effective distribu@d R
parameters of the devices (from Figure 3.79 to Figure 3.82). It is interastinge thaR is

nearly constant at all frequencies, meaning that these lines do not suffeskiroreffect.
Besides, the effective resistance of multiple lines is simply the resigthacgngle nano-line
divided by the number of linedNJ. As for L andC, not surprisingly, we observe a reduction

in inductance and an increase in capacitance per unit lengthiasreases. However, it
appears that the devices with multiple lines are not simply the pacahlabination of the
circuit for a single line. Due to the proximity between the nano-lines, themijding effect
between the lines, introducing mutual inductance and capacitance. As a consequence, the total
effective inductance and capacitance do not scale linearly Mitithe higher effective
capacitance is naturally accompanied by higher dielectric loss, thereby Gigher
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Figure 375 Measured R&) of sample Nos.B1, B2and B3
(from top to bottom). Each sample type has three datdssts
L3, L3-L4 and L2-L4). The proposed model for sample No.
is included.
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Figure 377 Measuredx of sample Nos.B1, Bzand B3 (from
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Figure 376 Measured In¥c) of sample Nos.B1, Band B3
(from bottom to top). Each sample type has three datdsats
L3, L3-L4 and L2-L4). The proposed model for sample No.
is included.
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Figure 379 MeasurecrR of sample Nos.B1, B2and B3. The Figure 380 Measured. of sample Nos.B1, B2and B53. The
proposed model for sample No.B1 is included. proposed model for sample No.B1 is included.
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Figure 381 MeasuredC of sample Nos.B1, B2and BS. The Figure 382 MeasuredG of sample Nos.B1, B2and BS. The
proposed model for sample No.B1 is included. proposed model for sample No.B1 is included.

Another set of measurement is sample No.A1 (0.1 um thick and wide). Likewise,
Sample Nos.A2and A5 refer to two and five nano-lines with the identical cross-section as
Sample No.Al (Figure 83 to Figure 3.87). A similar problem arises in certain datasets. We
begin to see distortion in trace at high frequencies even for those on&sL3f MWhen
examining measurement data, it can be seenzbatt the frequency above 60 GHz for
sample No.Al and No.AZre not reliable. Yet, the plots @fandp from sample No.A2still
provide a trustable reference. It should be noted that for better illustrawodatasets of L3-

L4 and L2L4 from these two sample types are intentionally omitted. The proposed miodel fo
the single line device agrees well with the experimental data up to 40lGHe.line still
respects the conventional transmission line theory, the model is a good indicatibiatof
should be expected at the frequencies above. Consequently, the ex@ractddgued by the
inaccurateZc andy after calculation (Figure 87). It is relevant to mention that the estimated
metal conductivity is 1.9 x 108/m. Such Au line reaches up to 500 ger unit length,
presumably remaining constant at all measured frequencies.
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Figure 385 Measured: of sample Nos.Al, A2and AS. The Figure 386 Measureds of sample Nos.Al, A2and AS. The
proposed model for sample No.A1l is included. proposed model for sample No.A1l is included.

10000

—ATSamplé No? AL, L2-L3 "~ 7 7 7 T
9000 . Sample No. A2°, L2-L3 ]
8000 {—o— Sample No. AS’, L2-L3 E
7000 | —+— Sample No. A5’, L3-L4

0 10 20 30 40 50 60 70 80 90 100 110
Frequency (GHz)

Figure 387 MeasuredR of sample Nos.A1, A2and A5. The proposed model for sample No.A1l is included.

Table 3.4 summarizes the discrepancies between the simulation results anemessur
for sample Nos.Al, B1 and C1. Only the datasets from L2-L3 are taken into actoent.
new de-embedding procedure yields a significantly improved accuracy comparthg to
result presented in Table 3.2. Within approximately 5% error for all thepgaw@meters is
achieved in the case of sample No.Bl. In particular, the extractet)listfows dramatic
improvement when the proposed technique is used. The model agrees less with the result
obtained from sample No.C1, especially at mm-wave range. This is imegrewith what
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was observed earlier in Section 3.1.6 in the case of sample No.1. A good indioation t
examine the accuracy of the model is the correspondence of RLGC elements. Figuite 3.69 (
can be found in Section 3.2.5) shows that the percentage difference betwdwrothtical

and actual values in capacitance could reach as much as 20% at 110 GHz. It ibdikelg

mesh density was set too low for the slot lines in ADS Momentum. In addition, samplte No.
exhibits unusually large discrepancy at 90 GHz. This is relatéiiettrace distortion which

was discussed earlier. This issue will be address later.

Table 3.4 Discrepancy between simulation and measursrfiergample NasAl, B1 and C1 using L2-L3 dataset. The variation
of a is estimatedis™=<4~%m The other parameters are calculated in the same manner.

simu

% variation 30 (GHz) 60 (GHz) 90 (GHz)

Re(Zc)| Im(Zc)| o B [Re(Zc)| Im(Zc)| « B Re(Zc)| Im(Zc)| o B

Sample No. C] 6.3 8.2 -5 | -2 9.8 111 | -4 -5 16.7 18.8| -8 -8
Sample No. Bl 5.2 33| 04 2 0.4 -2.8 o5 -9g.6 -2|7 -3.9 4.
Sample No. A1 -6.4 6.6 16 25 -0.4 0.7 -3 -49 343 -9p.6 255

Impact of Gap Distance on Extraction Parameter

For coplanar wave guides, the electromagnéetd is mainly concentrated between the
ground planes and the central conductor. Depending on the choice of slot distiimde
between the signal line and ground plane), the transmission line characteristie can
modified [79]. In this study, two types of gap distance are considered in the design: I2 and 2
pm. The gap is defined as the distance between the two ground planes (see Figuree3.53). Th
effect of gap distance is evaluated and plotted in Figure 3.88 to FifitefoB. sample
Nos.B1 and A2and only the traces of L2-L3 are taken into consideration. With a smaller gap,

a noticeable shift of curve can be found in the real part of charactdrighbedance
approximately 10% at the range around 90 GHz. Other parameters show less than 5%
percentage difference, which is within the uncertainty range of the origgadurement. As

a reference, a repeatability test is performed on a second device for sampl®.Bfpe N
ignoring jitter in the signal, the maximum variation is 5% in all parameterslaSinehaviour,
perhaps obscured by the distortion in the trace at mm-wave range, is observed in ithe two |
device for sample type No.AZThe result implies that the gap distance seems to have only a
mild influence on the transmission line characteristics.
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Figure 388 MeasuredZc of sample Nos.B1 and B1Sample Figure 389 Measuredy of sample Nos.B1 and B1’. Sample
No.B1: single line, linewidth= 200 nm, gap distanc0=um. No.B1: single line, linewidth= 200 nm, gap distanc20um.
Sample No.B1 and Sample No.Bl repeat: single line, Sample No.B1 and Sample No.Bl repeat: single line,
linewidth= 200 nm, gap distance = 12 pm linewidth= 200 nm, gap distance = 12 pm
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Figure 391 Measured of sample Nos.A2andA2% Sample
No.A2* double line, linewidth = 100 nm, interline distane
200 nm, gap distance = 20 um. Sample N&:Adouble line,
linewidth = 100 nm, interline distance = 200 nm, gégiance

=12 pym.

Impact of Inter-line Distance on Extraction Parameters

It was shown that impact of gap distance is rather minor. Another intgressign factor in
multiple line devices is the separation distance between the lines. Figure 3.92 éo3<gur
show the influence of interline distance to the extraZeedndy. This set of data is based on
nano-lines with linewidth being 0.2 um and thickness 0.1 pm and only the traces of L2-L3 are
taken into consideration. Sample No<.Bhd B35 refer to two and five nano-lines with
interline distance being 200 nm whereas Sample No.aB& B3 are with 1000 nm. £
show in Figure 3.94, the increase in interline distance introduces more atterfudtsrch
effect is only found for the device with five nano-lines. Specificaitypre than 30 % of
change is seen at 90 GHz. When examining closelyZdre(nd Imgc) are both slightly
lower across the frequency range. At 30 GHz, the differences are approximategnii2%
they become less and less significant at frequencies above this point. Weacanralider
RLCG parameters to further interpret the result (from Figure 3.96 to FB)@8. The
observed increase in can be attributed to the increase in dielectric &Sk which is
associated with the comparatively higher effective capacitance. Thaveffiectuctance has
dropped substantially but this only begins to have influencécaandy at high frequencies
since R is dominant in the frequency of analysis. In fact, at low frequenZiegan be

approximated be/R/G .
JR + jwL) /(jwC). With this knowledge, it is then possible to explain the variatioficof
Further supporting the impact of interline distance on transmission charactefgigse
3.100 and Figure 3.104 show another set of data using multiple hano-lines aitidtinand
thickness being 0.im The result indicates that the influence of a wider separation distance
is more significant when linewidth is smaller. For instance, lower charactémgiedance

are readily evident at low frequencies. The difference reaches 20% at 30tGHiaultl be
noted that the accuracy of Sample Nd&.Appears less accurate than Sample N8.aA2nm-
wave frequencies. The simple fact is that the trace faZdReppears discontinuous at the 65
GHz, the transition frequency of our measurement system.

At the high frequencies, the expression fAc becomes
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Based on this analysis, we can see that the multi-line devices are fagdorabignal
transmission. They have less metal losses and better impedance matching wékt the t
equipment. Although it is true that the attenuation remains far more than tthegt a€tual
state-of-the-art classic line, (the attenuation of a microstrip li® inm technology node is
typically lower than 2 dB/mm at 100 GHz), it was shown thaan be effectively minimized
with increasing the numbers of nano-line (a decrease by 50% was shefivaviparallel
nano-lines at 100 GHz) Most importantly, the multi-line devices provide meesldm of
design because the transmission characteristics can be controlled by changingoirs nfim
nano-lines, the distance between lines as well as the linewidth which makes them an attractive
alternative to conventional CPW structure.

Limitation of the Extraction Procedure

It seems that the degradation of accuracy found in the extracted parameterdus twthe
limitation of measurement system. One of the best indicators to iddwifyource of error is
Sparameters. Figure 35 to Figure 3.107 shows the magnitude $f parameter taken
directly from the measurement of the test samples along with the simulatedt shesild be
noted that the pads are not taken into account in the simulation which explgtitly tss
losses. In the case of sample No.C1, the meashpadameters follow the simulated ones for
all the lines of different lengths (L2, L3 and L4). However, this is not the frassample
Nos.B1 and Al. We can see that the measured data from L4 deviates from thec#heore
value. It could even be argued that the deviation is observed for sample No.Allm L3.
principle, transmission line properties do not depend on line length. There seemsao be
reason why the simulation agrees well in the case of sample No.C1 Ibubfaatisfy the
others. In Figure 3.108, the magnitudesgfparameters of the open structures from different
lengths are compared. We also include the measurement with the probes indiecdir
contact with the substrate. The result implies that there is propagation of sityne¢b pads.
Most importantly, the level of this receiving signal becomes comparable to 4he L
measurements of sample Nos.B1 and Al at high frequency region. It is lilelyhth
transmission signal given by these lines is so small that the contribution from theuttstestr
parasitics becomes equally important. In consequence, it is difficult to isolatggtied
coming from the intrinsic device. Besides, the treatment of the two line metiqodes
subtracting the RF response of another line and the contact impedance. Although not
explicitly demonstrated here, it is relevant to mention that the extractemttonpedancé,
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includes error and it becomes increasingly intolerable as the size of nano-lieasédsc In
the next section, thru-only de-embedding technique will be reconsidered which ésnphev
degree of accuracy at mm-wave frequency.
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Figure 3.107 Magnitude &, for sample No.Al Figure 3.108 Magnitude &; from the empty open structures

and when probes are in the air. L4 open: open devitbd =
492 pm. L3 open: open device witk 192 pm. L2 open: oper
device withl =92 um.

Other De-embedding Technique

Unfortunately, the measurement errors will always be present either fridmattan or
instrumentation. The error can propagate to allStparameters through the de-embedding
calculus. In particular when insertion loss is large, even a small measurenwntagrr
obscure the device characteristics. It has been shown that the validitg téctmique,
summarized earlier, is limited by the small transmission signal. To mmiover de-
embedding, we reconsider thru-only method to examine the precision. In Section 3.1.5, the
misfit between the measurement and the model was quantified. While the sanatyserned

the de-embedding inaccuracy due to the underestimation of contact impedance b@ldw; 30

at the frequencies beyond, the contact impendence residue has negligible effett Zm bot
andy. Figure 3.109 to Figure 3.114 compare the extragtedndy. L2-L3 refers to the de-
embedded result using modified two line method while L3 represents the one de-embedded
with thru-only method. It should not be surprising to observe some discrepafmyeat
frequencies in sample No.B1 (linewidth and thickness equal to 0.2 apdnDréspectively.)
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On the other hand, we see that the trace of L3 closely follows that of L2-L3 and the model at
frequencies above 70 GHz. As for sample No.Al (linewidth and thickness equal to 0.1 pm),
the high-frequency characteristics are plagued by errors in L2-L3. In contrasgcinef L3
maintains a continuous frequency-dependent curve above 70 GHz, despite of the observable
disagreement with the model. The extracted result shows that the propagatiaiv eeldy)

is longer and has far more attenuation than the theoretical values. Thityatirakponds to

the claim in Section 3.1.5 when evaluating the 100 nm wide Al nanowire (sample No.3). Here,
the misfits between the model and the extraetethd are about 13.0% and 12.5% at 90
GHz, respectively (In Section 3.1.5,is 25% and 18% fof were found at 90 GHz whdn=

192 um for sample No.3). Figure 3.114 (showing the case of two nano-lines withntiee sa
dimension as sample No.Al) further supports the limited precision of extra@adf at

high frequencies using two line method when the linewidth scales down to 1@nengets

8.8% and 10.9% less im and f at 100 GHz, respectively comparing to the values de-
embedded with thru-only method. This result clearly reveals that accaodthg frequency
range, different de-embedding procedures should be applied while characterizing nano-
transmission line.
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Having gained the insight from the new analysis, we revisit the measurement and
perform the extraction using thru-only de-embedding method, only to confirm ¢hioys
statement. The results of the single-line devices with different dimension aes pfoRigure
3.115 and Figure 3.116. Only the frequency range above 65 GHz is examined this time.
Sample No. F1, having a dimension closer to typical transmission lines in the adR&ced
CMOS technology is included for establishing a point of reference. Themdretlues are
included for comparison, shown in dotted line. Narrow conductors, like sample Nos.B1 and
Al show that their propagation delays £ w/f) are much longer and the characteristic
impedances are far more frequency-dependent than those of the wider lines. The high
resistance has made the nanowire slower compared to conventional transmissi@olites
agreement can be seen between the model and the actual values, except for samphe No.A1l.
90 GHz, its Re{c) is 27.8% lower than the simulation whikeandf are 13.0% and 12.5%
higher, respectively. InZC), on the other hand, matches perfectly with the theoretical value. It
is likely that elements like inductance/capacitance associated with quamansport effect
need to be added to physically interpret the additional latency and lossespla SinAL.
However, it is true that they might not be as impressive as in the case of aQNT [2

An interesting design problem is: can we make use of the appearance of slow wave while
avoiding high conduction losses by utilizing a multiple nanowire system? lextangsine the
performance of a parallel combination of nanowires and a single wire having the same
amount of conductor. Sample NoAgnd B1 will be a perfect example (Figure 3.117 and
Figure 3.118). Sample No.Al is included for comparison. If comparing sample Nos.Al and
B1, 39.5% increase ifi can be observed at 90 GHz. Yet, the increase is only 5.6% if two
nanowires of the same dimension as sample No.Al are used instead (sary@%. Nis.
attenuation is effectively reduced but still higher than Sample No.B1 by AG#asonable
trade-off may be made to achieve desired circuit performance.
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3.3 14.0-210 GHz Characterization

Having performing a thorough characterization up to 110 GHz, it would be interesteg

how these nano-transmission lines behave at even higher frequencies. New measurement was
carried out in VTT technical research cenmeFinland using 140-210 GHz measurement
setup. This included an HP 8510B VNA from Agilent as well as a nateémwave VNA
extension module provide by Oleson Microwave Labs. The measurements were calibrated
using the LRM algorithm provided by the WinCal software from Cascade Microtech, and

the standards from Picoprobe (WR-5, for G-band). The RF probes were with GSG
configurations and 100mpitch provided from Picoprobe. Each measurement was made with
401 data points using 3 for averaging factor in a 10 kHz IF bandwidth.

As can be seen in Figure 3.119 and Figure 3.120, the transmission lines behave in a
similar manner above 140 GHz. The attenuation témdaturate at high frequencies and the
phase velocity remains constant all along the frequency. It is interestingetdhavtthe
imaginaryZc approaches zero while reat is independent of frequency. This indicates that
the characteristic impedance is determined_-3ndC. In a sense, the high frequency will
make the metallic nanowires behave like conventional transmission lines at low frequency.
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3.4 Conclusion

In this chapter, the broadband transmission characteristics of individuaiwtiiple metallic
nanowires were reported by means of a CPW platform on a standard silicon substrate.
Different linewidth ranging from 8 um to 100 nm and thickness from 500 to 10@erm
analysedMost of these nanowires exhibit characteristic impedances much higher tlian 50
Some interesting properties were found. It was observed that the characteristic impedance of a
single nano-line reduces as increasing frequency. At a certain frequency above (about 140
GHz), Zc approaches to a fixed value, behaving as a loss less line. This also meé#ms that
issue of impedance mismatching can be overcome by increasing operating frequency.
Naturally, this frequency depends BnL, C andG of the nanoline. Meanwhile, attenuation
increases with increasing frequency. However, it appears that attenuationebelem®
frequency-dependent above 140 GHz. The corresponding loss par&netarfixed value
across the frequency range, suggesting that skin effect is ineffective. Perhapssthe
important observation is the phase velocity. The dimensional scaling resultsginifecant
latency in wave propagation. The proposed model agrees very well with themeqgsri
suggesting that quasi-TEM propagation prevails in these nanowire devices. However, th
apparent discrepancy observed between the theoretical and experimental values was observed
for the smallest nanowire having a linewidth and thickness below 100 nm. It is liatly t
quantum transport effect{ and Cp) begins to manifest in the nanowire with such critical
cross-sectional area.

Due to the high resistivity, nanowires should be only reserved for short-distance
transmission. Multiple nano-line devices were then proposed to allekimte2¢hnological
challenge raised due to high conductor losses. It was found that RLGC parameters scal
effectively with the numbers of nanowirell)( The effectiveR remains irrelevant to the
frequencies and decreases almost linearlil @#screases. The characteristic impedance and
attenuation can therefore be improved. Specifically, in the case of a 100 nm widecknd thi
nano Au wire, it was observed that the attenuation was reduced from 60 to 30 dBién
GHz by just adding four more wires in parallel. Such characteristic nmak#gine device
competitive to the state-of-the-art lines. On the other hand, the phasantahsarly drops
when more wires are included. That is to say the slow wave propagation effect bxgsmes
impressive in a parallel nanowire system. In addition, mutual interaction exit®dretw
parallel nanowires. By increasing the distance between the wires, it is alsogtssdduce
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the characteristic impedance at the cost of an increase in the attenifataing into
account all the design parameters (the linewidth, thickness and the numbers of nan@wires, th
interline distance), one can imagine possible applications such as phase shifen®-or n
resonators by implementing metallic nanoscale transmission lines. Asist dut that the
physical behaviour of metallic nanowires are quite similar to those of metallic CNTSs.

Another focus in this chapter is to develop a de-embedding technique that could leverage
the accuracy of the extracted transmission line characteristics. Due toadytremall
transmission signal and high impedance mismatch attributed to nanowires, pafiasitc e
need to be handled with care. In this chapter, the effects of contact impedapeel#mpad
coupling were discussed. As the importance of parasitics depends strongly mytlendy
response, it is suggestthat different de-embedding procedures should be used according to
the frequency of analysis. Nevertheless, to achievesuccessful nanoscale RF
characterization, test structures should be designed to avoid parasitics. Tadesnc
minimizing the pad-line discontinuities, pawpad coupling, and extra substrate loss as well
as contact impedance.
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Chapter 4

Nanocale On-chip Integrated
Millimeter Wave Antennas on
Various Substrates

Integration of antennas with RF electronics on one chip has received greabratente the

past ten years. It has been regarded as a potential solution to resolviti¢hedofor signal
transmission in future development of ultra-large scale integration (ULSKsbem-on-chip

[80]. The RF clock distribution using integrated antennas was developed by Flakdtet
largely reduces the chip area used in interconnection and virtually elimihatégspersion
problem [81]. The concept of using integrated antennas is also extended to wireless chip area
network, namely data communication between chips (inter-chip) or withirpgiohia-chip)

[82]. Thanks to the recent development in silicon-based monolithic integratechetat

wave circuits, small antennas can be integrated with a system on a single rapigtaisdard

CMOS technology, such as 60 GHz application. As the operating frequency of RF circuits
continues to increase, CMOS transceiver design has already been implemented in the 90-170
GHz range [83]. RF signals will require an antenna size that is comparablavévéiength.

As an example, a quarter-wave antenna for operating frequency at 90 GHz is onig4dbout

pm long when integrating on silicon. The lengths are easily scaled. But to patdsenwith
aminiaturized system, all dimensions must be scaled. This means that the thickness and width
of antennas should also be close to nano-metric scale. Integrated antennas cafrdmanefit

the increasing processing capability to be compatible with nanoscale communication
networks. However, integration with such miniaturized antenna has not yet cdimehie

picture due to the fact that antenna performance detes@eaterely because of losses in
metal layer as well as in the conventional silicon substrate (resistivity = G-¢ifi) [41]

These are the fundamental limitations of material characteristics fortimme at RF
frequencies. Different solutions were proposed for minimizing substrate |easgs,as
integration with high resistivity silicon substrate [84] or Si-on-quartzgp({35]. However,

little work has been carried on miniaturized on-chip antenna with a faegeiency above 60

GHz. In this work, the effect of small and thin metal lines on wireless|digmsmission in
various kinds of substrates will be examined to understand their characteristics and lgnitation
The research was made using dipoles and planar invErtadtenna (PIFA), two most
commonly used and easily implemented planar antennas, in the frequency range of 1-110
GHz and 140-210 GHz. This study is meant to provide a glance of theokthteart and
evaluate the potential in dimensional scaling with regard to short-distancéeswire
communication.
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4.1 Past Work in On-chip Integrated Antennas
for Millimeter Wave Applications

Previous researchers have reported on-chip antennas using CMOS process for operating in the
60 GHz band for wireless personal area network (WPAN) applications. In 20@3arsl

Chuang have realized a planar meander-line invdftegitenna on standard silicon substrate

[40]. The antenna was fabricated with a 0.18-um CMOS process. The chip sigevevaas

0.815 x 0.706 mfa The transmission gain was measured with a probe station and network
analyser. The maximum gain they found was -15.7 dB at 60 GHz. Using Ansoft HFSS
simulator, a radiation efficiency of ¥was obtained. At the same year, Hsu et al. reported a
CPW-Fed Yagi antenna using standard 0.18 um CMOS technology [86]. The maximum
power gain was measured as -10.6 dBi at 60 GHz (dBi is the unit for theerg@atver gain

of an antenna compared with a lossless isotropic source. The negative power gain suggests
that it probably includes conductor, substrate or impedance matching loss [87]. More
information about the antenna power gain can be found in Appendix A). The simulated
antenna radiation efficiency was about 10%. The chip size was 1.1 >m@n@5With the

same technology, these same authors have also implemented a triangular monopole antenna,
reported a maximum gain of -9.4 dB with radiation efficiency of 12% [88]. In 2012, Titz et al.
presented the design and measurement of a 350 um long IFA and a 1 mm long dipole antenna
integrated at Metal 6 in the BEOL (Figure Jllvaving thickness less than 1 pm with 130 nm
CMOS technology. Their individual radiation pattern was measured. A maxirainmof-8

dBi and -14 dBi were obtained, respectively. The simulated efficiency was foundlL@de

[89]. The radiation efficiency is relatively poor, which unfortunatety the typical
performance reported to date. For comparison, typical radiation efficiency for antennas in free
space isn the order of 70% or more. Not to mention that the physical dimensidth(and
thickness) of these antennas is far from nanoscale level. The lossy sulsstnadénly
responsible for the power dissipation, making them less competitive tharodioprd
transition or low loss transmission lines.

The electromagnetic coupling can be performed via waves radiated into space and waves
guided by layered media. Therefore, by optimizing the properties of the substrigte, it
possible to maximize the antenna gain and minimize the substrate loss. Depending on
applications, small-size antennas are also capable for short-range wireless-interconnections.
They should be designed to launch effectively surface waves rather than spader\whoe
distance communication. Zhang has evaluated the gain for intra-chip communinaten i
frequency domain from 10 to 110 GHz for a 1 mm long monopole antenna pair using
aluminium layer of 2 um thickness and 10 pm width on both low and higliviggisilicon
substrate. They have observed a Highwindow close to -20 dB in 15 to 30 GHz and 25 to
60 GHz at a separation distance of 5 mm on the high resistivity Si subS0ht©n the
contrary, poor antenna characteristic was found on the low-resistivity Bugh time-
domain analysis, they further concluded that surface wave was the dominant path of the
received signal. For the similar application, Triantafyllou et al. demonstratddl @B-in S,
for a 2 mm long dipole pair fabricated on SOI silicon substrate (on top of a higtivitgs
silicon substrate) at a distance of 2.5 mm [91]. These antennas wecattabin Metal 6 in
the BEOL with linewidth close to 10npin 130 nm CMOS technology. The antenna was
designed resonating at 30 GHz. The wave propagation mechanism for intra-chip
communication has been investigated by Yan and Hanson [92]. It was foundittihat w
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guiding layer, surface wave propagation can be effectively enhanced to achieveghigher

In the work of He et al., a 0.36 mm thick diamond layer was inserted between ¢be sili
substrate and the heat sink [93]. The transmission gain of a 2 mm long and pboti2k

dipole pair on a 10@-cm Si substrate can reach -6.8 dB at 26 GHz with a separation distance
of 1 mm. It is interesting to note that they have observed no obvious gain imamtve
between the dipole pair with different widths (5, 10, 30 and 100 um) when tfi@que
exceeded 30 GHz.

Indeed, no realization of metallic nanoscale on-chip antennas for millimeter-wave
frequencies was found in the literature since they are considered injujpiwet antenna
candidates. While the applicat®below and around 60 GHz were well explored, the picture
for the frequency above remains sketchy. The utility and value of these nanoscalesantenna
remains open for discussion. After all, as the CMOS device dimension continueseo s
down, operating speeds and cut-off frequencies of CMOS devices will exceed 100 Belz i
near future, this will inevitably apply for antennas and other radiation elememtegrated
circuits for on-chip and chips-chip communication [94].

4.2  Design of the Test Structures

Two kinds of antenna architecture were adopted in this study. They are dipoles and Fverted-
antennas (The basics of dipole and inverted-F can be found in Appendix A). The dimensions
of the antennas were designed to cover a wide range of frequencies from 20 OSidz14
Those operating at lower frequencies (below 60 GHz) can provide a refeoecompare

with the performance of the state-of-the-art on-chip antennas. Considéengtrong
attenuation in low-resistivity silicon substrate, different types of intedratdstrate were
implemented to better observe the characteristic of nanoscale antennas. Tise adetail
described in the following section.

4.2.1. On-Chip Dipole Antennas Integrated on Standard
Silicon and Porous-Silicon Substrate (Test set
No.1)

Dipole antennas are preferred for wireless chip area networks since they caizenihie

noise and interference signal generated by other circuits, making them agaogielate for

short distance signal transmission between ultra-large-scale integrateds c(ULSIs).
Figure 4.1 shows the geometry of the designed on-chip planar dipole fed by a slot line. For
dipoles, the total length(=2-Ld + Ls) is about a half wavelength of the operating
frequency. Dipoles are easily controlled and realisable antennas. It is known ttistahee

of the gap I(s) and the length and the width of the feed lih¢ énd W) have a strong
influence on the impedance match of the antenna [95] [96]. In principle, they should
contribute onlyaslight variation in the resonant frequency.

75



CHAPTER 4

Figure 4.1 Geometry of am-chip dipole antenna on top of the dielectric lafi@ue) and silicon substrate (grey,

In this test set, the intention is to characterize small-size dipole astémegrated on
porous silicon substrate. Porous Si substrate technology has been demonstrated to improve the
performance of transmission lines up to the mm-wave range as result of itselewatrii
losses [97]. Porous silicon layer can be locally formed with a thickness reaghitmg200
pum. Two sets of dipoles were designed. Most importantly, it is compatilte steindard
CMOS processes, making it attractive to be integrated with RF passivesd&ach has two
dipoles facing each other with a separation dist&(€igure 4.2). The geometry parameters
are summarized in Table 4.1. In addition, another test set with the samewlasifabricated
on a standard silicon substrate of low resistivity ¢1Q.cm). The fabrication was realized in
the Institute of Microelectronics (IMEL), NCSR Demokritos, Athens. It should be nlo&atd t
this cooperation was within the framework of Nanofunction (Network of Excellence).

Figure 4.2 Schematic of a dipole pair facing eatieoat a distance

Table 4.1 Geometric parameters of the on-chip dipdlenamas (Test set No.1)

Sample No.[ Ld (pm) wd (um) Lt (un|1) Wt (um) Thickness Jubos (um)| R (pm)
1A 1000 4 20 5 0.25 50 1000
1B 1000 3 250 50 0.25 50 1000
1C 500 2 80 50 0.25 50 1000
1D 400 2 93 5 0.25 50 7000

4.2.2. On-Chip Dipole Antennas Integrated on High-
Resistivity Silicon Substrate (Test set No.2)

Dipole antennas with even smaller geometries were further implemented onisplated
high resistivity silicon to examine antenna properties. The operation range vigisedes
closer to millimetre wave range. The antenna structure was first testddSrivilomentum,

76



CHAPTER 4

providing an estimation of transmission performance. The geometric parameters of the
designed pairs are listed in Table 4.2. It can be noticed that the thickribssefipoles is

0.1 um. The arm length varies from 400 to 200 um. The separation distanmedueed to

700 um to improve the transmission gain. An asymmetric dipole (sample No.2C) was
included to study the effect of different excitation positions. The geanwdrifiguration is
illustrated inFigure 4.3. Meanwhile, the impact of length and width of the feed line was
examined.

Table 4.2 Geometric parameters of the on-chip dipdlenaas (Test set No.2)

Sample No| Lds (um) Ldg (un|1) Wd (um) Lt (prln) Wt (Um) THness (um) Ls (um) R (un|
2A* 400 400 2 40 2 0.1 14 700
2A? 300 300 2 40 2 0.1 14 700
2B 300 300 2 90 2 0.1 14 700
2C 300 100 2 40 2 0.1 14 700
3A! 300 300 1 40 2 0.1 14 700
3A? 200 200 1 40 2 0.1 14 700
3B 300 300 1 40 1 0.1 14 700

Figure 4.3 Geometry of an asymmeigchip dipole antenna on top of the dielectric lagred silicon substrate

4.2.3. On-Chip Planar Inverted-F Antennas Integrated
on High-Resistivity Silicon Substrate (Test set
No.3)

Another popular planar on-chip antenna is the planar inverted-F antenna (PIR&9.deen
widely applied within the mobile phone market. The length of the PIFA is about a quarter
wavelength of operating frequency. This provides the possibility to furtidleice the size of

the antenna at high frequencies. The layout of the designed inverted-F antenna is presented i
Figure 4.4. Basically, a PIFA consists of a single line next to a ground plane andtednnec
with a short circuiting line, and a feed line. A similar design has drbaen adopted by

other authors [98]. Such configuration is compatible with GSG probes, at the same time
minimizing the radiation loss and coupling between the ground pads. Ited tiwt the
distance between the feed line and the shorted lidg) (and their lengthL{) play an
important role on impedance matching. Table 4.3 summarizes the geometric parameters of the
tested antennas.
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Figure 4.4 The layout of an inverted-F antenna wittund planes on top of the dielectric layer afidasi
substrate

Table 4.3 Geometric parameters of the on-chip inveftadtennas (Test set 8.

Sample No| Ld (uml) Lds (um) Ldg (un) Wd (pn) Lt (ym) Win()| Thickness (pmf) R (pn
4A" 500 400 100 2 100 2 0.1 700
4/ 400 300 100 2 100 2 0.1 700
4A3 300 200 100 2 100 2 0.1 700
4Bt 500 300 200 2 100 2 0.1 700
4B° 400 200 200 2 100 2 0.1 700
4B° 300 100 200 2 100 2 0.1 700
4c 500 400 100 2 40 2 0.1 700
4 400 300 100 2 40 2 0.1 700
4C 300 200 100 2 40 2 0.1 700
4Dt 500 400 100 1 100 2 0.1 700
4D? 400 300 100 1 100 2 0.1 700
4pD° 300 200 100 1 100 2 0.1 700

4.3 Fabrication and Characterization

4.3.1. Test Structure Fabrication

Test set No.1: Dipole Antennas Integrated on Porous-Silicon and
Standard Silicon Substrate

The porous silicon substrate was prepared as follows. First the porousn@irane was
locally formed on a highly-Boron doped silicon substrate with an adequate mask. ditge det
can be found in [99]. The thickness of the membrane is 150 um with an estimated permittivity
close to 3.5. Next, a 500 nm thick TEOS silicon oxide (Tetraethylorthos)liwas deposited

on top of it. The antenna structures and the RF pads consist of a single Alumindaygal

with 250 nm thickness. The E-gun evaporator was used for metal deposition. &hey w
fabricated through standard lithography and lift-off method. The dimension of thad&F

was 100 um in length and 50 um in width with a distance between pads being 50qy

are designed for 100 um-pitch GSG probes. In addition, another batch of anteamas w
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realized on a low-resistivity silicon wafer. Just like the porous siliconmsubst TEOS layer
with 500 nm thickness was deposited for signal isolation. It should be noted that theghick
of the Si substrate is around 500 I herefore, after the formation of the porous silicon layer,
there should remain approximately 350 um thick silicon underneath.

Test set Nos.2 and 3: Antennas Integrated on Oxide-Isolated
High-Resistivity Silicon Substrate

A commercially available high-resistivity silicon wafer was usedusstrate for this test set

of antennas. The specifications are P-type, Boron doped with a minimum resistivity over 2000
Q.cm and a thickness around 525 pm. A 500 nm PECVD oxide was first deposited before
fabricating the antenna patterns. Unlike the procedure mentioned earlier, anteneas wer
fabricated in a separated step before defining the RF pads. Electron bearapitlyd@BL)

and lift-off method (PMMA 950 K 4%, 0.3 pum thick) were applied to achieve the 100 nm
thick Cr-Au dipoles and PIFA structures (90 nm thick Au over 10 nm thick wgr this
process, we proceed to realize the RF pads by standard lithography and lift-off method
(AZ5412E as resist, 1.3 um thick). The RF pads consist of a single Al lagre500 nm
thickness. Figure 4.5 to Figure 4.9 show the top view of the fabricated dipole antennas and
PIFA under optical microscope. The antennas were designed in pairs and placedtparallel
each other at a specific distanBe As can be seen in the figures, the tapered transition
adopted in the signal pads is to minimize the effect of discontinuity. In theotctdse dipole
antennas, the tapst design is also necessary for the ground pads allowing a closer distance
between the armd.¢). The RF pads arrangement is GSG configuration with the pitch being

50 um. Given the large surface area of the ground plane, the RF padsRiFfheare
compatible with 50 pm as well as A@m pitch GSG probes. Figure 4.10 shows the
connection between the RF pads and the antenna. A considerable overlap between the two
components can be seen at the contact. Meanwhile, there is a noticeable step change due to
different metal thickness. Note that the marks observed on the pads are due to the probing.

Figure 4.5 Photo of a dipole pair with pads integglain oxide-Figure 4.6 Photo of a single dipole with pads irdaéept on
coated highR Si wafer oxide-coated high-R Si wafer
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Figure 4.7 Photo of an asymmetric dipole with pads (#smpFigure 4.8 Photo of a PIFA pair with pads integraiadxide-
No.2C) coated high-R Si wafer

Figure 4.9 Photo of a single PIFA with pads integtate Figure 410 SEM image showing the connection between the
oxide-coated high-R Si wafer pads and the antennas

4.3.2. On-chip Antenna Characteristics

Propagation Mechanism

An on-chip communication system with a multi-layer structure is known to tidfezent

wave propagation components: surface waves by the air-wafer surface, space wdwes via t
air and guided waves within the layers [90]. Of all these components, the propagatio
channels through the surface wave and guided l@yexpected to be most critical. The
excitation of the surface wave can be either advantageous or disastrous, dependingtwhether
can contribute to the main beam radiation. In some applications such as inter-chip
communication or WPAN applications, surface wave power is even treated as losses, and it
becomes increasihgimportantasthe substrate thickness increases. Otherwise, it is a natural
candidate for transmission enhancement in an intra-chip system. Through an optimization
the dielectric structure, more energy can be carried by surface Wwasefore contributing to

the receiving signal. Yet, special attention needs to be paid to desidictive interference
between the multiple wave components [92]. As the frequency increases, differentaihodes
surface waves can be excited, namely TE and TM modes. The cut-off frequencies of these
modes depend on the thickness and dielectric constant of the substrate, anéwdnabed

using the equations below [91]:
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ncy
fc=——— n=0,1,2,..for TM, modes (4-1)

2d./e, — 1

_(2n—-1)¢y
4d./e,. — 1

wherec, is the speed of light] ande, are the thickness and the relative dielectric constant of
the substrate. Considering a silicon substrate with a standard thickness of 52& gam w
expect to see TETMy, TE, and TM in the frequency band of our analysis. Specifically, they
occur at 43, 86, 130 and 172 GHz, respectively.

fc n=12,..for TE, modes (4-2)

Radiation Efficiency

Radiation efficiency is a measure to tell how well an antenna can convegt#iging power
to radiation power. There are several definitions of radiation efficierasdesciated with
antennas. In general, the overall efficiency is given as [87]

€total = €r€cd (4-3)

where g4 is total efficiency, e is reflection (mismatch) efficiency andy is antenna
radiation efficiencye andey are calculated as follows:

e, =1—18]? (4-4)
R
i =7 TR (4-5)
R.+R,

whereR; denotes the radiation resistance &ds the loss resistance. Note that this equation
only considers the losses within the antenna structure. The lossamesistonsists of
conduction and dielectric lossasy can be difficult to compute but it can be determined by
measuring the radiation pattern. Radiation patterns are graphical representations of
electrometric power distribution in free space. Although the radiatioarpatt not available

in this work, an attempt was made to estimate the radiation resistBnht¢e gain further
insight into the capability of a single on-chip antenna irrespective of whisiieadiation is

in the air or inside the substrate. Assuming the feed line and the antenna ary prapdned,

the antenna impedance at the terminal can be given as:

Zy=Ry+j Xy (4-6)

whereR, and X, are the antenna resistance and reactahtiee terminal, respectively. At
resonance, the imaginary part would disappear. Then Equation (4-6) bet,omBgs. Since
the termR, is the sum oR, andR_, we get

ZA :Rr+RL (4-7)

With Sparameters measurement, the input impedancat the terminal can be determined
using:
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Zin— Zs

S =m— 4‘8
ISl =37 (48)

whereZs is impedance towards the source (30n our case). We know thai, is also the
impedance towards the antenna, hence should be equivaknt & according to Equation

(4-7). R can be roughly estimated by calculating the resistance of the conductor assuming that
other losses such as dielectric Esare negligibleR, can thus be obtained which can be an
indicator of the antenna resonance efficiency.

4.3.3. Characterization Method

Antenna Transmission Gain Definition

Two-port Sparameters measurement is the most extensively used method to evaluate the
transmission performance of integrated antenna pairs. An antenna pair plactuff@ee

with a distanceR can be tested immediately on the probe station. One antenna is used as a
transmitting antenna and another as a receiving antenna. From free-space Friis power
transmission formula, the maximum antenna power gain (in the central forwartdodiret

the antenna) is given by [100]:

Pr\ /41TR\> AmR\?
ctor == (§7) (55 = i (45

whereG; andG; are the power gain of the transmitting and receiving antenna, respedtively
our case(, is equal tdG; since the two antennas are identichis the free space wavelength
at the operating frequencyhis equationis valid for a free space environment. Typically, the
figure of merit used to evaluate intra-chip antenna characterists kmown as the antenna

transmission gain. It is calculated from two-p8fiarameters, expresses as [101]:

|S2112 A

= = —_— —2aR 4-10
A- 5P - 152 6t6r (4g) © (+10)

G
a 4R

a represents the propagation lesm a lossy substraté&s, also includes the mismatch losses
Si; and Sy, If the impedance of the antennas matches with that of the test equipment, the
transmission gain can be approximated$y|? since(1 — |S;112)(1 — |55,]%) =~ 1.

Description of the Measurement Setup

The on-wafer measurement consists of two range of frequency bandwidth. All the devices
were tested at the IMEP-LAHC laboratory from 1 to 110 GHz. The testosetiNand 3 were
further tested in VTT Technical Research Centre of Finland, Helsinki. €haency range
covers from 140 to 210 GHz. The procedure of the measurement is described in Chapter 3.

4.4 Results and Discussion

In the following section, the experiment&lparameters and the corresponding extracted
antenna parameters are presented. Their characteristics with respect to the physical

82



CHAPTER 4

parameters will be discussed. In addition, the simulated results obtained AlD®n
Momentum are compared

4.4.1. Test set No.1: Dipole Antennas Integrated on
Porous-Silicon and Standard Silicon Substrate

Figure 4.11 and Figure 2 show the measurefiparameters as a function of frequency from

test set No.1 on two different substrates. Bmrameters were de-embedded with an open
device. The parasitics of the RF pads can then be subtracted. It is believed tharttde-
embedding should be sufficient since the series resistance of the pads can almost teel neglec
as compared with the antenna structure. Note that an open device consists of the RF pads
without any antenna structures. In the figufgresults are plotted next &, located at the

upper region of the graph. The resonance frequency can be identified where the ghdse of

zero. For the same antenna design, it can be observed that the resonance frequency (denoted
asfy) is significanly higher on the porous silicon substrate than on the standard low-R silicon
substrate. For example, sample No.1A demonstrates a resonance frequency about four times
higher on the porous silicon substrate, as listed in Table 4.4. This is primtidytad to the

lower permittivity of porous silicon. We can refer to a simple estimatidnfof an integrated

half wave length dipole based on the physical parameters, given by [102]:

Co
4-11
/e (4-11)

wherec, is the speed of light aridis the total length of the dipoles accounts the effective
permittivity of the traveling wave. We know that the electromagneticevgganerated from
the dipole travels inside the substrate as well as in the air. The relgidettveen the
effective permittivity, the geometry and material parameters of an on-chipe dipol be
found in [103]:

-1/2

€+1 €—1 h wh 2
Ceff=—5— 5 [(1+1ZW) +°'°4(1_E) (4-12)

& is the relative dielectric constant of the substmates the width of the conductor whileis
the thickness of the substrate. When h is much largemthap can be approximated ffgﬂ

Using Equation (4-11), we can estimate the effective permittivity of sampleANm the
porous silicon (denoted as 1A-P-Si), being about 2.2. As a consequence, we obtaivea relat
dielectric constant of about 3.4, which is not too far from our expegtéat the porous
silicon layer ¢ = 3.5). This also suggests that the silicon substrate below the poroas sili
layer has little effect on the wave propagation. It is relevant to mentanttib relative
dielectric constant of silicon is about 12. In the case of 1A-Si, the estimatisdover 30.
Such non-physical result in fact indicates that the resonance frequency is undézdséim
shift of the resonance peak was noticed towards lower frequencies of aboutat&Hie-
embedding with an open device while a shift of 1 GHz was observed for dipoleg on th
porous silicon substrate. This infers that the uncertainty introduced due the de-emk®dding i
more pronounced on a lossy substrate.

Compared to sample No.1A, sample No.1B has a feed line of larger surface area. It was
supposed to yield better impedance matching to compensate the reduction in conductor width.
However, based on the calculatgg this improvement is only observed on the low-R silicon
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substrate. In additiorfy has been slightly modified. It can be seen that decreasing the dipole
width from 4 to 3 um has resulted in a drop by 10 dB in insertion loss gothas silicon
substrate but a less significant value by 3 dB on low-R silicon substrate was found.
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Figure 411 ExperimentaB-parameters of the dipoles on the porousFigure 412 ExperimentalS-parameters of the dipoles on the 18w-
silicon substrateS,; is situated at upper level whiB; is at the lower silicon substrateS;; is situated at upper level whiflg; is at the lower
level. Open represents the open device. level. Open represents the open device.

Concerning sample No.1C, the length of the dipole has been reduced by half of the value
from sample No.1A. It is not surprising to see that the resonance frequency increases by
factor of 2. The measured resonance frequency of 1D-P-Si is not obtained Ww#hin t
maximum range of the equipment which is 110 GHz as it has even shorter dipole llength (
850 um) while the one of 1C-P-Si is located at 105.9 GHz. The attempt to scalelaow
dipole linewidth may increase the conduction loss but it can be somewhat compensated
through the reduction of dipole length. B reduces while £ increases, this leads to an
increase in radiation resistance. In a sense, the size reduction may be actualljedésirab
geometry of the dipole and feed line is optimized. The estimated radiasisiance is about
61.9 % of the total impedance for 1C-P-Si whereas for 1B-P-Si, it is 40.8 %. Alth&4Bh
Si indeed has better reflection efficiency, the overall efficiency is lower tius reasonable
to see that at the same separation distd)che transmission gain of 1C-P-Si is higher
despite having a much smaller occupied aneb=2 pm,L = 1050 pm).

Over the whole frequency range, there is no sharp resonance dip found for 1C-Si and
1D-Si. The bandwidth of the antennas on Si is in general greater than thosewsgiaon.

Note that the bandwidth here is defined as the frequency range Shi® lprger than -10

dB. Although the return loss may appear acceptable, 1C-Si shGygadue of -42.0 dB at a
separation distance of 1 mm. This is attributed to the lossy substratealddtarl5 GHz, the
transmission on low-R silicon substrate is heavily attenuated. This characterigtibits
antenna applications at high frequencies. In contrast, porous silicon substrates, which
demonstrate significant lower losses can be a good candidate for inter-chip antenna
application at millimeter-wave frequencies. It should be noted that due to teedlstignce
between the pairs of 1BiSi and 1D-Si (7 mm), the insertion loss is almost identical to that

of an open device from 30 to 110 GHz.

In principle, sample No.1C should have worse matching than sample No.1D due to the
longer dipole length if the effect of feed line is deliberately ignokédewise, a feed line
with a wider linewidth was designed in order to improve the matching. Interestogh,
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there is improvement in return loss only on low-R silicon substrate which is consstent
what we have discussed before. It is readily apparent that the dipoles émbdnahe porous
silicon substrate are relatively insensitive to the different desideeaf lines because of the
high resistivity nature of porous silicon. This behaviour has also been observed in [85].

Table 4.4 Summary of the experimental result from Tedtlset. The values db; andS;; in the table were taken at the
resonance frequency

Sample No. 1A-P-S§i 1A-§ 1B-P-Bi 1B-5i 1C-P{Si 1ClS 1DSH-1D-Si

fo (GHz) 49.2 | 12.8| 46.2| 16.9 105p 42|9 >110 46

|S4] (dB) -25.2 | -12.d -16.6| -44f -12.6 -125 -9.

1S4l (dB) -29.1 | -33.71 -38.8 -36.4 -33.2 -42|5 -6

bandwidth (>10 dB, GHZ) 6.6 8.5 49 >100 >203 40.5

Zin (Q) 55.8 | 82.0| 67.4| 50.4 80.6 81 100

e, (%) 99.7 | 94.1| 97.8| 100p 94 94la 88

R, (Q) 30.8 | 27.5| 39.9| 371 307 28p 24,

€4 (%) 448 | 66.5| 40.8| 26.7 619 655 75

Ga (dB) -29.1| -33.2 -38.4 -364 -32.f -430 -61
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Figure 413 Measured and simulat&paramters up to 210 Figure 414 The experimental phase 8f; up to 210 GHz for
GHz for sample Nos.1A and 1D on the porous silicon sample No.1A

Figure 4.13 shows the measured and simul8jgarameters for 1A-P-Si and 1D-P-Si up
to 210 GHz. Besides the primary resonance peak at 49.2 GHz, another sharp resonance peak
is observed at 145 GHz. The performance of the antenna is reasonably good. Thes®turn |
and insertion loss are -14.9 dB and -30.0 dB, respectively. The measured phase response of
S1, shown in Figure 4.14, is linear or nearly linear, suggesting that there isiradbmode
supporting the signal propagation. This is usually more desirable. Otherwiseteifattee
multiple wave components in the field, the signal will be distorted due to frequency
dispersion [92]. The resonance frequency of 1D-P-Si is out of the measured frequency range
but it is expected to occur between 110 to 140 GHz. Both measured and simulated data show
similar trends, although there is discrepancy in the level of magnitude foansl
underestimated.
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4.4.2. Test set No.2: Dipole Antennas Integrated on
Oxide-Isolated High-Resistivity Silicon Substrate

Figure 415 and Figure 4.16 show the measufparameters of the test dipoles. It can be
seen that the transmission gain increases slowly in the frequency range between 3820 60 G
for all the dipoles. This shows that the surface wave begins to dominateldhd ie wave
component could be TEnode since its cut-off frequency is at 43 GHz (derived from Section
4.3.2). Above this range, a high; window can be seen which favours signal transmission
[90]. Table 4.5 lists the experiment&parameters results of the dipoles. Likewise, the
effective permittivity can be estimated using Equation 4-11. If sampl2A¥is considered,

we can obtairz.s equal to 6, which makes the dielectric constant of the high-R silicon wafer
being about 11.

|S11| &|S211 (dB)

0 e - 0 =z R T e 1
it S 200y _W
=20 1 -
aeNe!
I7ANRAS
-40 - AN
-60 -
-80 -
— T T T T T T T T T T T T ———TTT T T T T
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 S0 60 70 80 90 100 110

Frequency (GHz) Frequency (GHz)

Figure 415 ExperimentaB-parameters of the dipoles on higt Figure 416 Experimentab-parameters of the dipoles on higt
resitivity silicon substrate resitivity silicon substrate

Table 4.5 Summary of the experimental result from Tedtleet

Sample No. 2A' | 2A% | 2B 2C | 3A" | 3A%| 3B
fo (GHz) 77.8| 93.7| 86.6| 96.4 100/5 >1]10 98
|S4] (dB) -10.0| -16.4f -13.§ -14.% -9.9 -8.
1S4| (dB) -25.9| -31.9| -33.9 -33.7 -41.B -40
bandwidth (>10 dB, GHZ)) X 23.5| 229 215 x X
Zin (Q) 96.2 | 67.8 | 75.7 | 73.2 | 97.0 107.0

e, (%) 90.0 [ 97.7 | 95.8 [ 96.5 | 89.8 86.8

R, (Q) 59.7| 46.6 | 53.2 | 46.7 | 85.8 91.0

€cq (%) 37.9( 313 [ 29.7 | 36.2 | 115 15.0

Ga (dB) -25.0| -31.7 | -33.5 | -33.4 | -40.4 -39.0

Sample No.2Ahas the highest gain among all theddstructures. When separated by a
distance of 700 pm, the 814 pm long &1dm wide dipole pair shows a transmission gain of
-25.0 dB at 77.8 GHz. Radiation loss accounts for 37.9% of the total input impettaace
obvious that the conduction losses increase significantly as result of tHemstallization
thickness(0.1 um). When the dipole size reduces down to 614 fpogn reach about 98.

GHz as observed in sample No2Ahe gain degrades by 6.7 dB although we get a better
impedance matching at resonance with a broad impedance bandwidth. Only 31.3% of the total
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impedance takes parts in the radiation. In addition, it appears that the feed line should be
made as short as possible to have a better matching. Sample No.2B has a tegcklias
long as that of sample No.3At can be noticed that the impedance is slightly worse and the
resonance frequency has shifted. Sample No.2C is an asymmetric dipole, havinghone ar
being 300 um and another shorted one being 100 um. It has a similar performamegl@s sa
No.2A2 if not better. This type of design is in favour of size reduction withauifising too
much the performance.

The dipole width of Sample No.3As scaled down to 1 um. This has ledattarger
impedance mismatching and a slight increase in resonance frequency. It is risingutr
see that the transmission gain decreases substantially since the proportion o fheert
could dissipate in radiation falls to 11.5%. Further decreasing the lineofidiie feed line
could make the antennas more compactible for integrating with nano-devices. Sam3e N
having its feed line width reduced to 1 um, has a poorer matching. Yet, the dradrgyuld
possibly distribute to radiation is about 15 %. The transmission gaingecakas sample
No.3A". Figure 4.17 shows the experimental phasg0bf sample No.2A The phase has a
linear profile above 65 GHz. Therefore, at resonance, the signal transrbissi@en the two
dipoles occurs through a dominant mode.
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Figure 417 The experimental phase 8 up to 110 GHz for sample No.2A

The simulation was performed up to 210 GHz for sample NoSagd 3A using ADS
Momentum. A demonstration of simulation setup can be seen in Figure 4.18. As shown in
Figure 4.19, the theoretical resonance frequency is approximately the same as the
experimental one within an error of 1%. However, there is noticeable discrejpatioy
magnitude ofS;; at resonance by as much 14.0% for sample Noa2® 18.1% for sample
No.3A". Due to the size of the antenna, only the first resonance frequency appéws in t
frequency band of analysis.
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Figure 419 Measured and simulaté, up to 210 GHz for sample Nos.2and3A®

4.4.3. Test set No.3: PIFA Integrated on Oxide-Isolated
High-Resistivity Silicon Substrate

Figure 4.20 to Figure 23 shows the experiment&parameters of the planar inverteéd-
antennas with various dimensions up to 210 GHz. Each figure contains three traces
representing different antenna length (500, 400 and 300 um). It is important tcsezaphat

no de-embedding procedure was applied since the ground plane was embedding with the RF
pads. It would be more ideal if we could isolate the probing pads from db@dyplanes.
Unfortunately, no such test structure was available in our experiment. Hence, trsisanal
based on the CPW line, the ground plane and the PIFA itself as a whole component. Similar
to the on-chip dipoles, a significant increase of transmission coeffigigist observed from

30 to 50 GHz which corresponds to the excitation of M&de. Likewise, there is a high,
window above 50 GHz. Besides, ripples can be obsdrvéide frequency response §f;.

This is likely due to the appearance of parasitic propagation modes near te paeldk The
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origin of this phenomenon is unknown. But it is most probably related to the behafiour
high resistivity silicon substrate as this issue did not come about on low resiStivit is
known that oxidized high resistivity substrate suffers from parasitic sucfaeduction (PSC)
effect due to the accumulation of charges beneath/SiiOnterface [104].The crosstalk
between the pads could potentially interfere with the main propagated signagff@tteis
particularly pronounced in this case because the ground plane occupies a faagre aea.
Despite of this, we can identify the contribution of the antenna by comptrisignal level
with that of the open structure. One can see that above 140SgHkz very little affected by
the addition of the antenna. It appears that signal transmission is maiibiytedtrto pade-
pad coupling. Further supporting this observation, although Sample Nexbits a
resonance frequency at 170.4 GHz, the impact of the anteSds@lmost negligible.

In general, the transmission gain of the PIFA is relatively good consideringdjrtiieed
size. Table 4.6 lists the results of all test PIFAs. Sample Nddéa length of 500 pm. with
the corresponding gain being about -28.9 dB. When line length reduces to 400 um as
demonstrated by sample No#%A, is increased by 22.8% while the gain and impedance
matching are only slightly suffered. It was found that the impedance matching easilye
controlled by changing the length of the feed and shorted line or optimizingptue
between them. If we examine sample Nd,4Be see that increasing the distance between
feed and shorted lines from 100 to 200 um has reduced slightly theioefleatfficient. But
by doing so, the gain is sacrificed and the resonance frequency is also affected. Orr the othe
hand, the impedance matching is substantially improved when the feed line lengés feguc
half as observed in sample Nos'4&hd 4G. The determination of transmission gain in
relation to different features is difficult due to the rapid fluctuatiosignal with frequency.
Non-linear profile in the phase can be observed as shown in Fig2de stiggesting
interference of multiple signal propagations.

Figure 423 shows theS-parameters of sample No.4D in various lengths. These samples
have almost the same feature as sample No.4A series except that the widthadfatiey
element YMd) was reduced to 1 um. As expected, the reflection coefficient is higher. Similar
transmission gain, if not better, can be obtained when operating at resonance while the
resonant frequency is slightly affected.
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Table 4.6 Summary of the experimental result from Tedtie. The values db; andS;; in the table were taken at the
resonace frequency

4.5

Sample No. | 4A | 4A% | 4A® | 4B | 4B? 4B° | 4Ct | 4C | 4C | 4D' | 4D? | 4D°
f,(GHz) | 62.6| 81.1] 110-140 784 110-1440 179.4 64.2 84.9 110-18(® 680.6| 110-14
IS4l (@B) |-13.8 -11.3 -14.% -14B8 -23|6 -21/.3 -10.6 -1p.0
1S4l (@B) | -29.3 -30.9 -35.6 -19.p -31|4 -24.7 -30.0 -3p.3
bandwidth
(>1gndE‘;v'GHz 14.2| 21.3 26.7 25.4 354 403 66

Zin (Q) 75.7| 87.4 73.2 72.4 570 594 91l9 94.2
Ga(dB) |-28.9 -30. -35.8 -1983 -31]4 -24.6 202 -20.4
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Figure 424 The phase d,; for sample NogC" and 4G
Conclusion

The transmission characteristics of nanoscale on-chip antennas were ire@sigab 210
GHz. Dipoles and inverted-F antenna pairs were considered in this studysv@iritensions

were tested. The thickness of these antennas ranged from 250 down to 100 nm with minimum

length and linewidth being 300 um and 1 pum, respectively. The antenna pairstegratéu
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on a single chip with a separation distance about 1000 pum or less. They were realized on three
kinds of substrates, including oxide-coated low resistivity Si wafer and oxidedcbah
resistivity Si wafer as well as porous silicon coated Si wafer. Two-Bgrarameter
measurement was applied for characterization. Apart from the reflection andisisiosm
coefficient, some basic antenna parameters were also examined resonance frequency,
transmission gain, input impedance and bandwidth. Although no radiation pattern was
measured, the radiation loss was estimated for evaluating the efficiency of the antennas.

It was shown that a low loss substrate is essential for millimetes-veatenna
application. Signal suffers severe attenuation above 40 GHz for those antetined mwa
standard silicon substrates. Overall, integration with high resistivity Stratédbdas better
performance than porous silicon coated Si substrate in terms of transmission gain., Besides
the high dielectric constant of silicon allows considerable size reduetithout an over
increase in operating frequency. The transmission gains obtained with theseirinedat
antennas are not so far from the typical values with a state-of-tmeicad-sized antennas
(less than -20 dB). In the case of the dipole test structure, a transngasioof -25 dB at
77.8 GHz can be achieved with a 814 um long, 2 um wide and 100 nm thick dipolegpair at
separation distance of 700 um. Further decreasing the arm length to support &een hig
operating frequency leads to a reduction of radiation efficiency. It was demeddtrat the
transmission gain was degraded to -31.7 dB at 93.7 GHz if the length of thed#ipmdased
to 614um although the reflection efficiency was improved. The feed line should be designed
as short as possible for better matching. Its width can be scaled down ah¢herdar as the
dipole since the gain is little affected. However, the reflection coefficient is sadrifibanks
to the surface wave, signal transmission is significantly enhanced and demosiiatgs
path propagation.

The inverted-F antennas appear to be a rather suitable feature for on-chip miniaturized
antennas. The transmission gain is less sensitive to the size reduction, eitheddagth or
the linewidth. The operating frequency remains inversely scale with the length. A
transmission gain of -26.6 dB at 84.9 GHz can be achieved with a 400 pm long, @lgim w
and 100 nm thick PIFA pair at a separation distance of 700 um. The impedancegnzachi
be significantly improved by shrinking the length of feed line and shortedwliti®ut
sacrificing the gain. At the frequency above 140 GHz, the coupling between the signrial pads
dominating the signal transmission. In consequence, the implementation of the antenna
appears ineffective. It was observed that the phase and magnitgddwdttuate rapidly with
frequency, indicating the signal suffers from the interference of-moltle propagation. This
issue is probably due to the accumulation of charges at théSEiterface, a well-known
characteristic of Si@passivated high resistivity silicon reported by several authors. This
problem can be mitigated by depositing a polysilicon layer between Si apd188) [106].
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Chapter 5

Conclusion

Nanowires reveal an enormous and yet undiscovered opportunities for the RF engineering
community. Research continues the design, modelling and measurement techniques to
uncover their interesting properties. In this context, the central quettitns thesis was
discussed: what are the electrical transmission properties as a function ofmefsico-
geometry and frequency in metallic nanowires at millimeter-wave frequency? The
transmission characteristics of metallic nanowires were evaluated from two aspects:

1) By exciting the nanowires in transmission line modes. Nanowires were integrated in
micro-scale test structures that are compatible with the test equipment. Their
electrical characteristics as transmission lines on silicon substrates were extracted.

2) By exciting the nanowires in antenna modes. Nanowires were realized as both
transmitting and receiving on-chip antennas. Wireless transmission charasterfisti
the integrated nanoscale antennas in Si chips were extracted.

Two features of nanowire-integrated transmission lines were characterizedaling
microstrip lines and coplanar waveguide using characteristic impedance and propagation
constant.RLGC lumped element model was utilized to understand the transmission lines
behaviour in relation to the frequencies. Two types of on-chip antennas wegaedesi
including dipoles and planar inverted-F antennas. Some basic antenna parameters including
resonance frequency, transmission gain and input impedance as well as radiatiogrdéoss
evaluated. We now summarize the answer to the central question according to the
applications.

5.1 Metallic Nano-Transmission Line
Characteristics

In the case of CPW structuredthaugh being far from 50 Q, both real and imaginary
characteristic impedances of the nano-transmission lines decrease sharply \egisingcr
frequency (1 to about 70 GHz), providing a wide range of characteristic impedaritigh At
frequencies (above 140 GHz), the impedance approaches to certain values corresponding to
those of low-loss approximation. Moreover, the smaller the conductor, the higher the
frequency where this fact occurs. The change of substrate loss as a fundtequehcy
translates into the change of signal attenuation. In addition, substrate loss il reguce
decreasing the linewidth of nanowires. However, such reduction in substrate loss cannot
compensate the excessive conductor loss due to downsizing. The conductor loss was shown to
be constant across the frequency range, implying that skin effect is ineffectivas found

that the conductivity of gold metallic nanowires was about 55% lower ttzsarulk
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counterpart. And its resistance at AC per unit length was approximately ig@e# than the
one at DC. The result also sheavthat just like CNTs, high resistance makes metallic
nanowires slower compared to the conventional transmission lines. An additionaénicrea
phase constant was observed for nanowires with linewidth and thickneag simalin to 100
nm. This could be attributed to the increase in kinetic inductance althisughaintity has a
minor significance.

It has been observed that microstrip line structures have two advantages over CPW
structures: low substrate loss and flexibility in controlling charéstic impedance. As the
silicon substrate is shielded by a ground plane, the transmission resides onIgii, tlager,
thus minimizing the conduction loss. Besides, the thickness of the oxide layer candee redu
to the same order as that of the conductor in such a way that charactefetiamte can be
adjusted closer to 5Q. Although it is also possible to control the characteristic impedance of
a coplanar waveguide, it is more technologically challenging. These factors imdded
microstrip lines an ideal vehicle to characterize nanowires. However, in pratiae are
additional considerations in realizing a desirable test platform. First, grgundorostrip
lines requires via holes. It was also found that the ground plane underneath shouldrbe as
away from the RF GSG pads as possible to avoid huge parasitic capacitance. These
requirements will make the fabrication process more difficult than that of &iRWtures.

This is the reason why the central results in this study were derived preddyrfitmaeCPW
test platform.

Multiple parallel transmission line configurations were investigated. The coisctp
same as using CNT bundles to reduce losses and impedance. Unlike CNTs which can be
densely packed, metallic nanowires have a practical limit which is imposed lafariof
the very narrow interline distance. It was found that the more the numban@iines in the
signal path, the lower impedance and the conductor loss although slow wave propagation
effect is compromised as observed in this study. An advantageous aspect isalteingar
combination results in different performance on the effective lumped eldmamd C. For
example, by varying the distance between lines and the gap, one can fine tune ikie effect
andC. This provides RF circuit designers various choices of miniature transmisserfor
desired characteristics. However, special attention must be paid to tlwat@ssaising
substrate losses.

5.2  On-chip Nano Antenna Characteristics

In this part of the work, the capabilities of current silicon technologere studied to allow

the implementation of nanoscale on-chip antennas with acceptable performances. Metallic
wires with thickness down to 100 nm and minimum feature size of Wema designed in
dipole and planar inverted-F antenna structures. The length of these devices oted ttev
systems working anmwave frequencies. The minimum arm length of the dipole and PIFA
structure is 300 pm, allowing an operating frequency to be over 110 GHz on a higvitsesis

Si substrate. Obviously, the radiation efficiency of a small antenna can hargigteowith a
classical antenna. It was shown that a half-wavelength dipole operating at 0®ithH
linewidth of 1 um suffers from severe ohmic losses. The resulting icadiefficiency was

very poor. Other characteristics observed due to dimensional scaling include largadtfandw
and higher input impedance. The impedance matching or reflection efficiency can be
improved by reducing the length of feed line for both kinds of antennas. An @tptn toss

of -23.6 dB at 64.2 GHz can be achievedd&@00 pum long, 2 um wide and 100 nm thick
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PIFA structure accompanied by a gén long feed line on a Sixoated high resistivity Si
substrate.

As the communication of the integrated antenna pair occurs mostly through the Si
substrate, a high resistivity substrate is indispensable for opeaatmm-wave frequency. It
was demonstrated that the transmission gain can be significantly edpbyvusing porous
silicon and high resistivity substrates. The maximum transmission g&f dB-at 77.8 GHz
with a 814 pm long, 2 pm wide and 100 nm thick dipole pair at a separatianceisif 700
pmon a high resistivity Si chip. PIFA test structures are actually quitaufaile for size
reduction for the effect of the wire dimension on the performance is not overly ampdrhe
transmission gain ci 400 pum long, 1 pm wide and 100 nm thick PIFA pair at a separation
distance of 700 um is about -29.4 dB at 80.6 GHz which does not have a big difference
comparing to the 2 um wide pair.

Surface waves were found to be an important contributor to signal propagation in short-
distance applications. In the integrated dipole antennas, the signal transmissiantually
assisted by the generation of ;T&urface wave, demonstrating a single path propagation
Likewise, the enhancement in signal level in the PIFA test device was observed attteough
receiving signal was somewhat corrupted due to multipath propagation. Therefore when
designing integrated small antennas, it is suggested to make use of surface \saxefsics
to improve transmission either within dielectric layers or over the air. Thisl@m more
flexibility to modulate the trade-off between the size and the radiation efficiency.

Constrained by limited radiation efficiency, nanoscale antennas require a careful
optimization of arrangement of metal shapes and dielectric regions taa ssjtecific
application. It is true that there is still a long way to make presesdljzed on-chip nano-
antennas into a possible real-world implementation. More research is needed to address iss
like required external power, heating and the risk of crosstalk with circuits.

5.3 Validity of the Model

It was shown that both the thin film microstrip lines and the nanowire-integra@&dsC
satisfied quasi-TEM behaviour. Their distributed circuit elements naRydly G andC can

be derived from close-form expressions and ADS Momentum simulator. The measured
results from different nano-lines show high correlation with the theoreticaltainogiel up to

110 GHz. According to the description of close-form formula, the conducssr ¢f the
selected nanowires with linewidth lower than 1 pm remains below the DC limitein t
frequency of analysis, from which, it is possible to derive the conductivitiieohrtetallic
nanowires assuming the resistivity of the ground plane is negligible. Meanwhile, the
inductance curve of the nanowires saturates towards its DC limits sinceurttent
distribution is uniforminside the conductor. One of the limitations in these approximate
solutions is the assumption that the signal and ground conductor has theisknessh That

said, no deterioration in accuracy in the test devices was observed, possibly because the signal
conductor thickness dominates the behaviour. The expressions for capacitance and
conductance in the case of the thin film microstrip line were taken from a convention
microstrip line model. It appears that it still yields a good accuracgutamicron dimensions.

ADS Momentum provides a close prediction of lumped impedance in the multi-layered
substrate. Special attention should be paid to the mesh setting. The number of cell in
transverse direction for the conductor should be at least three.
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One of the general limitations for the models is the negligence of quantum ttanspor
effect. If the transverse dimension continues to scale down, this appraxinvetl be
violated. In this case, additional circuit elements may need to be taken into addosnt.
likely, the metallic nanowires may possess kinetic inductance and quantum capaditizhce
conventional TEM model ignores. It was noticed that there was a deviatiortifeomodel
when the linewidth scales close to 100 nm. An additional limitation ligbemuasi-TEM
propagation assumption. This can be violated if the actual wavelength beconpesable to
the dimension of the pads and transmission lines. Higher order modes are ptohadle
excited and interact with the fireindamental mode, which may adversely affect propagation
characteristics.

The models adopted in this work provide a very efficient estimation for thpeldim
circuit elements in metallic nano-transmission lines. Compared to other commercially
available simulators such as HFSS and CST, nanoscale mesh cells typically résagi in
memory consumption and overall computational time becomes excessively longthedere,
close-form expressions may be lengthy but can be easily implemented in ADS simulator.

5.4 Accuracy of the Measurement and
Extraction

The experimental determination of transmission line parameters requiresegkaoivledge

of test structure and contact impedance. Their contribution to the RF resperesdgnction

of frequency has been systematically explored in Chapter 3. And they aneetdb be quite
important, therefore needed to be removed. However, each subtraction step introduces some
errors and uncertainties which propagate to the parameter in the calcula@bms Why an
accurate approximation of parasitics is critically important for a suetessfembedding. It

was found that contact impedance dominates the uncertainty in transmission line
measurement at the lower frequency region (lower than 70 GHz). Two-line method was
shown to be the most efficient way to eliminate contact impedance. However, it tends to over-
de-embed nanolines with feature size below 100 nm above 70 GHz. It is bétautee
captured contact impedance is not within the uncertainty range of the origirairamaant
Therefore such subtraction should be omitted at this frequency range. In addiéon, t
coupling between the signal pads needs to be removed from the measuremanpditént

that this effect never dominates the overall signal. Otherwise, theaagairthe extraction

would be degraded.

Measurement invariably has an uncertainty interval. This interval is the oésuliny
causes. One source of uncertainty is caused by poor contact when landing the pootbes ont
pads. Fortunately, this can be rapidly identified if $garameters are not symmetrical as the
system is a reciprocal network. Adequate force should be applied to break thineugh t
naturally forned layer of ALO; covering the pads, but not too strong to penetrate them.
Random errors weroccasionally observed in the measurement, most often occurred at mm-
wave frequency regime. They can be rapidly recognized as noise and repeatabikm prob
such as the calibration drift. Finally, the uncertainty may be increased due to uwhwante
temperature variation in the instrumentation. However, such influence iy pardeptible in
the measurement.
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5.5 Possible Future Work

A well-known characteristic of research is that it is never finished. &bearch presented
here could lead to more questions. They can be categorized as follows:
Concerning nano-transmission line characterization, several points can be further elaborated

1) How can the accuracy of the measurement be improved?

2) What are the remaining parameters to be considered in the model?

3) What is the limitation in terms of scaling in feature size?

It was shown that the accuracy of the measurement was greatly influenceddst thehicle.

The strong coupling between the signal pads hindered the extraction of parameters at mm
wave frequency. It is known that pad parasitic removal is more difficult to achiese the

pad is large and the device is small. Unfortunately, the feature size of the RE panited

by the probe tips. It must be large enough to accommodate the contact as well as th
overtravel to ensure a successful probing. Despite of this, one can reduce tlaggsa p
reactance by utilizing a low-loss substrate, for instance highivagi§i and porous silicon
substrates, thus improving the accuracy of the de-embedding method.

The model proposed in this work did not consider the quantum effect. The model should
take into account extra circuit elements such as kinetic inductance and quantuitarmagac
These influences are probably not very significant in the metallic nes®winder test.
However, their modelling would allow a clear picture of the influence on dimensiai@gsc
In addition, the model did not cover the case of multiple lines transmissioalleP line
mutual coupling should be included in the circuit modelling. The prediction of mulitiele
characteristics is vital. It can provide interesting data to RF circuigmlersi. Particularly, the
influence of structural parameters for instance gap and interline distante toverall
performance of a transmissiondirMoreover, it is a key to study nanowires with feature size
lower than 50 nm. Since characterization of single nanowires is too sensipiaeagitic and
noise, multiple parallel nanowires would be a better choice for tredtesmponents. From
this, it follows that how far can we continue to scale down the feature size of nanohilees w
still have a reliable measurement? With the test setup in this work, the bmitatis
encountered at a critical size of 100 nm. To answer this question, more experimental work
will be required. There would be more uncertainties in the extraégmatameters. In any
case, it should be interesting to see what the limits are on the developmeditiohabRF
transmission line.

One part that is not fully finished in the study of nanoscale irtetjyrantennas is the
radiation pattern measurement. The question here is how these antennas will perform v
radiation in the air? The properties of the antennas such as the gain and ratfiatency
should be understood thoroughly before the realization of a wireless commungyestiem.
Furthermore, the design of the antenna must be optimized to be more suitable famradiati
the air. This can involve the modification of the antenna structures and the ohdiferen
substrates.
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Appendix A

Antenna Basics

A1l. Basic Parameters

There are many parameters affects the performance of an antenna. Apart frtionradi
efficiency, input impedance and transmission gain discussed in Section 4.3, diractd/ity
gain are just as important. The directivity of an antenna is definédhasratio of the
radiation intensity from the antenna in given direction to the radiation intenataged over
all direction$. Most often, the direction of directivity is not specified. In such cdse, t
direction of the maximum radiation intensity is implied and the maximuettility is given

by:

AU
Dpax = Pmax (A-1)
T

whereDpuis the maximum directivityl .« IS the maximum radiation intensity afdis the

total radiated poweD is a dimensionless quantity. It is generally expressed in dBi since the
definition of directivity also implies‘the ratio of the radiation intensity of a nonisotropic
source in a given direction over that of an isotropic séufdete that radiation intensity of an
isotropic source is:

=T A-2
U= (A-2)
which leads to
U
Dinax = Tgax (A-3)
L

The directivity of an isotropic source is unity. A more directive antennasnaa antenna
with a more focused radiation main beam. Its maximum directivity akitays be greater
than unity. In other words, directivity gives an indication of the diweeli properties of the
antenna as compared with those of an isotropic source
The gain, on the other hand, is a parameter that measures the directivity of a given
antenna. It is defined &8he ratio of the intensity, in a given direction, to the radiation
intensity that would be obtained if the power accepted by the antenna weredadiat
isotropically”. Its relationship to the directivity can be derived as follows:
4ntU AU
G =

P, = €cd Tr = e D (A-4)

whereP;, is the input power received by the antenna agpds the radiation efficiency
which was mentioned in Section 4.3.2. The relative gain is another definition for antenna
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gain, which is defined as the power gain ratio in a specific direction ehtamna to the
power gain ratio of a reference antenna in the same direction. The input powdrentist
same for both antennas.

Pmax

Grelative = Gref ﬁ (A-5)
maxlref
The reference gain could be a dipole, horn or isotropic lossless antenna whose povger gain

already known. The information presented in this section could be found in [87].

A2. Dipole Antenna

A dipole is a very basic antenna structure consisting of two split wires,ecessarily of
equal length. Unlike monopole antennas, a dipole antenna does not require a ground plane.
When we drive an alternating current into the dipole, the two wiredupe alternating
electric and magnetic fields, thus generating the radiation. The amount oforadidti be
proportional to the dipole current. The current distribution also métes the radiation
pattern. The most commonly used antenna is the half-wave length dipole. "Half-eawe" t
means that the length of this dipole antenna is equal to a half-wavelength agjtrenéy of
operation. Such dipole is also in resonant at integral multiples of its resmeguency. The
following reasons make half-wavelength dipole very popular: 1) A reasonable uiliyecti
about 2.15 dB. 2) Its radiation pattern is omnidirectional which is required dryy m
applications (omnidirectional means that the radio wave power radiates uniforraly in
directions in one plane). The maximum power radiates in horizontal diredafi@ugning to

zero directly above and below the antenna. 3) The input impedance is not senshize to t
radius and is about 78, which is well matched with a standard transmission line of
characteristic impedance 75 or @0

A3. Inverted-F Antenna

The Inverted F antenna is a variant of the monopole where the top section has been folded
down so as to be parallel with the ground plane. This parallel section introducesacapaci

to the input impedance of the antenna, which is compensated by implementinged Igteort
connected to the ground plane. The ground plane serves as a perfect energy agefliacts

as the other part of the dipole. In general, the required ground plane length is mmughly
quarter {/4) of the operating wavelength. Its dominant resonance occurs at awoend
quarter of the operating wavelength. The advantages of an inverted-F antenna include
reduction in size, reduction in backward radiation and moderate high gairhindstical and
horizontl polarizations.The last feature is very useful in certain wireless communications
where the antenna orientation is not fixed.
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