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ABSTRACT

The terahertz frequency electromagnetic radiatemdathered a growing interest from
the scientific and technological communities in thst 30 years, due to its capability
to penetrate common materials, such as paper,c&abor some plastics and offer
information on a length scale between 100 um anchrmi. Moreover, terahertz
radiation can be employed for wireless communicatidecause it is able to sustain
terabit-per-second wireless links, opening to thespbility of a new generation of data
networks.

However, the terahertz band is a challenging raxidbe electromagnetic spectrum in
terms of technological development and it falls dshithe microwave and optical
techniques. Even though this so-called “terahesfz’ §s progressively narrowing, the
demand of efficient terahertz sources and detecagrsvell as passive components for
the management of terahertz radiation, is stillhhith fact, novel strategies are
currently under investigation, aiming at improviige performance of terahertz
devices and, at the same time, at reducing theictstre complexity and fabrication
costs.

In this PhD work, two classes of devices are stijdime for near-field focusing and
one for far-field radiation with high directivitySome solutions for their practical
implementation are presented.

The first class encompasses several configuratbmkffractive lenses for focalizing
terahertz radiation. A configuration for a terahediffractive lens is proposed,
numerically optimized, and experimentally evaluatledhows a better resolution than
its standard counterpart. Moreover, this lens igedtigated with regard to the
possibility to develop terahertz diffractive lensdgh a tunable focal length by means
of an electro-optical control. Preliminary numelidata present a dual-focus capability
at terahertz frequencies.

The second class encompasses advanced radiatiegsyf®r controlling the far-field
radiating features at terahertz frequencies. Tlege designed by means of the
formalism of leaky-wave theory. Specifically, theeuof an electro-optical material is
considered for the design of a leaky-wave anterpexating in the terahertz range,

XV



achieving very promising results in terms of reagunfability, efficiency, and radiating
capabilities. Furthermore, different metasurfagmtogies are studied. Their analytical
and numerical investigation reveals a high dirdéistiin radiating performance.
Directions for the fabrication and experimentalt tats terahertz frequencies of the
proposed radiating structures are addressed.
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INTRODUCTION

“Since we have become accustomed to think of whedsctrical energy and
light waves as forming component parts of a comepattrum, the attempt
has often been made to extend our knowledge oeewitte region which
has separated the two phenomena, and to bring theser together, either
by cutting down the wave length of electrical datidns [...] or by the
discovery and measurement of longer heat waves

— H. Rubens and E.F. Nicho]4897.

This statement is the opening of a significant pdpethe development of a terahertz
science. Even though this was only a first stagaeyas clear that there were two
approaches for the development of a terahertz tdopy the optical and the
electronic route. The terahertz range has beerciassd for long time to its lack in
technical capabilities and only during 1980s thet fsuitable terahertz sources have
been developed. The presence of an accessibleteralource was the starting point
for the experimental test of passive components datgictors, which have been
allowed for reducing the technological gap.

Nowadays, terahertz radiation has become cruciaseveral fields, such as, for
example, the objects inspection for industrial aadurity applications or the wireless
communications. Thus, there is a high requireménaffordable high-performance
terahertz devices, suitable for mass production fandthe integration in complex
systems.

The Chapter | introduces the terahertz radiatidarting from a definition of the
frequency band and its main application fields,spas through the state-of-art of
terahertz generation and detection, and concluditly a brief overview of the most
employed passive components for terahertz radiaiamong them, this PhD thesis is

devoted to the development of planar diffractivesks. Thus, the Chapter Il discusses

1 H. Rubens and E.F. Nichols, “Heat rays of greaterangth,”Phys. Rev. (Series, Nol. 4,
no. 314, pp. 314-323, 1897.

XXXI



this choice, comparing the diffractive lenses wiitle most conventional refractive
lenses and parabolic mirrors for terahertz focusiigreover, the Chapter Il provides
the theoretical background of diffractive lensesigie, as well as an overview of the
materials and the fabrication processes suitablthér practical implementation.

The numerical investigation of the diffractive lesds described in Chapter lll. It aims
at optimizing the lenses geometry and compare thelravior with the one of a
refractive lens of equal diameter. The numericdaa daming from this analysis are
reported and discussed in Chapter IV and constitbee design basis for their
fabrication. The available experimental techniqfmsterahertz characterization are
introduced in Chapter V, which also includes theddiption and the calibration of the
available instrument and of the set-up built foe fbenses measurements. The data
resulting from the experimental characterizatiorthwf fabricated lens prototypes are
reported in Chapter VI.

The design and the experimental characterizatiesgmted in Chapters Ill-VI are the
starting point for a preliminary study on advandéttactive lens configurations, such
as a tunable dual-focus diffractive lens and aralitive lens working in reflection
mode (Chapter VII). This last device opens alsopbssibility to design terahertz lens
antennas employing such diffractive lenses.

In terms of radiating systems for terahertz apfithces, an interesting device is the
Fabry-Perot cavity leaky-wave antenna. It has tteaatage to be scalable from
microwaves to optical frequencies, due to the ubiqof the leaky-wave phenomena
(introduced in Chapter VIII). Thus, two main configtions of Fabry-Perot cavity
leaky-wave antenna are presented for working ahtstz frequencies. In Chapter IX,
a leaky-wave antenna based on a multistack ofogimtiand anisotropic material layers
is theoretically investigated for steering the Thigam. In Chapter X, leaky-wave
antennas made with different metasurface topologiestheoretically studied for the
design of high directivity terahertz antennas. Reminore, their practical
implementation is discussed.
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CHAPTER |

Terahertz radiation

1. Introduction to terahertz radiation

The so-called terahertz (THz) radiation is an etsohgnetic radiation with a
frequency between 100 GHz and 10 THz [1]-[5]. Hoeveuthis definition is not
completely accepted and the THz range is sometiextsnded from 100 GHz to
30 THz [6] or limited to a narrower region, betwez®D GHz and 3 THz. About this
issue, in 2002 Siegel wrote [7]: “Below 300 GHz, eress into the millimeter-wave
bands (best delimited in the author’s opinion ke dipper operating frequency of WR-
3 waveguide — 330 THz). Beyond 3 THz, and ou8@qum (10 THz) is more or less
unclaimed territory, as few if any components exigte border between far-IR and
submillimeter is still rather blurry and the desiton is likely to follow the
methodology (bulk or modal — photon or wave), whistdominant in the particular
instrument.”

The technological interest towards THz radiatiomsar in connection with the
development of space-based instruments for astsigggnd Earth missions. The 98%
of total photons emitted in the history of the Wne since the Big Bang has a
frequency below 30 THz, with a peak emission atiado3 THz (cosmic microwave
background radiation excluded, which have a speettiance peak at about 160 GHz
[8]) [3], [5]. For this reason, in some applicatpB0 THz can be considered the upper
limit of the THz band. However, most of the scifatand technological community
refers as THz the radiation between 300 GHz an@HA

1.1 Terahertz in the electromagnetic spectrum

First experimental effort towards material charaeédion by THz radiation was in
1897 [9], [10]. It consisted of measurements ofckldody radiation employing a



bolometer. In [10], the authors wrote: “since wedndecome accustomed to think of
waves of electrical energy and light waves as fogréiomponent parts of a common
spectrum, the attempt has often been made to extenénowledge over the wide
region that separates the two phenomena, and thrémg closer together”. It appears as
a first explicit reference to the fact that a tedlgical gap exists in the

electromagnetic spectrum. It is set between phosoand electronics-{g. 1).

10 GHz 100 GHz 10 THz 100 THz 1 PHz
Frequency >
. Millimeter- o q
Microwaves THz Infrared Visible Ultraviolet
waves
Wavelength
3cm 3mm 30 um 3um 300 nm
Wavenumber >
[em™] 0.33 3.3 330 3300 33000
Photon energy s
0.04 meV 0.4 meV 0.04eVv 0.4eV 4eVv
Temperature >
K] 0.5 5 500 5000 50000

Fig. 1 Electromagnetic spectrum.

A summary of the historical developments in thisge of the spectrum is beyond the
aim of the preset work. An interesting review carfdund in [11]. However, it may be
worthy to mention about THz gap that, in 1970, @svstill an unresolved issue. During
that year, Senitzky and Oliner assert in the ogenémarks of thé&roceedings of the
Symposium on Submillimeter Way&2]: “It is appropriate to view the submillimeter
wave region as a transition region lying betweeanrttillimeter wave and the infrared
portions of the electromagnetic spectrum and peszgsas yet no hallmark of its
own.”

In fact, it was only in 1984 that the first lasqresating between 390 — 1000 um was
constructed, with a peak power up to 10 kW [13]optened to many attractive
applications, especially in imaging and materiarelsterization, as will be described

in following sections.



1.2 Terahertz applications and challenges

Historically, THz detection was conceived for istetlar dust sensing between
100 GHz and 3 THz. Nowadays, space-borne THz sersre been developed both
for interstellar and Earth observation. Associgtegioad can be located at different
orbits. Low Earth orbit (LEOi,e., an orbit around Earth with an altitude of 2000 ¢&m
less, and an orbital period of about 84 — 127 rallgws for astronomy research [14]
and Earth control [15]. Large space observatofié} flave more distant and relatively
stable dislocation points and are usually devotedldéep space astronomy. In this
situation, there are important limitations in terwls maximum mass (few tens of
kilograms) and power availability (tens of wattgr gnstruments. Miniaturization,
integration, and the employment of materials alde guarantee sensitivity and
responsivity (see Ch. | Sec. 3) at high temperatuege the main goal of THz
technology for space application [17].

The THz measurements for Earth observations fron® Luffers from radiation
attenuation due to water molecules absorption. fafige water molecules in
atmosphere create small clusters by means of hgdrdmpnds. The rotation and
vibration of water molecules in clusters determasorptions in THz radiation. The
number of molecules in the cluster establisheshatiwTHz frequency there will be a
radiation absorption. For example, a cluster oia8er molecules causes absorption at
20 THz [18], a cluster of 8 water molecules is memible of absorption at
1.4 THz [19], while a mixture of ring clusters gf8land 6 molecules gives absorption
lines at 0.56 THz, 0.76 THz, 0.98 THz, 1.1 THz,7ATHz, and 1.41 THz [20].

Due to water absorption, THz radiation can be dtquoonly in specific spectral bands
for wireless communication. Most promising bandst fine-on-site (LOS) data
transmission at distances over 1 m, are in theesaB38 — 0.44 THz, 0.45 — 0.52 THz,
0.62 — 0.72 THz, and 0.77 — 0.92 THz [21], as shdéwFkig. 2 In these frequency
windows, absorption losses due to atmosphere gasesbelow 10 dB/km, but
spreading losses are high, motivating the requintroghigh directivity and high gain

antennas.
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Fig. 2 Path loss in line-on-site communications at THmérencies for different distances. It takes into
account both attenuation due to molecular absorpifogases in atmosphere both the spreading losses.
Three bands are marked as promising ranges: 0(B84-THz, 0.45 — 0.52 THz, 0.62 — 0.72 THz, and
0.77 — 0.92 THz [21].

The main advantage of wireless communication at THthat wireless technology
below 0.1 THz and above 10 THz is not able to sudtarabit-per-second links (Thps)
[21]. In fact, below 0.1 THz, the available bandihids not sufficient and confines the
feasible data rates. At millimeter waves (~ 60 GH®) Gbps within 1 m are currently
reachable [22], but they are of two orders of magld below the estimated demand in
wireless communications of next future. On the othand, above 10 THz, large
bandwidth are available, but several limitationsnpoomise the feasibility: (i) low
transmission power due to eyes health safety;irfiuence of atmospheric weather
conditions on waves propagation; (iii) high reflentlosses; (iv) losses due to emitter-
receiver misalignment [23]. At THz frequencies, thain challenges for commercial
realization of Tbps wireless technology are: (g tkalization of compact THz sources
able to supply an output power in continuous wawelenup to 100 mW, and (ii) the
availability of electronically steerable antenneags able to minimize link losses [17].
The THz technology is not completely mature yet, these goals are reachable in the
future.

From the point of view of biological applicationstrong absorptions due to water
molecules allow for the monitoring of water contanhuman tissues or the hydration
level of plants [24]. Water allows for high contramaging at THz frequencies. With
more detail, THz absorption depends on: (i) sadtscentration; (ii) protein and DNA
content; (iii) macromolecules structural changese do bonds with ligand or
denaturing processes. Because all of these faarersalso involved in the cellular

metabolism, it is possible to distinguish betweemealthy tissue and a tissue with a



disease by means of THz radiation measurements{8]] Moreover, THz is a non-
ionizing radiation and can be exploited forvivo measurements. For example, one of
the first applications in this field was presenied[29], where a change in skin
hydration is detecteth vivo by means of THz radiation. After that, THz radiati
allowed for a high contrast imaging of hidden masgof basal cell carcinoma, a skin
cancer, before a surgery intervention [30]. The TatHiation is able to penetrate under
the skin in a non-invasive way and has a negligickttering inside tissues. Moreover,
time-domain systems (see next section) can offasieBD information [17]. However,
the availability of sources with yet limited poweshen compared to the power
required to cope with absorption due to water, tiniHz penetration depth inside
aqueous systems, such as human body. For thisnregisthe present, THz radiation
can be employed only for the diagnosis of supeffigkin cancers.

The THz radiation has the great advantage to pamretmto non-metallic materials and
to distinguish between them, thanks to specificdbabsorptions which provide a
fingerprint for the material. In fact, THz radiatiocan be exploited for security
applications and non-destructive packaging inspecody-scanning imager [31] and
explosives detection by spectrometer analysis [8B¢ examples of security
applications. Commercially available body-scanngosk in the frequency range of
0.15 — 0.68 THz [33], [34] and have the advantagfdseing compatible with compact
hardware systems, such as wearable devices. Maretvey could combine imaging
with spectroscopic information for the identifiaati of dangerous substances. In fact,
every molecule has its own fingerprint at THz frencies,i.e. a unique spectrum of
absorption due not only to the bounds between atorfinctional groups, but to the
bound between atoms constituting a molecule [32\wéler, in body-scanning, THz
imaging detectors need to have an extremely large, @ble to cover the dimensions
of a human body. It constitutes a big issue, esfigcin the maintaining of good
imaging performance (compare Ch. | Sec. 3) with tomes for image acquiring and
affordable costs of the whole technology.

Penetrative capability of THz radiation in severainmon materials such as plastics,
fabrics, ceramics, and paper, linked to the pad#sitio distinguish between different
materials, can be applied in non-destructive armdauntact test of several objects and
coatings. For example, marine structures are peateitom environmental corrosion

agents by specific coatings. The corrosive proteable to modify both chemical and



physical properties of materials causing defects,babbles or cracks, which are
usually located under external surface of obje®S].[ THz radiation is able to
penetrate inside coatings and discloses every defitit dimensions equal or higher
than the incident wavelength [36], [37]. In thiswyvé is possible to check coatings and
prevent failures by substituting them before compsing the covered structure or
object. By applying the same principles, it is gi®ssible to employ THz radiation for
monitoring and preserving the cultural heritage],[B&]. Moreover, it is also possible
to investigate under the surface of paintings esdos and discover details hidden by
their creator. THz spectroscopic imaging complemdhe information obtained by
other consolidated techniques, such as the imaafingear-infrared frequencies. For
example, in [40] a Pablo Picasso painting on camessanalyzed by THz pulsed time-
domain imaging. Different areas of this paintingpwhdifferent numbers of layer,
confirming that the author repainted some partsiofairtwork.

From a technological point of view, the main effortthe THz field is to provide a
suitable source of radiation [41]. Available sogrege usually expensive, bulky, and
emit weak radiation. This problem can be approacfieth the millimeter-wave
(MMW) side or from the infrared (IR) side [42]. Fnoa MMW point of view, it is
difficult at THz to create circuits for high-frequey waves. From an IR point of view,
THz optical systems are challenging due to the thet optical elements have
dimensions comparable to the wavelength [43]. Seoiations and the state-of-art

about THz sources will be discussed in the nexisec

2. Terahertz sources

THz sources are the most difficult components tdize in the band. Conventional
electronic sources of power, such as amplifiergsmillators, are limited by several
factors: (i) their components,e. transistors and Gunn diodes, have characteristic
transit times that cause a frequency roll-off, esethe lower THz range; (ii) carriers
in device components have a saturation velocipicafly of about 10 m/s; (iii) there

are contact parasitic effects; (iv) there is a mmaxn electric field that materials are
able to sustain before breakdown [7], [43]. Thesrdrs are the main cause of the fact

that the output power falls as the square root h&f frequency [44]. However,



electronic sources are relatively compact and copleh to the possibility of creating

integrated devices.

Table 1 Comparison between the main THz radiation sources.

Frequency Output Advantages Disadvantages Reference
[THz] power
Direct generatior
<250 mw p.orv]\;g? output require cooling
Quantum ) (pulsed) A (<199.5 K)
cascade lasers 0.85-5 <139 mwW in EE\‘/C (;?]%r?r:e * limited [45]
(c.w.) o bandwidth
pulsed mode
» broadband e applications of
multimode p-Ge laser are
Semiconductor 1-10 ~mW emission mainly restricted [46]
laser » can operate to research
inc.w. and in laboratories
pulsed mod * require cooling
Free electron < ZO_W e b_roadband . .rellatlvely low
laser 1.25-7.5  (Novosibirsk: =« high output efficiency [47]
500 W) powel * large and heay
« large and heavy
tu-LZZs\é?j(r:(L:J:sm(in * high power < expensive
strong magnetic 0.1-0.3 ~ mW and_ frequency e h|gh power [48]-[50]
} tuning range  requirement
field) * narrowban
Up-converters
* low levels
of dc power
0.84-1.9 <2 mW. « inherently  cooling can be  [51], [52]
: (commercial . |
Frequency (commercial available: phase required (commercial
multipliers available: 60 W—. lockable * very available:
11-1.7) 1 6” mw) « can work at narrowband [53])
room
temperature
Transistors * possible * require cooling
(InC_SaAs HEMT, 0.3-3 - integration in ¢ two peaks of [54], [55]
Si MOSFET, ’ a sinale chi S ’
FET) g p  emission
Down-converters
 not all
IR-pumped qas 0.5 - Far-IR « extremel frequencies
“pumped g (discrete) 1-400 mwW - ex Y covered [56]-[58]
lasers high power
* narrowband
« bulky

Sources pumped
by visible or SeeTable 2
Near-IR lasers

Sources inspired by photonics, such as lasersupeodoherent powers in the order of
tens of milliwatts until several watts, and theyable broadband emission. On the



other hand, they are usually heavy instrument®guire large apparatus for working
(such as, for example, the cooling systems), caoftea expensive, and difficult to use
in outdoor applications.

A comparison of some of the most used sources andrgtion techniques for THz
radiation can be found iable 1 where features of (i) direct generation, (ii) up-
conversion i(e. frequency multiplication) and (iii) down-conversidi.e. frequency
difference generation) approaches are reviewed.

Optical and near-IR lasers generating THz radiatiproptical pumping are the most
employed sources, especially for spectroscopy egupins, because they do not need
cooling and are enough compact to be portable. Tdwy operate in pulsed or
continuous wave mode (c.w.). A comparison of proeerfor some examples of these
two operational modes can be found'able 2

Table 2 Comparison between some techniques employingamitd near-infrared lasers for generating
THz radiation by optical pumping.

Laser Frequency Bandwidth

operation [THz] [THz] Output Reference
i 0.1-10 Power:
Photomixer C.W. el 0.9 Pt 59]
Mechanical Power:
resonance e 02-09 0.54 <7mw [60]
Photoconductive Power:
antenna REES La =10 >20 38mW(ina  [61],[62]
band of 5 THz
Gas _ |E] peak:
photoionization pulsed 0.1-10 >20 21 MW/em [63]
Optical E| peak:
rectification in pulsed 0.1-6 =~ ® 200 kW/cm to [64]
crystals 6.3 MW/cm

Continuous lasers can be mixed for generating tiadian the THz band. This kind of
sources are called photomixers and generate THati@u by optical heterodyning
[65]. They have a better spectral resolution thalsgr emitters and output powers in
the order of milliwatts [66]. Moreover, they can kmnployed as sources for
spectroscopy as well as for THz communications. eéles, they operate in
narrowband and have limited tuning ranges.

Pulsed lasers are employed for exciting a photoectige switch or antenna. They are
also able to produce THz by three different medmani(i) gas photoionization, (ii)
optical rectification in a non-linear crystal, affid) drift or diffusion of transient



currents in a semiconductor with high charge mgb[b7]. Pulsed lasers generation
technology is the base of time-domain spectrosd@®S). The configuration of a

typical TDS set-up with photoconductive antennadl W& described in detail in

chapter V. InTable 3 properties of several commercial available TDShwi
photoconductive antennas are compared.

Table 3 Commercial available THz time-domain spectrometgmnerating THz radiation by
photoconductive antennas (readapted from [68]).

Company Model Ba[rjrdl_\;\g ]d th Output power P?::g(ly[r:%?'c
Teraview TPS Spectra 300( 4 ~1puw 80
Teraview TeraPulse 4000 6 - 80
Picometrix T-ray 5000 4 ~0.5 pw 80
Advantest TAS 4 - 60
Toptice TeraFlas 5 ~3CpuwW 9C
Ekspla T-Spec 4.5 - 70
Menlo System TERA ASOPS 3 - 60
Menlo Syster TERA K8 3.E - 7C
Menlo System TERA K15 4 > 60 pW 75

3. Terahertz detectors

Unlike detectors for visible and infrared radiatialetectors for THz waves have not
reached the quantum limit yet [69]. In fact, deteatharacteristics are not limited by
noise due to photons, except for measurementsnag $equencies or at sub-kelvin
temperatures [70].

The performance of a THz set-up is influenced ms#iwity, responsivity, and frame

rate of its detector(s). The sensitivity is expeesdy a figure of merit, the noise
equivalent power (NEP). NEP is defined as the mwwicpower that gives a signal-to-
noise ratio (SNR) equal to one in an output bantwaf 1 Hz. Low values of NEP

express a high sensitivity. Mathematically [71]:

Un
NEP = 2 (1.1)

where,v, is the voltage spectral densityg. the noise power per unit of bandwidth, and
R, is the responsivityi,e. the input-output gain of the detector.
For an imaging detector, constituted by a certaimlmer of pixels, a NERern is

usually indicated, where:NEP = NEP.,era/Vbandwidth. NEP is expressed
in W/vHz. The NER:meraiS €xpressed in W and can be computed as [71]:



vnPi
NEPcamera = ﬁayn‘/i (IZ)

whereP;, is the total incident THz power ang is the signal of the! pixel of the

detector array.

Table 4 Commercial available detectors for THz radiatior][1

Frame rate

Frequency  Responsivity  NEP or or response Number Compan
[THz] [V/W] NEP.amera timpe of pixels pany
Schottky ]
. 13.2 Single
bqrner 0.11-0.17 2000 pW/Hzl/z 42 ns detector VDI
diode
Photoconductive 1 4 ) B ) Single EKSPLA
antenna detecto
Photoconductive .
X 66 Single
folded dipole 06-10 800 DW/HZ - detector STM
antenna
Photoconductive Single Menlo
0.3-45 - - -
antenna detector System
;EaTy 0.7-11 11510° 12 nW 25 Hz 32x32 STM
Bolometer 4.25 - 24.7 pW 50 Hz 384x288 INO
Golay cell 0.2-20 1010° ey 25 ms Single \rerotech
' nW/HZz* detector
Micro-bolometer 1.0-7.0 - <100 pW 30 Hz 320x240 NEC
LIUEg 0.1 - 300 - 96 nW 50 Hz 320320 OPhIr
pyroelectric photonic:
0.3 .
. 440 Single
Pyroelectric 1.0 18.310° DW/HZ" 10 Hz detector QMC
3.01(C
T D 2.4 1410° 30 pW - 320x240  CEA-Leti
bolometer
VOXx micro- Infrared
bolometer 2.8 20010 35 pW 30 Hz 160x120 Systems
VOXx micro- 16 ms
bolometer £l i AAVl (each pixel) ST NES
Amigci"’t‘yQW 2.0-40 126 32 pW 25Hz  320x240 CEA-Leti

In Table 4 parameters of several commercially available Tetectors are compared.
According to The 2017 terahertz science and technology roadfidf detectors
based on CMOS technology, such as photoconduatiemaas and FET arrays, are the
most promising tools for THz sensing and imaging.fdct, they are suitable for
miniaturization and integration in compact devieesl are able to operate at room
temperature. However, improvements are needed fmreasing responsivity,
sensitivity and response times, as well as, in intagthe number of available

pixels [17]: “Future expectations for terahertz gimy systems include video rate
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imaging (at least 25 fps) at VGA resolution. Furtimto the future, HD format will be
the normal expectation for any imaging system. knagsolution (as opposed to
display resolution), noise and dynamic range ateempected to improve. These
improvements will rely on advancement in sourcéecter and optical/system design
technology. Specifically, compact, room temperaterahertz sources in the region of
10 mW average power are essential in order to erstahd-off imaging at distances
greater than 1 m. Such sources when coupled w&gh@VOS FPA would render a
low-cost THz camera (we estimate < US$ 5000 pet) timat could find wide spread
use in applications such as stand-off detectiohidfien objects and non-invasive
medical €.g.oncology) and dental diagnostics.”

It means that the development of THz detectionst@alnnot ignore a progress of the
whole THz components technology, included not osbyrces and detectors, but

passive THz devices too, as discussed in the Bpekba.

4. Terahertz passive components

Generally, when the availability of high power isnflamental for a specific
application, quasi-optical devices are preferred guided-wave structures. For
example, in a commercially available metallic regiar waveguide (WG) losses are
equal to 1 dB/cm at 1 THz (Virginia Diodes VM250 RAL.0) [72]). In fact, at

microwaves, metals behave as perfect conductorlewthiey are lossy at THz.
Additionally, most of dielectrics extremely transg@t at optical frequencies absorb
THz waves (compare Ch. Il Sec. 5). Guided strustuteowever, offer several
advantages: (i) allow for the integration of compeaud light THz systems; (ii) provide

better isolation; (iii) do not need optical alignme@ccuracy [17].

4.1 Terahertz waveguides

Metallic WGs are mainly suitable for transmissidnTélz waves at distances of the
order of millimeters because they cannot guarattetn mode confinement and
negligible metallic losses [73]. For example, patglate WGs show low losses: if
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plates are made of copper and are located at @andestof 0.1 mm each other, loss is
0.14 cm' approximately at 1 THz [74]. Moreover, their growglocity dispersion can
be considered negligible. However, they offer nofcement in lateral directions.
Co-planar WGs and co-planar strip-lines are empgldgeohotoconductive transmitters
and receivers for propagation distances in therasfienillimeters. In fact, they suffer
from strong attenuations of 4.6 ¢nor higher [75], [76], but they continue to be
attractive because their small dimensions and pigeametry [74].

At THz frequencies, most dielectric materials suffem high absorption coefficient
or from frequency dispersion in refractive indeXuea except for high-resistivity
silicon and few polymeric materials (compare ChSélc. 5). These properties need to
be taken into account in the design of dielectri@&VOptical fibers are an example of
possible dielectric guiding structure largely sadliat THz frequencies. Three core
structures can be compared [73]:

1) Solid-core fibers: they are reasonably simple toriate and offer a wide
bandwidth in single mode operation. On the othemdhahey are deeply
influenced by material absorption. Example [77fiteer with a diameter of
0.42 mm, made of TOPAS polymer (compare Ch. Il $gc.has losses of
0.09 cnt over 0.35 — 0.65 THz and a dispersion of less thps/THzcm over
0.5-1.5THz.

2) Porous-core fibers: they reduce losses due to rahtesses and show low
THz dispersion. Because porous are filled by dieytare sensitive to
waveguide perturbations. Example [78]: a fiber vdtdiameter of 0.445 mm,
made of polyethylene (compare Ch. Il Sec. 5), withular holes filled by air
in its core, has losses below 0.02cover 0.1 — 0.5 THz and a dispersion of
less than 1 ps/THam over 0.1 — 0.5 THz.

3) Hollow-core fibers: they show the lowest losses disghersion, but they work
in a limited frequency band, are difficult to fadaie, and have a larger
diameter than the other fiber typologies. Exampl¥:[a fiber with a diameter
of 2 mm, made of Teflon (compare Ch. Il Sec. 5thvei core made of air, has
losses below 0.02 chat 1 THz.

The main drawback of dielectric WGs is that they subjected to diffraction limit and
the mode propagation area cannot be reduced béydBecause of dimensions, their

integration inside extremely compact THz devicadade a critical issue.
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4.2 Quasi-optical components

The most encountered way to propagate THz radiasidhe quasi-optical one. THz
transmission in free space is possible when ttarelmagnetic beam is collimated and
is not completely warped by diffraction. Howevehetmaximum beam size is
restricted to a moderate number of wavelengths. thisr reason, diffraction is a
significant issue in the design of quasi-opticainpenents. Diffraction theory can be
successfully applied as design tool, but its foatiah is quite complex. In most cases,
however, THz radiation has a Gaussian amplitudeilligion, which is transverse to
beam propagation axis. Gaussian optics is widelgleyed in the THz propagation
theoretical analysis, because it is accurate alodvalfor a rapid design of passive

components [80].

4.2.1 Polarizers

A Gaussian beam can have, in principle, any patidm state. Many THz emitters
have both vertical and horizontal polarization comgnts because of the antenna
structure [81] or bulk contributions to optical tification [82]. Sometimes, THz
antennas are not characterized in terms of potasizand it can affect set-up optical
properties [83]. Polarizers are able to separalarigation components by means of a
grating with different geometries and made of défe materials. The power
transmitted across a linear polarizer is given g tomponentsT™, which is the
component parallel to the grating vector, a8 which is perpendicular. A figure of
merit is the extinction ratio, defined aBR = TTE /T™, For an ideal polarizer,
T =0 and ER = OFig. 3 shows the state of art of polarizers comparingntlvéth
commercial ones in terms of transmitted power axiih&ion ratio at 1 THz. A
description of different structures and materials THz polarizers goes beyond the
aim of this works and can be found in [83]. Comralg available polarizers have
high transmittance and good extinction ratio. Hogvrethey are well-known metallic
wire grid polarizers and could be substituted ia tiext future by polarizers made of

novel materials, such as carbon nanotubes (CNT).

13



Comparison at 1 THz
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Fig. 3 Comparison between novel polarizers (red) and cercially available polarizers (blue) at the

frequency of 1 THz. Figure is taken from [83] whardescription of the polarizers in the legendrigesh
in detail.

4.2.2 Waveplates

Waveplates (WPs) are material slabs able to intteda differential phase shift
between the components of a linearly polarizedataati. A quarter WP introduces a
phase shift of 90°, transforming a linear polai@ainto a circular polarization [84]. A

half WP leads to a phase shift of 180°, rotating folarization plane of a linear
polarized beam [80].

At THz, the main issue is the availability of artsparent material, with low frequency
dispersive refractive index. Natural or artificéalisotropic dielectrics are both suitable.
As will be discussed in detail in Ch. Il Sec. Sn&oanisotropic polymeric materials are

transparent and affordable choices.

4.2.3 Filters

There are several different filters at THz frequescthat can be employed for various
applications. According to [80], THz filters can theided in four categories:
1) Two-dimensional structure: planar structure wiga#tern of conductors that is
periodic in two dimensions. Simple geometries, saststrips with a spacing
higher than a half of the operational wavelengtdhave as high-pass filters in
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2)

3)

4)

transmission. According to the Babinet principles][8a complementary
geometry,.e. patches, acts as a low-pass filter in transmis$mgs, crosses
or other geometries [86] can be exploited and ehibesonant behavior.
Three-dimensional structures: planar structure wigattern of conductors that
is periodic in two dimensions and with an arbitraize in the third direction.
Examples are perforated plates and dichroic pl@es They work as high-
pass filters in transmission.

Dual-beam interferometers: devices that, employirdielectric slab or a wire
grid structure, divide the incident beam into tvastp, introduce a delay in one
of them and recombine the two parts in a singleTbg&8]. They are the THz
counterparts of the Michelson interferometer wideded in optics or in the IR
region. The output spectrum is a sinusoid with props depending on the
introduced delay and on the imperfections in the lb#ams recombination.
Multi-beam interferometers: stacks of partiallyleefive mirrors. They are
also called Fabry-Perot interferometers [89]. Qitrie slabs as well as planar
structure with periodic conductors can act as métrdhe frequency response
is deeply influenced by reflectivity of the mirroasd by their thickness. The
amplitude of transmitted radiation can be comprenhigsy absorption losses in

materials constituting the mirrors.

A summary of filters behavior described above cafobind inFig. 4.

INDUCTIVE
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g
53

Fig. 4 Behavior of some filters categories widely empbbae THz frequencies [80].
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4.2.4 Lenses

Other important passive components for the manijpmlaof THz beams are lenses.
They are devices able to focalize incident radmtioa small area, ideally of circular
shape and with a diameter comparable to the wagt#lenHowever, at THz

frequencies, to focus waves at the diffractiontiimihard to reach in practice. Several
solutions for increasing THz lenses resolution withlosing radiation power in the

focal area are possible and will be discussederfaliowing chapters.
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CHAPTER I

Passive devices for terahertz
radiation: zone plates as planar
diffractive lenses

1. Introduction

Electromagnetic radiation can be focalized by wfom, reflection, diffraction and
interference of waves. At THz frequencies, most mam choices are refraction or
reflection.

Plano-convex or biconvex lenses [90]-[92] are carhpand light devices. For these
reasons, they are usually employed in several coniahedfHz set-ups, especially for
broadband applications. However, because of theitefthickness, THz material
losses, and the low power associated to THz radiatefractive lenses are not ideal
for those applications that need low absorptiosdesand high spatial resolution due to
the significant thickness required.

Off-axis parabolic mirrors overcome these problelng,they are impractical to use in
compact or portable devices, because they regignéfisant space in the free-space
electromagnetic path. Moreover, they suffer froomatic aberration and from a
presence of various polarization states of the Wiwe in the focal area [93].
Therefore, for example, when an off-axis parabwiioor is employed for performing
polarization-resolved terahertz time-domain spaciopy experiments, the sample has
to be set exactly in focus to prevent changeserrdidiation polarization state.

Another way to focalize electromagnetic radiation by diffraction [94]-[96].
Diffractive lenses can be lighter and thinner thafiactive lenses, so they introduce
less absorption losses. On the other hand, thelytteahromatic aberrations and they
are not suitable for broadband applications. Howethee capability of a diffractive
lens to focalize different electromagnetic wavetbsgat different focal lengths has
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been used for tomographic applications [97]. Amdifffactive lenses, the zone plate
(ZP) is one of the thinnest devices, which intraione of the lowest absorption

losses and can be completely planar.

2. Planar diffractive lenses: zone plates

A ZP is a circular grating able to focalize elentagnetic waves by interference
instead of refraction or reflection. It has beetmdduced in 1875 by Soret [98], who
described it as an alternation between ring-shapmues completely opaque or
transparent to an incident radiation.

Zone construction follows the Huygens-Fresnel ppilec[85]. It can be explained

from Fig. 5, where a plane wave is travelling in free space.

Plane wave

Fig. 5 Huygens-Fresnel principle for zone plate constanmctiA plane wave is propagating towards the
point of the space,PO, R, and R are point of the wave front, which have a fixestaince with respect to
Po.

P, is a point at distance @From the wave front of the plane wave. According t
Huygens principle, every point of the wave frontsaas a source of electromagnetic
waves. These secondary waves (i) have same anglifiidare in phase and (iii) are
propagating to £ The wave front can be divided in zones by comwsirg circles
centered in O. The first circle radius is such thatdistance QRdiffers from RP, by
A2; for the second circle radius, the distanceg @iffers from RP, by 24/2; and so on.
In this way, the radiation passing through a sirzglee arrives in phase at the poipt P

If only the radiation coming from alternate zones dollected, it constructively
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interferes in B A ZP is a screen, which stops wave propagatidyiaralternated half-
period zones for a point of the space.

Developments and applications of ZP lenses, sintvléinose in electromagnetics, have
also been made in acoustics. Acoustical Fresnedszare, sometimes, called Huygens’
zones [99].

Fresnel ZPs are not often employed because tHeaieety in radiation collection is
poor for two main reasons: (i) onlyrt/of incident power on a ZP can be focalized in
its primary focus; (i) 1/4 of the incident ligtg not diffracted and creates a continuous
background in the image plane. Moreover, ZP foeagith is proportional to 1/and
changes according to the operational frequencyhhighromatic lenses). ZPs can be
difficult to fabricate when, for example, the ZPsh& focalize electromagnetic
radiation at high frequencies (UV and higher).

To overcome difficulties linked to ZP efficiencyotd Rayleigh proposed a phase-
reversal ZP in 1888 [100]. The main difference lestva conventional and a phase-
reversal ZP is that in the phase-reversal ZPsaleg are, ideally, made of a low-
absorbing material. The phase-reversal device rwaesi to consist of an alternation of
concentric ring-shaped zones: some zones are dpenpthers advance or retard
incident radiation phase lyradians by adding or subtractif® to the optical path of
radiation rays, using an appropriate thicknesshismway, at the ZP primary focus, the
power intensity could be increased four times.

Starting from 1898, Wood further developed Lord Iemy idea. He demonstrated
phase-reversal ZPs advantages over conventionahélr&ZPs. In fact, in [101] he
wrote: “In a paper published in Poggendorff's Aram(1875) Soret showed that if we
describe a number of small concentric circles gtaas plate, with radii proportional
to the square roots of the natural numbers, arekbiathe spaces between the alternate
rings, the plate will have the property of bringimarallel rays of light to a focus, like a
condensing-lens. [...] [Soret] showed that such &piarms real images of luminous
objects and could be used as the objective ofesdepe or as the eyepiece. He also
showed that in addition to acting as a condensargs,| the zone plate acted as a
concave or dispersing lens. Moreover, he pointaédiai the plate has multiple foci at
distancesa?/, a3, a’/5., wherea is the radius of the central circle. [...] It hashe
pointed out by Lord Rayleigh that if it were podsito provide that the light stopped

alternate zones were replaced by phase-reverfalirald effect would be produced.
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After some experimenting | have succeeded in priogusuch a zone plate, perfectly
transparent over its entire extent. [...] Using ohéhe new plates as the objective of a
telescope in connection with a low-power eyepiddeave distinctly seen the lunar
craters and have constructed telescopes in whith dlojective and eyepiece were
zone-plates.”. Wood proposed several ways for zieg)i phase-reversal ZPs [101],
[102] and also suggested some possible and suatapglications for these devices at
visible frequencies. However, in this range of #lectromagnetic spectrum where
refractive lenses and mirrors are available, ZRétittle practical use. Until the first
half of the 28 century, optical ZPs were considered by most $ifiefiterature only a
mean for experimentally demonstrate the Huygenstielgorinciple [103], [104].
Because ZPs operation principle is valid at anyelength, it is applicable beyond the
visible range. Starting from 1950s, ZPs were reictemed for the focalization of x-rays
[105], [106] and extreme UV radiation [107], [L0&8hd their fabrication constrains
were actively discussed. At these frequencies onsircan efficiently focalize radiation,
with a small spot size and achromatic behavior ARg offer the advantage to be more
compact, lighter and easier to align, even if thaye a relatively low efficiency. Some
strategies are been recently developed for inargattie intensity in the first-order
focus area, such as the binary ZPs stacking [109()].

Fig. 6 &) Fresnel ZP for a microlight emitting diode [}1) ZP constructed for 12-cm waves [112].

On the contrary, at microwaves, ZPs show somerdiffees compared to their optical
counterpart Fig. 6). In the visible, the zone number is high; Wooplate had 100
ring-shaped zones, for example. Moreover, the ivelaaperture,i.e. the ratio of

aperture diameter to focal length, is small. On dkieer hand, a microwave ZP has
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usually few zones and a large relative aperturg¢112], Brown wrote: “Assume one
[ZP] for 12-cm waves and having an aperturef/df Computations show that its
primary focal length is 16 m, its aperture 11.5Dithensions suitable for lecture room
apparatus can be attained only with much largetivel apertures. It then follows that
a microwave zone plate can be designed exactlpifity a single pair of conjugate
foci, this restriction being the same as for a leflarge relative aperture.”

For wavelengths in the order of centimeters or Ipvid®s can be used as antennas
[113]-[115]: as emitting antenna, they have smaling but good bandwidth; as
receiving antenna, they behave as converging l¢h&d$

3. Zone plates for terahertz radiation and their applications

Along with emerging of THz technology, ZPs are alssing developed for this
frequency region. However, due to THz absorptimmmon materials at optical and
microwave frequencies are not suitable for THz ZPir fabrication process needs to
be different as well.

From the point of view of ZPs applications, theletanspiration from both optics and
microwaves: ZPs could be used to focalize electgmatic radiation, for example in
THz spectroscopy or imaging, or they can be couplgt antennas for increasing
directivity. It is important to underline that, most cases, when ZPs are employed as
lens antenna, they work in reflection mode, whilbgn ZPs are developed for quasi-
optical applications, they work in transmission mod

The use of ZPs as lens antennas can be found 8]-{119]. For example, a ZP
designed for a specific microwave frequency is @ife also at its odd harmonic
frequencies [117]. A ZP lens antenna was desigoedderation at 90 GHz, but it was
also investigated at 0.27 THz, 0.45 THz, until 1T3%. The authors have showed that
for all these odd harmonics of the design frequetiey gain peak has the same shape,
top value, and bandwidth. It opens up the oppantuioi create a multiple band THz
lens antenna, by simply employing a suitable engjttsource. However, antenna
resolution and efficiency of a ZP designed for mieave but operated at higher odd
harmonics up to THz frequency are not comparablehtse achievable by a ZP

antenna designed specifically to operate at THh e first harmonic. Moreover, all
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applications of ZP as lens antenna in the THz rarme been mainly investigated
analytically or numerically; experimental evidendes/e been present so far only at
sub-THz frequencies, between 0.1 THz and 0.28 TIA2]

ZPs can be slightly modified in their shape foradfihg interesting features. For
example, in [121] a sensor was integrated on théolmoside of a substrate and a
spiral-shape ZP is designed on the top side of&nee substrate. This device behaved
as a receiving antenna at 28 THz. In fact, it wesighed in the way that the spiral ZP
focal length at 28 THz corresponds to the substtdat&ness. Moreover, at the same
time, the whole device has been able to work asflenwaves at 0.4 THz. In this way,
if a detector was placed at a distance correspgntbinspiral ZP focal length at
0.4 THz, a dual-band detection could be operated.

In the THz central frequency band, ZPs are maimipleyed as focalizing elements. In
[94], [122], [123] two Fresnel ZPs have been coragaa conventional one and a ZP
made by cross-shaped resonant elements. The twerges have been designed to
have the same focal length and numerical apenturttdt has been shown that they also
have the same beam waist. The main differenceeisrigiximum intensity of the THz
beam in the focus area: this is almost twice ah Ifiig the conventional Fresnel ZP
with respect to the ZP with resonant elements. BiRls considered in [94], [122],
[123] were metallic lenses and they induced theqmee of standing waves when other
metallic elements were present in the same THzatiadi path. A phase-reversal ZP
could prevent it since it is not made of metal. @gplication suggested by the same
authors for their ZPs has been the coupling ofrtfegallic ZPs [124] or the phase
reversal ZP [125] with InGaAs-based THz detectars dnhancing the detection
power.

The refractive nature of ZPs implies that thesealiehas highly chromatic lenses.
However, it is possible to tune (i) the frequentwhich they are optimized for, or (ii)
their focal length at a fixed frequency. Currentlige only way known at THz to
operate a tuning of ZP focal length is to photaditel a ZP pattern on a silicon
substrate and change the number of the photo-ikdricg zones, for a fixed overall
lens diameter [126], [127].
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4. Zone plates theoretical background

A ZP has a geometry made by concentric rings withngreasing radius. When a
plane wave is incident on it, the path of the ragstributing to the focus grows as the
distance from the center of the lens increasessi@ering two adjacent zones, the path
increases by from the beginning of the first zone to the endifighe second one. The
phase, in the first ring of these two zones, hamamment from O ta. In the second
zone, the phase moves franto 2t. For this reason, radiation coming from the second
zone destructively interferes with radiation froirstf zone. In a Fresnel zone plate,
radiation from second zone is completely stopped mon-transmitting material. In
phase reversal zone plates, radiation phase isgetlaby choosing an opportune
difference of thickness between two adjacent zones.

Because the path difference between two adjacerszisl/2, the zone radii is:

(I1.1)

wherer,, is the radius of the"" zone, and is the focal length. ZPs are not usually

m2A?
4

2 =mil+

employed for finite object distances, because timnoduce spherical aberrations.
WhenmA « [, radii expression becomes:

Ty ~ Vmld (11.2)
In this approximation, all zones have the same anglacontribute equally to the focus.
The expression 1.2 is accurate only for objectsnuaiges at infinity. If objecp and

imageq distances are finite, equation 1.1 has to be edpd in powers afv. [101]:

2 =mia+ 22 (1- D) 1o (%) (11.3)

The second term in equation 11.3 becomes signifidam? > [/A. Higher-order terms
remain negligible for all object distances unlese ffollowing constrain holds:
m3/2 > 51/2.

In a phase-reversal ZP, the zone thickness isigortant. It can be derived from the

phase shifp that a material introduces in the ray path:
¢ = 27"t(n -1 (1.4)
wheren is the ZP material refractive index anis$ the ZP thickness. For a half-period

zone platep = m and zone thickness is:

1
t= 2(n-1)

(I.5)
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A more rigorous geometrical construction of all fboemulas presented in this section
can be found in [104], [105].

4.1 Diffraction efficiency

ZP diffraction efficiency is an important paramefi@r the evaluation of a ZP focusing
performance, in terms of power throughput. It iirdel as the ratio between the power
diffracted by the ZPPg4, and the power incident onto the 2R,

Mg =5t (11.6)
In a ZP, the diffraction efficiency can be analgtig evaluated by Fresnel-Kirchhoff
theory and corresponds to about 40.5%. In a phasrsal ZP, if the zone thickness,

is lower than the ratio between the square valuthefwidth of the narrowest and

outermost ring4r, and the wavelength, i.e..

2

Ar
t< = (1.7)

the Fresnel-Kirchhoff theory is valid and the difftion efficiency of the phase-
reversal ZP is the same of a conventional ZP. @rctimtrary, for high values of zone
thickness, a more rigorous analytical calculatisméeded. Details can be found in
[128].

4.2 Comparison of properties of zone plates and traditnal lenses

The resolving power of a ZP is very similar to tbét conventional lens of the same

diameter [129]. However, when a ZP is used at qufeacy different from the one for

which it was designed, the image will suffer botbni chromatic and spherical

aberrations [130].

On the other hand, in addition to the primary fealis, a ZP has higher-order foci at:
l/2i+1),i=1,2,.. (1.8)

It also has an identical series of virtual focipaing the use of the zone plate as a

diverging element as well as a converging d¥ig.(7).
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INCIDENT RADIATION UNDIFFRACTED RADIATION

INCIDENT RADIATION

UNDIFFRACTED RADIATION

Fig. 7 Multiple and virtual foci in a ZP. Undiffracteddiation is commonly called zero-order of diffracted
radiation. The focus “+1” is associated to thetfoler of diffraction. The focus “+3” representkigher-
order focus, corresponding to i = 2 in equatio8.IFoci “-1” and “-3" are the equivalent virtualdicof the
positive ones.

4.3Zone plates aberrations

Aberrations of a ZP have the same form as thosecohventional refractive lens. The
discussion of this topic follows the work in [131f.will be limited, for convenience,
only at one dimension, but it is possible to extéhét a bidimensional case by
multiplying each term by the appropriate power of whered is the azimuthal
angle.

To obtain an image free from aberrations up tahive order, it must hold that:

m <./2l/2 (1.9)

However, for a fixed ZP external diameter, it igprtant to maximize the number of
zones because this influences lenses resolutioithwdorresponds to the minimum
zone widthj.e. with the width of the more external ring.

ZPs focalize by diffraction, so they suffer fromra@imatic aberration. However, there is
a short frequency range in which a ZP is achromdathe full width at the half
maximum (FWHM) of this band44, can be estimated by considering that the optical
path of focalized radiation at the design wavelerighas to be close to the one at a
different wavelengthy, i.e.mA/2 = mA,;/2 + A,4/4:

A= A/m (1.10)
Regarding off-axis aberrations, they are the suncarha, astigmatism and field
curvature. Ifa is the angle between the principal ray and thécabtxis, off-axis
aberrations become manifest when their sum eqydls

s a/2l? —3r2a?/4l=1/4 (11.11)
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When the number of rings is low, for a fixed vabféhe external radius, the first zone
has a high diameter and the angle between theipaimay and the optical is high. In
this condition, the second term of the sum, lintedstigmatism and field curvature, is
dominant on the first term, due to coma aberraffére half field over which the image
is diffraction limited can be set by:

@ = (3m)"2 (1.12)

If coma dominates, the half field can be evaludtgd

1
a=mi/l) z2(1/2m) (1.13)
It is worth pointing out that formula 11.9-13 de#mrs wave front aberrations in terms
of deviation from a diffraction-limited situatioas analyzed in [131], and not in terms

of distribution of light according to geometricgitics.

5. Materials for terahertz diffractive devices

Lenses for THz waves should not absorb incomingatiaxh, due to the fact that THz
sources emit radiation with a power in the ordeteof of microwatts. Moreover, they
should be hydrophobic because water exhibits skwadsorption bands in the THz
spectrum. High resistivity floating zone siliconRHAZ-Si) is a single-crystal silicon,
with resistivity which exceeds 1@¥cm. Below 1.5 THz, silicon resistivity is
important because the presence of carriers duemfourities deeply influences
absorption coefficient. In THz range, HRFZ-Si shoavsefractive index essentially
constant and equal to 3.418, which changes less#0#01 for frequencies between
100 GHz and 2 THz [132]. In the same frequency eaiadpsorption coefficient is less
than 0.05 crl.

High refractive index allows for thin devices. Hoxee, the high cost and crystalline
nature of the material makes it suitable only fome applications. Additionally, the
high refractive index results in significant Frelslosses and pronounced Fabry-Perot
effects.

In general, materials showing properties analogoutose of glasses or transparent
polymers at optical frequencies are highly desealdr THz refractive optics.

Conventional glasses presents significant lossg3][For example, highly disordered
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glasses, such as Pyrex and BK7, have an absou&fficient of 13 cntand 16 crf,
with a refractive index of 2.1 and 2.5 at 0.9 THxspectively. In fact, in these glasses
ionic network modifiers, especially alkali oxideare present and increase the
microscopic polarizability of the glass. High pwyritamorphous silica and
polycrystalline quartz (refractive index of 2.05teen 0.5 and 1.5 THz) are better,
but losses as high as 1.2 tmre found at 1 THz. Additionally, the requiremeiita
high purity affects the final price of devices fabted in pure silica.

Therefore, there is a need of alternative mateti@shave the following properties: (i)
low absorption losses, (ii) suitable refractivedrdtypically 1.4 - 1.7 to limit Fresnel
losses, (iii) no dispersion, (iv) hydrophobicity prevent absorption of atmospheric
vapor; (iv) processability, also in limited volumfes low cost affordable components.

Table 5 Comparison of THz conventional materials refrasfivdex and absorption coefficient at 1 THz.

Material Refractive index Absorption coefficient [cmi'] Reference
ABS 1.57 17.3 [134]
BK7 2.50 16 [133]
Dolomite (stone) 2.70 8 [135]
HDPE 1.53 13.9 [136]
HRFZ-Si 3.42 0.05 [132]
Paper (black) 1.54 11.14 [137]
Paper (green) 1.42 8.7 [137]
PET (Mylar) 1.712 20 [138]
PMMA 1.60 15.1 [136]
PP 151 2.09 [138]
PS 1.59 3 [136]
Pyrex 2.10 13 [133]
Silica 2.05 1.2 [133]
Teflon 1.45 1.76 [136]
TOPAS 152 0.15 [136]
TPX 1.46 0.4 [139]
Zeon COP 1.52 0.06 [140]

A few polymers have been considered in the litematto fulfill some of these

requirements. Between polymeric materials, there, &or example, high-density
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polyethylene (HDPE) [141], polytetrafluoroethylen@TFE) or Teflon [142],
polymethylpentene (TPX), TOPAS [143], and Zedhetwo cyclo-olefin polymers
[140], [144].

Currently, 3D printable materials are employedhea bbw-THz spectrum, like HDPE,
acrylonitrile butadiene styrene (ABS) or other ptas[134]. Paper [137], [145] and
natural stone [135] are interesting alternativesery dry environments where water
absorption is not an issue. Tiable 5a comparison of refractive index and absorption
coefficient value, between the discussed mateiigfxesented.

In the design of ZP and, in general, of lensesTide frequencies, the choice of the
material is often influenced by the refractive indealue. A high refractive index
increases Fresnel losses due to the huge diffexdnedractive index between the lens
material and air. In this situation, an antireflestcoating is needed. These coatings, in
their simplest form, are thin films with two maimaracteristics: (i) their refractive
index is equal to the square root of the refradtinkex of the material to be coated; (i)
their optical thickness corresponds to the % di@sen wavelength that will determine
an antireflection operative band. This means thatl THz of frequency, an ideal
antireflection coating has an optical thicknes®fum. Assume the lens material is
HRFZ-Si (refractive index of about 3.418), the @ogtmaterial needs to have a
refractive index of 1.849 and a physical thicknes40.56 pm. Such material should
also have low absorption at the operating waveleniforeover, the deposition
process of the antireflection coating has not twoduce water molecules in the
materials because water induces high THz absorption

Polymeric materials with a refractive index lowbam 2 are often convenient choices
as THz devices substrates. In this situation, kbdse to material absorption have to be
as low as possible. In fact, in most applicatighs, materials thickness has to be set
proportional to the wavelength in the mediuire.( t «< 4,/n, where 4, is the
wavelength in the vacuum amdis the material refractive index). Thus, as low th
refractive index is as high the thickness of tmacstire will be,inducing an increment
of absorption losses. The preferred range of réfiedéndex for the UV-VIS-IR-THz

is, usually, between 1.4 and 1.7.
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6. Fabrication methods and techniques

Until the 1960s, lens technology was essentialgeldeon three fabrication techniques:
cutting, grinding and polishing. The main reason tigt lenses were mainly
manufactured for optics and were made of glass.riadipg process allows for
obtaining a surface profile that is as close as iplesso the desired shape. By
polishing, which can be a mechanical or chemicatess, the final surface quality is
reached with tolerances in the nanometer raingieeeply sub-wavelength. This level
of control is needed to avoid scattering induceddnghness. The optimized form of
these techniques is still used today for creatimgnwscopic devices with an excellent
surface quality, in absence of micrometric features

Meanwhile, with the massive progress of semicoratucprocessing and
photolithografic techniques, (i) the mass producti@i) the integration of different
elements in the same device, and (iii) a reductibrproduction expenses became
feasible. However, until 1960s, the minimum featsize was of the order of tens of
micrometers [146].

For all these reasons, the first method to procduZ® for optical applications was to
draw a ZP on a white sheet of paper, filling alééenzones with black. Its photograph
negative works as a ZP device [105]. This techniga® serious limitations linked to
the quality of the photographic film. Sizes and entltharacteristics of silver salt
crystals and the quality of emulsion in the phospdpic film determine the sensitivity,
contrast and resolution of the negative image. é@mple, a Velvia RVP100 from
Fujiflm has fundamental particles between 200 nmal 2 um of diameter and a
corresponding film resolution of about 8 um [14#¥hich is more than 10 times higher
than the optical wavelength.

It was only during 1980s that standard lithografiegame to offer feature size of
about one micrometer. Moreover, dry etching teamesgstarted to be employed to
make micro-optical devices like, in particular,fdittive optical elements in glass or
silicon. Lithography and etching are consolidatézps in ZP fabrication, but some
issues remain in the fabrication of diffractiveiopt[148]: “The simplicity of repeated
masking and etching makes it possible to fabricatmplex binary optical elements
cheaply and in volume, but the manufacturing tesqimidoes leave its traces in one

significant drawback. It produces not the curved angled surfaces of conventional
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optics but rather a series of flat steps that apprates the desired shape. Deviations
from the ideal shape scatter light out of its inlieth path. Losses of even 5 percent at
the surface of each binary optical element carossly degrade the performance of
optical trains containing half a dozen elementsore.”

In recent years, technology has definitely entémetie era of sub-micrometer features.
ZPs for X-rays or extreme ultraviolet radiation,amew, able to nano-focalize waves
by means of novel diffractive optical elements, hsas photon sieve and modified
Fresnel ZP [149].

Another revolution is currently undertaken: 3D pging manufacturing. Cutting,
grinding, and polishing, such as photolithographgl atching are subtractive methods
that remove unwanted material to give a final devithe 3D printing is an additive
method, because, by employing it, the device iddated layer by layer. It also has the
great advantages to use a compact hardware anc tcommputer-controlled and
integrated with simulation software.

For diffractive elements fabrication in the THz gan all these techniques are well
established. In particular, 3D-printing prototypiisgparticularly suitable at THz [143],
[150], [151] because, at these frequencies, onlyghoess higher thai/10 can
interfere with lens properties. It gives more taleres than fabrication constrains in
optics or X-rays regions. However, currently, miaiersuitable for 3D printing have
absorptions at central THz frequencies larger thato-olefins or HRFZ-Si [134] and
they could compromise lenses quality in that aggiims in which THz power is
important.

Another strategies for mass production of THz Isnisemicro-powder compression
[90]. This technique is very fast and cheap, butslgroperties are not exactly
repeatable, because they could locally change fdewice to device according to

impurities and material powder distribution.
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CHAPTER Il

Methods for numerically design
and fabricate polymeric zone plates

1. Introduction

Zone plates are able to focalize electromagnetitatian by diffraction. They are
highly chromatic lenses and are suitable for adlsthapplications in which the main
issues are (i) the achievement of the lowest radiattenuation in the focal area, (ii) a
good resolution, and (iii) the integration in coropdevices.

Phase-reversal ZPs can be a good choice in therditge. In particular, binary ZPs
have a low diffraction efficiency (of about 40.5%)t are simple to fabricate. On the
other hand, in multilevel ZPs several rings of elfnt thickness and width are
fabricated as sub-zones. These sub-zones all srgpéiform the phase shift of two
adjacent rings in a binary ZP, and an efficiency68f4% or more is obtained, as
illustrated inFig. 8. In a multilevel ZP with four levels, diffracticafficiency is 81.1%.
However, manufacturing becomes complicated asuh@er of levels increases.

For these reasons, a new configuration of ZP inT#He range has been devised and
investigated in this work. It consists of a stackedsion of two binary ZP, which is
simpler to fabricate than multilevel ZPs. In gehewehen two ZPs are placed within
each other’s near field zone, they act as a siegle For this reason, in this work, this
kind of ZP has been realized on the same devicegfmpducing a binary ZP on both
sides of a substrate plate. This configuration élicalled ‘phase reversal double-sided
ZP’, or simply ‘double-sided ZP’.
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Fig. 8 Diffraction efficiency by increasing the numberdi$cretization of zones phase step [109].

A ZP stacking and a double-sided ZP are commoncekdior focalizing X-rays with
the aim to increase the field intensity in thetfweder focus area [152]. However, this
device has not yet been considered at THz freqaend@ihe main difference between
stacked or double-sided ZPs known in the scierlttécature and this new one for THz
applications is in the zone thickness, in the phase shift introduced by zones. The
THz double-sided ZP is made by two binary phaseersal ZPs and each ZP
introduces ar/2 phase difference between polymeric material @ndThe idea is that
the first ZP shifts the phase @ and the second ZP, placed in previous ZP neht, fi
introduces another shift af/2. In this way, the total phase shift of the imgit
radiation at the end of double-sided ZP stay®n the contrary, in stacked and double-
sided ZPs from literature, each ZP performs ghase shift. Moreover, sometimes, at
X-ray frequencies, the ZPs in the stacked configpmaare metallic Fresnel ZP and not
dielectric phase reversal ZPs.

From now on, we shall refer to binary and multile¥®s by assuming they are all
phase reversal binary and multilevel ZPs, for nefeldrevity. The aim of the present
work, discussed in the following, is to investigabe focalizing properties of a THz
double-sided ZP, and to compare its lens behauitbr avbinary ZP and a four-levels
(multilevel) ZP. For doing that, a thorough numatimvestigation of the proposed
lenses is needed for the design and their optiizafSec. 3). On the basis of
numerical results, some ZP prototypes have beeticéabd by employing a suitable

technique, as discussed in section 4.
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2. Numerical methods in computational electromagnetic

Any numerical analysis or optimization has the gmahchieve a sufficient accuracy
with a minimum effort, where the effort is usuathe computational cost in terms of
computational time and memory requirements.

In general, there are several aspects that cofliceitce the choice of a computational
method: (i) the electromagnetic problem may invdbeeindary conditions difficult to
treat; (ii) materials could have nonlinear, anigpic, or dispersive characteristics; (iii)
the problem could have a length scale of severalelgagths in vacuum; (iv) the
problem could contain a combination of length ssalee to its physics or geometry;
(vi) the excitation can be non-stationary; (viig thnaterial can be frequency dispersive
[153].

In some situations, one method could be competitvea portion of the problem and,
at the same time, another algorithm could be bstiged for the remaining parts. In
these situations, for example, a so-called hybriethwd could be developed and
applied. However, such methods are challengingaesttuct while preserving all
important properties of Maxwell's equations.

For modeling electrically large systems,, systems in which the extension in the 3-D
space corresponds to many wavelengths, it couldgsbfil to compare how the number
of floating-point operations and the memory requieats scales with the
electromagnetic frequendy Table 6 summarizes the scaling with frequency for a
given computational domain size for two main clalssomputational methods.

Table 6 Dependence of the number of operations to theiénecyf and the number of iteratioig [153].

Differential equation methods Integral equation methods
2-D space f3 N, f2
3-D space 4 Ny £

Differential equation methods solve Maxwell's eqoas in their differential

formulation. They can be used for computationsregdiency-domain as well as in
time-domain. This choice does not influence thatiehship between the number of
operations and the frequency of the problem. Howetle time-domain method
requires a higher computation time than the frequelomain method but it returns a
complete frequency spectrum analyses. Converselgtaadard frequency-domain
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method returns only one computatiae, for a single frequency value. For broadband
studies, the frequency domain method needs to Iptiedpto a set of chosen
frequencies. An example of methods based on thaiaolof differential equations is
the finite element method (FEM), that will be biyefntroduced in the following
section.

Integral equation methods are based on the integalesentation of Maxwell's
equations. They are characterized by a lower nurobemknowns than differential
methods and are particularly suitable for electrgmegically large problems.
Moreover, they are preferable choices witgn< 0(f?) [153]. A typical example of
integral equation method is the method of momevits\) [154].

Moreover, as already introduced, numerical methzads be applied in time-domain
(TD) or in frequency-domain (FD). The TD methodsiall feature a Cartesian grid
and an explicit time integration scheme. The eteotagnetic field propagation through
a structure is computed by means of multiplicatibesveen a matrix vector and a
specific time step. The larger the time step, therter the simulation time. The
simulation time and the memory requirement arealitygproportional to the number of
mesh points. For these reasons, TD solvers arellysemployed for solving
electrically large structures, with several geomatr details. Additionally, TD
methods allow the derivation of FD information kgplying Fourier transforms to the
time domain signals. In one simulation run, it agsgible to obtain fields for various
frequencies.

Conversely, FD solvers usually have an approackdas a large system of linear
equation. For obtaining the solution at one valfidrequency, the computational
domain can be discretized, but the presence aluatsted or unstructured grid is not
important as in TD methods. There are two main @ggres for solving the equation
system: direct and iterative solvers. A direct solworks directly on the system of
equations coming from the domain discretizatiorallbws for a parallelization of the
computation, reducing the calculation times. Howgetlee memory requirements are
very high because they are proportional to the requalue of the number of elements
in which the domain is discretized. Iterative sodvaequire a reduced memory
availability, but the computation time increasesedtiency domain solvers are suited
to solve infinite periodic problems, thanks to tieailability of periodic boundary
conditions.
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A summary of the main subdivisions of the compotai electromagnetic problems is
presented irFig. 9. In the next section, such methods are discussdtiei specific

context of the numerical design of diffractive less

NUMERICAL METHODS

[ IN COMPUTATIONAL ELECTROMAGNETICS ]

Integral equation methods: Differential equation methods:
discretize the geometry by surface discretize the geometry by volumetric
mesh (triangular, quads) and do not mesh (hexahedrons and tetrahedrons)
require extra boundary over the and require an extra absorption boundary
geometry condition terminating the geometry

| |

Time-domain (TD): Frequency-domain (FD):

« unknown field quantities are real-time « calculate results at a selected
varying in nature frequency

* nearest neighpor interaction is » the excitation is sinusoidal in nature
calculated and interpolated » unsuitable for low frequency

* applied source is impulsive in nature * lower number of operations than TD

* higher computation times than FD

Fig. 9 Overview of the numerical approaches to the abetagnetic problems.

3. Numerical investigation of zone plates for teraher focusing

Numerical simulations are performed with the aintaice into account material losses
and geometrical tolerances due to the ZP fabricapoocess (for details about
fabrication, see Ch. Ill Sec. 4). In fact, it idfidult to investigate the ZPs behavior in
presence of such constrains by only theoreticahfiteis presented in chapter Il section
4.

The ZPs are simulated by COMSOL Multiphy§idd55], a commercial software
which employs a finite element method (FEM) of diation in the frequency domain.
All ZPs investigated have a radial symmetry: it emlit possible to simulate the full-
wave propagation through the lens structure emptpg simplified 2D-axisymettric
model. After the ZP, a free space 50 mm long i®acted for wave propagation. At

the frequency of 1 THz, thanks to the radial symmnehe computational domain is a
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2-D space of about31, x 1671,, wherel, is the wavelength in the vacuum. For this
reason, a workstation with 64 GB of main RAM hasrb@eeded for performing the
ZPs numerical simulations.

In a FEM, the object under investigation is dividetb subdomains. Each subdomain
is described by a set of simple equations. All ¢hequations are, then, recombined
into a global system of equations that is solvadisig from initial values of the whole
system and taking into account boundary conditadrtie electromagnetic problem.
Moreover, for validating the 2D-axisymmetric asstimp, the 2-D FEM simulation
has been compared with a 3-D full-wave simulatigmizans of another commercial
software, CST Microwave Studid156], employing a finite integration technique
(FIT) to numerically solve electromagnetic fieldplems in time domain.

The major advantage of a FEM is its high geomdtfiezibility for modeling complex
geometries with discontinuous media parameters. edewy FEM discretization
requires large storage memory due to the numbenkrfiowns. On the contrary, a FIT
is simple to implement and it is able to perform efficient parallel computing.
However, the time step depends on the grid size.tlase applications, in which a
very small mesh size is required, the time stepimes significantly small. It results in
longer simulation time.

It also has to take into account that COMSOL MuljigicS employs a method in
frequency domain, while in CST Microwave Stddia time domain technique is
selected for lenses simulation. As discussed abwith, time domain computation,
only one simulation is required for a broadbandusoh with a fine frequency
resolution. However, diffractive lenses are chromatevices and do not need of
broadband studies, which are time consuming.

About RAM occupancy, for example, in a 8 GB RAM w&tation, it is possible to
solve an electromagnetic problem of about 40 wangthes in each directions by
employing a time domain technique, while a freqyemethod is restricted to about 10
wavelengths [157].

In ZP lenses design, some numerical studies haare tensidered: (i) the choice of the
right material; (ii) the choice of the number ofnes; (iii) the behavior at frequencies
different, but close, to the design one; (iv) themparison with a conventional
refractive lens.
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3.1 Material choice

The starting point of the numerical study is theich of a suitable material. The only
commercially available binary ZPs are made of HRS4158]. It is a material with
very low absorption at THz and simple to processphygtolithography and etching.
However, wafers are expensive due to energy and tionsuming crystal growth
process. Furthermore, 43.9 um deep trenches nebd tiched to provide phase
difference at 1 THz. These are usually made by deaptive ion etching (RIE) in a
suitable plasma (typically a mixture of £Bnd Sk), which is material, time and
energy intensive process. Moreover, its refradiigex of 3.416 at 1 THz is quite far
from the refractive index of air, which is close XoHence, a ZP made of HRFZ-Si
needs of an antireflection coating to limit Fresloskes. The solution devised in this
work employs a polymeric material (i) with a lowefractive index, (ii) lower cost,
(iii) easy to process, and (iv) with very low ahstion at 1 THz. ZeonéXE48R is a
specialty cyclo-olefin by Zeon Corporation whichisfes the above requirements. In
fact, it has a refractive index of 1.516 at 1 THZ mm thick slab of this material has
a transmittance larger than 0.8 up to 1 THz. Irctiee, it behaves in the THz range
nearly as well as glass does in the visible range.

However, minor absorption losses do exist at thgetad frequency. So a pure phase-
control behavior cannot be assumed. Hence, a FEMIation has been performed in
order to compare the focusing properties of twahjirZPs with same geometry, but
made by different materials: one by Zeohexd one by HRFZ-Si. Both Fresnel and

absorption losses are fully accounted for eitheesa

3.2Number of zones

Another important characteristic of a ZP is the banof zones. It influences the focal
length as well as the focal spot resolution. A binaP, with a fixed external diameter
of 25.4 mm corresponding to a typical size for canmi” lens holders, is evaluated
by changing the number of rings from 9 to 42. Alese FEM simulations are
performed at 1 THz, which corresponds to a wavdlen§about 300 um. All ZPs are

excited under the same condition of plane wavanmithation. When a binary ZP is
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made of 9 zones, the smallest ring width is latipan the wavelength of focalized
radiation. According to theory (compare Ch. Il Sdg, it determines a poor lens

resolution. By increasing the number of rings, idolution increases.

3.3Frequency behavior

All ZP lenses have been designed at the frequehtyTéiz. The main reason of this
choice is in the definition of “THz gap” itself,rabdy discussed in chapter I. In fact, in
the THz field, the most challenging band in ternigexhnological development is
between 1 and 3 THz because it falls in the bobedween the electronic-based and
the optical-based technological field&d. 10).

10°
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10°
10?
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Output power (mW)

10"

102

1073 i i i
0.01 0.1 1 10 100 1000

Frequency (THz)

Fig. 10 Comparison between sources in terms of frequendyoatput power. This plot is from [5] and it
is based on data until the year 2011. For additiorfarmation about THz sources until the year 2017
compareTable 1

For this reason, the development of lenses workihgl THz with an improved
resolution if compared to the state-of-art and withaffordable production cost could
be considered as an effort to contribute to thimdilof the gap. In fact, from this point

of view, lenses are devices often employed to imprantenna sources directivityg.
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lenses are able to concentrate the power densitheoEmitted radiation in a single
direction.

Moreover, ZPs have a design perfectly scalabldmabst every frequency value, as
discussed in chapter Il. Thus, the choice of a grkrequency of 1 THz could be
also considered as the select of a round numbeedsily conveying the design
concept. Some examples of devices based on thed&Beerating at frequency values
different from 1 THz can be found in chapter VII.

For the numerical analysis of the ZPs at the fraquedf 1 THz, a method in the FD,
such as the one employed by COMSOL, has been eéldtis a reasonable choice for
evaluating the behavior of diffractive planar elerse which are highly chromatic and
work in a narrow band of frequencies, centeredhgirtdesign frequency (compare
Ch.ll Sec. 4.3). However, an additional investigatof ZPs behavior from 500 GHz to

1.2 THz with a step of 100 GHz has been performed.

3.4 Comparison with a conventional refractive lens

The behavior of a refractive lens and a binary @R lse numerically obtained by FEM
simulations. It will help to understand focusingoperties of a ZP by directly
comparing it with a conventional refractive lenseTrefractive and the diffractive
devices have both the same maximum thickness ofreamd are illuminated by a

plane wave at the frequency of 1 THz.

4. Fabrication

The fabrication process has been selected on tke bhthe ZP design and the
numerical optimization process. In optics, the Idémisrication can be operated by
employing machining or non-machining techniques9]15Single point diamond

turning (SPDT), slow tool servo (STS), fast toolvee(FTS), and three-axis micro-
milling (MM) are machining techniques able to prodihigh quality optical devices.

In particular, SPDT is a two-axis lathe techniqund aeeds a manual positioning over
the third axis. STS and FTS are fully automatetinepies, but are limited by diamond
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tool relief angle. MM overcomes most limitations tans geometries. It makes it
possible to produce several shapes including asphasymmetric lenses and other
freeform optics, but it is a slow technigue. Thesghniques can be compared to non-
machining ones (se€able 7, such as grayscale lithography, thermal reflavkjet
printing, and non-cutting techniques, as laserctivgiting and deep lithography with

protons.

Table 7 Comparison between lenses fabrication technigl&s] [

Edge

Fabrication . Arbitrary Sag limit  Dimensions Fabrication
; Automatic - slope
technique shapes (mm) limit (mm) ©) rate
SPDT No Yes No No 0-90 5-25 mm/min
STS Yes Yes No No 0-40 0.1 .
mm/min
FTS Yes Yes 0-6 No 0-40 0.25 mm/min
MM Yes Yes No No 0-90 04125
mm/min
UnEiE] Yes No 0-2 00052  0-90 0-5
reflow min
Microjet Yes No 0-5 0.02-5 0-180  0.5-5 mm/min
printing
Grayscale Yes Yes 0-0.06 >0.0006  0-90 133
lithography min

A three-axis milling technique is chosen for ZPgrifeation because it offers a shape
control with tolerances suitable for THz frequescién fact, ZPs are designed for
working at a wavelength of 30@m and errors in geometrical dimensions lower than
30 um do not influence lenses performance. Furthernmmby, few ZP prototypes are
fabricated and the slow rate of the milling prodessot an issue for research purposes.
For these reasons, all polymeric ZP lenses subfabis work have been fabricated by
milling a 2 mm thick slab of Zeon&x In particular, it is a subtractive method of
fabrication, in which a rotatory cutter removes eni@ from a workpiece on fixed
structure. Milling cutters can advance in evergdiion and at every angle. Cutters can
be of very different sizes and shapes, accordirthe¢anaterial and the final machined
profiles. For THz ZPs manufacturing, a set of higieed steel (HSS) milling cutters
with end diameters from 1.4 mm to 0.2 mm have leeployed Fig. 11).

This technique is fast and can produce structuitts avtolerance of about 10 um, in

the plane perpendicular to the cutter axis, araboftit 5 um, in the parallel direction.
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Fig. 11 Milling cutters used throughout this work for ZBbfication. The diameter of each cutter is
indicated.
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CHAPTER IV

Numerical investigation and
fabrication of terahertz zone plates

1. Material choice

Two binary ZP, made of different materiaise{ one of Zeonex E48R and one of
HRFZ-Si), are numerically compared, as showrFig. 12 The two ZP have same
geometrical constrains, except for zone thicknebg;h depends on material refractive
index. Material losses, already discussed in C8ell. 5, are included.

a) b)
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Fig. 12 Comparison of focalizing properties of a binary @Bde of a) Zeonex E48R and b) HRFZ-Si. A
plane wave of 1 V/m is incident perpendicularhbtith lenses. The E-field modulus is represented3n

D space, filled by air. Both ZPs, endingzat 2 mm, have same external diameter, number ofzand
thickness.
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Most of the focusing parameters are the same ftir BB. FromFig. 13 ZPs have a
focal length of 40 mm, for the primary focus. Thego show two secondary foci at
10 mm and 17.5 mm from their external surface. Beptfocus can be considered as
the full width half maximum (FWHM) of the curvespresenting the square module of
the E-field at 1 THz along the optical axis. ltegual to 5.3 mm £ 0.1 mm for both
lenses.

The main difference is in the value of the E-fisifuare modulus: when ZP is made of
the polymeric material, it is twice as high as #iteation in which ZP is made by a
well-known HRFZ-Si, due to its higher refractiordéx and lacks of antireflection
coatings. Zeonex E48R is affordable, easy to psiegshas low absorption at THz,
and does not need a coating for avoiding reflectasses due to refractive index
mismatch with air. It is perfectly suitable for tfabrication of THz devices and, in this
situation, it results a better choice than HRFZ-Si.
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Fig. 13 Comparison of focalizing properties of a binary @Bde by Zeonex E48R (blue line) or HRFZ-Si
(red line). A plane wave of 1 V/m is incident pemdiularly to both lensez-axis is the perpendicular

one to the ZP plane.= 0 mm corresponds to the end of the lens, whéreeaspace, filled by air, starts.

Both ZPs have the same external diameter, numtmores and thickness.

2. Number of zones

The number of zone is chosen by taking into accdi)mesolution, linked to the width

of the most external zone, (ii) easy fabricatiam &ii) losses due to a high number of
zones with dimensions comparable to operation veswggh. Moreover, as discussed in
Ch. 1l Sec. 4.3, there is a limit in the numberzohes due to the introduction of third
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order aberrations. Zones number has to be lesslthdor a binary ZP with a design

focal length of 40 mm at 1 THz.
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Fig. 14 Focusing behavior of a binary ZP with a fixed déden and an increasing number of ring zones. A
plane wave of 1 V/m is incident perpendicularlythe lens. All color maps represents ZP centraliaect
and optical axisz, where THz radiation, coming from= 0, is focalized.

Because of these constrains, a suitable numbepmészis 13, because, below this
number, resolution decreases, while, above it, ilnsduces losses and aberrations.

A numerical study of a binary ZP, with a fixed exi@ diameter of 25.4 mm and an
increasing number of zones, is performed to eldeitw the number of zones can
affect ZP focusing behavior. The THz power dengitthe plane perpendicular to the
lens and passing through the optical axis is shiomiig. 14 By increasing the zone

number, the focal length decreases, but the ZR ibmger able to focalize incident

radiation.

3. Frequency behavior

ZPs are highly chromatic lenses. Their frequendyali®r depends on the number of
rings and the central frequency at which they wi@ok more details, see Ch. Il), but it
is independent from the ZP configuratiame, binary, multilevel or double-sided. The
ZP configuration influences the lens resolutione Ttumerical study of a multilevel

ZP, designed for operation at 1 THz and with a nema zones corresponding to 13,

each one operating a phase shifttpfs presented ifrig. 15 Chromatic behavior is
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confirmed: each wavelength of the incident THz atidh is focalized at a different
focal length, with a different intensity in focaka, and different depth of focus.

For this reason, a ZP can be seen, at the samedsme spatial and frequency filter
[160].
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Fig. 15 Frequency behavior of a multilevel ZP from 0.5 Tidzl.1 THz with a step of 0.1 THz. z-axis is
the perpendicular one to the ZP plane. Minor pé&akke square modulus of the E-field for z from thm
to 3 mm are related to multiple reflections withihre 2 mm thick slab in which ZP is fabricated (no
antireflection coating is used). Far< 1 mm andz > 3 mm, a free space filled by air for THz waves
propagation is considered.

4. Comparison with a conventional refractive lens

For evaluating the behavior of a ZP in focalizingZTradiation, instead of a more
conventional refractive lens, a biconvex lens imarically studied. It is designed with
the constraint that its maximum thickness is etdP thickness,e. 2 mm. Biconvex
lens material is Zeonex E48R and, like in ZP sirioites, material losses are taken into

account.
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Fig. 16 Frequency behavior of a biconvex refractive leosif0.5 THz to 1.1 THz with a step of 0.1 THz.

z -axis is the lens optical axis. Extremely shaalks in the square modulus of the E-field for mffd mm

to 4 mm are related to few multiple reflectionsidiesthe lens. Foz < 2 mm andz > 4 mm, a free space,
filled by air, for THz waves propagation is consish

As can be seen by the comparison betwegnl5andFig. 16 a biconvex lens is able
to focalize THz waves with different wavelengthtad same focal length. Moreover, it
has a higher focal depth, which is, at 1 THz, ntben 9 mm, instead of 5.3 mm of
multilevel ZP. However, a multilevel ZP is able concentrate THz radiation in the
focus with an intensity that is twice as high asddiconvex lens. It makes ZPs a more
valid lens for THz sources emitting in a small freqcy band than a conventional

refractive lens.

5. Conclusions about the numerical investigation and ane plates

fabrication

After the numerical studies already described, a@higuration which consists of 13
Fresnel zones has been selected as a promisingctife lens structure. Moreover, the
Zeonex E48R has been revealed as a very suitalidgiahdor THz lenses.

The ZP lenses prototype resulting from the study fabricated with the 3-D MM
technigue described in chapter Il section 4 amdslrown inFig. 17. They have an

external diameter of 25.4 mm (1 inch) and consfsii® rings for the two binary
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configurations If) andc) in Fig. 17) and 28 rings at four different levels of deepness
for the multilevel ZP &) in Fig. 17).

Fig. 17 Fabricated ZP lenses: a) multilevel ZP, b) doidked ZP, c) binary ZP. The little roughness
perceived in visible light is introduced by millirgocess but does not affect the lens behaviorHat T
because it is several orders of magnitude belowthelength at 1 THz.

In the following chapter, some methods requiredtiier experimental characterization
of such ZP prototypes will be outlined and deep$gdssed.
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CHAPTER YV

Methods for the experimental
characterization of diffractive
lenses at terahertz frequencies

1. Introduction

The numerical studies discussed in the previouptehd&ave been instrumental in the
design of ZPs, with the specific aim of elucidatihg elements that contribute to the
increase of their performances with respect toeruly used diffractive lenses. It is
worth reminding that, in contrast to lenses degigioe the visible range where losses
are comfortably neglected, for THz range these rbhastaken in the account. Hence,
the lossless formula provided in chapter 1l sectiare not fully adequate.
Nevertheless, simulations could not fully describe real operational conditions. In
fact, to keep the problem within computational ngg@ble limits, some idealizations
are usually necessary. In the specific case, adn@olarized plane wave, impinging
normally to the lens, is used as excitation boththie analytical and numerical
problems discussed in the previous chapters. Onother hand, the experimental
conditions are far less simple because the wavefibthe incident radiation is not an
ideal plane wave. Hence, the lens performance tabecconfirmed without prior
knowledge of this wavefront.

In this chapter, after a brief overview on experitaé set-ups for THz measurements,
the calibration of the set-up available for ZPs rabterization is presented. This
consists in the acquisition of shape, dimensiorsiatensity distribution of the THz
beam emitted by the antenna and hemisphericabsiliens assembly. As a matter of
fact, upon specific requests made to the instrunmeanufacturers, they explicitly
replied that the radiation pattern of the emittifigz antenna was unknown to them.
This additional experimental step influenced they\via which it has been more
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convenient to perform the measurements on ZP lenskseover, a detailed
description of the experimental configurations andthods employed in the ZPs

characterization will be outlined.

2. Set-ups for terahertz metrology

In chapter |, several THz sources, detectors andpooents are introduced and
discussed. On the basis of them, a variety of gstfar THz spectroscopy had been
developed from both microwave and optics communitleig. 18. The main
distinction that can be operated between avail@ble spectrometers is between TD
and FD set-ups. In fact, some THz set-ups empl@&ctepscopic techniques which
allow for conducting measurements directly in tiie\ka, e.g, frequency sweeping or
broadband exposure. Examples of set-up for measmtsnn FD are vector network
analyzers (VNASs) or IR-Vis-UV spectrometers. Corsedy, in the TD, measurements
can be performed: (i) indirectly, via interferometas made by Fourier-transform
infrared spectrometers (FTIRS), or (ii) directlych as the THz TDS, which is based
on a sampling with an ultrafast laser pump-prob®igaration [161].

SET-UPS FOR TERAHERTZ
MEASUREMENTS

—

Time-domain (TD):

* Developed from optical techniques

« Available from high frequencies until 0.1 THz
*Broad-band measurements

« Free-space quasi-optical set-ups

* Mainly employed for material chacterization

l l

Indirect measurement
techniques:

Direct measurement
techniques:

Sampling withan Interferometry

ultrafast laser

l l

TDS FTS

R

Frequency-domain (FD):

* Developed from electronic techniques

« Available from low frequencies until 2 THz

* Narrow-band measurements

* THz propagation through waveguides

* Mainly employed for devices characterization

!

VNA

Fig. 18 Overview of the experimental approaches to the fitdasurements.
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2.1 Set-ups employing time-domain methods

The TDS is the premier technique for THz measurémedaoe to its high dynamic
range (comparg&able 3for specifications about the commercially avagalbDSs) and
its ability to detect both amplitude and phase h& transmitted THz radiation. In
material science, for example, these informatiars lee translated in the measurement
of the absorption and the refractive index [1L62dwdver, they could be also useful in
the characterization of quasi-optical devices @dticed in Ch. | Sec. 4.2). Even if a
detailed description of a TDS set-up will be maulséction 3, it could be of interest to
anticipate a brief explanation of a pump-probe TDi%e THz TDS system is triggered
by ultrafast lasers with pulses of duration usushigrter than 100 fs. The laser beam is
split into two: the majority of the power is empéay in THz generation; a minor
fraction is used as a probe. The probe pulses eaartanged for temporally and
spatially overlapping the THz pulses, in the wayrégombine with them on the
detector (coherent detection). The resulting meskwwignal is proportional to the
product between the probe pulses intensity and itefield [163].

THz TDS emitters and detectors could be of photdaotive type or of optical
rectification type [162]. Any combination of typetween emitter and detector may be
employed; however, commercial set-ups (as the oonewpared inTable 3 mostly
have photoconductive emitters and detectors.

The Fourier transform spectroscopy (FTS) operates a larger bandwidth and has a
higher frequency resolution than TDS. Howevernildes only the acquirement of the
optical intensity and its dynamic range is sigrifidy smaller than TDS [162]. The
FTS is an older and more established technique T8, but it is employed mainly
for measurements at frequencies above 15 THz.

2.2 Set-ups employing frequency-domain methods

VNAs employ a radically different measurement magdfom the TD spectrometers.
In fact, VNAs are usually configured for measuritite complex scattering of
electromagnetic signals incident on a test devika®. doing it, the VNA utilizes the

ports,i.e. interfaces through which the signal going to anching from the element
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under test can flow. The VNA measures the magniamtephase of the signals at each
port and operates a ratio of these quantitieseptag) the scattering coefficients for a
structure under test. These coefficients are ofigied scattering parameters or S-
parameters. The measurement of the S-parametewsall direct computation of other
parameters. For example, the propagation delayghrthe test object can be obtained
by differentiating the transmission phase with ez$po the frequency [163].

The VNAs for THz frequencies are usually instrursewith two ports. It means that
they are useful for measuring the reflection aadgmission behavior of one-port and
two-port THz structures, such as antennas, filtansplifiers and signal-transmission
structures. In fact, VNAs are mainly employed festing devices at THz frequencies,
while TDSs are usually devoted to materials charagzttion.

Even if the VNAs manage THz radiation in propagatinode through a waveguide
(see Ch. | Sec. 4.1), they can also operate witlz Belams in free space. In this
configuration, the VNAs can operate measurementsilasi to TDSs [164]. A
comparison between a free-space VNA and the TDfapeaince in the measurement
of the complex relative permittivity in the frequgnrange 0.22 — 0.33 THz can be
found in [165]. The VNA employs a method in FD atitk limitations in the
measurements frequency depend on the waveguideCoineersely, the TDS operates
in TD and can operate measurements in a broaddneguange. Moreover, VNA time
resolution is worse than TDS and the VNA may reaulsuitable for precisely
separating multiple reflections in the material @ntkst. On the other hand, in the low
THz range, the TDS shows a SNR worse than the dgylting in a lower accuracy
of TDS measurements. Authors suggest to select nteasurement method by
essentially considering the accuracy and the frecpueange of the measurement.
However, according to their data, the maximum déffee between the two methods
was less than 0.22 in relative permittivity andslé@san 0.17 in dielectric loss when a
R1661 glass 48640.5um thick is employed as a test material.

In [166], a VNA operating in waveguide configuratim the frequency band of 0.14 —
0.22 THz and a TDS working at 0.1 — 4 THz are camganeasuring the complex
relative permittivity of two petroleum jellies at2 THz. Measurements show an
agreement within the estimated uncertainties fartheaystem. However, authors
underline the importance of the sample materiathen measurement accuracy. The
material for the comparison between the two tealgschas to be homogeneous (free
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from air bubbles) and semi-solid (capable of conayefilling both a TDS sample cell
and a section of a VNA hollow waveguide). In abseotthese qualities, experimental
data from both FD and TD methods are difficult tompare each other due to

measurement artifacts.

3. Terahertz diffractive lenses characterization: measrements set-up

In this work, the available set-up for ZP charagtdion at the frequency of 1 THz was
a commercial TDS by Menlo Systems [167], the TERESKa state-of-art product. It
is a compact, fiber-coupled device that emits frora to 4 THz with a maximum
frequency resolution of 1.2 GHz. The frequency hgsm is limited by the dynamic
range of the delay line. For the characterizatibieases with a highly chromatic
behavior, a FD set-up could represent the mostalathoice. However, as discussed
in the previous section, FD and TD techniques leacdcomparable experimental
results. Thus, a TD system is also a suitableratare, but more efforts have been
done in the experiments design and in the resuttaig processing, as it will be deeply
analyzed in the following.

The employed TDS set-up consists of a 1560 nm wagth fiber laser, coupled by
means of a 2.5 m optical fiber patch cord to a ptatductive antenna. At the end of
the fiber, emitted pulses are shorter than 90 dsiaping onto a biased high-resistivity
semiconductor inside the antenna, in correspondehaegap between two electrodes.
Photons excite electrons across the electronicdamaof the semiconductor into the
conduction band. Photocarriers generated increamécanductor conductivity in the
sub-picosecond time scale. Photogenerated cureercéelerated by a bias field
applied by electrodes on the semiconductor. Cargart to recombine, trap, or scatter
emitting radiation with a frequency in the THz ran@ubsequently, the conductivity
decreases from sub-picosecond to nanosecond tinade saccording to the
semiconductor properties [168], [169].

Femtosecond pulses generated by the laser areoffglit two beams. The first beam
travels in a fixed distance and excites the engjttintenna. The second beam travels a

variable distance and excites a detector photoadivéuantenna. An optical delay line
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is used to vary the timing of these detection mulaed synchronize them with the
incoming THz radiation [170].

Photoconductive antennas are usually dipole anteramal they are coupled to a
hemispherical HRFZ-Si lens. This lens collects ehatted electromagnetic field and
gives directivity to the beam. A narrow radiateditneis possible thanks to the large
refractive index of HRFZ-Si (compare Ch. Il Sec. Ib) fact, total internal reflection
angle of THz rays is low if the difference of refti@e index between hemispherical
lens material and air is high. However, radiaticattgrns of the photoconductive
antenna with silicon lens are frequency depend&nntarge distances, only a central
lobe propagates forward and has a Gaussian distiibuHowever, it diverges with an
angle proportional to the wavelength: at a fixestatice from the antenna, the FWHM

of the emitted radiation decreases as the beamdnay increases [171].

Q) Laser pulses b) Laser pulses
7 2 I 4 -
|_| L |_| e
1Pl Vv 1Pl
0 20

7

THz radiation

THz radiation

Fig. 19 Schematic representation of photoconductive ami®rin their a) emitting and b) receiving
configuration. Pl is the photogenerated current.

In the standard configuration of the TDS delivelsdMenlo SystemsHig. 20, the
presence of two convex-plane;(and L) and two plano-convex lenses,(and L),
made by TPX and with a diameter of 38.1 mm (1.5hés3, are useful in most
measurements. The lens has to collimate the beam coming from the hemispale
lens on the emitting antenna (PAT). The choice lf t; lens focal length is
fundamental due to the divergent nature of thetethitadiation: the longer the focal
length, the wider the beam diameter at each fre;uebhe lens kL has to focalize
radiation on the sample;sLcollects the radiation passing through the sample,

collimating the THz beam;Jfocalizes again the radiation on a receiving amen

54



Receiving THz antennas (such as PAFFigf 20) are photoconductive antennas with a
structure close to emitting ones, but they do meokive a biasing from an external
circuit (Fig. 19 b). The detector is biased by the THz signal itseifalized on the
antenna, where interacts with detection pulses. Tield drives a current between
antenna electrodes. This electrical signal depemdsvhether the detection pulse
arrives when the electric field of the THz pulselasy or high. A transimpedance
amplifier receives the photogenerated current, Wwidorresponds to the THz field

strength, and amplifies it, converting to a usatlkage.

Fig. 20 Standard configuration of the commercial TDS TERAS5 by Menlo Systems. PAT:
photoconductive antenna in transmission modeard Ls: convex-plane lenses;land Ly plano-convex
lenses; PAR: photoconductive antenna in receivinder172].

As was previously pointed out, the TERA K15 TDS-getwas the only available
instrument for the experimental characterizatiothef focusing properties of designed
and fabricated ZP lenses. However, ZP design hais bemerically studied assuming
the THz excitation as an ideal one: a linearly ppéal plane wave. Unfortunately, the
wavefront after neither the TPX lens nor after tremispherical HRFZ-Si lens is
unknown to the manufacturer of the instrument. ietior comparing numerical and
experimental data, it has arisen the need to diyefuaracterize the radiation emitted
by the photoconductive antenna and collimated byTthX lens (L of Fig. 20. This is
the real excitation of the ZPs.

In the following section, the methods employed tfog beam characterization will be
described. These methods have regarded the imagithg THz beam emitted by the
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set-up source as well as the THz beam focalizedhbylens. Thus, they will be

discussed with regard of both experimental situatio

4. Terahertz beam characterization: knife-edge technige

The travelling knife-edge method has been apphiethé characterization of focal spot
diameter. It consists of the gradual eclipsinghef THz beam by a sharp knife-edge.
The blade intersects the beam translating in ectitime perpendicular to the optical
axis, while the photoconductive antenna measumsadtal intensity of the unmasked
portion of the radiation. When the beam is spatiaéscribed by a Gaussian line
shape, the detector measures an E-field sigmoiddilepalong the blade translation
direction. Derivative of measured signal is the €&an cross-section and its FWHM

represents the focal spot diameter.

4.1 Knife-edge set-up

In every knife-edge measurement, it was made sha¢ the edge of the blade
employed has a roughness and a waviness well lelom by careful inspection with
a diffraction limited optical microscope (resolutidess than 0.3 um). Smoothness
down to the deepest subwavelength level guarambegsno artifact is introduced by
the blade itself. The blade has been fixed on tipeaf linear stage and was always
perpendicular to the wave propagation directione Ttanslation stage carrying the
blade has been bolted onto a graduated rotatiaye,stghich has allowed to set the
angle, at which translation can be operated. Thatiom axis has coincided with the
THz set-up optical axis.

The linear and rotation stages from Newport Corand [173] are motorized and can
be controlled by a software provided by manufacturie linear stage has a weight of
less than 1 kg and moves 25 mm. Rotation stageatate above 360° and it is also
possible to manually control it, with a precisiohlS. When stages are driven by the
software, they can move with a sensitivity of Orh,for the linear one, and with a
0.001° resolution and 0.05° absolute accuracythierotation stage.
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Knife-edge measurements for the TDS emitted bearackerization have been driven
with the set-up configurations illustrated kiig. 21 Three planar surfaces have been
imaged by the knife-edge technique. All of them planes perpendicular to THz
waves propagation direction. PlaneFig( 21 a) and 2 Fig. 21 b) have been set at

3 mm and 9 mm from the hemispherical lens on thitiag photoconductive antenna,
respectively. Plane 3ig. 21 c) has been located as the position past the lgns L
where the ZPs will be later placed.

The blade has been scanned 16.2 mm across plam 2 with a 0.18 mm step, and
25 mm across plane 3 with a step of 0.125 mm. Fwh eplane, the scans and

acquisitions have been repeated for eight angaisitipns step of 22.5°.

—> <= 3mm

5-_|><l-

— %%— 9mm

- —

s

I

i<— 100mm

ZP position

Fig. 21 TDS set-up configurations for the characterizattbthe THz beam emitted by the lens antenna
(PAT). Three planes are imaged by knife-edge tegmia) plane 1, at a distance of 3 mm from the ;PAT
b) plane 2, at a distance of 9 mm from the PATplahe 3, at the position in which the test ZPs vl
located. PAT: photoconductive antenna in transmissiode; L. and Ls: convex-plane lensesjland Ly:
plano-convex lenses; KE: knife-edge blade; PAR1ptanductive antenna in receiving mode.

In fact, if the focal spot is ideally circular, aife-edge measurement for only one
angle of scanning is necessary and sufficientHerlieam characterization. However,
in this experimental study, both the focal spot ahd wavefront of the wave

impinging ZPs have been assumadpriori unknown. Hence, an accurate beam

57



characterization demands repeating knife-edge meamsunts for different angles
between the knife-edge translation direction and Tield polarization direction.
Knife-edge measurements for the ZPs under test e driven in the TDS set-up as
shown in Fig. 22 The ZP has been illuminated by THz radiation taditby
photoconductive antenna (PAT) and passing througbllanating convex-plane lens
(Ly). At a distance matching with the focal lengthraaor blade (KE) has been
mounted on a linear stage. After the blade, thewered radiation has been collected
by a convex-plane TPX lensdland, then, focalized in the receiving antennaRPA
by a plano-convex TPX lens L

o W= . -

Fig. 22 Schematic representation of a THz TDS for focaltsmeasurements. PAT: photoconductive
antenna in transmission mode; &nd Ls: convex-plane lenses;sLplano-convex lens; KE: knife-edge
blade; PAR: photoconductive antenna in receivingleno

A practical implementation of this scheme is illastd inFig. 23 The ZP has been

positioned on a 1" circular mount and it has beentered with respect to the set-up
optical axis to cut away radiation with a beam diten larger than 25.4 mm. A

stainless steel razor blade (KE) has been fixetherranslation stage start position, in
which all the emitted radiation at 1 THz arrivedtbe detector, to an end position, in
which the whole beam was stopped.

In general, when an ideal THz source is assumedkrife-edge set-up configuration

already described for ZPs measurements is the ecnasentional choice. In fact, if the

THz radiation incident on test ZP is uniform, alitdrtions in the ZP focus spot size,
position and shape are introduced only by the ZB.1®n the other hand, if the THz
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radiation impinging on the ZP shows asymmetries tueeflections in optical path
before the test lens, the knife-edge techniquedcbelperformed in a different way. In
this second set-up configuration, the blade isragaithe translation stage and linearly
moves, gradually covering the focal spot. Howeitas the ZP lens that rotates, while
the blade never changes its angle. The knife-etlgaya translates with a direction
parallel to the polarization of incident THz raddat In this way, for every angle of
measurement, results do not depend on set-up adyiesndut only on ZP lens. This

needs only to be carefully centered and normaidégtropagation direction.

ROTATION STAGE

<— TRANSLATION STAGE

L.
Ft

Fig. 23 Experimental set-up for knife-edge measuremer3.: Photoconductive antenna in transmission
mode; L; and L;: convex-plane lenses; 4L plano-convex lens; KE: knife-edge blade; PAR:
photoconductive antenna in receiving mode.

4.2 Knife-edge measurements automation

A program with LabVIEW System design software frdiational Instrumentd' [174]
has been developed throughout this work for measemes automation. It allows for a
synchronization between knife-edge movements and THES pulses acquisition at
every blade position. The final program, realizgddmploying instruments drivers
provided by Newport and Menlo, displays a graplgeruinterface in which several
parameters belonging to Newport stages and to MED® can be chosen, as shown in
Fig. 24
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Fig. 24 LabVIEW front panel for knife-edge measurementsomation. It employs drivers for the
instruments and puts them in communication. The uae choose several parameters. Program also
shows an updated plot of saved data and bladegusit

The program has been designed in this work for imgrin the following way:

1) Linear and rotation stages are reset in their pesition. This is determined by
the manufacturer as a physical limit for the tratish stage, while the rotation
stage has an optical stop.

2) Both stages move towards a start position for kadfge measurements. It can
be set from the program user interface.

3) TDS starts the acquisition of THz pulse. Integmatione, pulse duration, and
starting temporal point can be set from the proguasr interface.

4) THz temporal pulse and its Fourier transform areedaas text files in a
specific desktop folder, chosen by the user.

5) Linear stage moves the blade for a fixed distasetaccording to the Nyquist
criterion.

6) Steps 3, 4, and 5 are repeated until the lastipogf the blade for that angle
is reached. It can be set from the program userfate.

7) Rotation stage moves a predetermined angular bepirtear stage and the

blade above it. The angular step can be set frenptbgram user interface.
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8) Steps 3, 4, 5, 6 and 7 are repeated until theptastion of the blade for the last

angle is reached.

4.3Post-processing of data from knife-edge measurememnt

terahertz imaging

Once knife-edge measurements have been acquiredaaed, resulting data can be
plotted as total measured THz electric field (tdE), which is the amplitude of total
field passing through the uncovered area, for eldage position. They appear as
sigmoidal-like curves. To extract the variation the total | collected along the
direction of blade translation, it is necessaryctonpute the first derivative of the
acquired data plot with respect to the blade sd@aattibn. This curve has a Gaussian-
like shape. Gaussian representation can be searpagection of thef distribution
corresponding to a specific angle of view [175].
It is possible to reconstruct an image of the fag@dt by increasing the number of
projections at different angles of view. In thisywahe image is constructed by an
iterative process. Image quality depends on thebeurof the angle acquired.
From a mathematical point of view, each project®a Radon transform [178&},T, of
the E| distribution along a straight liriein the focal planey, e(1):

RT(L) = fLe(l) |dl| (111.2)
If the straight line. is parametrized with respect to arc length

l= (x(z),y(z)) = ((z sina + d cosa), (—z cosa + d sina)) (n.2)
whered is the distance between the lin@nd the optical axis.€., the axis origin) and
a is the angle between the vector normal to lirend thex axis. Radon transform can

be expressed in the form:
RT(d,a) = f_oooo e((z sina + d cosa), (—z cosa + d sina)) dz (n.3)
Hence, the Inverse Radon transform can be usesttmstruct theg] field distribution

from projection curves. Inverse Radon transforrals® called filtered back-projection

formula:
e() = [(RTC,0) * h)((L,ng))do (111.4)

whereh is the convolution kernel, a matrix used for filtg the image.
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5. lIris sampling method: focal length characterization

With the aim to characterize the ZP lenses fogaitle, starting from a standard set-up,
discussed previously, other optical elements haenbintroduced in the THz beam
path, as shown iRig. 25

« WFiaesum 1B

Fig. 25 Schematic representation of a THz TDS for focagtermeasurements. PAT: photoconductive
antenna in transmission mode;j Bnd L;: convex-plane lenses;,Lplano-convex lens; I: iris; PAR:
photoconductive antenna in receiving mode.

Terahertz radiation is emitted from the photocomigacantenna PAT. After the;L
lens, which collimates the THz radiation emittedthg photoconductive antenna PAT,
the ZP under investigation is positioned. It fopedi electromagnetic waves in a point
of the space called focus. The distance betweertdhter of a lens and its focus is
called focal length. This is usually well estimatathlytically or numerically, because
depends on the operating wavelength, the numberonés and the most external
radius of the ZP (compare Ch. Il Sec. 4). Convgrsbe spot shape and diameties.(
the lens resolution) are influenced by the fabiicafprocess and some differences
between the numerical and the experimental dataiswelly unavoidable. Hence, an
iris with aperture varying from 1 to 7 mm has bemmployed for evaluating the
maximum dimension of the focal spot. It has beerifigd that an aperture of 3 mm
(i.e., ~104p) is wider than the focal spot width: all focalizeatliation passes through
the iris aperture and can be detected by the PARs,Ta 3-mm aperture iris is scanned
from 17 mm after the lens to 20 mm past the esdohdibcus to confirm its actual
position. The ZP focal length corresponds to thsitipm of the iris that results in the
maximum THz electric field amplitude.

62



The TPX lens b with a 54 mm focal length follows the iris in tbetical path. This
lens has the role to collect radiation coming frioim aperture and to parallelize the
THz beam. Collimated THz radiation is focalizedthg last plano-convex lens on the
receiving antenna.

The experiment has been performed as follows. Tieeand the lens 4 have been
translated jointly by maintaining their separatiequal to the lens focal lengthe.,
54 mm. The range of distance scanned by iris isnh¥ to 60 mm past the ZP lens,
with a step of 1 mm. These distances are choseaking into account: (i) information
about ZPs behavior from numerical study (compare I€)y (ii) some experimental
constrains about set-up antennas distance, relaelay line optical fiber length, and
(iii) space physically occupied by elements indipéical line, such as post holders and
their bases.

6. Terahertz spectrometer calibration

Several commercial TDSs have the emitting antemgled with the hemispherical
HRFZ-Si lens that radiates a broadband THz radiatiith a frequency dispersive
beam diameter. However, the frequency dependenbearh diameter is not declared
by the Menlo TERA K15 manufacturers. Hence, it basn necessary to perform a
careful characterization of the TDS set-up itdekperimental data have been acquired
over the entire spectrum (an intrinsic feature oy &ADS technique) and have been
fully processed in detail at 1 THz. This step fumédatally constitutes a calibration of
the TDS set-up for the characterization of thedans

The planar surfaces definedhig. 21a) (plane 1) andb) (plane 2) have been selected
for the imaging of the radiation emitted by lenseama PAT, while the imaging of the
surface selected ifig. 21 c) (plane 3) has allowed a calibration of the radiati
impinging on the ZPs under test.
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6.1 Near-field antenna images on cross-sections of etsitl radiation

An image of the THz field distribution at planerdda2 is shown irfFig. 26 At plane 1,
the pattern of emitted THz beam is almost circulith a diameter here assumed as the
FWHM of the electric field. It is 4.68 mm. At plar®& the pattern has an irregular
shape. Its width is again assumed equal to the FHWA\dng the directions
perpendicular and parallel to electric field paiation is here 5.76 mm and 6.3 mm,
respectively. This means that the pattern of thitedhTHz field has a divergence of
5.1° in the direction perpendicular to electrieldi polarization, and of 7.7°, in the

direction parallel to electric field polarization.

a) b)
|E|/|E | max

[mm]

18 36 54 72 90 108 126 144 162 18 36 54 72 90 108 126 144 162

[mm] [mm]

Fig. 26 Field distribution at 1 THz at a) 3 mm and b) 9 firom the hemispherical lens of the emitting
photoconductive antenna.

6.2 Distribution of the field intensity employed as leses excitation

The ZPs have been fabricated to fit a standard dtintyi.e., with a total diameter of
25.4 mm. The incident radiation should have a wigljnal or higher than ZPs’ one,
which is of about 25 mm. A TPX refractive lens wihfocal length of 100 mm has
been chosen as, lto collimate the emitted beam. An image of radiattross-section
at plane 3 is presentedhiig. 27.

THz beam does not show a homogeneous distributiothe plane, but it has two

zones in which electric field has a maximum and otleer zones in which radiation is
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0.65 times the maximum electric field value. Onehefm is in the middle of the beam
area.

One of the reasons of a non-uniform distributionhef THz field, that is far from to be
represented by a Gaussian line, could be the presehreflections in the emitted
radiation introduced by the polymeric lens of thed-igp. Moreover, the THz beam
coming from photoconductive antenna shows irregsttape and intensity distribution
just after 9 mm from the antenna and collimatingslbehaviour at a distance of about

100 mm + 4 mm cannot be considered ideal.
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Fig. 27 THz field distribution collimated by a commerclahs and imaged on a planar surface by knife-
edge technique.

However, all THz field with a modulus equal or héighthan the half maximum is
concentrated in a spot of approximately elliptishhpe, with a minor axis of about
24 mm and a major axis of more than 25 mm. Forréason, it has been employed as
the incident excitation for ZPs characterizationithAthe aim to avoiding incident
radiation asymmetries, for ZPs focal spot imagikiife-edge technique has been
performed by rotating the lenses under test, witbbhanging blade angle.

A plano-convex lens with a longer focal lengthtabiy placed further away from the
emitting antenna would have allowed to fully cotke ZP. However, the range of
allowable distances between the antennas is rufethd delay line. The minimum
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distance is ruled by the polarization maintainingtieal fibre patch cords. This a
carefully glued by the manufacturer onto the andetonmaintain the femtosecond laser
polarization. Unfortunately, the instrument in tksife-edge configuration dfig. 23
does not allow to insert a leng With a focal length longer than 100 mm and it has
been considered not advisable to modify the instntrmternal configuration.
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CHAPTER VI

Experimental characterization of
polymeric zone plates

1. Introduction

By starting with a numerical study of ZPs, a sUgahbaterial for THz devices has been
analysed and compared to a more typical one. Aaugitd geometrical constrains, a
number of 13 zones is found to be a good comprgnfieéwing theory and
simulations.

Besides to a convenient lens design, it is alsoomapt to find experimental
configurations suitable for characterization anthparison of the properties of three
different fabricated ZP configurations. Uniformity the incident radiation is one of
the most important starting point for measuremehts. this reason, THz radiation
emitted by photoconductive antenna has to be calbéohby a plano-convex TPX lens
with a diameter of 1.5” and a focal length of 106hmin this situation, the radiation
pattern a 1 THz is fairly paraxial with a 25 mm staand it is able to illuminate ZPs
completely.

Moreover, in order to evaluate the asymmetrieshin émitted radiation due to the
coupling between photoconductive antenna, its hemeiscal silicon lens and the
collimating TPX lens, preliminary knife-edge measguents have been performed by

rotating ZP under investigation and maintaininglblangle fixed.

2. Zone plates focal length

The ZP focal length has been numerically studied experimentally evaluated. It
does not depend on the ZP configuration becauseutmder of zones and the external

diameter is the same for all ZP investigated (compguation I1.2).
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As discussed in chapter Il section 4.3, the bandthich the lens is achromatic is
approximately of 71 GHz. All measurements are medair. Hence, water vapor
absorption manifests at several THz frequencieg][1The most critical, in this
experimental characterization, is the absorptioakps 1.1 THz due to its vicinity to
the design frequency of the lenses. Hence, afterespreliminary data analyses,
averaging acquired data in a frequency band 100 @ide centered in 1 THz was
found the most appropriate choice to filer noiséhaiit suffering from the dispersive
behavior and from water absorption.

Fig. 28 displays numerical and experimental values of @herage electric field
amplitude E.| in presence of the focalizing ZP, normalizedhe &verage amplitude
[E.[" obtained when the ZP is removed and only a portibthe collimated beam
passes through the iris aperture. In this waynthgnification effect of the ZP on the
electric field amplitude in the focal area is ewdéd.

A portion of the experimental set-up is also trarsgul in the COMSOL modeling
environment. In the model, a circular aperture 3 wide is added after the lens and it
is translated along the optical axis with a 2 mapdtom 17 mm after the lens to 20
mm past the focus, as it has been made duringXberienent. However, numerical
data are obtained in an idealized situation. Néedets, some features and optical
components in the experimental set-up cannot besgzsed in the numerical model:
() the field profile of the real source radiatewrh the antenna and silicon lens
assembly does not correspond to a plane wavam(iigrfections in the real metallic
iris may result in diffraction and scattering, )(tihe TPX lenses of the set-up as well as
the silicon lens of PAT and PAR are not includedtlie numerical model, thus, it
cannot predict reflections within them, and (iv ttoupling between TPX lenses, the
silicon lens of the PAR and the PAR itself is radten into account in the numerical
study because these components are not includgohrtially explains differences

between numerical and experimental data, presémfed. 28
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Fig. 28 Experimental and numerical evaluation of the fdealgth of three ZPs by means of the optical
axis sampling of a) binary ZP, b) double-sided ZRd c) multilevel ZP. Measurements are performed
with the iris sampling method, which is also reproed in the simulation environment.

Another fact to take into account is that the MeRERA K15 TDS instrument shows
a drift in the acquired spectra due to optical fibkeating. When femtosecond THz
pulses propagate in a polarization maintaininglsimgode fiber from the laser to the
photoconductive antenna, the fiber material is exttbfo a temperature increase and
some jitter is observed as well as some amplituddubation. Quite surprisingly, this
phenomenon does not reach a steady-state evestrifinment is has been on for more
than 12 hours. This issue affects repeatability ea is required when comparing
data.

Despite some differences between numerical andriexeetal valuesFig. 28 shows
some interesting results. All ZPs are able to feealHz wave with a focal length of
40+1 mm, as designed. They show good performancauge they are able to increase
the THz field in the focal area by a factor of 8. 28a)). This factor increases to
6.5 (Fig. 28Db)), for a double-sided ZP, and to 8Hd. 28c)) for a multilevel ZP. The
measured depth of focus is 81 mm for the binary 21 mm for the double-sided
ZP, and 15+1 mm for the multilevel ZP. Hence, thpegimental evidence confirms
that the double-sided ZP possesses improved fagpsoperties than its conventional

counterpart.
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3. Zone plates focal plane

The knife-edge technique is employed for the chareaation of the ZPs focal plane.
The razor blade translates with 0.12 mm step, wisckess thari/2 at 1 THz. It
satisfies Nyquist criterion for signals samplindneTblade travels for a total length of
3 mm.

A two dimensional sampling in the plane perpendictb the optical axis has been
performed. The aim is to obtain images of the fgdahe in which asymmetries in the
THz set-up do not compromise the ZP lenses perfocma&valuation, as discussed in
chapter V. The angular sampling has been performitid a fixed step of 10° by
rotating the lens, for a total rotation of 180°.iSTguarantees that the blade is always
parallel to the incident THz field polarization.

To ease comparison of data regarding the three dfffigurations, the normalized
electric field amplitudes (as defined in the prexgicection) are, here, normalized with
respect to their maximum value for each lens. s thay, it is possible to better
understand and compare focal spot size and shapeuwiconsidering the focusing
efficiency of each lens configuration.

Focal planes for the three ZP configurations avshin Fig. 29 Directly acquired
data are irregular sigmoidal curves. These curstars$ from different values because
the three ZPs have different focusing capabiliteestouble-sided ZP{g. 29 b)) has
an intermediate focusing behavior between a bigéyand a multilevel ZP. In fact,
the mean value of the electric field in the whaledl spot for the double-sided ZP is
greater than for a conventional ZP, but lower tfuara multilevel ZP. Spot size can be
defined as the FWHM of the curves that represemtdifference quotient of the data
shown in a sigmoid. Ideally, they have a Gaussi@a khape. However, some
secondary peaks, with a height less than a hath@fmain peak, especially for the
binary ZP, are preserfi@. 29a)). Moreover, the binary ZP is more influenced bg th
alignment to the experimental set-up optical akentthe others ZP configurations.
The alignment of the ZP in the lens holder has rmrerain deeply subwavelength, in
the order of few micrometers. However, the fieldtidbution slightly changes when
different angles of view are selected. This doet ouxur for the other two ZP

configurations.
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Fig. 29 Acquired data for a) a conventional binary ZPalgouble-sided ZP, and c) a multilevel ZP; their
difference quotient for d) a conventional binary, £Pa double-sided ZP, and f) a multilevel ZP; fowdl
plane images obtained by knife-edge measurementy #bconventional binary ZP, h) a double-sided ZP
and i) a multilevel ZP. Negative values of tB#/[E|..x are due to diffraction and scattering among the
components in the THz optical path.
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Focus spots (from yellow to red kig. 29 g)-i)) are fairly circular, with a diameter of
0.74£0.12 mm for the binary ZP, of 0.65£0.12 mm fbe double-sided ZP, and of
0.55+0.12 mm for the multilevel ZP. These sizescamparable toRat 1 THz.

On the other hand, from the comparison of recoattlimages of the focal spots, the
binary ZP appears the only ZP with the maximumhaf tocus coinciding with the
geometrical centef,e. with the optical axis. The focuses of the doulited ZP and
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multilevel ZP show a 0.12 and 0.06 mm offset ahihveoptic axis, respectiveliig.

29 d)-f) clearly shows that, abov&||E|nax = 0.5, the curves for double-sided and
multilevel ZPs are not completely symmetric. Thifliences image reconstruction
showed inFig. 29 g)-i) with an offset in the maximum field value positidtowever,
the position of the center of the focus may beuigrficed by the manual alignment of
the ZP under test in its lens holder, performedeura diffraction limited optical

microscope.

4. Focal plane experimental comparison between idealnd real

illumination: multilevel zone plate case of study

A comment is necessary according to the choice Bt Zocus experimental
characterization method. The situation that willamalyzed is the best focusing case:
multilevel ZP focal plane.

As discussed in chapter V section 4, in a stankaifé-edge technique, it is the blade
that rotates, creating the real image of the fo¢imwever, all changes in incident
radiation, due to a non-ideal THz source and neaidbehavior of THz optical
components (compare Ch. V), compromise the focadityuOn the other hand, the
techniqgue has been modified in this work. All date collected by fixing the blade
angle with respect to the THz field polarizatiorddy rotating the lens. It has the
advantage of obtaining a lens characterizationhithvexcitation dishomogeneities do
not affect the acquisition of the distribution bétfield amplitude in the focal plane.

To the best of the author’'s knowledge, this modifiaife-edge technique has not been
discussed so far. Thus, to prove the effectivenEfise modified techniques devised in
this work, Fig. 30 shows the amplitude of the electric field in tioedl plane for the
multilevel ZP, as imaged by the standard and mediifinife-edge technique. It is clear
that, instead of a circular shape, ZP focus ardereégular. The whole THz electric
field is no more collected in a zone of maximum elirsion of 1.2 mm, but radiation
fringes of a 35% of the maximum field are preserdran area of more than 6 mm of
dimensions.

The situation presented kig. 30is strongly influenced by the diffractive naturetest

lens, which amplifies differences between the imaident THz field and an ideal

72



plane wave. It also underlines the importance Bifla source characterization. It is not
sufficient to consider radiation emitted by a plateductive antenna as following a
Gaussian-like distribution and as approximatindaa@ wave, because it is shown by
scientific literature [171]. It could be true onlgt the design frequency of a
photoconductive antenna, i.e. in correspondendheinaximum THz field emitted.

Moreover, if, for the test frequency, THz waves farefrom to be plane, a diffractive

element focal spot characterization has to be pagd for more than two angles, even
if only a qualitative investigation, instead of amplete imaging, is the aim of the

work.
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Fig. 30 Normalized amplitude of the electric field in tfeeal plane for the multilevel ZP acquired with
knife-edge technique by rotating a) the lens, dhk)blade.

5. Conclusions

All investigated ZP configurations show good praiesrin focalizing THz waves. The
new double-sided ZP lens proposed and investigateédis work is a binary ZP, in
which the total zone thickness is split in two lealvThis new THz diffractive lens is
simple and cheap to fabricate, can be realized itlinghnboth sides of a polymeric
substrate and delivers better performances thavectional ZPs.

By comparing its focalizing properties with ones afconventional binary ZP, a
double-sided ZP shows (i) an efficiency of 1.12dshigher Fig. 28), (ii) a depth of

focus of approximatelyX7longer Fig. 28), (iii) a resolution increased of (1/6)Fig.
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29 g) andh)), (iv) the total electric field is completely caimed in a circular area of

1.44£0.12 mm instead of 2.6+0.12 mdRid. 29 g) and h)). Focal spots have both a
circular shape.

Although the double-sided ZP performances do nibt foatch those delivered by the

four-levels ZP, double-sided ZP is simpler to fe@te and can be an interesting
alternative for increasing the ZPs resolution.
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CHAPTER MI

Future perspectives in developing
planar diffractive lenses

1. Introduction

The development of THz applications and a marketetbf is hampered by limitations
of the available components. Limitations for sosra@nd detectors were briefly
addressed in chapter I. Among the pending issuegdssive components for the
manipulation of THz radiation, the fabrication coaind the lack of tunability are of
particular relevance.

Hence, this chapter presents a design of a turthffitactive lens by means of liquid
crystal cells. It also presents a design of a fimgudevice working in reflection mode.
This is based on a phase-reversal metal FresnelndAs much lighter, smaller and
cheaper than a conventional parabolic mirror. Spreéminary numerical results and

new ideas for diffractive focalizing elements vii## shown in following sections.

2. Tunable zone plates

The focal length is the most appealing lens prgpertune. However, the only way to
tune a ZP focal length is by changing the numberooies. In fact, from equation 11.2
(compare Ch. II):

2

l= = (VIL2)
wherer, is the radius of the whole ZRyis the zone number arids the wavelength.
In most applications, the ZP external radius amddperational wavelength are fixed.
It could be interesting to find a way to change dlietance at which a ZP is able to
focalize THz waves. A successfully demonstatedtgwius to photoinduce an electron

plasma ZP pattern on a silicon wafer [178]. Thusiral ZP can be optically tuned
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by changing the electron plasma distribution. Hosvewhis solution requires an

additional laser beam and a metal ZP masks. Evaigkrhas to be projected on the
silicon wafer and needs to be manually changediitaining different electron plasma
patterns.

On the other side, an alternative can be offeredlegtro-optical tuning by means of
liquid crystals (LCs). Several typologies of LC &lme lenses are successfully
fabricated in the visible range [179]-[183]. At THECs are employed in many
devices, but only one tunable LC refractive lenstqiype [184] and no diffractive

lenses with LC have been proposed. However, expipthe design rules of double-
sided ZPs, a change in ZP focal length is ide&asible by electro-optical control and
it will be numerically demonstrated.

2.1 Material with tunable properties: liquid crystals

LCs are materials that exhibit a solid crystallpf@se, a liquid phase and intermediate
phases in which they flow like a liquid, but showpeeferred orientation. These
intermediate phases are called mesophases. It dsibb® to distinguish several
mesophases by changing temperature, concentratmmstituents, substituents, or
other LCs or environmental properties [185].

LCs can be also classified in lyotropic, thermoitognd polymeric, according to the
physical parameters that control the existence haf liquid crystalline phases.
Lyotropic LCs can be obtained when a suitable comagon of a material, usually
amphiphilic molecules, is dissolved in a solveilte lwater. This kind of LCs is of
interest in biological field [186]. Thermotropic sCare the most extensively studied
LCs. They exhibit different mesophases as temperatgreases. There are three main
classes of thermotropic LCs: nematic, cholestaiw] smectic. Polymeric LCs are
produced from monomers showing a liquid-crystal gghaThese monomers are
polymerized trough main chain or side chain reastimto a LC polymer. They have,
in general, higher viscosity than other LC monontars to bonds between polymeric
chains [185]. Due to their excellent thermal andchamical properties and low

electromagnetic losses, they are also used aswavmsubstrates [187].
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Materials constituted by molecules with an anigutehape could reveal mesophases.
For this reason, it is common to refer to LCs aklilke or disk-like molecules [188].
Thermotropic LCs have rod-like molecules. Whenttrermotropic LC is in a nematic
phase Fig. 31a)), its rod molecules have a random position. ltiégamind a liquid,;
however, LC molecules are aligned in the same ftitineadefined by a unit vector
called director. In most cases, hematic moleculag ta permanent dielectric dipole
and the rods are arranged in a way that the regutfipole moment of the bulk

material vanishes. In fact, nematic LC moleculescantrosymmetric [185].

|
' ~

Fig. 31Liquid crystals mesophases: a) nematic, b) chaliestand c) smectic.

CholestericsKig. 31 b)) are also called chiral nematic LCs. They are riemaC in
which the alignment follow a helical arrangemente8tic LCs Fig. 31 c)), unlike
nematics and cholesterics, have a positional dmterLC molecules are located in an
ordered pattern. According to the configurationrads positions, the smectic phase
can be divided in subphases [188].
The amount of order in a LC can be measured bysthéar order parameter. It is a
weighted average of the molecular orientation anglebetween the long molecular
axes and the director [189]:

§ =2 (3 cos?6p, — 1) (VI1.2)
where the chevrons represents a thermal or stafistverage. LCs in equilibrium state
have usually a positive order parameter, whichatemge frong,, = 0, in the isotropic

state (high temperature), 8, = 1 in the crystalline phase (low temperature). A
nematic LC has usuall§, = 0.6 at the temperature of operation [190].
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2.1.1 Effects of an external electric field on nematic fuid
crystals

When an external perturbation field is applied dbsLin nematic phase, they are
subjected to deformation, as a solid. However, isold, the stress produces a
translational displacement of molecules while, @sl.molecules rotate in direction of
the force without any displacement in their cenfrgravity.
In general, in nematic LCs subjected to an exteetedtric field, the director vector
experiments a torque force. LCs respond to thisraat force with a reorientation of
their long axis, which is influenced by severaltas.
Thermotropic nematic LC layers are usually employed confined geometry, called
“cell”, i.e., a cavity in which the top and bottom walls areered with thin layers of
polymeric material, typically a polyimide or polyae. In free space optics, the edges
are usually neglected as these lie outside theblesagea of the device. This thin layer
undergoes a mechanical[191] or optical [192] precdse to align the polymer chains
in a same direction (planar homogeneous alignmékitjen the nematic LC is in
contact with this layer, it is energetically favabte that LC director has the same
direction of polymer chains. In this way, the filayer of rods is considered anchored
to the cell walls. The second layer follows theyathent pattern of the first layer, but
experiments a lower anchoring, and so on. When lofzcules are strongly anchored
to a boundary, surface interactions are not considen the evaluation of rod
molecules motion in nematic LCs due to externddifieteractions [185].
Moreover, the electronic response of LCs to anraeateelectric field is characterized
by its dielectric constants (or refractive indicea$ well as electrical conductivities.
These physical parameters are dependent to thaidiref the external field and to its
frequency: the dielectric permittivity is a tensand its elements are, in general,
complex numbers. Rod-like molecules are usuallyxial LCs and the permittivity
tensor is:

g 0 O

E= [0 N o] (VIL.3)

0 0 ¢

and similarly for the conductivity tensor. Howevegmyre organic LCs are highly

purified nonconductive materials.€. ¢ = 0), though may become conductive by
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adding ions and impurities. Electrical conductivityfluences director orientation,
chemical degradation and LCs lifetime.
Regarding dielectric permittivity, in most casgsy €, due to molecular structure and

(ei—e1)
S,

eq

constituents. This condition is called positivesatiopy,i.e. Ae = > 0, where

Sq is the order parameter under equilibrium conditibn general, the elements in
dielectric permittivity tensor are frequency disgiee and some LCs could change their
anisotropy from negative to positive by increasémternal field frequency [185].

When an external electric field is applied, if its strength is more than a criticalue
Er, called Freedericksz transition [193], LC direatotates by an anglewith respect
to its rest position, trying to align itself withd field direction:

Ep = g(ﬁ)l/z (VI1.4)

or

Ve = m(5 )/2 (VIL5)
whered is the distance between the electrodes which agglyield, andK is a local
field factor.K takes into account the Frank elastic constantsritdésgy LCs director
deformation: the splay modulils;, the twist moduluk,,, and the bend modulusg;
[188]. Under the condition of strong anchoring, tife external field induces a
reorientation of the director from parallel to pemdicular with respect to electrodes
plane Fig. 32:

K= kyy+ 5 (kss — 2 kz) (VI1.6)
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Fig. 32 Orientation of rod-like molecules in a nematic téll without any applied voltage or in presence
of a voltage with strength higher than Freederidkseshold. Typically, an alternating voltage ie fiew
kilohertz range is chosen for preventing electrotical degradation.
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The rod molecules reorientation determines a changel.C dielectric permittivity as
well as in its refractive index. In fact, as dissed above, in absence of external fields,
LC permittivity is expressed by equation VII.3. Ralues of applied voltage higher
than the Freedericksz transition, it becomes:

&= [0 £ 0] (VI.7)
0 0 ¢
An equivalent notation that will be useful in folling sections is:
g 0 0
E= g [0 & 0] (VI1.8)
0 0 g

where the dielectric permittivity is considered #se product of the vacuum
permittivity ¢; and the extraordinary relative permittivity of the LC, when the
director is parallel to the applied field, andsitthe product of the vacuum permittivity
o and the ordinary relative permittivity of the LC, when the director is perpendicular
to the applied field.

2.1.2 Q-tensor formulation

Freedericksz transition provides a static desaniptif LCs by introducing a threshold
behaviour. However, a rigorous study of LC origtatin confined geometries
requires the development of a model which involes minimization of the LC free

energy. It can be carried out following thet®nsorformulation [189] that allows for

the numerical study of edge effects, defect sirgida, and order parameter
variations.

In the more general case of a biaxial nematic L&yrametric traceless matrix, which
represents the LC tensor order parameter, cartfoelirced as [194]:

L _ 91 92 qs
Q=Sl(n®n)+52(m®m)—§(51+SZ)I=<QZ qs as )
3 qs —q1—Yqa

(VIL.9)

where S, is the parameter order of the molecular axis vditector n, S is the
parameter order of the molecular axis with directprand! is the identity matrix so

that the trace of is zero. The eigenvalues of the Q-tensor are [189]
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=325 5) (VI1.10)
A= —3(S1+ ) (VI1.11)

A= 328~ S1) (VI1.12)

If the LC is uniaxial, two of these eigenvalues egeal and the Q-tensor is [194]:
0=S [(n Qn) — %1] (VI1.13)

The total free energy of a bulk LC, under the ctadiof strong surface anchoring, is

given by the contribution of thermotropic, elasticd electromagnetic energy density
functions. The thermotropic energy density funci®fl94]:

Fin = agn tr(%) + 22 u(@%) + £ [tr(§?)]’ (VI1.14)
where a, b and c are the thermotropic coefficientse., a temperature dependent
coefficients, andr(-) indicates the trace of a matrix.
The elastic energy density is the energy due tistartion of the LC moleculese. of

a variation of the Q-tensor in the space [194]:

Ly (0Qij\% | L, 9Qij 8Quk L 0Qij 0Qij
B Y S e e
4= Xijk=123|5 ome) T2 ox; o Yijri=123|5 Qi 2%, %k

(VI1.15)

L,, L, andLg are elastic parameters related to Frank elastistantsk;;, ky, andkaa.
The electromagnetic energy density in presencenlyf an external electric fiel& is
given by the electrostatic energy:

Fom= —/D -dE (VII.16)
where the electric displacement fielll= ¢,é.E + P depends on the spontaneous
polarization vectoP and the LC permittivity tensor that, for a nemai(e, can be also
expressed in terms of the Q-tensor:

&= DeQ+ eoql (VI1.17)
whereAe is the dielectric anisotropy amg, = (g + 2¢,)/3.
Spontaneous polarization derives from asymmetneshape of LC molecules and can
be written in terms of Q-tensor. TH&domponents is given by:

9Q;;j 9Qjk
Pi= p1Xj-123 ?Lj} + P2 Xjk=123Cij ﬁ (VI1.18)

with p; andp, that are polarization coefficients [189].
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The Q-tensor formulation is based on the minimiratof the free energy density
function F, = Fy, + Fg + Ferp Via the solution of a system of five equations
(i=1..5):

3 0 (9Fp)_ 9Fy _
Xj=13y; (aqi,j) 3q, = 0 (VI1.19)

in whichq; ; = dq;/dx;. Equations VII.19 represent the LC static equatiand can
be solved together with suitable boundary conditidn a strong anchoring regime,
Dirichlet conditions are commonly employed: the épdor at boundaries has a
specified value defined by chosen alignment. Ineakvanchoring regime, however, a
surface energy density has to be added in the avatuof the total free energy density
of the LC [189].

When the study of the dynamic evolution of the @str is required, equations VII1.19

become:

3 0 (0Fp)_ 0Fp _ 09D
2j=1 Ox;j <¢3Qi.j> 2. Vou (VII.20)

where D is the dissipation functio® = tr ((aé/at)z), y is the ratio between the

standard viscosity of the nematic LC and the ongerameter obtained when the
viscosity is measured, aggd = dq/dx;.

By means of equations VII.20, it is possible tadgtthe switching dynamics of devices
employing LCs as well as the tunable propertiesuath devices. Equilibrium order
parameter, standard viscosity, polarization coieffits, dielectric permittivity tensor
elements, Frank elastic constants, and thermotromééficients change according to
LC mixture chosen: their values will be indicategridg the discussion of specific
applications (compare Ch. VIl Sec. 2.2 and Ch. IX)the next section, the Q-tensor
formulation has been employed in the numericalystfdan electro-optical controlled

planar diffractive lens able to switch between tlifferent focal lengths.

2.2Double-sided zone plate with two focal lengths

There are two main technological issues that haviarshampered LC-based electro-
optical tunable phase-reversal ZPs at THz freqasncrhe first one dwells in the

thickness of a LC layer able to introduce a phafferdnce ofr in the incident THz
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waves path (see equation 11.5). As it was discugsdle previous subsection, a layer
of LCs in a nematic phase is able to change itecigc permittivity,i.e. its refractive
index, according to a voltage externally appliedn® LCs layer. In order to obtain a
phase-reversal ZP dynamically tuned by means oélietro-optical effect of LCs, it is
necessary to employ electrodes with alternativaelgotive and nonconductive annular
zones shaped as ZP. Three configurations are pmskila first configuration, the top
and bottom are equally patterned and aligned. be@nd configuration, only the
electrodes on one substrate are pattern, wher@aottter substrate is uniformly
conducting. In a third configuration, only the @tedes on one substrate are pattern,
and there is no electrode on the other substrafferént director profiles result from
these configurations.

However, an issue arises when an electrode is BBrpad. In fact, if the distance
between to conductive rings belonging to the sateetrede is comparable to the
distance between the two top and bottom electrageswith the thickness of the LC
cell, the electric field could short-circuit withdé adjacent conductive ring. It involves
that the LCs above non-conductive zones could ahaing refractive index together
with the LCs above conductive zones. Consequetith,most external rings of the
phase-reversal ZP could become a wide single zoth¢hae ZP pattern is lost.

The second configuration is illustratedkig. 33 a) The LC behavior is numerically
investigated with the Q-tensor formulation discdsse the previous section by
implementing it in a FEM model (described in Ch.Skc. 2). This model provides the
solution of the dynamic equations VII.19. A voltage70 V is applied between the
two electrodes, which have a distance of about386The distance between the top
and bottom electrodes corresponds to the thicknédbe phase-reversal ZP. The
thickness is evaluated from equation I1.5 by sttig the difference of refractive
index between the polymer and the air with the li@fingenceAn =n, —n,. All the
other ZP geometrical parameters match with the ofdéke polymeric binary phase-
reversal ZP described in chapter Ill.

The selected LC material 1825 has been synthetigethe Military University of
Technology of Warsaw and has complex ordinary aticherdinary refractive indices
equal ton, = 1.554 50.018 andh, = 1.941 -0.022 at 1 THz, low-frequency (1.5 kHz)
permittivitiese, = 4.7 andk, = 21.7, Frank elastic constaikis = 12.5 pNk,, = 7.4 pN,
ks3 =32.1 pN, and viscosity = 311.55 mPa-s [195], [196]. This nematic mixthess
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been selected because it exhibits a high birefriogat THz and moderate losses [190]
and is available through an established collabmmati

b) 1 °°
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Fig. 33a) A ZP configuration with a uniform electrode tmp and a ZP-patterned electrode on bottom
substrate. The rest condition of the LC is tiltédfidm they-axis. b) tilt angle and c)-component of
refractive index tensor distributions in a LC c&@i7 um thick, 2 ms after the application of a 70 V step
voltage (steady state).

In absence of applied voltage, the LC directorarapel to the electrode plane, with a
pretilt angle of 2°. When the voltage is applie@sLshow a switching behavior. After
2 ms from voltage switching.¢., in the steady state), the director has a tilleuad
90° in the middle of the LC celF{g. 33a)). Here, in fact, the anchoring forces do not
influence the director orientation. An angle of @tresponds to a director orientation
perpendicular to the electrode plane. However, 4 @ted only 55° — 60° between the
most external adjacent electrodes, in corresporedeha nonconductive ring. As it can
be seen fromKig. 33 b), it corresponds to ycomponent refractive index of about 1.6
— 1.65 in direction parallel to the polarizatiomeatition of the applied electric field.
However,Fig. 33 shows that the transition of the refractive indexmponent from the
fully switched and fully unswitched zones is noagh It gets significantly blurred for
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the outer rings where the thickness approachesdhgap and the fringe field effects
rule. Hence, the diffractive effect is reduced &mel device becomes ineffective as a
tunable lens.

Clearly, the fringe field effects play a detrimdntae. Ideally, these should be reduced
or avoided altogether. One way to reduce them isebglling that, for double-sided
phase-reversal ZPs, the phase shift introducedably binary phase-reversal ZPri®
instead ofr (see Ch. II). When this concept is transferred 1oC phase-reversal ZP,
each LC cell needs to provide only half the overgthrdation. Hence, the cell can be
thinner and the fringe field effects can be redudeda straightforward example, a half
thickness cell, 193 um thick, is here considered.

The LC switching behavior can be numerically eveddaby applying a voltage of
35V and employing the same electrode configuratibtne one presented kig. 33
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Fig. 34 a) A ZP configuration with a uniform electrode mp and a ZP-patterned electrode on bottom
substrate. The rest condition of the LC is tiltédffdm they-axis. b) tilt angle and ¢)-component of
refractive index tensor distributions in a LC cBl3 um thick, 2 ms after the application of a 35 V step
voltage (steady state).
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The LC director tilt angle and refractive indexdimection parallel to the polarization
direction of the applied electric field for the ftiick cell are presented iRig. 34
The maximum tilt angle of LC director in the middieéthe cell above nonconductive
rings is now always below 25°. It follows that tfreomponent of the refractive index
differs appreciably from its rest value in the mesternal non-conductive ring and is
equal to about 1.9. This suggests that a doubkddidC phase-reversal ZP is a better
candidate as electro-optical tunable diffractivesléhan conventional binary phase-
reversal ZP. Additionally, thinner LC devices regua lower driving voltage for the
same switching time. More importantly, in real d&d, the quality of the alignment is
usually better, especially for 100s um thick desice

As a confirmation of this idea, a tunable LC doukided phase-reversal ZP has been
designed and numerically investigated. At the beigip of this chapter, it was argued
that the only way to dynamically tune ZP focal l#mg by changing the number of
Fresnel zones. Here, it is proposed that if twsdsnwith a different number of rings
are stacked and one of them is electro-opticallytrotled, it is possible to change
between two focal lengths simply by applying a agé. In fact, when the voltage is
turned off, the first ZP, which is a polymeric peasversal ZP as described in chapter
ll, is able to focus the incident THz radiationthvits own focal length. When the LC
is switched on, the waves passing through thegimstmeric phase-reversal ZP are re-
focalized with a focal length corresponding to thember of zones of the LC phase-
reversal ZP. IrFig. 35 a cross section perpendicular to the lens plarghown and
some geometrical parameters and materials infoomatie presented. The numerical
model has a radial symmetry and includes matdioakes at 1 THz. However, this is a
preliminary investigation and the LC is considetetiave an asymptotic behavioe,,

its y-component switches from a uniform profilergfto a uniform profile of,.

The behavior of the dual-focus double-sided phasersal ZP is presentedhiig. 36
The z-direction is the one parallel to the ZP lens @dtiaxis. When no voltage is
applied to the LC, the lens focuses the 1 THz tamia52.3 mm past the lens. The
FWHM, which could be considered as the depth ofdfief the lens, is 7.7 mm

approximately.
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or

— . —  Simmetry axis n,=n, =1.55,if V>V,

z[mm] 4

f INCIDENT ELECTRIC FIELD f
AT 1 THZ

0 '0.001 0.002 0.003 0.004 0,005 0.006 0.007 0.008 0.009 0.01 0,011 0.012
radius [m]

Fig. 35Cross section of geometrical radial-symmetric nhadhel data for the materials chosen for a dual-
focus double-sided ZP. The ZP is symmetric and th@yprofile along the radius of the lens is repnésd
in the picture.
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Fig. 36 Computed square modulus of the electric field comgmt along the optical axiz-¢omponent) at
1 THz for a dual-focus double-sided phase-revetRalens. The red line is for zero applied voltagst),
while the blue line is for LC molecules paralletthe lens optical axis/,).

When the LC molecules are aligned in thdirection, the focal length switches in ~2
ms to 41.1 mm approximately. The FWHM also charigés7 mm.

In both focusing situations, the square moduluthefelectric field in the focus area is
about 52 times larger than the square moduluseoinitident electric field on the lens.
However, when the lens works at its shorter foeagth, a secondary focus appears
after 22.1 mm, with a very small depth of fields#oto 1.6 mm. This peak is due to
multiple reflections between the polymer facets.disappears by changing the
thickness of the polymer between the two ZPs. Hamnethis distance is fundamental

in the double-sided ZP design and could not beedaniithout changing the lens
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focusing properties. Further investigation is neede suppress this peak due to
reflections and optimize the design. Moreover, dditoonal study is required for
exploiting the dual-focus behavior when the asyriptprofile of the LC refractive
index is substituted with the one computed by thteggor model and presented in
Fig. 34c).

The dual-focus double-sided phase-reversal ZP teseribed shows a switchable
focal length and could offer a good starting pdartdeveloping ZP stacks optimized
for working at different focal lengths by meanstud electro-optical control of the LC
orientation. It is a device simple to integratecompact instruments, flat, and ideally
suitable for miniaturization.

The main problem in the experimental demonstratibauch devices is linked to the
second technological issue in the developmentrdtile and compact devices at THz
frequencies: the availability of a highly transpareonductive material for electrodes
fabrication. In the visible range, indium tin oxidg Q) is ubiquitously used [197].
However, it is opaque at THz frequencies. One ef most promising conductive
polymer  for  transparent electrodes at THz is the ly(Bal-
ethylenedioxythiophene):poly(4-styrenesulfonate) E@T:PSS). However, the
conductivity of a PEDOT:PSS film is usually no mdiren 10 S cm. It is not
completely suitable for replacing ITO, becauseas,htypically, a conductivity of about
4000 S crit [198]. Several methods can be applied for imprQviPEDOT:PSS
conductivity, such as treatments with acid solgioor the addition of organic
compounds. However, only films with conductivity mmre than 1000 S cmallows
for a PEDOT:PSS transmittance at THz comparablé WiD transmittance in the
visible rangei(e. ~ 90%) [198].

An alignment film of polyimide decreases THz traittamce of about 10%, but the
homogeneity of this effect does not compromise LECpérformance. In fact, the main
problem due to the presence of a non-transparemafirned electrode is that it
behaves as a Fresnel ZP itself. It implies thata idual-focus double-sided ZP, the
polymeric phase-reversal ZP performance is affettgdhe LC electrode and the
incident radiation will be focalized at both fodehgths, losing power in the focus
area. A thorough optimization of the devices isuisgfl which takes into account both
the phase modulation and the exact effect of thelactive layer on the THz field.
Different formulations of PEDOT:PSS exist, some éend&een supplied for this work
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and have been preliminarily tested. However, theaeton of the real and imaginary
component of PEDOT:PSS at THz is a challenging stildunaccomplished task. It
would require a very elaborated ellipsometric téghe because practical films are
submicronj.e., roughly one thousandth the wavelength.

For this reason, the fabrication and experimentedestigation of proposed LC
switchable diffractive lens have not been planned, ¥ven if double-sided ZPs
significantly reduce the problem of the LC thickeiesd should provide an effective
solution for the dynamic focusing of THz radiation.

3. Metal zone plates

Fresnel ZPs can be also investigated at THz freziegnAs discussed in chapter II, a
phase-reversal ZP has a higher efficiency thareariet ZP due to the fact that all the
incident radiation passes through the device. Atingrto the zone construction, a
portion of incident radiation is phase shifted ammhstructively interferes with the
other portion, inducing a concentration of radiatio a small areai.e., the focus.
However, some losses occur because of low effigi@iche diffraction mechanism
and absorptions in the material.

In a Fresnel ZP, there is no phase shift of thatad which destructively interferes to
the focus construction. This part of the incideadliation is stopped by adding a
patterned mirror. Hence, the transmitted wave ssiffieom losses to reflection. These
losses sum up with those due to diffraction efficie and material absorptions.
Therefore, the Fresnel ZP lens shows a lower fagusificiency than a phase-reversal
ZP.

Interestingly, all reflected radiation is in phasel create virtual focHg. 7). Thus, it

is possible to combine synergistically the powansmitted with the power reflected
from the Fresnel ZP in a novel device working ifleetion mode with maximum
efficiency. This device encompasses a homogenou®mun the other side of the
substrate on which the Fresnel ZP is patterned.di$tance between the Fresnel ZP
and the mirror must be equalit&! in the material [199]. In this way, the main digds
superposed to the virtual focus with an increasinipe THz field strength in the focus

area.
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Fresnel ZP lenses working in reflection mode doat@ady exist at THz frequencies.
This is on the side of the plane wave source. &t dhsign frequency, this device
behaves very similarly to a bulky parabolic mirr@myt is very thin (50 um for

operation at 1 THz with a dielectric with a 1.5reetive index). However, they have

been often employed as lens antennas at millinvedwes and at microwaves.

3.1Zone plates in reflection mode

The performance of a Fresnel ZP working in reftacttmode can be numerically
compared with the behavior of the same Fresnel @kking in transmission mode.
Again, Zeonor is chosen as lens substrate foroits THz absorption (for material
properties, compare Ch. Il Sec. 5). However, thegiiewas made for the available 100
pm foils due to the current unavailability of 50 ptmick foils working ai/4
waveplates. This rules that the working frequeiscgtiout 0.5 THz.

A FEM model (as discussed in Ch. Ill Sec. 2) ohblenses has been developed under
the condition of normal incidence of a plane waBeth ZPs have 25 Fresnel zones
made with an aluminum layer thicker than the slaptt at 0.5 THz. The thinnest zone
is 610um and the lens diameter is 25.4 nim.(1 inch). In the ZP reflector model, an
aluminum film thicker than the skin depth at 0.52ZTld considered on the opposite
side of the Zeonor substrate. The permittivity afngsinum is described by Drude
model:

a)Z

0=t G s
wherew, = 2.243 - 10'¢ rad/s is the plasma frequency and= 1.243 - 10** rad/s is
the scattering frequency [144].

Fig. 37 shows a comparison between the square moduluteoklectric field at
0.5 THz. The THz power in the focus area, alongéehs optical axis, is about 5 times

higher if the ZP works in reflection mode insteddransmission mode.
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Fig. 37 Computed normalized square modulus of #vemponent of the electric field at 0.5 THz along
the optical axis of a Fresnel ZP working in trarssion (red) or in reflection mode (blue).

Moreover, the power of a reflector Fresnel ZP lenthe focus and along the optical
axis is comparable with the one focalized by thagghreversal multilevel ZP showed

in Fig. 38 ZPs in reflection mode are thinner and easieatwi¢ate than a multilevel

phase-reversal ZPs.

2500 Fresnel ZP in reflection mode
multilevel phase-reversal ZP
2000 ol |
o 1500 [
L
Sl
w
1000
500
i\

0 10 20 30 40 50 60
optical axis [mm]

Fig. 38 Comparison between the computed square moduleeoélectric field normalized to the square
module of the incident electric field, at 0.5 TH#ong the optical axis of a Fresnel ZP reflectod an
multilevel phase-reversal ZP (compare Ch. V).
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ZP reflectors are much thinner and easier to fateithan parabolic mirrors. They are
also thinner than a multilevel phase-reversal ZRPscould open to innovative
applications, especially if they are linked to gussibility to consider ZP reflectors as
THz antennas. Currently, lens designs for a 45/-emt THz plane waves are under
investigation.
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CHAPTER VIII
Leaky-wave antennas for terahertz
far-field applications

1. Introduction

In the previous chapter, the possibility to devefdpnar THz antennas based on
patterned metallic surfaces was introduced. Only famples of FZP antennas
already exist at THz frequencies (for example, [L[DO0], [201]): new configurations
can be implemented and tested, such as the staddkedtive zone plate. However, a
structured study about the design of this devica i radiating performance goes
beyond the scope of this thesis.

On the other side, as discussed in chapter |, tisesegrowing interest toward THz
communications, connected to the possibility toehascess to Thps wireless links. For
this reason, it could be useful to develop antenwasch (i) could be fabricated with
low-cost materials, (ii) are light and simple teeigrate, (iii) could be conformable, and
(iv) may exhibit reconfigurable properties.

In the field of planar antennas obtained by cowemmnounded dielectric slabs with
patterned metallic screens, leaky-wave antennasA@)Vilre promising devices at THz
frequencies. LWAs are travelling-wave antennas esgfally employed as radiating
systems at microwaves from decades. In LWAs, rimtigthenomena are interpreted
as the ‘energy leakage’ of a wave that propagates partially open structure and
progressively loses its energy due partly to tissds (if any) in the medium and partly
to the radiation losses [202]. Because of the gndegkage, leaky waves are
characterized by a generally complex propagatiovewamberk, = 8, — ja,, where

p, is the phase constant amag is the attenuation constant. Moreover, in order to
effectively radiate [203], [204], the leaky waveopagating in the structure has to be a
fast wave,i.e,, characterized byg,| < ky, wherek, is the free-space wavenumber.
Therefore, the operation of a LWA is quite differédrom a slow-wave or a surface-

wave type of antenna, for which radiation mainketa place at discontinuities.§, at

93



the edge of the structure) [205]. In the absencehofic lossesy, takes into account

only power losses due to radiation and it is calledkage constant”: it represents the
rate of decreasing of the aperture field due tdehkage mechanism of radiation.

The main advantages of LWAs dwell in the easindsflarication and design, the

simple feeding network, as well as in the ubiqufyleaky-wave phenomena from

microwaves, which are the historical starting 