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ABSTRACT

The terahertz frequency electromagnetic radiatasdathered a growing interest from
the scientific and technological communities in thst 30 years, due to its capability
to penetrate common materials, such as paper,cfabor some plastics and offer
information on a length scale between 100 um anchrm. 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 raxigbe electromagnetic spectrum in
terms of technological development and it falls dshithe microwave and optical
techniques. Even though this so-called “teraheafz’ §s progressively narrowing, the
demand of efficient terahertz sources and detecagrsvell as passive components for
the management of terahertz radiation, is stillhhitn fact, novel strategies are
currently under investigation, aiming at improvinlge 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 configuratibrdiffractive lenses for focusing
terahertz radiation. A configuration for a terahediffractive lens is proposed,
numerically optimized, and experimentally evaluatédhows a better resolution than
a standard configuration. Moreover, this lens igestigated with regard to the
possibility to develop terahertz diffractive lensegh a tunable focal length by means
of an electro-optical control. Preliminary numetlidata present a dual-focus capability
at terahertz frequencies.

The second class encompasses advanced radiatiegnsyf®r controlling the far-field
radiating features at terahertz frequencies. Thase 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,

XIX



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

“Since we have become accustomed to think of wiedsctrical 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 ttieser 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. Nichd]4897.

This statement is the opening of a significant pdpethe development of a terahertz
science. Even though this was only a first stageyas clear that there were two
approaches for the development of a terahertz tdoby: the optical and the
electronic route. The terahertz range has beerciassd for long time to its lack in
technical capabilities. It was only during 1970attthe first terahertz benchtop set-ups
suitable for spectroscopic investigations have bdeveloped. This was the starting
point for the experimental test of passive comptmand detectors, which have been
allowed for reducing the technological gap.

Nowadays, terahertz radiation has become cruciatewveral fields, such as, for
example, the objects inspection for industrial aadurity applications or the wireless
communications. Thus, there is a high requiremdnaffordable 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 radiafiomong 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 greaterlangth,”Phys. Rev. (Series, Nol. 4,
no. 4, pp. 314-323, 1897.
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this choice, comparing the diffractive lenses witle most conventional refractive
lenses and parabolic mirrors for terahertz focushigreover, the Chapter Il provides
the theoretical background of diffractive lensesigie, as well as an overview of the
materials and the fabrication processes suitablth@r practical implementation.

The numerical investigation of the diffractive leass described in Chapter lll. It aims
at optimizing the lenses geometry and comparingr thehavior with the one of a
refractive lens of equal diameter. The numericah 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 theadig@tion and the calibration of the
available instrument and of the set-up built foe fenses measurements. The data
resulting from the experimental characterizatiorttef fabricated lens prototypes are
reported in Chapter VI.

The design and the experimental characterizatiengmted in Chapters IlI-VI are the
starting point for a preliminary study on advandéttractive 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 apfitices, an interesting device is the
Fabry-Perot cavity leaky-wave antenna. It has tHeaatage to be scalable from
microwaves to optical frequencies, due to the ubioof the leaky-wave phenomena
(introduced in Chapter VIII). Thus, two main configtions of Fabry-Perot cavity
leaky-wave antenna are presented for working ah&etz frequencies. In Chapter IX,
a leaky-wave antenna based on a multistack ofagimtiand anisotropic material layers
is theoretically investigated for steering the Thiegam. In Chapter X, leaky-wave
antennas made with different metasurface topologiestheoretically studied for the
design of high directivity terahertz antennas. Remnore, their practical
implementation is discussed.

XXXl






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.”

Sometimes, the designation of a range as THz freges band is influenced by the
specific field of application. For example, the hpological interest towards THz
radiation arose in connection with the developmenspace-based instruments for
astrophysics and Earth missions. The 98% of tdtatgns emitted in the history of the
Universe since the Big Bang has a frequency below3z, with a peak emission at
around 3 THz (cosmic microwave background radiatismich have a spectral
radiance peak at about 160 GHz [8], is excludel)[$3. For this reason, in this field,
30 THz can be considered the upper limit of the Tddmnd. However, most of the
scientific and technological community refers aszTtHe radiation between 300 GHz
and 10 THz.



1.1Terahertz in the electromagnetic spectrum

A first experimental effort towards material chaegization by THz radiation was in
1897 [9], [10]. It consisted of measurements ofckl®dody radiation employing a
bolometer. In [10], the authors wrote: “since wedndecome accustomed to think of
waves of electrical energy and light waves as fogriomponent 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 tedgical gap exists in the
electromagnetic spectrum. It is set between phosoaud electronics-{g. 1).

10 GHz 100 GHz 10 THz 100 THz 1 PHz
Frequency =
. Millimeter- - -
Microwaves THz Infrared Visible Ultraviolet
waves
Wavelength
3cm 3mm 30 um 3pum 300 nm
Wavenumber >
[em™] 0.33 3.3 330 3300 33000
Photon energy >
0.04 meV 0.4 meV 0.04eVv 0.4eV 4 eV
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 the key discoveries that contiebto the establishment of a THz
technology. The first THz detectors were initiglisoposed for FIR radiation sensing.
In 1959, the first carbon bolometer [12] as wellaaphotoconductive detector [13]
were developed. During 1960s, several progresses waehieved in the field of
detection: germanium bolometer [14], pyroelecttif][and tunable FIR detectors [16]
were introduced. With regard to the generation biz Tradiation, in 1962, optical
rectification mechanism was experimentally demaistt for the first time [17]. It is
still now one of the main THz generating mechani$&j. In 1971, the first THz pulse

was generated using a benchtop resource [19].I¥imal1984, the first laser operating



between 390 — 1000 um was constructed, with a ppeaker up to 10 kW [20],
whereas, in 1986, a THz emitting antenna was detraiad for the first time [21].
Several progresses have been made until now ifiefldeof THz sources and detectors.
Starting from the 1950s, many attractive applicatibave been developed, as will be
described in the 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 (LEO.,e., an orbit around Earth with an altitude of 2000 ¢&m
less, and an orbital period of about 84 — 127 rallows for astronomy research [22]
and Earth control [23]. Large space observatoid$ fiave more distant and relatively
stable dislocation points and are usually devotedidep space astronomy. In this
situation, there are important limitations in terwls maximum mass (few tens of
kilograms) and power supply availability (tens ofattg) per instruments.
Miniaturization, integration, and the employment wfaterials able to guarantee
sensitivity and responsivity (see Ch. | Sec. 3)igh temperatures, are the main goal of
THz technology for space application [25].

The THz measurements for Earth observations fron© L&uffer from radiation
attenuation due to water molecules absorption. fafige water molecules in
atmosphere create small clusters by means of hgdrdgpnds. The rotation and
vibration of water molecules in clusters determmgsorptions in THz radiation
spectrum. The number of molecules in the clustabéishes at which THz frequency
there will be radiation absorption. For example|uster of 38 water molecules causes
absorption at 20 THz [26], a cluster of 8 water esales is responsible of absorption
at 1.4 THz [27], while a mixture of ring cluster§ 4, 5 and 6 molecules gives
absorption lines at 0.56 THz, 0.76 THz, 0.98 THz1 THz, 1.17 THz, and
1.41 THz [28].

Due to water absorption, THz radiation can be atqdoonly in specific spectral bands

for wireless communication. Most promising bandst fine-on-site (LOS) data



transmission at distances over 1 m, are in theeAB8 — 0.44 THz, 0.45 — 0.52 THz,
0.62 — 0.72 THz, and 0.77 — 0.92 THz [29], as shawRig. 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.

Path-Loss (dB]

0 A ; H HE |
107 10° 10’
Frequency [THz]

Fig. 2 Path loss in line-on-site communications at THmérencies for different distances. It takes into
account both attenuation due to molecular absarpifogases 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 [29].

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 (Tbps)
[29]. In fact, below 0.1 THz, the available bandthids not sufficient and confines the
feasible data rates. At millimeter waves (~ 60 GH®) Gbps within 1 m are currently
reachable [30], but they are of two orders of magle 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;irfiluence of atmospheric weather
conditions on waves propagation; (iii) high reflentlosses; (iv) losses due to emitter-
receiver misalignment [31]. 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 [25].
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 contenmhuman tissues or the hydration
level of plants [32]. Water allows for high contrartmaging at THz frequencies. With
more detail, THz absorption depends on: (i) satecentration; (ii) protein and DNA
content; (iii) macromolecules structural changese do bonds with ligand or
denaturing processes. Because all of these faatersalso involved in the cellular
metabolism, it is possible to distinguish betweelealthy tissue and a tissue with a
disease by means of THz radiation measurements[B&] 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[37], 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 masgdbf basal cell carcinoma, a skin
cancer, before a surgery intervention [38]. The TatHiation is able to penetrate under
the skin in a non-invasive way and has a negligikgtering inside tissues. Moreover,
time-domain systems (see next section) can offasie@D information [25]. However,
the availability of sources with yet limited poweshen compared to the power
required to cope with absorption due to water, io@sf THz 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 pamreitmto 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 inspactiExamples of security
applications are body-scanning imager [39] and asipés detection by spectrometer
analysis [40]. Commercially available body-scanngosk in the frequency range of
0.15 — 0.68 THz [41], [42] and have the advantagfdseing compatible with compact
hardware systems, such as wearable devices. Maretbey 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 [4@\wéler, in body-scanning, THz
imaging detectors need to have an extremely large, able to cover the dimensions

of a human body. It constitutes a big issue, esflgcin 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 po#silbd distinguish between them, can
be applied in non-destructive and non-contactdéseveral objects and coatings. For
example, marine structures are protected from enmiental corrosion agents by
specific coatings. The corrosive process is ablmadify both chemical and physical
properties of materials causing defects, as buldslesacks, which are usually located
under the external surface of objects [43]. THZatah is able to penetrate inside
coatings and discloses every defect larger tharinitident wavelength [44], [45]. In
this way, it is possible to check coatings and enévfailures by substituting them
before compromising the covered structure or obgtapplying the same principles,
it is also possible to employ THz radiation for ritoring and preserving the cultural
heritage [46], [47]. Moreover, it is also possiliteinvestigate under the surface of
paintings or frescos and discover details hidderthejr creator. THz spectroscopic
imaging complements the information obtained byepttonsolidated techniques, such
as the imaging at near-infrared frequencies. Famgte, in [48] a Pablo Picasso
painting on canvas was analyzed by THz pulsed doreain imaging. Different areas
of this painting show different numbers of layeonfirming that the author repainted
some parts of his artwork.

From a technological point of view, the main effortthe THz field is to provide a
suitable source of radiation [49]. Available sowrege usually expensive, bulky, and
emit weak radiation. This problem can be approacfieth the millimeter-wave
(MMW) side or from the infrared (IR) side [50]. 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 [51]. Seoiations and the state-of-art
about THz sources will be discussed in the nexiaec



Table 1 Comparison between the main THz radiation sources.

Fr?_lgﬁg]n cy Opg\t,sgrt Advantages  Disadvantages Reference
Direct generation
<(25|O rr(]j\)N p.orv]\;g? output (- require )cooling
Quantum pulse <199.5K
cascade lasers 0.85-5 <139mw °canoperate limited [52]
cw)  new.andin oo gidth
o pulsed mode
» broadband e applications of
multimode p-Ge laser are
Semiconductor 1-10 ~mwW emission mainly restricted 53]
laser » can operate to research
inc.w. and in laboratories
pulsed mode e require cooling
Free electron < ZO_W » broadband - _re_latively low
laser 1.25-75 (Novosibirsk:  « high output efficiency [54]
500 W) powel * large and heavy

« large and heavy
* high power < expensive
0.1-0.3 ~mW and frequency ¢ high power [55]-[57]
tuning range  requirement

THz vacuum
tube sources (in
strong magnetic

field
teld) ¢ narrowband
Up-converters
* low levels
of dc power
0.84-19 <2mW - iherently  + coolingcanbe  [58], [59]
3 (commercial . |
Frequency (commercial available: phase required (commercial
multipliers available: ' lockable e very ly available:
11-1.7) B0MW -~ canwork at narrowband [60])
‘ ’ 1.6 mW)
room
temperature
Transistors * possible * require cooling
(InGaAs HEMT, 0.3-3 - integration in  « two peaks of [61], [62]
Si MOSFET, : : . wo p '
FET) asingle chip  emission
Down-converters
e not all
IR-pumped qas 0.5 -Far-IR . ext | frequencies
-pumped g (discrete) 1-400 mw - SXTEMEY covered [63]-[65]
lasers high power
* narrowband
* bulky

Sources pumped
by visible or SeeTable 2
Near-IR lasers

2. Terahertz sources

Sources are the most difficult components to reailizthe THz 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 velocityicglly 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], [51].

These factors are the main cause of the fact bieabtitput power falls as the square
root of the frequency [66]. However, electronic ieas$ are relatively compact and
could open to the possibility of creating integdatievices.

Sources inspired by photonics, such as lasersupeodoherent powers in the order of
tens of milliwatts until several watts, and theyalle broadband emission. On the
other hand, they are usually heavy instrumenteguire large apparatus for working
(such as, for example, the cooling systems), casftea@ 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-convernidi.e. frequency
difference generation) approaches are reviewed.

Optical and near-IR lasers generating THz radialiproptical pumping are the most
employed sources, especially for spectroscopy equpdins, 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 prigerfor some examples of these
two operational modes can be found'able 2

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

Laser Frequency Bandwidth

operation [THz] [THz] Output Reference
. 0.1-10 Power:
Photomixer C.W. (tunable 0.9 <mw [67]
Mechanical Power:
resonance c.W. 0.2-0.9 0.54 <7 mwW [68]
Photoconductive Power;
antenna pulsed 0.1-10 > 20 3.8 mW (in a [69], [70]
band of 5 THz)
Gas _ |E| peak:
photoionization pulsed 01-10 >20 21 MW/cm [71]
Optical |E| peak:
rectification in pulsed 0.1-6 ~6 200 kw/cm to [72]
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
[73]. They have a better spectral resolution thalsqdl emitters and output powers in
the order of milliwatts [74]. Moreover, they can kmnployed as sources for
spectroscopy as well as for THz communications. élms, they operate in
narrowband and have limited tuning ranges.

Pulsed lasers are employed for exciting a photoectnge switch or antenna. They are
also able to produce THz by three different medani(i) gas photoionization, (ii)
optical rectification in a non-linear crystal, afid) drift or diffusion of transient
currents in a semiconductor with high charge mtb[lr5]. 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 Commercially available THz time-domain spectron®etegenerating THz radiation by
photoconductive antennas (readapted from [76]).

Company Model Ba[r_}dFY\;l ]d th Output power P(re:rlfgdey[r:jaBr?lc
Teraview TPS Spectra 300(C 4 ~1pWwW 80
Teraview TeraPulse 4000 6 - 80
Picometrix T-ray 5000 4 ~0.5 uw 80
Advantest TAS 4 - 60
Toptica TeraFlash 5 ~ 30 pw 90
Ekspla T-Spec 4.5 - 70
NTT Electronics OD-PMAN-13001 2.2 <1luyw 20
Menlo Syster TERA ASOP¢ 3 - 6C
Menlo System TERA K8 3.5 - 70
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 [77]. In fact, deteatharacteristics are not limited by
noise due to photons, except for measurementsnag $equencies or at sub-kelvin
temperatures [78].

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 mwicpower that gives a signal-to-
noise ratio (SNR) equal to one in an output bantdwaf 1 Hz. Low values of NEP
express a high sensitivity. Mathematically [79]:

Un

NEP = (1.1)

where, v, is the noise voltage spectral density. the noise power per unit of
bandwidth, andr, is the responsivityi,e. the input-output gain of the detector.

For an imaging detector, constituted by a certaimimer of pixels, a NERer 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 [79]:

vnPj
NEPcamera = ﬁaynVi (I-Z)

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 radiatiof][2

Frequency Responsivity = NEP or Err?{ense gitfe Number Compan
[THZ] [V/W] NEP.mers timpe of pixels pany
Schottky .
. 13.2 Single
bqrner 0.11-0.17 2000 PW/HZ 42 ns detector VDI
diode
Photoconductive 0.1—40 ) ) ) Single EKSPLA
antenna detector
Photoconductive .
X 66 Single
folded dipole 06-10 800 PW/HZ - detector STM
antenna
Photoconductive Single Menlo
0.3-45 - - -
antenna detector System
;EaTy 07-11 11510° 12 nW 25 Hz 32x32 STM
Bolometer 4.25 - 24.7 pW 50 Hz 384x288 INO
10 Single .
Golay cell 0.2-20 1010° nW/HZ 25 ms detector Microtech
Micro-bolometer 1.0-7.0 - <100 pW 30 Hz 320x240 NEC
LiTaO4 ) Ophir
pyroelectric 0.1 -300 96 nW 50 Hz 32x320 photonics
0.3 .
. 440 Single
Pyroelectric 1.0 18.31C° DW/HZ" 10 Hz detector QMC
3.010
o-Si micro- 2.4 1410° 30 pW - 320240  CEA-Leti
bolometer
VOx micro- Infrared
bolometer 2.8 20010° 35 pw 30 Hz 160x120 Systems
VOXx micro- 16 ms
bolometer £l ) A | (each pixel) Erles MIEE
Amigci"’t‘yQW 2.0-40 126 32 pW 25Hz  32x240 CEA-Leti
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In Table 4 parameters of several commercially available Tetectors are compared.
According to The 2017 terahertz science and technology roadifi2&p 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 intgagthe number of available
pixels [25]: “Future expectations for terahertz gimgy systems include video rate
imaging (at least 25 fps) at VGA resolution. Furtimto the future, HD format will be
the normal expectation for any imaging system. kenagsolution (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 temperatarahertz sources in the region of
10 mW average power are essential in order to emgtahd-off imaging at distances
greater than 1 m. Such sources when coupled wi#h @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 detectiorhidfien objects and non-invasive
medical €.g.oncology) and dental diagnostics.”

It means that the development of THz detectionst@ainnot 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 guwided-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) [80]). In fact, at
microwaves, metals behave as perfect conductorde whey are lossy at THz.
Additionally, most of dielectrics extremely transgat at optical frequencies absorb

THz waves (compare Ch. Il Sec. 5). Guided strustuteowever, offer several
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advantages. They (i) allow for the integration ofmpact and light THz systems; (i)

provide better isolation; (iii) do not need optiedignment accuracy [25].

4.1 Terahertz waveguides

Metallic WGs are mainly suitable for transmissidnTéiz waves at distances of the
order of millimeters because they cannot guaramten mode confinement and
negligible metallic losses [81]. For example, patgblate WGs show low losses: if
plates are made of copper and are located atandesbf 0.1 mm each other, the loss is
approximately 1.2 dB/cm at 1 THz [82]. Moreoverittgroup velocity dispersion can
be considered negligible. However, they offer nofcement in lateral directions.
Co-planar WGs and co-planar strip-lines are emplageohotoconductive transmitters
and receivers for propagation distances in therasfienillimeters. In fact, they suffer
from strong attenuations of 40 dB/cm or higher [§8}], but they continue to be
attractive because their small dimensions and pigeametry [82].

At THz frequencies, most dielectric materials suffem high absorption coefficient
or from frequency dispersion in refractive indeXduea except for high-resistivity
silicon and few polymeric materials (compare ChSéic. 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 [81]:

1) Solid-core fibers: they are reasonably simple tori€ate and offer a wide
bandwidth in single mode operation. On the othemdhahey are deeply
influenced by material absorption. Example [85ffikeer with a diameter of
0.42 mm, made of TOPAS polymer (compare Ch. Il $¢c.has losses of
0.78 dB/cm over 0.35 — 0.65 THz and a dispersiotesd than 1 ps/THam
over 0.5 - 1.5 THz.

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 [86]: a fiber vdtdiameter of 0.445 mm,

made of polyethylene (compare Ch. Il Sec. 5), withular holes filled by air
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in its core, has losses below 0.17 dB/cm over MB-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 disgersion, but they work
in a limited frequency band, are difficult to fadaie, and have a larger
diameter than the other fiber typologies. Examplg:[a fiber with a diameter
of 2 mm, made of Teflon (compare Ch. Il Sec. 5thvei core made of air, has
losses below 0.17 dB/cm at 1 THz.

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

integration inside extremely compact THz devicaddde a critical issue.

4.2 Quasi-optical components

The most encountered way to propagate THz radiasidhe quasi-optical one. THz

transmission in free space is possible when tharelmagnetic beam is collimated and
is not completely warped by diffraction. Howevehetmaximum beam size is
restricted to a moderate number of wavelengths. tRisr reason, diffraction is a

significant issue in the design of quasi-opticainponents. 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 alwdvalfor a rapid design of passive
components [88].

4.2.1 Polarizers

A Gaussian beam can have, in principle, any p@#dm state. Many THz emitters
have both vertical and horizontal polarization comgnts because of the antenna
structure [89] or bulk contributions to optical tification [90]. Sometimes, THz
antennas are not characterized in terms of potaizand it can affect set-up optical
properties [91]. Polarizers are able to separalarigation components by means of a

grating with different geometries and made of défeé materials. The power
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transmitted across a linear polarizer is given\wg tomponentsT'", which is the
component parallel to the grating vector, a&1d which is perpendicular. A figure of
merit is the extinction ratio, defined a&R = 10log(TTE /T™). For an ideal
polarizer, T = 0 and ER = OFig. 3 shows the state of art of polarizers comparing
them with commercial ones in terms of transmittenvgr and extinction ratio at
1 THz. A description of different structures andtemels for THz polarizers goes
beyond the aim of this works and can be found ifj.[ommercially available
polarizers have high transmittance and good extinatatio. However, they are well-
known metallic wire grid polarizers and could bébstituted in the next future by

polarizers made of novel materials, such as canamotubes (CNT).

Comparison at 1 THz
100 -

© * #-Liquid Crystal
90 + * @-CNT(1 layer)
71 & v A—CNT(2 layers)
* <+-CNT(3 layers)
80 4 + @ -Reel CNT
< *—Al grating
% 70 4 % -NIL 140nm wire-grid
o @ -Micrometer-pitch Al
% 60 - % —Microtech free standing
= W Microtech thin film
‘% 50 o [_—<-Tydex
c
o
= 40 4
30 4
20 A
10 T T T T . T T 1
0 10 20 30 40 50 60 70

Extinction Ratio(dB)
Fig. 3 Comparison between novel polarizers (red) and cercially available polarizers (blue) at the

frequency of 1 THz. Figure is taken from [91] whardescription of the polarizers in the legendrigeh
in detail.

4.2.2 Waveplates

Waveplates (WPs) are material slabs able to inteda differential phase shift
between the components of a linearly polarizedatami. A quarter WP introduces a
phase shift of 90°, transforming a linear polai@ainto a circular polarization [92]. A

half WP leads to a phase shift of 180°, rotating folarization plane of a linear
polarized beam [88].

At THz, the main issue is the availability of artsparent material, with low frequency

dispersive refractive index. Natural or artificéalisotropic dielectrics are both suitable.
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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 frequesc¢hat can be employed for various

applications. According to [88], THz filters can #ided in four categories:

1

2)

3)

4)

Two-dimensional structures: planar structures aifhattern of conductors that
is periodic in two dimensions. Simple geometrieshsas strips with spacing
higher than a half of the operational wavelengéhdve as high-pass filters in
transmission. According to the Babinet principle3][9a complementary
geometry,.e. patches, acts as a low-pass filter in transmis$dmgs, crosses
or other geometries [94] exhibit a resonant belravio

Three-dimensional structures: planar structures waitpattern of conductors
that is periodic in two dimensions and with an taeoy size in the third
direction. Examples are perforated plates and diclplates [95]. They work
as high-pass filters in transmission.

Dual-beam interferometers: devices that, emplogirdielectric slab or a wire
grid structure, divide the incident beam into tventp, introduce a delay in one
of them and recombine the two parts in a singleTb¥6]. They are the THz
counterparts of the Michelson interferometer wideded in optics or in the IR
region. The output spectrum is a sinusoid with progs depending on the
introduced delay and on the imperfections in the bh@ams recombination.
Multi-beam interferometers: stacks of partiallyleefive mirrors. They are
also called Fabry-Perot interferometers [97]. Dikle slabs as well as planar
structures with periodic conductors can act asarsrThe frequency response
is deeply influenced by reflectivity of the mirroasd by their thickness. The
amplitude of transmitted radiation can be comprenhigy absorption losses in
materials constituting the mirrors.

A summary of filters behavior described above cafooind inFig. 4.
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Fig. 4 Behavior of some filter categories widely employd Hz frequencies [88].

4.2.4 Lenses

Lenses are important passive components for thépoiation of THz beams. They are
devices able to focus incident radiation in a sraadla, ideally of circular shape and
with a diameter comparable to the wavelength. actice, however, it is hard to focus
THz waves at the diffraction limit. Several soluso for increasing THz lenses
resolution without losing radiation power in thedbarea are possible and they will be

discussed in the following chapters.
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CHAPTER I

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

1. Introduction

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

Plano-convex or biconvex lenses [98]-[100] are Igwamployed in broadband THz
set-ups, because they are compact, light and hightjliar to those skilled in visible
optics. However, in contrast to visible optics, en&l losses, finite thickness and low
power of THz sources limit the effectiveness ofaefive lenses. Off-axis parabolic
mirrors do not introduce significant absorptionslodut they are rather bulky and
require significant space in the free-space elewgnetic path. Furthermore, they
suffer from comatic aberration and from the presesfcvarious polarization states of
the THz wave in the focal area [101]. Therefora, éxample, when an off-axis
parabolic mirror is employed for performing polation-resolved terahertz time-
domain spectroscopy experiments, the sample hias s®t exactly in focus to prevent
changes in the radiation polarization state.

Another way to focalize electromagnetic radiatian by diffraction [102]-{104].
Diffractive lenses introduce lower absorption I@gsskan refractive lenses, because
they can be thinner. However, they are highly ctatiendevices and are not suitable
for broadband applications. This capability of dfrdctive lens to focus different
electromagnetic wavelengths at different focal thadghas been used for tomographic
applications [105]. Among diffractive lenses, thane plate (ZP) is a thin and ideally
planar device, which introduces one of the lowbsbgption losses.

17



2. Planar diffractive lenses: zone plates

A ZP is a circular grating able to focalize elentegnetic waves by interference
instead of refraction or reflection. It has beemdduced in 1875 by Soret [106], who
described it as an alternation between ring-shapmues completely opaque or
transparent to an incident radiation.

Zone construction follows the Huygens-Fresnel ppiec[93]. It can be explained

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

Plane wave P

Fig. 5 Huygens-Fresnel principle for zone plate constamctiA plane wave is propagating towards the
point of the spacePO, 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 frontsags 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
interferes in B A ZP is a screen, which stops wave propagatidyiaralternated half-

period zones for a point of the space.
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Developments and applications of ZP lenses, sintvléinose in electromagnetics, have
also been made in acoustics. Acoustical Fresnaedszare, sometimes, called Huygens’
zones [107].

Fresnel ZPs are not often employed because tHaieety in radiation collection is
poor for two main reasons: (i) onlyrf/of incident power on a ZP can be focused in its
primary focus; (ii) 1/4 of the incident light is hdiffracted 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 ZPsha focus electromagnetic radiation
at high frequencies (UV and higher).

To overcome difficulties linked to ZP efficiencyotd Rayleigh proposed a phase-
reversal ZP in 1888 [108]. The main difference lestwa 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 rmaesgi to consist of an alternation of
concentric ring-shaped zones: some zones are dpengthers retard the incident
radiation phase by the amount ofradians by adding/2 to the optical path of
radiation rays. The simplest way to implement suetardation is by employing a
dielectric material with an appropriate thickndssthis way, at the ZP primary focus,
the power intensity could be increased four times.

Starting from 1898, Wood further developed Lord Iemyp idea. He demonstrated
phase-reversal ZPs advantages over conventionahé&r&Ps. In fact, in [109] 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, arckbiathe spaces between the alternate
rings, the plate will have the property of bringimgrallel 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 condensérg,| the zone plate acted as a
concave or dispersing lens. Moreover, he pointédiai the plate has multiple foci at
distancesa¥/, a%/31, a¥51, 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.

After some experimenting | have succeeded in priodusuch a zone plate, perfectly
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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 [109],
[110] and also suggested some possible and suatapglications for these devices at
visible frequencies. However, ZPs are of little ghical use in this range of the
electromagnetic spectrum where refractive lensésnainrors are available. Until the
first half of the 28 century, optical ZPs were considered by most ietiterature
only a mean for experimentally demonstrating theydd¢ms-Fresnel principle [111],
[112].

Because ZPs operation principle is valid at anyelength, it is applicable beyond the
visible range. Starting from 1950s, ZPs were reiclamed for the focusing of X-rays
[113], [114] and extreme UV radiation [115], [11&hd their fabrication constrains
were actively discussed. At these frequencies,ansircan efficiently focus 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 have been recently developed for incrgdke intensity in the first-order

focus area, such as the binary ZPs stacking [11X8§].

Fig. 6 &) Fresnel ZP for a microlight emitting diode [L18) ZP constructed for 12-cm waves [120].

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 apertur¢120], 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 largativel 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
[121]-[123]: as emitting antenna, they have smaling but good bandwidth; as
receiving antenna, they behave as converging l¢h2e$

3. Zone plates for terahertz radiation and their applications

Along with emerging of a THz technology, ZPs hasoabeen developed for this
frequency region. However, common materials atcaptaind microwave frequencies
are not suitable for THz ZPs due to THz absorptibnus, ZP 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 focus electrontagragliation, for example in THz
spectroscopy or imaging, or they can be coupled waittennas for increasing
directivity. It is important to underline that, most cases, when ZPs are employed as
lens antenna, they usually work in reflection moaeile, when ZPs are developed for
guasi-optical applications, they mainly work innsaission mode.

The use of ZPs as lens antennas can be found #]-{127]. For example, a ZP
designed for a specific microwave frequency is @iffe also at its odd harmonic
frequencies [125]. 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 a ZP as lens antenna in the THgedmave 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 TIa8][

The ZPs can be slightly modified in their shapedbtaining interesting features. For
example, in [129] a sensor was integrated on theolmoside 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 mainipleyed as focusing elements. In
[102], [130], [131] two Fresnel ZPs have been comgaa conventional one and a ZP
made by cross-shaped resonant elements. The twernges 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. Bti®B considered in [102], [130],
[131] 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 made with a dielectriaterial. An application suggested by
the same authors for their ZPs has been the cagupfithe metallic ZPs [132] or the
phase reversal ZP [133] with InGaAs-based THz detecfor enhancing their
detection power.

The refractive nature of ZPs implies that they lehas 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 [134], [135].
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4. Zone plates theoretical background

A ZP has a geometry composed of concentric rings am increasing radius. When a
plane wave impinges on the ZP, the path of the capgributing to the focus grows as
the distance from the center of the lens increaSessidering two adjacent zones, the
path increases by from the beginning of the first zone to the endhraf second one.

The phase, in the first ring of these two zonesteases from 0 ta. In the second

zone, the phase increases franto 2t. For this reason, radiation coming from the
second zone destructively interferes with radiafimm first zone. In a Fresnel zone
plate, radiation from second zone is completelpéal by a non-transmitting material.
In phase reversal zone plates, radiation phasédeged by choosing an opportune
difference of thickness between two adjacent zoBxe the path difference between

two adjacent zones is required toMf2, the zone radius is given by

m2A?

- (I1.1)

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

2 =mil+

employed for finite object distances, because timnoduce spherical aberrations.
WhenmA « [, the expression calculating the radius is simgadifio

Ty ~ Vmld (11.2)
In this approximation, all zones occupy the saneaand contribute equally to the
focus. The expression II.2 is accurate only foreots or images at infinity. If objept
and imageq distances are finite, equation 1l.1 has to be edpd in powers ofmi
[109]:

2 =mia+ T2 (1- D) 4o (@) (11.3)
The second term in equation 11.3 becomes signifidam? > [/A. Higher-order terms

remain negligible for all object distances unldss following constrain holdsi3/2 >
51/A.
In a phase-reversal ZP, the zone thickness istigatrparameter. It can be derived
from the phase shifi that a material introduces in the ray path:

¢ = 27"t(n -1 (1.4)
wheren is the ZP material refractive index ani the ZP thickness. In the case of a

half-period zone platey = © and thus zone thickness equals
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A
t= 5o (I1.5)

A more rigorous geometrical construction of all fbemulas presented in this section
can be found in [112], [113].

4.1 Diffraction efficiency

ZP diffraction efficiency is an important paramefer evaluating the ZPs focusing
performance in terms of power throughput. It isrkd as the ratio between the power

diffracted by the ZPPg, and the power incident onto the 2R,

nq = :_d (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 valuéhefwidth 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
[136].

4.2 Comparison between properties of zone plates and aditional
lenses

The resolving power of a ZP is very similar to tbata conventional lens of the same
diameter [137]. However, the image of a ZP canesuffom both chromatic and
spherical aberrations when this lens is used a¢quéncy different from the one for
which it was designed [138].
On the other hand, a ZP has higher-order foci iitih to the primary real focus
(with a focal lengtH) at distances

L=1/Ri+1),i=12,.. (1.8)
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It also has an identical series of virtual foclpaing the use of the ZP as a diverging

element as well as a converging oR&( 7).

INCIDENT RADIATION UNDIFFRACTED RADIATION

T4

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 thetfingler of diffraction. The focus “+3” representhigher-
order focus, corresponding to i = 2 in equatio8. [Foci “-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 [13%.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 whereé is the azimuthal
angle.

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

m <./21/2 (1.9)
However, for a fixed ZP external diameter, it igortant to maximize the number of
zones because this influences lens resolution,hwdacresponds to the minimum zone
width, i.e. to the width of the more external ring.
The ZPs focus by interference and diffraction of/@s so they suffer from chromatic
aberration. However, there is a short frequencgedn which a ZP is achromatic. The
full width at the half maximum (FWHM) of this band/, can be estimated by
considering that the optical path of focalized atidn at the design wavelengthas
to be close to the one at a different wavelengthe.mA/2 = mA,;/2 + 1,/4:

A= A/m (1.10)
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Off-axis aberrations can be considered as a surnoofa, astigmatism and field
curvature. Ifa is the angle between the principal ray and thécabtxis, off-axis
aberrations become manifest when their sum edydls

3 a/2l? —3r2a?/4l=1/4 (11.11)
Fixing the value of a ZP external radius, the fizshe diameter increases as the
number of zones decreases. Thus, the angle betivegmincipal ray and the optical
is high when the number of zones is low. In thisdition, the second term of the sum,
linked to astigmatism and field curvature, is doaminon the first term, due to coma
aberration. The half field over which the imagéiféraction limited can be set by

@ = (3m)"2 (1.12)

If coma dominates, the half field can be evaludtgd

@ = (mA/1)72 (1/2m) (11.13)
It is worth pointing out that formulas 11.9-13 dese wave front aberrations in terms
of deviation from a diffraction-limited situatioas analyzed in [139], and not in terms
of distribution of light according to geometricgitics.

5. Materials for terahertz diffractive devices

In most cases, THz sources emit radiation with aegpoin the order of tens of
microwatts. Thus, lenses for THz waves should nogoeb incoming radiation.
Moreover, they should be hydrophobic because veadigibits several absorption bands
in the THz spectrum. High resistivity floating zosdicon (HRFZ-Si) is a single-
crystal silicon, with a resistivity exceeding 1Q/km. Below 1.5 THz, silicon
resistivity is important because the presence ofiera due to impurities deeply
influences absorption coefficient. In THz range, FZRSi shows a refractive index
essentially constant and equal to 3.418, which gbsutess than £0.001 for frequencies
between 100 GHz and 2 THz [140]. In the same frequerange, absorption
coefficient is less than 0.05 &m

The THz high refractive index of the HRFZ-Si allo¥es thin devices. However, the
high cost and crystalline nature of the materiakesait suitable only for some
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applications. Additionally, the high refractive axdresults in significant Fresnel losses
and pronounced Fabry-Perot effects.

In general, materials showing properties analogouthose of glasses or transparent
polymers at optical frequencies are highly desealdr THz refractive optics.
However, conventional glasses presents signifit@sses [141]. For example, highly
disordered glasses, such as Pyrex and BK7, haadsorption coefficient of 13 ¢
and 16 crif, with a refractive index of 2.1 and 2.5 at 0.9 Tizspectively. In fact,
ionic network modifiers, especially alkali oxideare present in these glasses,
increasing the microscopic polarizability of thagg. High purity amorphous silica and
polycrystalline quartz (refractive index of 2.05tween 0.5 and 1.5 THz) are better,
but losses as high as 1.2 tmare found at 1 THz. Additionally, the requiremeiita

high purity affects the final price of devices fabted in pure silica.

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

Material Refractive index Absorption coefficient [crmi'] Reference
ABS 1.57 17.3 [142]
BK7 2.50 16 [141]
Dolomite (stone) 2.70 8 [143]
HDPE 1.53 13.9 [144]
HRFZ-Si 3.42 0.05 [140]
Paper (black) 1.54 11.14 [145]
Paper (green) 1.42 8.7 [145]
PET (Mylar) 1.712 20 [146]
PMMA 1.60 15.1 [144]
PP 151 2.09 [146]
PS 1.59 3 [144]
Pyrex 2.10 13 [141]
Silica 2.05 1.2 [141]
Teflon 1.45 1.76 [144]
TOPAS 1.52 0.4 [144]
TPX 1.46 0.6 [147]
Zeon COP 1.52 0.4 [148]
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Therefore, there is a need of alternative matesiatsving the following properties: (i)
low absorption losses, (ii) suitable refractiveardtypically 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.
A few polymers have been considered in the liteeatto fulfill some of these
requirements. Between polymeric materials, there, &r example, high-density
polyethylene (HDPE) [149], polytetrafluoroethylen@TFE) or Teflon [150],
polymethylpentene (TPX), TOPAS [151], and Zedh§48], [152] , two cyclo-olefin
polymers.

Currently, 3D printable materials are employedhea bbow-THz spectrum, like HDPE,
acrylonitrile butadiene styrene (ABS) or other plas[142]. Paper [145], [153] and
natural stone [143] 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 mateimfxesented.

In the design of ZPs and, in general, of lensesTfdr frequencies, the choice of the
material is often influenced by the refractive irdealue. A high refractive index
increases Fresnel losses due to the huge diffe@nedractive index between the lens
material and air. In this situation, an antirefiestcoating 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 thdtleal antireflection coating has an
optical thickness of 75 um at a frequency of 1 THgsuming 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 um. Such material should
also have low absorption at the operating wavelenioreover, the deposition
process of the antireflection coating has not twoduce water molecules in the
materials because water induces high THz absomption

Polymeric materials with a refractive index lowkam 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 applicatiadhe, materials thickness has to be set
proportional to the wavelength in the mediume.(t «< A,/n, where 4, is the

wavelength in the vacuum amdis the material refractive index). Thus, as low th
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refractive index is as high the thickness of tlmacgtire will be,inducing an increment
of absorption losses. The preferred range of réftedéndex for the UV-VIS-IR-THz

is, usually, between 1.4 and 1.7.

6. Fabrication methods and techniques

Until the 1960s, lens technology was essentialgeldeon three fabrication techniques:
cutting, grinding and polishing. The main reason tligt lenses were mainly
manufactured for optics and were made of glass.riadopg process allows for
obtaining a surface profile that is as close asilplesso the desired shape. A final
surface quality with tolerances in the nanometagesi.e. deeply sub-wavelength, can
be reached by polishing, which is a mechanical lkmntcal process. This level of
control is needed to avoid scattering induced hyghmess. 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 reductibmproduction expenses became
feasible. However, until 1960s, the minimum featsize was of the order of tens of
micrometers [154].

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 [113]. 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 nmadl 2 um of diameter and a
corresponding film resolution of about 8 um [158hich is more than 10 times higher
than the optical wavelength.

It was only during 1980s that standard lithograpitegame 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
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silicon. Lithography and etching are consolidatézbs in ZP fabrication, but some
issues remain in the fabrication of diffractiveiopt{156]: “The simplicity of repeated
masking and etching makes it possible to fabricatmplex binary optical elements
cheaply and in volume, but the manufacturing tempimidoes leave its traces in one
significant drawback. It produces not the curved angled surfaces of conventional
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.
The ZPs for X-rays or extreme ultraviolet radiatame, now, able to nano-focus waves
by means of novel diffractive optical elements, hsias photon sieve and modified
Fresnel ZP [157].

Another revolution is currently undertaken: 3D pging manufacturing. Cutting,
grinding, and polishing, such as photolithographsgl atching are subtractive methods
that remove unwanted material to give a final devithe 3D printing is an additive
method, because it fabricates a device layer Brldyalso has the great advantages to
use a compact hardware and to be computer-corttraltel integrated with several
simulation softwares.

All discussed techniques are also well establisteecthe fabrication of diffractive
elements in the THz range. In particular, 3D-prigtprototyping is often suitable at
THz [151], [158], [159] because, in line of prinkdponly roughness higher thag@10
can interfere with lens properties. It gives marerances than fabrication constrains
in optics or X-rays regions. However, currentlyterals suitable for 3D printing have
absorptions at central THz frequencies larger thgslo-olefins or HRFZ-Si [142].
Such absorptions could compromise lenses perforenanthat applications in which
THz power is an important feature to preserve.

Another strategy for mass production of THz lengsesnicro-powder compression
[98]. This technique is very fast and cheap, butsIg@roperties are not exactly
repeatable, because they could locally change fiewice 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 focus electromagnetic tiadidy diffraction. They are highly
chromatic lenses and are suitable for all thosédicgtipns in which the main issues are
(i) the achievement of the lowest radiation atté¢iomain the focal area, (ii) a good
resolution, and (iii) the integration in compacvides.

Phase-reversal ZPs can be a good choice in therdite. 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 as timaber of levels increases.
Moreover, multilevel ZPs are more susceptible tmalge than binary ZPs.

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. In general,
when two ZPs are placed within each other’s nesdd fione, they act as a single lens.
For this reason, in this work, this kind of ZP le®n realized on the same device, by
reproducing a binary ZP on both sides of a sulesltte. This configuration will be
called ‘phase reversal double-sided ZP’, or simgduble-sided ZP’.
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Fig. 8 Diffraction efficiency by increasing the numberdi$cretization of zones phase step [117].

A ZP stacking and a double-sided ZP have beendyireaployed for focusing X-rays
with the aim to increase the field intensity in flist-order focus area [160]. However,
this device has not been considered yet at THzuéeges. The main difference
between stacked or double-sided ZPs known in thentsic literature and this new
one for THz applications is in the zone thicknégs,in the phase shift introduced by
zones. The THz double-sided ZP is made by two pipaase reversal ZPs and each
ZP introduces &/2 phase difference between polymeric material @indThe idea is
that the first ZP shifts the phasem® and the second ZP, placed in previous ZP near
field, introduces another shift af2. In this way, the total phase shift of the imait
radiation at the end of double-sided ZP stay®n the contrary, in stacked and double-
sided ZPs from literature, the total retardatiothatend of the device is higher than
Moreover, the ZPs for X-rays in the stacked configjon are sometimes 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 is to investigate the focusing properties offldz double-sided ZP and to
compare its lens behavior with a binary ZP andua-fevels (multilevel) ZP. For doing
that, a thorough numerical investigation of thepmsed lenses is needed for the design
and their optimization (Sec. 3). On the basis aherical results, some ZP prototypes

have been fabricated by employing a suitable teglmias 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; (i) materials could have nonlinear, anigpic, or non-homogeneous
characteristics; (iii) the problem could have aglbnscale of several wavelengths in
vacuum; (iv) the problem could contain a combimataf length scales due to its
physics or geometry; (vi) the excitation can be-stationary; (vii) the material can be
frequency dispersive [161].

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 iteratiohg [161].

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 a method based on théico of differential equations is
the finite element method (FEM) that will be brefintroduced 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?) [161]. A typical example of
integral equation method is the method of momevits\) [162].

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. It is possible to obtain felbr various frequencies in one
simulation run.

Conversely, FD solvers usually have an approackdas a large system of linear
equation. The computational domain can be dis@eétipr obtaining the solution at
one value of frequency, but the presence of a tstred 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 seolworks 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. lIterative sobverequire 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§idd63], a commercial software
which employs a finite element method (FEM) of diation in the FD. All ZPs
investigated have a radial symmetry: it makes gsijde to simulate the full-wave
propagation through the lens structure employisgralified 2D-axisymettric model.
After the ZP, a free space 50 mm long is accoufidedvave propagation. At the

frequency of 1 THz, thanks to the radial symmetng, computational domain is a 2-D
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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 Studid164], employing a finite integration technique
(FIT) to numerically solve electromagnetic fieldptems in TD.

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 Muljigsic$’ employs a method in FD,
while in CST Microwave Studfba TD solver is selected for lenses simulation. As
discussed above, with TD computation, only one Htian is required for a
broadband solution with a fine frequency resolutidiowever, diffractive lenses are
chromatic devices and do not need of broadbandestuahich are time consuming.
About RAM occupancy, for example, in a 8 GB RAM Ww&tation, it is possible to
solve an electromagnetic problem of about 40 wangthes in each directions by
employing a TD technique, while a frequency methedrestricted to about 10
wavelengths [165].

In ZP lenses design, some numerical studies haae 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 HR8t4166]. 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 laran the wavelength of focused
radiation. According to theory (compare Ch. Il Sd3, 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,rahdy discussed in chapter I. In fact,
the most challenging band of the THz field in terofigechnological development is

between 1 and 3 THz because it falls in the bobedween the electronic-based and
the optical-based technological field&d. 10).
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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.

A method in the FD, such as the one employed by SOM has been selected for the
numerical analysis of the ZPs at the frequency ©Hz. It is a reasonable choice for
evaluating the behavior of diffractive planar elense 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 techniques7][16Single 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 laserctivaiting and deep lithography with
protons.

Table 7 Comparison between lenses fabrication technigl@g] [

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. A set of high-speed steel (HSS) millingters with end diameters from 1.4
mm to 0.2 mm have been employed for THz ZPs matwiag (Fig. 11).

This technique can produce structures with a totmreof about 10 um, in the plane

perpendicular to the cutter axis, and of about 5 imrthe 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 materialise({ 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 thicknessgtwdepends on material refractive
index. Material losses, already discussed in C8ell. 5, are included.
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Fig. 12 Comparison between the focusing properties ofnargi ZP made of a) Zeonex E48R and b)
HRFZ-Si. A plane wave of 1V/m is incident perpendarly to both lenses. The E-field modulus is
represented in a 3-D space, filled by air. Both ,Z8gling az = 2 mm, have same external diameter,
number of zones and 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. s depth of field can be
considered as the full width half maximum (FWHM) tbe curves representing the
square module of the E-field at 1 THz along thecaptaxis. It is equal to 5.3 mm +
0.1 mm for both lenses.

The main difference is in the value of the E-fislguare modulus: at the focus of the
Zeonex® ZP, it is twice as high as for the HRFZZ8j thanks to the lower refractive
index of the polymer and lacks of antireflectioratings. Zeonex E48R is affordable,
easy to processing, has low absorption at THz, does not need a coating for
avoiding reflection losses due to refractive indesmatch with air. It is perfectly
suitable for the fabrication of THz devices and,this situation, it results a better
choice than HRFZ-Si.
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Fig. 13 Comparison between the focusing properties ofariZP made of Zeonex E48R (blue line) or
HRFZ-Si (red line). A plane wave of 1 V/m is incideperpendicularly to both lensesaxis is the
perpendicular one to the ZP plages 0 mm corresponds to the end of the lens, whéreeaspace, filled
by air, starts. Both ZPs have the same externaietier, number of zones 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 frome 0, is focused.

Because of these constrains, a suitable numbeorafszis 13. In fact, the resolution
decreases when the number of zones is below 18 wie lens introduces losses and
aberrations above it.

A numerical study of a binary ZP is performed byrfg the external diameter at 25.4
mm and increasing the number of zones, with thetaielucidate how the number of
zones can affect the ZP focusing behavior. The Pidwer density in the plane
perpendicular to the lens and passing through ptiead axis is shown ifrig. 14 The
focal length decreases by increasing the zone nyrbbethe ZP is no longer able to
focus incident radiation.

3. Frequency behavior

The ZPs are highly chromatic lenses. Their frequdrahavior depends on the number
of rings and on the central frequency at which tweyk (for more details, see Ch. ),
but it is independent from the ZP configuratioa, binary, multilevel or double-sided.
The ZP configuration influences the lens resolutiod its diffraction efficiency. The

numerical study of the multilevel ZP designed fpemtion at 1 THz is presented in
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Fig. 15for the frequency band 0.5 — 1.1 THz, which hasnbgampled with a step of
100 GHz. Chromatic behavior is confirmed: each wength of the incident THz
radiation is focused at a different focal lengtlithva different intensity in focal area,
and with a different depth of field.

For this reason, a ZP can be also seen as a smpadifilequency filter [168].
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Fig. 15 Frequency behavior of a multilevel ZP from 0.5 Ttdzl.1 THz with a step of 0.1 THz. z-axis is
the perpendicular one to the ZP plane. Minor péakke square modulus of the E-field for z from thm
to 3 mm are related to multiple reflections witlihe 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

A biconvex lens is numerically studied for evalogtthe behavior of a ZP in focusing
THz radiation instead of a more conventional rdivaclens. The biconvex lens is
designed with the constraint that its maximum théds is equal to ZP thicknese,

2 mm. Biconvex lens material is Zeonex E48R andendt losses are taken into
account, as done for the simulation of the mul&l&P.
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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 comparify. 15andFig. 16 a biconvex lens is able to focus THz
waves with different wavelength at the same foeabth. Moreover, it has a higher
focal depth, which is more than 9 mm at 1 THz iadtef 5.3 mm of the multilevel ZP.

On the other side, the multilevel ZP is able tocaairate THz radiation in the focus
with an intensity that is twice as high as for edpivex lens. It makes ZPs a more valid

lens than a conventional refractive lens for THzaaband applications.

5. Conclusions about the numerical investigation and ane plates

fabrication

As a result of the numerical studies already diseds a ZP configuration which

consists of 13 Fresnel zones has been selectegramising diffractive lens structure.

Moreover, the Zeonex E48R has been revealed asyasuéable material for THz

lenses.

The ZP lenses prototypes are fabricated with thi2 BM technique described in

chapter Il section 4 and are shownHig. 17. They have an external diameter of
25.4 mm (1 inch) and consist of 13 rings for the tinary configurationsh( andc) in

47



Fig. 17) and 28 rings at four different levels of deepniesshe 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 millifgocess, but it does not affect the lens behatidrHz
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.

48



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 elucidatthg elements that contribute to the
increase of their performances with respect toeruly used diffractive lenses. It is
worth reminding that, in contrast to lenses degigfoe the visible range where losses
are comfortably neglected, for THz range these rbhastaken in the account. Hence,
the lossless formula provided in chapter Il sectiare not fully adequate.
Nevertheless, simulations could not fully describe real operational conditions. In
fact, some idealizations are usually necessary éepkthe problem within
computational manageable limits. In the specifiseca linearly polarized plane wave,
impinging normally to the lens, is used as exatatboth in the analytical and
numerical problems discussed in the previous cl&pt®n the other hand, the
experimental conditions are far less simple becahsewavefront of the incident
radiation is not an ideal plane wave. Hence, the feerformance cannot be confirmed
without a prior knowledge of this wavefront.

In this chapter, the calibration of the set-up k@& for ZPs characterization is
presented after a brief overview on experimentaups for THz measurements. The
calibration consists in the acquisition of shapmeshsions and intensity distribution of
the THz beam emitted by the photoconductive antemmhits hemispherical silicon
lens. As a matter of fact, upon specific requestdarto the instrument manufacturers,
they explicitly replied that the radiation patteof the emitting THz antenna was
unknown to them. This additional experimental stdfuenced the way in which it
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was more convenient to perform the measuremen®&denses. Moreover, a detailed
description of the experimental configurations andthods employed in the ZPs
characterization will be outlined.

2. Set-ups for terahertz metrology

In chapter I, several THz sources, detectors anthooents have been introduced and
discussed. On the basis of them, a variety of gstfar THz spectroscopy had been
developed from both microwave and optics commuitleig. 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\ia, e.g, frequency sweeping or
broadband exposure. Examples of set-up for measmtsnn FD are vector network
analyzers (VNAS) or IR-Vis-UV spectrometers. Compely, measurements in the TD
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 [169].

( R

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

SET-UPS FOR TERAHERTZ
MEASUREMENTS

* 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

Direct measurement Indirect measurement

techniques: techniques:
Sampling withan Interferometry
ultrafast laser
TDS FTS

* 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 absorptions and the refractive index [LH@wever, 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 an ultrafast laser with pulses of duration ususthorter than 100 fs. The laser beam
is split into two: the majority of the power is elmped 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 ittefield [171].

THz TDS emitters and detectors could be of photdaotive type or of optical
rectification type [170]. Any combination of therativeen 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 [170]. 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 impinging on a test devia®. doing that, the VNA utilizes

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 ofigiled scattering parameters or S-
parameters. The measurement of the S-parametewssall 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 [171].

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 [172]. 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 [173]. 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 [174], 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 conaefilling 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 (Germany) [1#td, TERA K15, a state-of-art
product. It is a compact, fiber-coupled device wathusable range of 0.2 — 3.5 THz
with a maximum frequency resolution of 1.2 GHz. Trezjuency resolution is limited
by the dynamic range of the delay line. It mightdogued that for the characterization
of lenses with a highly chromatic behavior, a FI-ge could represent the most
natural choice. However, as discussed in the pusvéction, FD and TD techniques
lead to comparable experimental results. Thus, a syBtem is also a suitable
alternative, but more efforts have been done inekgeriments design and in the
resulting data processing, as it will be deeplylya®l 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 electronicdamaf the semiconductor into the
conduction band. Photocarriers generated increamécanductor conductivity in the
sub-picosecond time scale. Photogenerated cureerdcéelerated 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 [176], [177].

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 [178].

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 with a Gaussian-like distion. However, it diverges with
an angle proportional to the wavelength: at a fixiistance from the antenna, the

FWHM of the emitted radiation decreases as the Heaguency increases [179].
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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 fremuehhe lens L has to focus
radiation on the sample;sLcollects the radiation passing through the sample,

collimating the THz beam;focuses again the radiation on a receiving antenna
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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 itsel§used 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 usatakage.

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 receivinder{180].

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 focused éWwkh lens. Thus, they will be

discussed with regard of both experimental situatio

4. Terahertz beam characterization: knife-edge technige

The method employed for the beam characterizat®orthé imaging on a plane
perpendicular to the ZPs optical axis by means rifekedge measurements. They
consist of the gradual eclipsing of the THz beamabgharp knife-edge. The blade
translates in the direction perpendicular to thécapaxis thus intersecting the beam,
while the PAR measures the total intensity of thenasked portion of the radiation.
When the beam is spatially described by a Gaudsiarshape, the detector measures
an electric field sigmoidal profile along the blattanslation direction. The spatial
derivative of the measured signal yields the twuoeatisional Gaussian field profile

across the imaging plane and its FWHM represemtéatal 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 guaratibeesno artifact is introduced by
the blade itself. The blade has been fixed on tipedf linear stage and was always
perpendicular to the wave propagation directione Ttanslation stage carrying the
blade has been bolted onto a graduated rotatige,stehich has allowed for setting the
angle at which translation can be operated. Thatioot axis has coincided with the
THz set-up optical axis.

The linear and rotation stages from Newport Coriand [181] 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 precisiohld. When stages are driven by the
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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.

Knife-edge measurements for the TDS emitted beaarackerization have been
performed with the set-up configurations illustchie Fig. 21 Three planar surfaces
have been imaged. All of them are planes perpeladidta THz waves propagation
direction. Plane 1Fig. 21 a) and 2 Fig. 21 b) have been set at 3 mm and 9 mm from
the hemispherical lens on the emitting photocoridecintenna, respectively. Plane 3
(Fig. 21 c) has been located at the position past the lenghiere 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 anguasitipns with a step of 22.5°.

—> <= 3mm

-

— &%— 9mm

-!INID

= i<— 100mm

- —
o

ZP position

Fig. 21 TDS set-up configurations for the characterizatbrthe THz beam emitted by the lens antenna
(PAT). Three planes are imaged by knife-edge teglaia) plane 1, at a distance of 3 mm from the ;PAT
b) plane 2, at a distance of 9 mm from the PATplepe 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; PARt@tunductive 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 sufficientertteam characterization. However,
in this experimental study, both the focal spot ahd wavefront of the wave
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impinging ZPs have been assumadpriori unknown. Hence, an accurate beam
characterization demands repeating knife-edge meamsnts for different angles
between the knife-edge translation direction ana Tield polarization direction.

The ZPs' focal plane has been characterized emmogi modified version of the
knife-edge technique already discussed. The THz 3&%ip is shown ifig. 22 The
ZP has been illuminated by THz radiation emittedphptoconductive antenna (PAT)
and passing through a collimating convex-plane [gns At a distance matching the
focal length, a razor blade (KE) has been mounted tinear stage. After the blade,
the uncovered radiation has been collected by meceplane TPX lens () and, then,
focused on the receiving antenna (PAR) by a plamvex TPX lens (k).

o WI=- .-

Fig. 22 Schematic representation of a THz TDS for focaltsmeasurements. PAT: photoconductive
antenna in transmission mode; &nd Ls: convex-plane lenses;,Lplano-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 assumea,standard knife-edge set-up
configuration is the most conventional choice fur focal plane imaging. In fact, if the

THz radiation incident on test ZP is uniform, alitdrtions in the ZP focus spot size,
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position and shape are introduced only by the ZB.1©n the other hand, the knife-
edge technique could be performed in a different iiéhe THz radiation impinging
on the ZP shows asymmetries due to reflectiongpiita path before the test lens. In
this second set-up configuration, the blade isragaithe translation stage and linearly
moves, gradually covering the focal spot. Howeites 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 radtat In this way, results do not depend
on set-up asymmetries but only on ZP lens, forwsgle of measurement. This

needs only to be carefully centered and normaidégtropagation direction.

ﬁ

ROTATION STAGE

QS

<— TRANSLATION STAGE

Fig. 23 Experimental set-up for standard knife-edge meamsants. PAT: photoconductive antenna in
transmission mode;Land Ls: convex-plane lenses;,Lplano-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' [182]

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 is realibgdemploying instruments drivers

provided by Newport and Menlo and displays a grapiser interface in which several
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parameters belonging to Newport stages and to MEDI® can be chosen, as shown in
Fig. 24

NEWPORT ESP6000 STAGES MENLO TDS TERA-K15
Translation| Linear- Rotation Angle - M’ ........... time stamp
gﬁ Star'ti.ng §:3 Starting E"‘L C:\Documents and...\Desktop\measurements of last pulse|
Position ‘pogm.or_\ Position ‘pgsiﬁoAnA \M ‘ra.ng.eI. ! ‘iptegl.'at‘ion time] 1 00:00:00,000
P00 ;}7,5 Rao ;‘16,8 ) :)‘,100 :}1105 { DD/MM/YYYY
Scan Distance Increment Distance : 1- :
20,360 422,500
# of Steps # of Increments 0,5+
vk |

Amplitude

Motion Param.[ Motion Param.

Vel Decel Vel Decel
= R T | = E
Accel Jerk Accel Jerk|
Goso|dRoo || |SEo0|3Rooo |
Setup Param. I Setup Param.l
Motor type Motor type "g’
- - - - g
Max Vel Max Vel P
2030 22,50
Max Accel Max Accel |
.20 210,00

Frequency

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 bladeqrasit

The program has been designed for working in theviing 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.
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6) Steps 3, 4, and 5 are repeated until the lastipogif the blade for that angle
is reached. It can be set from the program userfate.

7) Rotation stage moves a predetermined angular beepirtear stage and the
blade above it. The angular step can be set fremnptbgram user interface.

8) Steps 3, 4, 5, 6 and 7 are repeated until thetzsition 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 at evéaglebposition. They appear as
sigmoidal-like curves. To extract the variation tbe total | collected along the
direction of blade translation, it is necessaryctonpute the first derivative of the
acquired data plot with respect to the blade sdaattibn. This curve has a Gaussian-
like shape. Gaussian representation can be searpagection of thel| distribution
corresponding to a specific angle of view [183].
It is possible to reconstruct an image of the faq@dt by increasing the number of
projections at different angles of view. In thisywadhe image is constructed by an
iterative process. Image quality depends on thebeurf the angle acquired.
From a mathematical point of view, each project®a Radon transform [184},T, of
the E| distribution along a straight liriein the focal planey, e(1):

RT(L) = fLe(l) |dl]| (11.2)
If the straight linel 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 linend 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) = fjooo e((z sina + d cosa), (—z cosa + d sina)) dz (1.3)
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Hence, the Inverse Radon transform can be usexttmstruct theg] field distribution
from projection curves. Inverse Radon transforral$® called filtered back-projection

formula:
e() = [ (RT(,0) » h)({L,ng))do (I11.4)

whereh is the convolution kernel, a matrix used for filtg the image.

5. Iris sampling method: focal length characterization

The focal length is usually well estimated anabfticor numerically, because depends
on the operating wavelength, the number of zondstla® most external radius of the
ZP (compare Ch. Il Sec. 4). Conversely, the spapsehand diametei.€., the lens
resolution) are influenced by the fabrication pssand some differences between the
numerical and the experimental data are usuallyaidable. Hence, starting from the
standard TDS set-up previously discussed, othécal@lements have been introduced
in the THz beam path for characterizing the ZP derfecal length, as shown kig.

25.

 WFis: - A -

Fig. 25 Schematic representation of a THz TDS for focabtermeasurements. PAT: photoconductive
antenna in transmission modej And Ls: convex-plane lenses; L plano-convex lens; I iris; PAR:
photoconductive antenna in receiving mode.

Terahertz radiation is emitted from the photocomiteacantenna PAT. After the,L

lens, which collimates the THz radiation emittedthg photoconductive antenna PAT,
the ZP under investigation is positioned. The @j®rture is set equal to 3 mm (i.e.,
~102). It was verified that such aperture is wider thiaa focal spot width: all focused
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radiation passes through the aperture and can teeztedé by the photoconductive
antenna PAR. Thus, a 3-mm aperture iris is scafmoed 17 mm after the lens to 20
mm past the estimated focus to confirm its actuaitipn. The ZP focal length
corresponds to the position of the iris that resuitthe maximum THz electric field
amplitude.

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 focused by thst plano-convex lens on the
receiving antenna.

The experiment has been performed as follows. Tieeand the lens { 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 choséaking into account: (i) information
about ZPs behavior from numerical study (comparel @ (ii) (ii) the distance of the
set-up’s antennas, related to the delay line’'scaptiber length, and (iii) the space
physically occupied by elements in the optical agisch as post holders and their

bases.

6. Terahertz spectrometer calibration

Several commercial TDSs have the emitting antermgled with the hemispherical
HRFZ-Si lens that radiates a broadband THz radiatiith a frequency dispersive
beam diameter. However, the frequency dependenbearfh diameter is not declared
by the Menlo TERA K15 manufacturers. Hence, it baen necessary to perform a
careful characterization of the TDS set-up itdelperimental 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 thedens

The planar surfaces definedhig. 21a) (plane 1) andb) (plane 2) have been selected
for the imaging of the radiation emitted by lensemma PAT, while the imaging of the
surface selected ifig. 21 c) (plane 3) has allowed a calibration of the radrati

impinging on the ZPs under test.
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6.1 Near-field antenna images on cross-sections of etsitl radiation

The THz field distribution at plane 1 and 2 is shawFig. 26. At plane 1, the pattern
of emitted THz beam is almost circular with a di¢endere assumed as the FWHM of
the electric field, namely 4.68 mm. At plane 2, ffagtern has an irregular shape with a
FHWM equal to 5.76 mm and 6.3 mm along the directiperpendicular and parallel
to electric field polarization, respectively. Thiglicates that the pattern of the emitted

THz field has a divergence of 5.1° in the directiperpendicular to electric field

polarization, and of 7.7°, in the direction paralteelectric field polarization.
a) b)

[EV/IE|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 dtinti.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, to collimate the emitted beam. An image of thaéatah profile at
plane 3 is presented Fig. 27.

The THz beam does not show a homogeneous distibati the plane, but it has two
zones in which the electric field has a maximum a&wd other zones in which
radiation is 0.65 times the maximum electric fieldue. One of them is in the middle

of the beam area. One of the reasons of a nonfumifistribution of the THz field
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could be due to reflections of the THz radiatiomdduced by the polymeric lens of the
set-up.

The THz beam coming from photoconductive antennawshirregular shape and
intensity distribution just after 9 mm from the @ambha. Thus, the field distribution after
the collimating lens placed at a distance of ad@@®+4 mm from the emitting antenna

cannot be considered ideal.

[E|/|E[max
1
25 0.9
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0.8
75
b 0.7
100 F
T el 06
.§. 12.5‘ 0
150} ’
175F 0.4
20.0 f. 0.3
225 0.2
250 S 0.1
6.25 125 18.75 25.0
[mm]

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 hégghthan the half maximum is
concentrated in a spot of approximately elliptisehpe, 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 characterizationorder to avoid errors owing to the
asymmetric distribution of the incident radiationthe imaging of the ZPs focal plane,
the knife-edge technique has been performed byimgtéhe lenses under test, without
changing the 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
distance is ruled by the polarization maintainingical fibre patch cords. This is
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carefully glued by the manufacturer onto the andetonmaintain the femtosecond laser
polarization. Unfortunately, the instrument in tksife-edge configuration dfig. 23
does not allow for inserting a lens 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

A suitable material for THz devices has been aralyand compared to a more typical
one by means of ZPs numerical studies. A numbéBafones is found to be a good
compromise, following 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, preliminary knife-edge measurements meaen performed on the TDS set-
up in order to evaluate the asymmetries in the tethitadiation due to the coupling
between photoconductive antenna, its hemisphesitiabn lens and the collimating
TPX lens. It has allowed for developing a modifieatsion of the knife-edge technique

for the characterization of the ZP lenses.

2. Zone plates focal length

All measurements are made in air leading to the if@station of water vapor
absorption at several THz frequencies [185]. Thestnmoitical, in this experimental

characterization, is the absorption peak at 1.1 @dHe to its vicinity to the design
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frequency of the lenses. Hence, averaging acquiagéal in a frequency band 100 GHz
wide centered in 1 THz is found the most appropridioice to both filter noise and
avoid very high losses associated with water aligorpMoreover, as discussed in
chapter Il section 4.3, there is a frequency band/hich a ZP is achromatic which
corresponds to about 71 GHz for ZPs working at X.TFhus, the filtered data are
marginally influenced by the lenses frequency disipe behavior.

The ZP focal length was simulated and experimgntalhluated. It does not depend
on the ZP configuration because the number of zandsthe external diameter is the
same for all investigated ZPs (compare equati@). IEig. 28 displays simulated and
experimental values of the average electric figlpltude El, in presence of the
focusing ZP, normalized to the average amplituglg™| obtained when the ZP is
removed and only a portion of the collimated beassps through the iris aperture. In
this way, the magnification effect of the ZP on #ectric field amplitude in the focal
area is evaluated.

The core part of the experimental set-up is alanspposed 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 mepstrom 17 mm after the lens to
20 mm past the focus, as performed during the @xpet. Still, the numerical results
are obtained under idealized conditions, as sorarifes of the experimental set-up
cannot be transposed in the numerical model: &)ftbld profile of the real source
radiated from the antenna and silicon lens assemibds not correspond to a plane
wave, (ii) imperfections in the employed metallitsimay result in diffraction and
scattering, (iii) the TPX lenses of the set-up al s the silicon lens of PAT and PAR
are not included in the numerical model, thus igmpmossible reflections within
them, and (iv) the coupling between TPX lenses silieon lens of the PAR and the
PAR itself is not taken into account in the numaristudy. This partially explains the
differences between simulated and experimentalwlaizh can be seen [ig. 28

In addition, since the Menlo TERA K15 THz TDS idiber-coupled device, when
femtosecond THz pulses propagate from the laséretgphotoconductive antenna the
fiber material is subject to a temperature incresask some temporal drift is observed
as well as some amplitude modulation. This phenem&oes not reach a steady-state
even if the instrument has been on for more thahdizs and it cannot be taken into

account in the simulation layout.
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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 @Rd c) multilevel ZP. Measurements are performed
with the iris sampling method, which is also reproed in the simulation environment.

Despite some differences between numerical andriexeetal valuesFig. 28 shows
some very interesting results. All ZPs are abléotus THz waves with a focal length
of 401 mm, as targeted. The binary ZP is ablentoeiase the THz field in the focal
area by a factor of 5.8-(g. 28 a)). This factor increases to 6.5ig. 28 b)), for a
double-sided ZP, and to 8.&i§. 28 c)) for a multilevel ZP. The measured depth of
field is 81 mm for the binary ZP, 101 mm for ttheuble-sided ZP, and 15+1 mm for
the multilevel ZP. Hence, the experimental evidedeenonstrates that the double-
sided ZP possesses improved focusing propertiestthaonventional counterpart.

3. Zone plates focal plane

The modified knife-edge technique is employed foe tharacterization of the ZPs
focal plane. The razor blade translates with 0.0 step, which is less thad2 at

1 THz. It satisfies the Nyquist criterion for sigmaampling. The blade travels for a
total length of 3 mm. The angular sampling has beemfiormed with a fixed step of

10° by rotating the lens, for a total rotation 801. The blade is set always parallel to
the incident THz field polarization.

The acquired data are represented by the sigmoictaes ofFig. 29 Such curves are

not perfectly monotonic, due to the presence ofradifion and scattering among
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passive components in the optical path. SigmoidaVes start from different values
because the three ZPs have different focusing dafesh the double-sided ZP-(g.

29 b)) has an intermediate focusing behavior betweenarypZP and a multilevel ZP.
In fact, the mean value of the electric field ie tlwhole focal spot for the double-sided
ZP is greater than for a conventional ZP, but lothan for a multilevel ZP, validating
the conclusion that the double-sided ZP outperfdhrastandard binary ZP.

The Gaussian-like curves &ig. 29 are the difference quotient of the acquired data,
thus showing some negative values due to reflesteonong components of the THz
set-up. The Gaussian-like curves can be seen agexton of the |E|-field distribution
corresponding to a specific angle of view. The teledield amplitudes are normalized
with respect to their maximum value for each Iefsis allows for better evaluating
and comparing the focal spot size and shape witltmuntsidering the focusing
efficiency of each lens configuration. In the |[i€]d projections, some secondary
peaks, with a height less than a half of the maimkpespecially for the binary ZP, are
present Fig. 29 a)). Moreover, the binary ZP is more influenced by tignment to
the experimental set-up optical axis than the stlZ# configurations. The alignment
of the ZP in the lens holder has an uncertaintypljesubwavelength, in the order of
few micrometers. However, the field distributiorigbtly changes when different
angles of view are selected. This does not ocauhfoother two ZP configurations.
Resulting images for the lenses under test arectdepin the inserts dfig. 29 The
focus spots (from yellow to red Fig. 29 g)-i), whose diameter is the FWHM of the
Gaussian-like curves) are fairly circular, withiardeter of 0.7+£0.12 mm for the binary
ZP, of 0.65%£0.12 mm for the double-sided ZP, an@.66+0.12 mm for the multilevel
ZP. These sizes are comparablet@a2l THz.

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

29 d)-f) clearly shows that, abov&||E|n.x = 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 positidfowever,

the position of the center of the focus may beuiriiced by the manual alignment of
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the ZP under test in its lens holder, performedeural diffraction limited optical

microscope.
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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, fPa double-sided ZP, and f) a multilevel ZP; towal
plane images obtained by knife-edge measurementy #oconventional binary ZP, h) a double-sided zZP
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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4. Focal plane experimental comparison between idealnd real

illumination: multilevel zone plate case of study

All experimental data presented Fig. 29 are obtained by employing the modified
knife-edge technique.e., minimizing the influence of the THz source asyrmies on
the devices characterization. As discussed in ehaptsection 4, in a standard knife-
edge technique, it is the blade that rotates, iogahe real image of the focus.
However, all changes in incident radiation, dueatoon-ideal THz source and non-
ideal behavior of THz optical components (compabe ), compromise the focus
quality. On the other hand, in the modified knifige technique, all data are collected
by fixing the blade angle with respect to the Tlttdf polarization and by rotating the
lens. It has the advantage of obtaining a lensadharization in which excitation
dishomogeneities do not affect the acquisitiorhefdistribution of the field amplitude
in the focal plane.

To the best of the author’s knowledge, this modiaife-edge technique has not been
discussed so far. Thus, to prove the effectivenédhe modified technique, a direct
comparison can be made between the normalizeit|& |efistribution in the four-level
ZP focal plane, as imaged by the standard and ieddihife-edge techniqué&ig. 30).

It is clear that, instead of a circular shape, ZRefocus area is irregular. The whole
THz electric field is no more collected in a zorfex@aximum dimension of 1.2 mm,
but radiation fringes of a 35% of the maximum fialet present over an area of more
than 6 mm of dimensions.

The situation presented kig. 30is strongly influenced by the diffractive naturfetive
test lens, which amplifies differences betweenrda incident THz field and an ideal
plane wave. It also underlines the importance ef Thiz source characterization. In
general, it is not appropriate to assume thatdketion emitted by a photoconductive

antenna has a Gaussian-like distribution nor to@@mate it as a plane wave.
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Fig. 30 Normalized amplitude of the electric field in tfaeal plane for the multilevel ZP acquired with
knife-edge technique by rotating a) the lens, ahk)blade.

5. Conclusions

All investigated ZP configurations show good praiesrin focusing 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 kalvThis new THz diffractive lens is
simple and cheap to fabricate, can be realized Hiinghboth 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
field of approximately X longer Fig. 28), (iii) a resolution increased of (1/6§Fig. 29
g) andh)), (iv) the total electric field is completely cairted in a circle of confusion
with a diameter of 1.4+0.12 mm instead of 2.6+ (Fig. 29 g) and h)). Focal
spots have both a circular shape.

Although the double-sided ZP performances do nibt faatch those delivered by the
four-levels ZP, double-sided ZP is simpler to fahte, is less susceptible to damage,
and can be an interesting alternative for increpsiie 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 sosr@nd detectors were briefly
addressed in chapter I. Among the pending issuegdssive components for the
manipulation of THz radiation, the fabrication csind 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 metal Fresnel ZP and is mutheligsmaller and cheaper than a
conventional parabolic mirror. Some preliminary rauimal results and new ideas for

diffractive focusing elements will be shown in falling 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= = (VIL.1)
wherer, is the radius of the whole ZRis the zone number, arids the wavelength.
In most applications, the ZP external radius amddpberational wavelength are fixed.
It could be interesting to find a way to change distance at which a ZP is able to
focus THz waves. A successfully demonstated salusoto photoinduce an electron

plasma ZP pattern on a silicon wafer [186]. Thusirtual 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. Evaskrhas to be projected on the
silicon wafer and needs to be manually changedbitaining 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 #&lne lenses are successfully
fabricated in the visible range [187]-[191]. At THECs are employed in many
devices, but only one tunable LC refractive lenstgiype [192] and no diffractive

lenses with LC have been proposed yet. Howeverpiixg the design rules of the

double-sided ZPs, a change in ZP focal length éslig feasible 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 crystallpfese, a liquid phase and intermediate
phases in which they flow like a liquid, but showpeeferred orientation. These
intermediate phases are called mesophases. It dsigh® to distinguish several
mesophases by changing temperature, concentratmmstituents, substituents, or
other LCs or environmental properties [193].

LCs can be also classified in lyotropic, thermoitognd polymeric, according to the
physical parameters that control the existence h&f liquid crystalline phases.
Lyotropic LCs can be obtained when a suitable comatdon of a material, usually
amphiphilic molecules, is dissolved in a solveike lwater. This kind of LCs is of
interest in biological field [194]. Thermotropic kGare the most extensively studied
LCs. They exhibit different mesophases as temperatgreases. There are three main
classes of thermotropic LCs: nematic, cholestaitj 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 monontirs to bonds between polymeric
chains [193]. Due to their excellent thermal andchamical properties and low

electromagnetic losses, they are also used asw@wmsubstrates [195].
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Materials constituted by molecules with an aniguit@hape could reveal mesophases.
For this reason, it is common to refer to LCs aslilee or disk-like molecules [196].
Thermotropic LCs have rod-like molecules. Whenttrermotropic LC is in a nematic
phase [ig. 31a)), its rod molecules have a random position. ltiégamind a liquid,;
however, LC molecules are aligned in the same tiineaefined by a unit vector
called director. In most cases, nematic molecubage ta permanent dielectric dipole
and the rods are arranged in a way that the regutlipole moment of the bulk

material vanishes. In fact, nematic LC moleculescantrosymmetric [193].

c)

b)
ooooeeo

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 arrangementestic LCs Fig. 31 ¢)), unlike
nematics and cholesterics, have a positional doterLC molecules are located in an
ordered pattern. According to the configurationreds positions, the smectic phase
can be divided in subphases [196].
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 [197]:

S = (3 cos?f — 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 usuallg, = 0.6 at the temperature of operation [152].
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2.1.1 Effects of an external electric field on nematic Guid
crystals

When an external perturbation field is applied dBsLin nematic phase, they are
subjected to deformation, as a solid. However, isofid, 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 exteshedtric field, the director vector
experiments a torque force. LCs respond to thisraat force with a reorientation of
their long axis, which is influenced by severaltfas.
Thermotropic nematic LC layers are usually emploiyed 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[198] or optical [199] precdde to align the polymer chains
in a same direction (planar homogeneous alignméhtjen 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 lo®&coales are strongly anchored
to a boundary, surface interactions are not considén the evaluation of rod
molecules motion in nematic LCs due to externddifieteractions [193].
Moreover, the electronic response of LCs to anreateclectric 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= [o N o] (VIL.3)

0 0 ¢

and similarly for the conductivity tensor. Howevgrre 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 casesy €, due to molecular structure and

> 0, where

constituents. This condition is called positivesatiopy,i.e. Ae = (E"S_—El)

eq
S4 is the order parameter under equilibrium conditibn general, the elements in
dielectric permittivity tensor are frequency dispee and some LCs could change their
anisotropy from negative to positive by increasénternal field frequency [193].
When an external electric field is applied, if its strength is more than a criticalue
Er, called Freedericksz transition [200], LC direatotates by an angkwith respect
to its rest position, trying to align itself withd field direction:

Ep = g(ﬁ)l/ 2 (VI1.4)
or
Vi = n(ﬁ)l/z (VIL.5)

whered is the distance between the electrodes which apglyield, andK is a local
field factor.K takes into account the Frank elastic constantsritdésy LCs director
deformation: the splay modullks;, the twist modulusk,,, and the bend modulus;
[196]. 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+ 7 (ks — 2 kz) (VIL.6)
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Fig. 32 Orientation of rod-like molecules in a nematic té€ll 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 electroulal 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. R@lues of applied voltage higher
than the Freedericksz transition, it becomes:

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

where the dielectric permittivity is considered #ee 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
g 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 origotatin confined geometries
requires the development of a model which involes minimization of the LC free

energy. It can be carried out following thet®nsorformulation [197] that allows for

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

In the more general case of a biaxial nematic LE€yrametric traceless matrix, which
represents the LC tensor order parameter, cantoelirced as [201]:

_ L _ q1 42 qs3
Q=S (n®n)+S,(m ®m)—§(51+ 52)I=<QZ ds s )
3 qs —q1—q4

(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 [197]
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L=328—S) (VI1.10)
lp= =351+ 53) (VIL.11)

A3= 328~ S1) (VI1.12)

If the LC is uniaxial, two of these eigenvalues egeial and the Q-tensor is [201]:
g=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, elastiod electromagnetic energy density
functions. The thermotropic energy density funci®fR01]:

Fin = agn tr(Q%) + 22 u(@%) + 2 [tr(§?)]’ (VI1.14)
where a, b and ¢ 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 molecules.e. of

a variation of the Q-tensor in the space [201]:

Ly (0Qi)\* | Ly 9Qij 0Qix Le 0Qij 9Qij
P Y O o
4= Xijk=123|5 o) T2 ox; 9xx + Yijki=123 |5 Qk %, %k

(VI1.15)

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

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

& = DNeQ+ epql (VII.17)
whereAe is the dielectric anisotropy amd, = (g + 2¢,)/3.
Spontaneous polarization derives from asymmetrieshape of LC molecules and can

be written in terms of Q-tensor. TH&domponents is given by:

0Q;j 0Q;
Pi=p1Yjm1235 2+ P2 Xjk=123Qij ?}: (V1.18)

6.%'1'

with p; andp, that are polarization coefficients [197].
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The Q-tensor formulation is based on the minimaratof the free energy density
function F, = Fy, + Fq+ Ferp Via the solution of a system of five equations
(i=1...5):

3 0 (9Fp)_ 9y _
Xj=1%y; (a qi,,-> 5, 0 (VI1.19)

in whichq; ; = dq;/0x;. Equations VII.19 represent the LC static equatiand can
be solved together with suitable boundary cond#tidn 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 ai@tuof the total free energy density
of the LC [197].

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

become:

3 0 (OFp)_ 09Fp _ 0D
Zj:laxj (aQi,j> aa; ~ Vou (VII.20)

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

standard viscosity of the nematic LC and the onp@rameter 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 coigffits, dielectric permittivity tensor
elements, Frank elastic constants, and thermotropédficients change according to
LC mixture chosen: their values will be indicatedridg 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 numericalystafdan 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 freqesncrhe first one dwells in the

thickness of a LC layer able to introduce a phaferdnce ofx in the incident THz
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waves path (see equation 11.5). As discussed iptbeious subsection, a layer of LCs
in a nematic phase is able to change its dielepaimittivity, i.e. its refractive index,
according to a voltage externally applied to thesll&yer. In order to obtain a phase-
reversal ZP dynamically tuned by means of the mlemptical effect of LCs, it is
necessary to employ electrodes with alternativedgotive and nonconductive annular
zones shaped as ZP. Three configurations are jmskita first configuration, the top
and bottom are equally patterned and aligned. be@nd configuration, only the
electrodes on one substrate are pattern, whereaottier substrate is uniformly
conducting. In a third configuration, only the @¢tedes on one substrate are pattern,
and there is no electrode on the other substratferént director profiles result from
these configurations.

However, an issue arises when an electrode is #Brpad. In fact, the electric field
could short-circuit between two adjacent conductings of the same electrode when
their distance is comparable to the separation derivihe top and bottom electrodes,
i.e., with the thickness of the LC cell. It involvesatithe LCs above non-conductive
zones could change the refractive index togethtr thie LCs above conductive zones.
Consequently, the most external rings of the plhegersal ZP could become a wide
single zone and the ZP pattern is lost.

The second configuration is illustratedRig. 33 a) The LC behavior is numerically
investigated with the Q-tensor formulation discasse the previous section by
implementing it in a FEM model (described in Ch.S&c. 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 thickoédbe phase-reversal ZP. The
thickness is evaluated from equation I.5 by stitig the difference of refractive
index between the polymer and the air with the li@fbingenceAn =n. —n,. All the
other ZP geometrical parameters match with the ofeke polymeric binary phase-
reversal ZP described in chapter Ill.

The selected LC material 1825 has been synthediyetthe 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 ande, = 21.7, Frank elastic constaikis = 12.5 pNk», = 7.4 pN,
ks =32.1 pN, and viscosity = 311.55 mPa-s [202], [203]. This nematic mixthes
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been selected because it exhibits a high birefriogat THz and moderate losses [152]
and it is available through an established collation.

_—
/ top electrode

b) ] g °°

Fig. 33 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 c@87 um thick, 2 ms after the application of a 70 V step
voltage (steady state).

In absence of applied voltage, the LC directorarafel to the electrode plane, with a
pretilt angle of 2°. When the voltage is applidtk £Cs show a switching behavior.
After 2 ms from voltage switching. €., in the steady state), the director has a tilleng
of 90° in the middle of the LC celF{g. 33a)). Here, in fact, the anchoring forces do
not influence the director orientation. An angle 90° corresponds to a director
orientation perpendicular to the electrode planewéler, LC is tilted only 55° - 60°
between the most external adjacent electrodes riesmondence of a nonconductive
ring. As it can be seen fronfrif). 33 b), it corresponds to gcomponent refractive
index of about 1.6 — 1.65 in direction paralleltb® polarization direction of the
applied electric field. HoweveFig. 33shows that the transition of the refractive index
component from the fully switched and fully unswiéd zones is not sharp. It gets
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significantly blurred for the outer rings where thickness approaches the cell gap and
the fringe field effects rule. Hence, the diffraetieffect is reduced and the device
becomes ineffective as a tunable lens.

Clearly, the fringe field effects play a detrimdmtae. 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 oft (see Ch. Il). When this concept is transferred 1dC phase-reversal ZP,
each LC cell needs to provide only half the overatardation. 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 configuratibthe one presented Fig. 33

a).
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Fig. 34 a) A ZP configuration with a uniform electrode twp and a ZP-patterned electrode on bottom
substrate. The rest condition of the LC is tiltédfidm they-axis. b) tilt angle and ¢)-component of
refractive index tensor distributions in a LC cBli3 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 middiethe cell above nonconductive
rings is now always below 25°. It follows that tfheomponent of the refractive index
differs appreciably from its rest value in the mesternal non-conductive ring and it is
equal to about 1.9. This suggests that a doubkddi€C 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 dedg, 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-opticallytrodled, 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 phagversal ZP as described in chapter
ll, is able to focus the incident THz radiationtlwvits own focal length. When the LC
is switched on, the waves passing through thegiogtmeric phase-reversal ZP are re-
focused with a focal length corresponding to thenber of zones of the LC phase-
reversal ZP. IrFig. 35 a cross section perpendicular to the lens plarghown and
some geometrical parameters and materials infoomatre presented. The numerical
model has a radial symmetry and includes matdoakes at 1 THz. However, this is a
preliminary investigation and the LC is considetethave 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 presentedhig. 36
The z-direction is the one parallel to the ZP lens adtiaxis. When no voltage is
applied to the LC, the lens focuses the 1 THz temia59.5 mm past the lens. The
FWHM, which could be considered as the depth didfief the lens, is 9.2 mm
approximately.
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Fig. 35 Cross section of geometrical radial-symmetric nhadhel data for the materials chosen for a dual-
focus double-sided ZP. The ZP is symmetric and thdyprofile along the radius of the lens is repnésd
in the picture.

40+

351

301

|E1%/1E]%air

z [mm)]

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-revezgallens. The green line is for zero applied voltage
(rest), while the blue line is for LC molecules il to the lens optical axi¥/().

When the LC molecules are aligned in thdirection, the focal length switches in

~2 ms to 42.1 mm approximately. The FWHM also cleartg 4.5 mm.

The square modulus of the electric field in theuParea is about 35.5 times larger
than the square modulus of the incident electe@fion the lens, when the lens is
switched off, and about 39 times larger, when theslis switched on. However,

several ripples are also present along the opixial These peaks are due to multiple

reflections between the polymer facets. They disapjpy changing the thickness of
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the polymer between the two ZPs. However, thisadist is fundamental in the
double-sided ZP design and could not be variedawitithanging the lens focusing
properties. Further investigation is needed to segspthese peaks due to reflections
and optimize the design. Moreover, an additionatltis required for exploiting the
dual-focus behavior when the asymptotic profile thé LC refractive index is
substituted with the one computed by the Q-tensmtehand presented kig. 34c).

The dual-focus double-sided phase-reversal ZP Heseribed shows a switchable
focal length and could offer a good starting pdartdeveloping ZP stacks optimized
for working at different focal lengths by meansttoé 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 demonstratibeuch devices is linked to the
second technological issue in the developmentmdlile and compact devices at THz
frequencies: the availability of a highly transpareonductive material for electrodes
fabrication. In the visible range, indium tin oxidd Q) is ubiquitously used [204].
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) EP@T:PSS). However, the
conductivity of a PEDOT:PSS film is usually no mdiean 10 S cm. It is not
completely suitable for replacing ITO, becauseas,hypically, a conductivity of about
4000 S crit [205]. Several methods can be applied for imprgvPEDOT:PSS
conductivity, such as treatments with acid soludicor the addition of organic
compounds. However, only films with conductivity mmre than 1000 S c¢mallows
for a PEDOT:PSS transmittance at THz comparablé WiD transmittance in the
visible rangei(e. ~ 90%) [205].

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-transparemaftérned 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 focused at both focaldéhs, losing power in the focus area.
A thorough optimization of the devices is requirgldich takes into account both the
phase modulation and the exact effect of the cdndudayer on the THz field.
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Different formulations of PEDOT:PSS exist; some édeen supplied for this work
and have been preliminarily tested. However, theaetion 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 experimentelestigation of proposed LC
switchable diffractive lens have not been plannet, wven if double-sided ZPs
significantly reduce the problem of the LC thickei@sd 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 Il, 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 thatiad which destructively interferes to
the focus construction. This part of the incideatliation 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 fagusfficiency 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 ifleeion 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 equali&t in the material [206]. In this way, the main digds
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superposed to the virtual focus with an increasinipe THz field strength in the focus
area.

Fresnel ZP lenses working in reflection mode doalmady exist at THz frequencies.
This is on the side of the plane wave source. &t dbsign 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 millinvedses and at microwaves.

3.1Zone plates in reflection mode

The performance of a Fresnel ZP working in reftattimode can be numerically
compared with the behavior of the same Fresnel @fking in transmission mode.
Again, Zeonor is chosen as lens substrate foroits THz absorption (for material
properties, compare Ch. Il Sec. 5). However, thaeigewas made for the available
100 um foils due to the current unavailability d@ fim thick foils working a\/4
waveplates. This rules that the working frequescgtiout 0.5 THz.

A FEM model (as discussed in Ch. lll Sec. 2) ofblenses 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 slgpttl at 0.5 THz. The thinnest zone
is 610um and the lens diameter is 25.4 nmir.(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 afnsinum is described by Drude
model:

0)2

wherew,, = 2.243 - 10'® rad/s is the plasma frequency and= 1.243 - 10** rad/s is
the scattering frequency [207].

Fig. 37 shows a comparison between the square moduluteofelectric field at
0.5 THz of the two Fresnel ZP lenses. The THz powwethe focus area is about 5
times higher if the ZP works in reflection modetézsl of transmission mode.
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Fig. 37 Computed normalized square modulus of #lmemponent of the electric field at 0.5 THz along
the optical axis of a Fresnel ZP working in trarssign (red) or in reflection mode (blue).

Moreover, the power of a reflector Fresnel ZP lenthe focus and along the optical
axis is higher than the one focused by a phasegaivmultilevel ZP with 28 subzones
optimized for 0.5 THz, as shown kig. 38 However, ZPs in reflection mode are
thinner and easier to fabricate than a multileVelse-reversal ZPs.
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2500 — ZP reflector
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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).

90



ZP reflectors are much thinner and easier to fateithan parabolic mirrors. They are
also thinner than a multilevel phase-reversal ZPscould open to innovative
applications, especially if they are linked to gssibility to consider ZP reflectors as
THz antennas. Currently, lens designs for a 45/demt 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. Onydgamples of Fresnel ZP antennas
already exist at THz frequencies (for example, [L208], [209]): new configurations
can be implemented and tested, such as the stddkedtive zone plate. However, a
structured study about the design of this device 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, (i) could be conformable, and
(iv) may exhibit reconfigurable properties.

In the field of planar antennas obtained by coyemmounded dielectric slabs with
patterned metallic screens, leaky-wave antennasp@)Vare promising devices at THz
frequencies. LWAs are travelling-wave antennas esgfully employed as radiating
systems at microwaves from decades. In LWAs, rimdigthenomena are interpreted
as the ‘energy leakage’ of a wave that propagates partially open structure and
progressively loses its energy due partly to tlssds (if any) in the medium and partly
to the radiation losses [210]. Leaky waves are attarized by a generally complex
propagation wavenumber, due to the energy leakage: 8, — ja,, whereg, is the
phase constant ang is the attenuation constant. Moreover, in ordeeffectively
radiate [211], [212], the leaky wave propagatinghie structure has to be a fast wave,
i.e, characterized bjg,| < kg, wherek, is the free-space wavenumber. Therefore, the
operation of a LWA is quite different from a slovave or a surface-wave type of
antenna, for which radiation mainly takes placéiatontinuities €.g, at the edge of
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the structure) [213]. In the absence of ohmic lesggetakes into account only power
losses due to radiation and it is called “leakagestant”: it represents the rate of
decreasing of the aperture field due to the leakagehanism of radiation.

The main advantages of LWAs dwell in the easindsilarication and design, the
simple feeding network, as well as in the ubiquifyleaky-wave phenomena from
microwaves, which are the historical starting paihthe leaky-wave theory, to nano-
optics, thanks to the current developments in roefases and nanostructured
materials. For this reason, they are perfectlyablét for being scaled at THz
frequencies.

2. Historical path in the development of a leaky-wavéheory

At the end of 1930’s, Hansen proposed an antenuie wfaa rectangular waveguide, in
which there was a longitudinal cut for letting leakaway the guided electromagnetic
power [214]. It was a very simple and promisingidevHowever, it was only during
1950's that it was re-examined, but first experitabattempts failed because leaky-
wave theoretical fundamentals were unclear. Abgutni 1984 Oliner, one of the
pioneer of leaky-wave theory, wrote [215]: “It whs.] recognized that the leaking
waveguide possessed a complex propagation congtdhtthe usual phase constant
and an attenuation constant due to the leakagad(ition to an attenuation constant
due to wall losses). The field struggled with tvasic problems:

1) Was the leaky wave truly real?

2) How should one determine the leakage constaordhtically?

Since it was obvious that leakage was being pratjusty did people question the
reality of the leaky wave? If one recalls simplgttthe squares of the wavenumbers in
the three orthogonal directions must sum to theusgof the free-space wavenumber,
then, if there is decay longitudinally, correspamgdito power leakage, the wave
amplitude must increase in the transverse (or €gesdon) plane. Since the cross
section outside of the waveguide is unbounded,ithdies that the leaky wave must
increase transversely to infinity, yielding an upgibal result. The state of skepticism
and uncertainty was so great that the Ohio Statapgrunder V. H. Rumsey, made

direct probe measurements [216]. They found that tethe waveguide the field did
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indeed increase transversely, but that some distaveay it dropped off rather
suddenly. [...] Many people actually expressed sgepoin learning that the wave type
really exists, but its reality was no longer quarstid. Still at issue, however, was how
to compute the complex nature of the wave’s progeriSeveral different methods,
mostly perturbation approaches, were tried by waripeople, but most of them were
incorrect, and they yielded poor results when thiege applied to antenna structures.”
Theoretical basis of leaky-wave theory comes fronarddvitz’s work about
waveguides [217]. When a system is closed anddssslany electromagnetic field
distribution, which satisfies the boundary condifip can be expressed as a
superposition of eigenmodes. These eigenmodes fospectrum of modes that is
complete, orthogonal and is characterized by firgteergy in every direction.
Marcuvitz [218] rigorously proved that, when thetgm is not completely closis. it

is a waveguide open in one or two directions, tigerenodes correspond to complex
poles of the Green'’s function of the system. Howetlgs Green’s function is located
on the incorrect (‘improper’) Riemann sheet [219]tbe transverse wavenumber
plane. In fact, a branch point arises when theegyss open to infinity in, at least, one
dimension, and two sheets are present on the Riermarface. On one sheet, the
‘improper’ one, the waves grow at infinity in theansverse direction; on the other
sheet, they decay moving to infinity when a smagklis introduced. This second sheet
represents the spectral ‘proper’ solution of tieddfimodes, while the leaky poles occur
on the first sheet [215].

This theoretical contribution was important for tweasons [220]: (i) it solved the
dispute about the unphysical behavior of the exptalegrowth at infinity of leaky
modes; (ii) the leaky-mode wavenumbers could besidened as solution of the same
dispersion equation of any other bound waveguidden@onsequently, the analytical
technigues available for the guided modes study lmaralso employed for leaky
modes. One of this technique is the transversenas®m® technique, based on
transverse equivalent networks (TENSs), which waseldped and started to be
employed during the Second World War years by Sopen, Marcuvitz, and other
researchers at the MIT Radiation Laboratory [2]1221].

During the late 1950's and the 1960's, the roldeaiky waves in several physical

phenomena was investigated. Some examples are ritith-Burcell radiation, the
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Cherenkov radiation, Wood's anomalies on opticatiggs, and prism and grating
couplers for integrated optics [215].

Since the 1970’s, several radiating structures dase leaky-waves have been
designed and deeply studied and a detailed acadutimtem can be found in [210],

[220], [222]. However, it is important to just memt that, starting approximately from

the new millennium and up to present, LWAs basednetamaterials, metasurfaces,
and reconfigurable materials opened new possédsliind new operative frequency
ranges. This will be deeply discussed in chaptearid X.

3. Classification of leaky-wave antennas

Leaky-wave antennas can be divided in several odtey according to their
geometrical structure and their principle of operaf222]. A first distinction can be
made between one-dimensional (1-D) and two-dimeasi¢2-D) LWAs. This has
influence on the radiation features: a 1-D antamsally produces fan beams, while a
2-D structure mainly irradiates pencil beams olyfabnical beams.

Then, LWAs can also be divided, according to thsiucture, in uniform, quasi-
uniform and periodic antennas. This distinction aHfect the antenna scanning
characteristics. In fact, a uniform LWA usually ssainside the forward spatial
guadrant by varying the operating frequency, whilg@eriodic LWA can scan the
radiation beam in both forward and backward quadran

However, some exceptions could exist. A brief oi@mwof these categories will be
made in the following subsection.

3.10ne-dimensional uniform leaky-wave antennas

In 1-D LWAs, the antenna guiding structure is etaliy one-dimensional: the
structure supports a wave that travels in only dinection. A rectangular waveguide
with a longitudinal slit (se€ig. 39), which allows the radiation, is an example of 1-D
LWA [223]. It can also be considered a uniform LWW&cause the transverse cross
section does not change along tleagitudinal axis. In general, a 1-D LWA is
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characterized by a length equal to several wavétsnhgvhile the cross section is
usually in the order of the wavelength. A 1-D LWd&drates along its length and its
radiating behavior is comparable with the one abaventional 1-D aperture antenna
[224]. The main difference is that the aperturddfief a LWA is dominated by the
distribution of the relevant leaky mode of the stame [220], and thus has an
exponentially-decaying profile.

In Fig. 39 a ground plane is employed as wave deflectoit, @very narrow slot can
be etched at one lateral end of the structure.dguivalent to an infinite magnetic line
current flowing in free space in the direction @iiting with the propagation direction
of electromagnetic waves.e. the z-direction of Fig. 39 If the LWA has a finite
length, the line source is of finite length. Theresponding radiation pattern has the
form of a cone with the axis coinciding with thexis: the radiation is limited to the
forward quadrantz> 0). As the angle between the cone and #ais approaches
90°, the radiated beam comes near to a broads@® dth a narrow-beam donut
broadside pattern.

[] Dielectric material

B Conductive material

Fig. 39 A rectangular waveguide, as an example of 1-Daunif LWAs. The electromagnetic field
propagates iz-direction. An infinite ground plane surrounds #het [222].
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However, if a 1-D uniform LWA is fed at one endcin difficultly obtain a beam at
broadside. A broadside beam can be achieved binfgéte antenna at both ends, or at
the center of the structure. In this way, two beamgscreated, each pointing close to
broadside but on opposite sides of it, shapinggleibroadside beam [222].

Moreover, the range of scanning can include bottvdod and backward quadrants if
nonconventional materials, such as ferrites or matarials, are loaded in 1-D uniform

structures [225].

3.20ne-dimensional periodic leaky-wave antennas

An example of periodic 1-D LWA is the structureugitrated inFig. 40 It is a 1-D
antenna because the waves propagate in one direetien if the width of the antenna,
in the perpendicular direction with respect to fh®pagation direction, is large.
Because of the width of the structure, this antesarairradiate a fan beam or a pencil
beam [222]. However, the beam can scan only oneepia., the forward quadrant,

unless the unloaded structure is fed from both.ends

[] Dpielectric material

[ Conductivematerial

Fig. 40 An example of periodic 1-D LWA. This antenna cgufiation has a widthy, larger than the
operative wavelength. The electric field is in yedtion and the electromagnetic wave propagates in
direction.

In general, a periodic 1-D LWA derives from a dafe waveguide periodically

loaded by perturbations. The unperturbed waveguglglly supports an operating
guided mode as a surface wave, which is slew<{ k,), and is not able to radiate. A
suitable periodic loading of the guide permits ésatibe the overall field in terms of a

series expansion of Floquet's modes or space hacsmomith phase constants:
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Pzn = Pz + 2rm/p, wherem is an integer ang is the period. Typically, in open
structures, one of these space harmonics (usu@lynt= —1) becomes a fast wave
(i.e, a leaky-wave witt8, > k). The phase constant of the leaky wave could assum
positive and negative values as the operating &éecychanges: this LWA allows for
radiation both in the forward and in the backwartdrant. However, the scanning
region of simple LWA geometries, as the ond-ig. 40, usually shows a degradation
in the radiation efficiency around broadside; sfi@cimore complex geometrical
periodic patterns could be introduced for avoidir{§20], [222], [226].

The periodic LWAs considered above are charactéi®ea period comparable with
the operating wavelength. Conversely, when theodegp < 1/4, the fast harmonic
can be obtained fan = 0. These structures are called homogenizable perldMAs
[220] or, similarly, quasi-uniform LWAs [222]. Thesantennas are structures based,
e.g, on metamaterials and metasurfaces, and can wotk m 1-D and 2-D

configuration.

3.3Two-dimensional leaky-wave antennas

Two-dimensional LWAs are 2-D open waveguiding dintes where a single source
excites partially-guided electromagnetic fields JR2An example of this LWA
category is shown irFig. 41, which represents a planar multilayered dielectric

structure based on substrates and superstrates.

a) b)

source source

Fig. 41 An example of a 2-D LWA: the substrate-supersttatéA. It can produce a) a pencil beam at
broadside or b) a conical beam with an amghgth respect to the broadside direction.
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When a 2-D LWA is centrally fed, a cylindrical lgakvave is excited and radially
propagates in the structure. Therefore, the leakyenis characterized by a radial
complex wavenumbek,. = B, — ja,, and the leakage mechanism in the upper space
is associated with an outward wave propagation.idfad features are derived by
exploiting the cylindrical symmetry: the radiatedaln usually has a conical shape
(Fig. 41 b) with an elevation main-beam pointing angle thatitmues to be regulated
by the leaky-wave phase constant, while the att@nuaonstant affects the beam
width [220].

However, if the normalized phase and leakage cofsst@re almost equal and much
less than unity, a pencil beam at broadside iseaable Fig. 41 a). In this regard,
several techniques can be employed for controtliegeakage mechanism, such as the
arrangement of substrate—superstrate layers (distiibuted Bragg reflectors (DBRS)
[227]), the use of partially reflecting surfacesthwiperiodic perturbations, the
introduction of artificial homogenizable structuremd the use of special complex
media, such as plasmas or graphene [210]. Mordsdatsut 2-D LWAs will be given

in the following chapters, where a substrate-supdes2-D LWA (Ch. I1X) and several
designs for a metasurface 2-D LWA (Ch. X) are depetl and widely analyzed at

THz frequencies.

4. Operation principles of leaky waves

A simple case of an aperture can be considereeMauating the electromagnetic field
behavior in a LWA (for example, compalrég. 39 [222]. In correspondence of the

aperturej.e., x = 0, the electric fieIcEy(x, z) is

E,(0,2) = Ae~Jks? (VIII.1)
whereA is an arbitrary constant and the leaky-wave wandrar is complexk, =
B, - jat,.

In the air region above the aperture, x > 0, the electric field is
E,(x,z) = Ae IkzZe=Ikxx (VII1.2)

where the vertical wavenumberks = \/kZ — k2, with k, being the wavenumber of

the free space. It means that
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Bzatz = —Bxay (VH1.3)
When a wave is forward}, > 0 anda, > 0. If it is propagating away from the
structure, in vertical direction, it follows frongeation VIII.3 thata, < 0, and the
wave propagating in the air region is exponentiailyreasing. Therefore, even if the
wave is decaying in the propagation directiardifection) due to leakage losses, it
exponentially increases in the surrounding airaegior this reason, the leaky wave is
called ‘improper’ [222].
At a first glance, as said, it could seem an unighy$®ehavior. However, its physical
meaning can be explained by considering a ray dimdgf11], [212], as the one Fig.
42,

z -

e kz=Bz-jaz

Fig. 42 Ray diagram of a forward leaky-wave. The intensitythe field is given by arrows separation:
closer arrows correspond to a stronger field [222].

For an inhomogeneous plane wave, such as a leakg;wae power flow is in the
direction of the phase vector, which is the real pathe complex wavenumber vector:
B = XP, + 2B, = Re(k) = Re(XB, + 28,) (VII1.4)
The angle between tlzeaxis and the phase vector is
tan(6) = % (VIIL.5)
It can be approximated to
cos(6,) = B/ky (VII1.6)
if the attenuation constamt is small. Equation VIII.6 is a very useful relatidor

evaluating the beam angle in several practicallprob.
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—_— kZ=BZ-jaZ

X

Fig. 43 Ray diagram of a backward leaky-wave. The intgnsitthe field is given by arrows separation:
closer arrows correspond to a stronger field [222].

In the situation in which the leaky wave is a baakivwave, the phase and group
velocities are in opposite directions. fig. 43 it is assumed that the group velocity,
that has generally the same direction of the pdleear (an exception is represented by
anomalous dispersive media [228]), is in the pesitidirection and the phase velocity
has the negativedirection: therefore$, < 0. Because the phase front increases away
from the aperturef, >0 and, according to equation VIIl.3y, > 0. The field
associated to the leaky-wave decays exponentiallyertical direction from the
aperture and the leaky wave is considered a ‘prapave. A uniform LWA usually
only supports a forward wave, while a periodic LVéAn support either wave type
[222]. The consideration about the physical andhysjgal behavior of the field
associated to leaky-waves has to be always takenaiccount in the analysis of a
LWA structure.

source

Fig. 44Ray diagram of a leaky-wave excited by a sourcetkd in z = 0 [222].

However, in the previous discussion, an infinitepgargation along the-axis {.e.,
—oo < z < 400) is considered. In a practical situation, the jealave is excited by a

source located in a point of the structure ancbtsable to exist in the whole range. If
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the source is located in= 0 and the wave is excited equally in both directjadhe
field on the aperture is:

E,(0,z) = Ae k212l (VIIL.7)
In this situation, the wave exponentially decaysbioth negative and positive
direction. If the wave is a forward wave, the raggilam Fig. 44) is symmetric with
respect to thex-axis (in the following, only thez > 0 part of the structure is
considered). Moreover, a shadow region is defirigd|a< 6,, beyond which there is
approximately no field, while a field comparablettwthat of the infinite leaky wave
(Fig. 42 is confined in the region witf@| < 8,. It means that, moving away from the
aperture in vertical direction, the field strengtkponentially increases until the
leakage shadow region and, then, above this Imagidly decreases. Consequently, the
field does not increase indefinitely in tkalirection and does not violate the radiation
condition at infinity: it has a physical meanindn€eTinterested reader can refer to [210],
[220]-[222], [229] for a rigorous mathematical ddéston of the physical meaning of

leaky waves.

5. Leaky-wave antenna analysis and design techniquesayview

Nowadays, electromagnetic commercial CAD tools (oara Ch. lll) allows for
accurate full-wave analyses of complex structureswyever, alternative methods for
the design of LWAs are still of interest, becausesnof them enables an intuitive and
efficient antenna characterization. Moreover, teaggal-purpose numerical methods
show limitations and high computation times, esgéciwhen electrically large LWA
structures are studied with high accuracy [220].

An efficient theoretical and numerical characteita of LWAs is usually based on
the evaluation of the phase and attenuation corsstdrthe dominant leaky mode that
describes the aperture field. Methods based on dikpersion analysis of the
propagating modes are able to furnish a very usefsight into the physical
phenomena involved in such structures. In particitee analysis of LWAs can be
based on the evaluation of the generally complgereiolutions of open waveguides

by means of the study of their physical parameterslved, such as the geometrical

102



features and the frequency behavior. Commonlys iadhievable through numerical
methods [230].

As discussed in chapter Il with regard to the gesif diffractive lenses, the most
appropriate choice depends on several factorseretat the computational features of
the methods, the geometry of the open structuressa on [230]. Among numerical
tools, the integral equation techniques are intergsapproaches for the analysis of
planar antennas, such as LWAs. Moreover, FD appesaare suited for the derivation
of the eigensolutions in planar and printed stmesgtu[220], [230]. The method of
moments (MoM) [230] is an integral equation techieighat makes possible to include
the description of the periodic conditions andekground geometry in the periodic
Green’s functions (PGF) of the problem [231], [238everal kinds of Green’s
functions can be defined: a mixed-potential integguation (MPIE) formulation is
usually implemented for spatial-domain MoM [233],dombination with acceleration
technigues and interpolation procedures for inéngasethod efficiency [234].
Differential equation techniques can be also engdoyn particular, methods based on
a finite difference time domain (FDTD) techniqu&%2, [236] can be used to calculate
the dispersion diagram of leaky modes supportettbyand 2-D periodic structures.
Since the 1950's, one of the most employed appesafdr the evaluation of leakage
phenomena in open waveguides is based on the érmeskesonance technique (TRT)
[220], [224], [230]. This method is still applieddause it permits both a rigorous and
an approximate LWA evaluation. In the TRT, a sdigabquivalent transmission-line
network (TEN) is developed for describing the cresstion geometry of the structure
and is numerically solved in terms of transvergemvalues and physical parameters.
Several works are present in the literature, maialged on the representation of the
equivalent apertures in partially open metallic agwides [220], [237], [238].

For the analysis of periodic LWAs, the unit-celpapach [239] is an efficient method.
It enables the derivation of the behavior of thelstantenna simply considering only
one geometrical period and the effects due to xtermal environment. In a TEN, this
study can be implemented changing the descriptidheoradiation termination for a
periodic environment (infinite number of linear ralents) and calculating an active
admittance, which describes the external radiatewjon as a function of the scan
angle and the geometrical parameters [240]. Wheracurate characterization of

periodic structures is needed, the electromagmetiblem is formulated, discretized,
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and solved inside the unit cell by applying Flogpetiodic boundary conditions along
the directions of periodicity.

All of these computational techniques are essentals in the development of
efficient and accurate analysis of leakage phenamem several different LWA

structures. Among the methods outlined in thisfdigt, the TRT will be illustrated

with more detail in the following subsection.

5.1 Transverse resonance technique

A standard method for the analysis of complex stimes is: (i) to formulate the
general solution of Maxwell's equations in a homuggus region of the domain of
interest; (ii) to apply the boundary conditionsi) (fio enforce the determinant of the
coefficients to 0; (iv) to find the complex root$ the resulting equation, which is
called dispersion equation. This procedure canirbe tonsuming, especially if the
domain of interest is composed by more than ondéuned

In the situation in which only the determinationtbé eigenvalues is of interest, the
transverse resonance technique represents an apgedpol. In fact, the eigenvalues
of a waveguide problem correspond to pole singigariof a suitable characteristic
Green'’s function in the complex plane of the praim wavenumber. This Green'’s
function can be identified as the voltage (or cuiy®n a transmission line along one
of the transverse direction of the waveguide asgliabction [221], [223]. The pole
singularities correspond to the TEN model resonsuacel are usually computed using
analytical methods.

A general form of terminated TEN is givenHig. 45

z[ ] [ 1=

Fig. 45 Terminated equivalent network representing a wangcross-section [223].
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The transverse wavenumberthat corresponds to source-free fields in the waide
can be derived from the solution of the resonaceion:

Z(k) = Z(e) + Z(k) or Y(ky) = Y(ky) + Y (k) (VII1.8)
whereZ, Y, Z, andY are the impedances or admittances from the lefttha right of
an arbitrary reference plane. A closed-form anedytisolution to this resonance
equation does not generally exist, except for wimple canonical examples, such as
the parallel-plate waveguide.
In the simple situation in which the leaky wave banseen as a perturbation of a mode
in a closed waveguide [223], the transverse wavéurman be considered as:

ki = kyo + Ak, (VIIL.9)
wherek,, is the wavenumber of the unperturbed mode Mnds the perturbation. If
the cross-section is homogeneous, the resonancdi@uwean be written in terms of

normalized impedances (admittances), expandecipdmtk, = k,:

! dZ,(kt) ~
7' (ko) +( e )kt:km Ak, ~ 0 (VII1.10)
according to which;
B~ = 7D o Al x -t C0) (vil.11)
( dke )kt=kto ( dke )kt=kto

where Z' = Z/Z, is the normalized impedance, alfd =Y /Y, is the normalized
admittance.

However, the TEN has to be adapted to the spestificture under examination. Some
practical examples can be found in chapter IX andvKere the TEN of two 2-D
LWAs are developed with different techniques.

6. Leaky-wave antennas at terahertz frequencies

As discussed above, leaky phenomena are valid famge range of frequencies, from
microwaves to optics. For this reason, LWAs workiétdgrHz frequencies are feasible
and some examples of devices are already presettteinscientific literature. A
summary of the main proposed types in the frequeange from about 0.3 THz to
3 THz is presented ifable 8
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Table 8 Leaky-wave antennas typologies and examples, wgriki the frequency range of 0.3 - 3 THz. In

the headerd,is the frequency at which the antennas are inyatstil, while; is the radiation efficiency.

Measured Directi- Beam
; Materials  Feeding  f[THZ] vity ! width Ref.
device? [%6] o
[dB] [°]
. 03-238
arl;t((ee ?1?1a yes SA'\’USZ\}“ Wl?i\(/ji (discrete <421 <75 [[Zztlé]_
' 9 values)
Periodic
corrugated no PEC - 0.9655 — - 90 22 [247]
A 0.9829
metallic wire
Flat
corrugated yes gold slot 0.566 16 - 7 [[221%]]'
antenna
Composite GaAs/Ab, 10 (at
right/left- Gay gAS metal- 2.48
15908 metal ~ 2.48 and THz)
handed yes + Cr/Au + - [250]
. . QCL 2.59 15 (at
metamateria Ni + .
| waveguide Ti/Au/Ni cavity 2.59
THz)
MEEETEEE no see Table 9
antennas
Tunable see Table 10
antennas

The choice of this specific frequency band is lthke the technological issues already
discussed in chapter I: even if the border betwa#iimeters waves and far-IR has not
been delimited yet, below 0.3 THz, facilities dexedd for the millimeter waves are
available, while, above 3 THz, the mechanisms cctekto the description of far-IR
radiation are predominant.

The most studied THz LWA is a leaky-wave waveguidapled with a hemispherical
silicon lens. It is able to operate at a fixed eabf frequency [241], [246] or in a
frequency band of 0.2 THz [242] until 1.4 THz [24[245] wide. When the device
works at a single frequency, it can show a veryhdgectivity; for example [241], of
42.1 dB. Lens LWAs able to operate in a frequenagdbwider than 1 THz can be
employed for practical applications, such as THeders (described in Ch. I, Sec. 3).
However, independently from the operating frequenaf the antenna, the radiation
efficiency is always below 75%, due to losses uhticed by the coupling with a silicon
lens (see Ch. V).
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Table 9 Metasurfaces FPC-LWAs in the frequency range @3 Hz. In the headersjs the frequency at
which the antennas are investigated, while the radiation efficiency.

f Gain 3-dB gain
Materials Feeding [THZ] (max) 3 [%] Bandwidth Ref.
[dBi] [%]
5x5 open-ended 9.8 (single 69 (single 16 (single
square GaAs + slotline oran 0.34 - feed) feed) feed) [251]
patches metal array of 5 0.4 155 (feed 73 (feed 17.3 (feed
array slit array) array) array)
7
circular GaAs + open-(_ended 0.315 113 72 3 [252]
patches metal slotline
array
7X7 ting GaAs + open-ended
patches metal slotline 0.315 114 75 22.5 [252]
array
X7
circular GaAs + open-ended [252],
hole metal slotline 0318 153 60 13 [253]
array

Another class of LWAs, widely employed at THz frequies, is that of Fabry-Perot
cavity (FPC) LWAs. They are 2-D LWAs inspired byetlrabry-Perot concept: the
radiation phenomenon is interpreted in terms oftiplel reflections between a ground
plane and a partially reflective sheet (PRS). lis #hind of LWAs, the maximum
radiated power at broadside is connected to theneexe condition of the multiple
reflections. For this reason, they usually workaatsingle frequencyj.e. at the
resonance frequency of the FPC. The PRS can assewveeal forms. IfTable 9 the
performances of FPC-LWAs with different metasurfgemmetries are compared. A
metasurface is, in general, a metallic patternaeface, in which the geometrical
elements composing the pattern have dimensions lyddeglow the operative
wavelength. It means that this surface can be dermil as a homogeneous surface
with properties depending on the specific geomatripattern chosen for the
metasurface synthesis. Even if several geometage been investigated in the THz
range as PRS for FPC-LWAs, none of them has bdlncharacterized yet. However,
they show advantages common to many LWASs, such hes duitability to
miniaturization and integration on complex deviogsthe scalability at every THz
frequency value of operation. In addition, they also: (i) simple to fabricate, (ii) with
an affordable fabrication cost, and (iii) suitalbtg mass production. The radiation
efficiencies, computed for the structures preseirietiable 9 do not go beyond the
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75%, but the high number of degrees of freedorhémetasurfaces design may allow
for higher values.
Table 10 Leaky-wave antennas with a reconfigurable pointmgle, working in the frequency range

between about 0.3 THz and 3 THz. In the headgrs, the frequency at which the antennas are
investigatedy is the radiation efficiency, anth is the maximum variation of the pointing angle.

Beam-
M deeavsigéid Materials  Feeding [Tlflz] [OZ 1 ?,(]9 w;(o:i]th Ref.
. . cyclic
bgﬂs:g(rjosg:%dic yes GBI wave- OI?SS - 38 4 [254],
antenna polymer + guide 0.325 [255]
coppe :
Graphene quartz +
antenna b_ased no SiN, + ) 15 ) 56.3 ) [256]
on a grating graphene
structure sheet
Fabry-Perot Sio, + dipole- 0.922
cavity no PEDOT + like ona ” 29- 18- 20.20- [257],
graphene HfO, + ground 1.062 70 90 35.27 [258]
antenna graphene plane :
Sio, +
Graphene polysilico [259],
antenna no n+ i 2 19 | 829 i [260]
graphen
Substrate- Sio, + _dipole-
superstrate no HfO, + like on a 114 ) 45 6.75-  [258],
graphene ground 22.46 [261]
graphene
antenna plane

An interesting opportunity offered by FPC-LWAs ietpossibility to develop a THz
antenna with a reconfigurable pointing angle akad frequency (se@able 10 rows
2-5). The only way, currently present in literaturetlie frequency band of interest, to
steer the beam is by employing a graphene sheatRRS [256]-[262]. In fact, the
electronic and optical properties of graphene cantuned by applying a control
voltage to the material sheet. At THz frequencig®phene surface conductivity,
which is the parameter that completely charactsritzeelectromagnetic properties, due
to the mono-atomic layer structure, becomes mostigctive [263]. The main
advantage of graphene antennas is that they caretiwlly steer the beam over the
whole angular range by simply applying an extefm@l voltage. However, none of
them has been fabricated and characterized inktzeband yet. Moreover, the antenna

properties, especially in terms of radiation efficty and reconfigurability, are deeply
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influenced by the graphene quality mainly determibg the synthesis technique and
the interaction with the substrate, as well.

An alternative way to steer the beam is to chahgeperating frequency. An example
is presented imable 10 row 1, where a microstrip LWA with periodic elements is
investigated as a THz radar and show a beam sfeevier an angular range of 38°,
with a very narrow radiated beam. However, thisdkiof device has a limited
application as radar to a short range object detef254].

Other forms of PRS for FPC-LWAs working in the THmge will be widely analyzed
in chapter IX and X, where a reconfigurable mwtileed structure as well as some
metasurface geometries will be designed and nuaigriovestigated.

7. Conclusions

Leaky-wave antennas are fast traveling-wave antenimawhich radiation occurs
thanks to a power leakage during the wave propagatifhey are antennas
characterized by a high directivity and by the fmbt to be employed as radiating
systems at microwaves as well as at optical frecjaen

For these reasons, LWAs seem to be particularkalsia for being integrated in THz
systems. Among the several existing LWAs typologiERC-LWAs are attractive
structures because they allow for tuning the raahiabeam steering by applying an
external voltage.

In the next chapters, two different FPC-LWAs wille bdesigned and deeply
investigated as promising devices for THz far-figfiplications.
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CHAPTERIX

Fabry-Perot cavity leaky-wave
antennas based on liquid crystals
for terahertz bearsteering

1. Introduction

Two-dimensional (2-D), bidirectional, quasi-unifoltiVAs are a class of 2-D LWAs
obtained as a perturbation of a metallic parallatepwaveguide, where the upper plate
is replaced by a PRS to allow radiation. Among thERC-LWAs are characterized by
two features: (i) the thickness of the slab couastify the antenna substrate is close to
half a wavelength in the medium; (i) the PRS cam described by a single
homogenized impedance. In fact, PRSs can take aefmms, such as: a denser
dielectric superstrate [264], a graphene sheet][262netamaterial or a metasurface,
etc.. For most of PRSs constituted by a periodi@ngement of sub-resonant elements,
homogenization formulas can be derived [265]-[26F&rmitting to derive the
homogenized impedance of the PRS.

In this chapter, a PRS based on a metamateriatrisduced. The metamaterials are
artificial materials obtained by the combination different materials, present in
nature, with spacing and geometrical features bélmwvavelength dimension. Since
metamaterials can show values of dielectric penititt and permeability that are
impossible for natural materials, they allow for cansiderable control of the
electromagnetic radiation, helping in the develophud interesting applications [268],
[226].

®Most of information reported in this chapter is witourtesy of Dr. Walter Fuscaldo and was
born from a collaboration with him. More detailsoab theoretical background in the
development of Fabry-Perot cavity leaky-wave andésnior THz applications can be found in
his PhD thesis: “Advanced radiating systems basdéaky waves and nondiffracting waves”.
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Even if several metasurface designs already eaistricrowave applications [269]—
[271], only few implementations have been propdaetie THz range [272], [273]. In
this chapter, the possibility to develop an eleciptically tunable metasurface LWA is
investigated. In fact, as discussed in chapter Y{I's can be employed for the
realization of different THz devices, such as, @@ample, composite free-space
materials [274]-[276] as well as guided-wave THzageh shifters [277], [278].
However, only few works have considered the polisibiof designing LCs
reconfigurable THz LWAs. In the following sectiorss,THz FPC-LWA based on LCs
is discussed in terms of theoretical and numeriwadeling, underlining the conditions
at which a device fabrication is feasible.

2. Liquid crystals for the design of a tunable leaky-vave antenna

As discussed in chapter VII, the application obétage to LCs change the direction of
the molecules director, tuning the LCs dielectrioperties. Therefore, the phase
constant of the leaky-wave modes changes too,rmatis¢ radiation beam-steering at a
fixed frequency. Among the different kinds of LCxtuires, the uniaxial nematic LCs,
already employed in the numerical study of LC tuealiffractive lenses (see Ch. VII),
is considered because of its high birefringenceraaderate losses at THz frequencies
[152].

Fig. 46 LC cell driven by a gold fishnet electrode.
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Thanks to the Q-tensor analysis (described in Ch.Séc. 2.1.2), values of all
components of permittivity tensor can be numencall/aluated by changing the
voltage from zero until the threshold value. Fois tbomputation, the LC cell, as
presented in [152] and reported Fig. 46, has a total thickness of Qi and its
threshold voltage can be set equal to 7 V. Diffdyeinom the dual-focus diffractive
lens which works in the absence of external voltagewith a voltage above the
threshold, in this situation the device is desigftedperating at every value of voltage
from zero until the threshold.

As can be seen frorhig. 47, the ordinary value of the real part of LC dietict
permittivity is Re(g,) = 2.42, while the real part of extraordinary permittivity
Re(e.) = 3.76. Moreover, the LC director does not change aldwgy-direction and it

is possible to considef, = &,.

R{e,} at z=0.00pm and Vi;,,=0V R{s,} at z=0.00um and Vi, =0V R{z.} at z=0.00pm and V=0V
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7% . - 24
-75 -50 -25 0 25 50 75 -50 -25 0 25 50 -75 -50 -25 0 25 50 75
X [um] X [um] x [um]
R{=,} at z=0.00pm and Vj;,.=3V R{s,} at z=0.00um and Vijas=3V R{=.} at z=0.00pm and V;;,,=3V
-75 -75
36 36 g 36
34 34 34
32 @ 32
E .. g 32 E b
28 28 28
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x [um] x [um] x[um]

Fig. 47 Real part of the three main components of the E@ngtivity tensor mapped in the~plane, in
the middle of the LC cellz(= 0). The LCs behavior is show in absence of darpal field (first row), for
a voltage above the threshold (last row), and foirdermediate value of driving voltage (middle jow
[with courtesy of Dr. W. Fuscaldo].

112



It is worth to stress that the chosen mixture dostaniaxial LCs. This would allow
for a simplified electromagnetic description of U&yers in the equivalent circuit
model (compare Ch. VIII Sec. 5.1). On the contrargen the LC is not uniaxial, off-
diagonal components of the permittivity tensor are longer negligible and more

complicated equivalent networks have to be constlf279].
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Fig. 48 Real and the imaginary part of the LC dielecterpittivity along a line perpendicular to thg
plane and passing through three selected pointedfC cell [with courtesy of Dr. W. Fuscaldo].

In addition to the real permittivity map of the-plane of the LC cell, it is also
important to know the permittivity profile irdirection for values of voltage from 0 V
until the thresholdi.e., 7 V. Three different points, as indicatedHig. 46, are chosen:
A ((Xo0, Yo) = (0, O)um) is in the middle of the electrode, By(yo) = (54, 54)um) is at
the edge of the electrode, and &.,({o) = (75, 75)um) is outside the electrode. The
plot of the real and the imaginary part of the Li€lettric permittivity along a line
perpendicular to th&y-plane and passing through these three pointsorslin Fig.
48, with regard of thes, and e, components. The variation is quite uniform in
correspondence of the middle and the edge of #&rete: anchoring forces change
permittivity profile in the first micrometer of tbkness in contact with boundaries;
however, away from boundaries, the applied voliagempletely able to pilot the LC
molecules, determining a uniform permittivity ptefiNo variation is seen outside the
fishnet, where there is no applied electric fiddd.expected from uniaxial LC physics,
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& ande, exhibit a specular nonlinear variation as the biz@nges from 0 V (unbiased
state) to 7 V (fully biased state).

For the sake of brevity, in the design of a tundHe-LWA, only averaged values of
LC layers permittivity and the two limiting voltageases i(e., unbiased and fully-

biased states) are studied to investigate the mamirtunability range of the THz
LWA.

3. Tunable Fabry-Perot cavity leaky-wave antenna desiy

The proposed THz FPC-LWA consists of a multistatknaterials: high-permittivity
dielectric material layers, such as the alumina,@4, are alternated with low-
permittivity material layers, such as the LCs disat in the previous section.

The multistack of alternating layers could be ipteted as a distributed Bragg
reflector (DBR), meaning that it is a periodic @fenic bandgap (EBG) structure
operating in a stopband [280]. A leaky-wave expl@maof the phenomenon is
provided in [281].

Material layers in the multistack need to haveiektiess equal to the odd multiples of
a quarter wavelength in their respective mediathia way, the alternation of such
layers allows for obtaining a narrow radiated bedrbroadside [281]. The multistack
is placed above a grounded dielectric slab (GDS$xhown inFig. 49 The material
chosen for the substrate layer is the Zeonor be¢aushe THz range, the real part of
its dielectric permittivity £2.3) is almost matched with the real part of the cadin
dielectric permittivity ¢2.42) of the LC mixture [152], [203]. It is required pwoperly
enhance the resonance condition in a FPC [281]eMar, Zeonor is a low absorption
material at THz frequencies and introduces nedtgibsses overall (for a discussion
of Zeonor properties, see Ch. Il Sec. 5).

In the proposed device, the innovating featureasented by the use of LCs as low-

permittivity layers, which leads to the beam-stegmt a fixed THz frequency.
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Fig. 49 Schematic representation of the proposed FPC-LWHits equivalent transmission line model.

A circuit model of the proposed device is showrFig. 49 It takes into account the

anisotropy of LC layers considering:

e 0 0
EV)=| 0 & O ] (IX.1)
0 0 &

According to the reference frame shownFig. 49 when no bias is applied, LC
molecules are aligned along the horizorzadxis ande,(V =0) = ¢,. When a
sufficiently large driving voltage\,) is applied to LC molecules, their director is
reoriented along the verticalaxis ande, (V = V) = &..

With regard to the transverse transmission line ehdlig. 49, the characteristic
admittances,Y;, and the normal wavenumberk,, of the LC layers for both
transverse-electric (TE) and transverse-magnetid) (folarizations (with respect to

thexzplane) are functions of the bias voltage. Thepregsion is given by:

kx 200
Y3TE = (l’_llo and Y3TM = _wgo:x (IXZ)

kTE = /kgsy — k2 and KTV = \/zxigo k2e, (V) —kZ (IX.3)
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wherek, is the vacuum wavenumbéy, is the radiation wavenumber xdirection,k,
is the radiation wavenumber #rdirection,s, is the vacuum dielectric permittivity, and
Lo is the vacuum permeability.
However, the selected LC mixture is uniaxial apdloes not depend on the applied
voltage: only the fundamental TM leaky mode is etiféel by the external bias and,
thus, the TE leaky mode is not of interest in timgestigation. It also allows for
showing the LWA radiation features only in the B@ (.e., thexzplane, with respect
to the reference system kig. 49, that is the plane affected by the TM leaky mode
[282].
The dispersion equation relates the frequency dmel ¢omplex longitudinal
wavenumber. The dispersion equation can be obtayedpplying the transverse
resonance technique to the transverse equivaléworieof Fig. 49 As discussed in
chapter VIII, this method consists of considerihg tsum between the admittance
looking upwardsy,, and downward¥y, at an arbitrary cross section and to equal it to
zero:

Yup + Yaw = 0 (1X.4)
Equation 1X.4 evaluated at the cross section cpardent toc = h, is:

Yini — YoM cot(ky ohg) = 0 (IX.5)
where the input admittance of théh layer can be written as:

Yo = Y-TM Yin,i+1 COS(kx'ihi)+YiTM sin(kx,l-hi) (IX 6)
n,l l YiTM COS(kx,ihi)+Yin,i+1 Sin(kx'ihi) '

where Y;™ is the characteristic admittance of thth layer, k,; is the transverse

wavenumber of theth layer, andh; can be considered as thth layer thickness.

4. Terahertz implementation of a Fabry-Perot cavity laky-wave

antenna with liquid crystals: numerical results

The dispersion curves for an ideal layout (Layoutcdn be derived as a proof-of-
concept of the proposed antenna at the frequend).58 THz. In this design, the
number of layerdy, is set equal to four and the layers are made ladtsless materials
(the effect of losses on antenna performance valleamined further). Relevant

parameters for the antenna designs are listédlihe 11
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Table 11Design parameters for different THz FPC-LWA layout

Layout N hy [um] h; [wm] hs [um] fo [THZ]
1 4 167 127 82 0.5¢
2 8 167 127 82 0.56
3 6 100 75 145 1.00
4 4 18¢ 127 82 0.5€

For the evaluation of materials thickness, (compdesign rules inFig. 49, the
wavelength in the media is considered ag: =AO/\/5_0, for LC layers; A5 =
Ao/+[€r,a1, for alumina layers; andgy, = Ao/ /&rsub, fOr the substrate of Zeonor;
where, is the vacuum wavelengthe. the wavelength corresponding to the design
frequency. Moreovem, n, andp, appearing irfFig. 49, are integer values that indicate
which odd multiple of the quarter wavelength issideredm =1,n=2,andp =1
are chosen in Layout 1; for higher valuesngfn, andp higher-order modes may
appear in certain frequency ranges, and possibdyade the antenna performance.
Finally, in Layout 1, the choice of a design frege fo, of 0.59 THz is due to the
minimum commercially available thickness for alumiayers (12um). At 0.59 THz,
alumina exhibits a relative permittivity. ,j = 9 and a loss tangent of abaah §,; =
0.01 [283].

4.1 Dispersion analysis of fundamental leaky modes: Iskess case of

study

Dispersion curves of the fundamental TM leaky mémtethe frequency range 0.50—
0.75 THz are presented Fig. 50 They are a family of curves obtained gradually
changing the voltage between zero (red curve) aedthreshold voltag®/,, (blue
curve). For the proposed LC cell thickness, valbeew 20 V are sufficient to cover
almost the complete switching range. For simplifythe analysis, it is assumed that
LC relative permittivity linearly varies with thepplied voltage. For this reason, the
unbiased and biased states are always correctlicped. Conversely, the dynamic
variation of, = B,/k, andé@, = a,/k,, corresponding to voltage values between 0
and 20V, could change if the voltage-dependence@ipermittivity is completely
predicted by Q-tensor computations (compare ChSél. 2.1.2).
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Fig. 50 Dispersion curves of the fundamental TM for diéfier THz FPC-LWA with LC: a) Layout 1, b)
Layout 2, c) Layout 3, d) Layout 4. Colors gradyalhade from blue to red as the applied externishge
decreases from Vto zero [with courtesy of Dr. W. Fuscaldo].

The frequency at which the splitting conditifp = &, is achieved can be considered
as the operating frequency. For this applicatiba,dperative frequency is fixed by the
value obtained when the voltage is equaVtdblue curve), which corresponds to the
design frequency. In fact, once the operating feegy is fixed, it is possible to change
the value of the normalized phase const@ntby simply decreasing the external
voltage. On the contrary, the value of the nornealiattenuation constadt, remains
almost the same, such tht > @,. This would allow the steering of the THz beam
with a quasi-constant beamwidth (because it isqgntamal toa, that does not change
with the voltage) at a fixed frequency. Some retgvadiating features for the Layout
1 are reported in the first row dfble 12
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Table 12 Figure of merits for radiating performance of difnt layouts of a FPC-LWA with LCs: beam
reconfigurability epM), directivity (Do) and beamwidth49).

Layout .Mk a,/Ko 0, [°] D, [dB] 40 [°] fop [THZ]
1 0.37 0.16 22 17.87 26 0.59
2 0.44 0.05 26 27.98 8 0.59
3 0.6t 0.0¢ 40 23.9( 13 1.0C
4 0.34 0.17 20 17.35 34 0.56

The maximum pointing angle is given from:

2
M ~ (BMT  (an)\?
6y = arcsin ( . ) (ko) (IX.7)

and the half power beamwidth (HPBW) is [282]:

A0 = HPBW = 2

azM
o CSC 0o for B, > a,
0 (1X.8)

AO = HPBW = 22

aTM
Z for B, = a,

ko

where 8, = a, represents the condition in which the beam padtbroadside. The

directivity at broadside is approximated by thenfala:

Do =4/ 02 (1X.9)
Since equation 1X.8 is derived for a LWA in the iinof an infinite aperture, the
radiation pattern does not exhibit sidelobes (ttfifeadtion from edges is neglected).
Thus, the directivity is well approximated by edoatlX.9, which considers only the
width of the main beam. It is also worth notingttleguation 1X.9 assumes that the
HPBW is equal along the principal planes of theeana. Since in FPC-LWAsS
radiation on the E(H)-plane is determined by the(TK) leaky mode, equation 1X.9 is
accurate as long as TE and TM leaky modes exHitibst the same dispersion. This
condition is fulfilled by FPC-LWAs as those studieere (numerical simulations, not
reported here, corroborate the concept).
As shown inTable 12 the HPBW remains relatively higidq = 26°) when the LC
permittivity changes. It is due to a relatively hitpakage ratedf, = 0.16). Because
the HPBW at broadside is greater than the maximwinting angle, the radiated
power density never decreases below —3 dB duriagtiering of the THz beam.
Therefore, some designs can be developed withitlhécaimprove the scanning range
or reduce the beamwidth of the proposed THz FPC-LW®Ro solutions are possible:
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() increasing the number of material layers (Laydwf Table 13, or (ii) employing
thicker LC cells (Layout 3 ofable 1).

As presented irFig. 50 b) the attenuation constant of Layout 2 is considgra
reduced, whereas the range of tunability is alntiostsame. On the other hand, in
Layout 3 (sed-ig. 50¢)), the attenuation constant is slightly reduced,tbe achieved
range of tunability is wider than Layout 1. Howevar Layout 3, the thickness of
alumina layers is reduced to dB. Consequently, the operating frequency is 1 THz
and the design of the FPC-LWA is achieved with gh&i-order leaky-wave mode
(m=1, n=2, andp=2). Unfortunately, the fabrication of devices widatures as those
presented in Layout 2 and Layout 3 is extremel\lehging. Therefore, an additional
design,i.e,, Layout 4, is considered. It has the same cordigum of Layout 1, but the
thickness of the Zeonor substrate is increasedhadoctosest commercially available
one. This choice will simplify the fabrication ohd device. According to the
geometrical parameters, the most noticeable differe between Layout 1 and 4 are:
() the operative frequency shift from 0.59 to 0186z, and (ii) a reduced range of

tunability.

4.2 Terahertz Fabry-Perot cavity leaky-wave antenna radition

patterns: lossless case of study

Radiating patterns on the E-plane of all the preddayouts can be evaluated on the
basis of the dispersion analysis. The antennaagiawitis modelled with a horizontal
magnetic dipole (HMD) placed on the ground plare&g. 53). HMD source can be
used to model a slot etched in the ground planebaa#-illuminated by a coherent
THz source (compare Ch. | Sec. 2), such as QCphatomixers.

For deriving radiating patterns, two methods ardusi) taking into account only the
contribution of the relevant leaky modéWA theory, and (ii) by invoking the
reciprocity theoremReciprocity.

In the LWA theory the tangential electric field distribution of ardvard leaky wave
over an aperture plane can be Fourier-transformieiining the array factor (AF) of
the antenna. It allows for discretizing the LWA iegthg behavior and taking into

account only the contribution of the relevant leakgde. If the antenna structure can
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be considered infinite in thg- and z-directions, the AF assumes the following

expression:

—2jk,cos(6)

AF(0) = kZ—k3sinZ(0)

(1X.10)

For Reciprocity an in-house MATLAB code is developed for derivitlie one-
dimensional Green'’s functions of the transversavadgnt network (TEN) model by
means of the ABCD-matrix formalism [284]. Afterwarthe reciprocity theorem is
applied for calculating thE-plane far field radiation patterns. The far-figsdtensity at
a given angle can be considered equivalent to the magnetic értited at the source
position by a plane wave, incident with the samglefi and coming from a testing

dipole source [285].

b)

= = =LWA theory = = =L WA theory
— Reciprocity — Reciprocity

60 )

= = =L WA theory
— Reciprocity

90

Fig. 51 Radiation patterns predicted by leaky-wave the@gshed lines) or by means of reciprocity
theorem (solid lines): a) Layout 1, b) Layout 2,lgyout 3, and d) Layout 4 (see Table 3.5). The
condition of the THz beam pointing at broadsidei¢blines) and the radiation at the maximum pointing
angle (red lines) are presented [with courtesy oM. Fuscaldo].

Radiation patterns are reportedHiy. 51 for all discussed layout§ig. 51a), b), and
d), show a very good agreement betwé&WA theoryand Reciprocity However, in
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Fig. 51 c) the LWA theory does not provide an accurate atan. This is probably
because Layout 3 is developed with a higher-orésigth and a higher-order leaky-
wave mode could be present, increasing the sidelews. Reciprocity, however,
correctly predicts this effect.

Some relevant radiating features are listedTable 12 Layout 2 considerably
improves the directivity and, consequently, thenbealth of the THz FPC-LWA. On
the other side, the proposed device, designed @diogpto Layout 3, has an increased
reconfigurable capability. In fact, a higher thieks of the LC layers in Layout 3
extends the range of tunability, but degrades #uw#ation patterns. Conversely, a
higher number of material layers, as presenteddgolt 2, increases the antenna
directivity, but the structure becomes difficultfabricate and could suffer from non-

negligible dielectric and ohmic losses.

4.3Terahertz Fabry-Perot cavity leaky-wave antenna: dspersion
curves and radiation patterns in the case of mateais with

dielectric losses

Dispersion properties of the fundamental TM lealawe modes in the lossy case are
investigated for evaluating the effect of lossestenproposed THz FPC-LWAs.

a) b)
1.2¢

=
[N

1! 1l a; [ ko 3./ ko
= 08| = 0.8} .
S — biased S — biased
5 0.6} —— unbiased 5 0.6 — unbiased
= 04 e i:0.4-
0.2} Bk " 02|
- ;\,
0 : 0 —
05 055 06 065 07 0.75 05 055 06 065 07 0.75
f [THZ] £ [THZ]

Fig. 52 Dispersion curves of the fundamental TM when lessfethe materials are taken into account: a)
Layout 2, and b) Layout 4. Colors gradually shademf blue to red as the applied external voltage
decreases fro,, to zero [with courtesy of Dr. W. Fuscaldo].
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In particular, the performance of Layout 2, whi@sfa better directivity than the other
layouts, is compared with Layout 4, which is eadierfabricate than the other
discussed layouts. However, only dielectric losses taken into account. At a first
approximation, ohmic losses due to LCs electrodesdcbe neglected if PEDOT:PSS
is employed as conductive material (compare ChSéit. 2.2).

The value ofz, increases when dielectric losses are introduEag 62), determining
a deterioration of the FPC-LWA performance in teohboth HPBW and directivity.
For the lossy case, full-wave numerical simulatians performed for Layout 2 and 4
employing CST Microwave Studio (compare Ch. Il S2ctogether with reciprocity.
This setting can be modelled in CST [286] as represd inFig. 53 a unit cell of
periodp is excited with a waveguide port at the distamge

] air : Waveguide :
| port |
[] zeonor : :
| |
Il Alumina | |
Liquid
D cgstals Ground Plane

X

J—

Fig. 53 THz FPC-LWA unit cell model, as implemented in C&ml-wave simulation. A probe for
evaluating the tangential magnetic field at theugbplane is added as a light blue arrow.

Ground Plane 7

The FPC-LWA is electrically large in the transverdane and could be assumed
transversely infinite: Floquet boundary conditimas be applied to the unit cell. Alf;

is the wavelength that corresponds to the operdteguency, the period of the unit
cell isp = 1,,/4 and the distance between the unit cell and theegwde port is
hair = A0p/2, in order to prevent the excitation of higher-orééoquet modes [287].
LC layers are modelled as layers of anisotropicentin the two limit cases of LC
director aligned along andz-axis.
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LWA theory (Lossless)
Reciprocity (Lossless)
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Reciprocity (Lossless)
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Fig. 54 Radiation patterns of a) Layout 2 and b) Layoub#dradiation at broadside (solid) and at the
maximum pointing angle (dashed). Radiation pattamescalculated by means of reciprocity theorem in
the lossless (in red) and the lossy (in black) cBs¢terns from leaky-wave theory are also shovunejb
Full-wave simulations with CST are reported, in thesy case, for radiation at broadside (filledegre
circles) and at the maximum pointing angle (empgeg circles) [with courtesy of Dr. W. Fuscaldo].

A rigorous application of the reciprocity theoreglgs to get an accurate evaluation of
the radiating performance of Layout 2 and 4 forghgposed antennas. fig. 54 it is
possible to notice that the introduction of dieliectosses in the model has a negative
effect in terms of the directivity of the antennti®e beam is wider. This is especially
true for Layout 2, because the number of lossyrtaigehigher than in Layout & éble
13).

Table 13Comparison between radiation properties of Laybahd 4, with and without dielectric material
losses.

Layout AS a,/Ko oM [°] D, [dB] 40 [°] 7 [%)] fop [THZ]

2 0.44 0.05 26 27.98 8 100 0.59
(lossless

2 0.44 013 26 19.26 21 40 0.59
(lossy

“ 0.34 0.17 20 17.35 34 100 0.56
(lossless)

4 0.34 0.21 20 1552 27 80 0.56
(lossy

In fact, directivity is governed by the attenuatioonstant, which accounts for both
radiation and dielectric losses. Consequently, hes iumber of layers increases,
dielectric losses influence the increment of beadltiwi For this reason, a simple
design, such as the one presented for Layout 4¢ dimia good compromise between

reconfigurable performances and easiness of falmica
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5. Conclusions

In this chapter, a FPC-LWA containing material Isyaith reconfigurable electro-
optical properties is investigated at THz frequesci Specifically, different
multistacked Fabry-Perot cavity-like configuratiohave been considered for the
design of a THz radiator with a tunable pointinglanThe benefits and drawbacks of
ideal designs against those of more practical gorditions have been carefully
addressed. Ideal designs show excellent radiagiaiyifes, but are not easy to fabricate,
whereas practical designs show a considerably estyperformance, but are very
straightforward to fabricate. Moreover, even if eral losses are taken into account, a
practical multistack LWA design shows a radiatidiiceency higher of a 10% or more
than the state-of-art reconfigurable graphene FIA& (compareTable 10andTable
13).

The proposed multistack FPC-LWA can be consideszd promising solution for the
current requirement of tunable THz antennas for MHmzless links. The antenna

fabrication and characterization will start to eafprmed in a short time.
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CHAPTER X

Terahertz leaky-wave antennas
based on homogenized
metasurfaces

1. Introduction

In the previous chapter, a FPC-LWA with a tunabténping angle by means of
electro-optical control is introduced as a prongsitevice for THz beam-steering. It is
constituted by a grounded dielectric slab with &RRove, in the form of a distributed
Bragg Reflector (DBR) [93]. In this chapter, anathéend of PRS for FPC-LWAS is
investigatedj.e., the metallic patterned metasurfacehese periodic PRSs are studied
in the situation in which the period is much snralle@n the wavelength, that is called
homogenization limit [288]. Under this condition, single impedance boundary
condition is sufficient to accurately describe #lectromagnetic response of the PRS
as a whole.

In the following sections, the effect of a unitleegeometrical parameters on the value
of the homogenized impedance is shown for threferéifit topologies: the patch, the
strip, and the fishnet [266], [288], [289]. The aohthe analysis is to identify the
design with the highest reflectivity to improve tR€C-LWA directivity. However,
differently from patches and strips for which horaogation formulas exist [266], no
analytical expressions have been reported so fafidonet PRSs. This motivates a

deeper study of this PRS topology.

% The topic, described in this chapter, was develdpeollaboration with Dr. Walter Fuscaldo,
who is the main author of the work.
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2. Design constraints of terahertz metasurface leaky-awve antennas

The PRSs, studied in this chapter, are charactebyea periodic arrangement of sub-
resonant lossless elemerits,, elements with a periogl < 4,. Under this hypothesis,
the homogenized PRS can be modeled as a purelyinamggmpedanceZ; = jX;.
Ohmic losses are not taken into account becausentfal is treated as a perfect
electric conductor (PEC). However, as discussethénr ohmic losses can be also
neglected by employing a high-conductive metal dages copper or aluminum, of
suitable thickness.

The directivity at broadside of a LWA with a PRSsdébed by a surface impedance
Xs < 1y, Wheren, = 1207 is the vacuum impedance, is inversely proportiagaahe

square o [290]:

2
Dy = 18 (X.1)

whereeg,. is the dielectric permittivity of the substratetsréal.

On the contrary, the fractional bandwidth (FBW). the range of frequency,
normalized to the operating frequency, for whicle ttadiated power density at
broadside has not decreased more than 3 dB, lgiproportional to the squai&;

2
FBW = 2 :T\/e_r + tand, (X.2)
0

wheretand, is the loss tangent of the substrate material.

For this reason, lower impedance values lead tblydirective FPC-LWA designs
working in a narrow bandwidth, whereas higher ingrext values lead to moderately-
directive FPC-LWA designs working in a consideratdadwidth.

Furthermore, the FPC-LWASs have to be optimizedaforking in the THz range. This
adds some technological constrains: (i) the aviithalof low-loss THz materials, (ii)
the accessibility to efficient THz sources, (iillet mechanical tolerances in the
fabrication process. With regard to (i), a commetgiavailable substrate of Zeonor,
with a thicknessh = 100 um, is considered (compare Ch. Il Sec. 5). For therara
excitation, a slot can be etchedyhdirection on the ground plane, as for the LWA in
chapter IX. A suitable dimension for the slot coudd 200 x 100 um?. In fact,
considering a guided-wave excitation, such dimenssocomparable with the cross

section of commercial THz waveguides operatinghin @.9-1.4 THz range [80]; if a
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free-space excitation is considered, this dimensionld provide a good energy
coupling with THz beams focalized by commercialsiesn As discussed in previous
chapters, the focus area of a commercial focusévird at about 1 THz has a diameter
of around 1 mm, with an approximately bidimensioBalssian profile. Moreover, the
suggested dimensions allow for modeling the slotaassonant HMD source, as
required for exciting a pair of TE-TM leaky modesa FPC-LWAs [282]. Finally, the

period of the PRS unit cell can be set gc=A1,/5 = 60 um to facilitate the

manufacturing process. It is important to undertimetp should not preferably be set
greater tham,/4 for fulfilling the homogenization limit [266]. Themallest detail

commonly allowed in a standard photolithographiocgss should be greater than

3 um to avoid fabrication issues in a low-cost largeagproduction [291].

60

50

-\

0 25 50 75 100 125 150 175 200
X_[0]

Fig. 55 Directivity at broadside as a function of the @weristic impedance of a PRS (see equation X.1).
Black, blue, green, and red dashed lines seleetsdhctance values required for achieving thealetic
directivities of 15, 20, 25 and 30 dB, respectively

Equation X.1 is represented kig. 55 as a function of the characteristic reactaXge

The four directivity values correspond to theomtidirectivities at broadside of 15, 20,
25, and 30 dB, and can be reachable by employirfgsRith a reactance value of 75,
45, 25, and 15, respectively. However, the curveFig. 55 does not accurately
describe the relationship between directivity amaictance whek; increases, because
equation X.1 is given fokKg < 4. For high values of reactance, the theoreticaleur

in Fig. 55should be intended as an upper bound.
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The method for the impedance synthesis is basethe@rextraction of the surface
impedance of the PRS from a full-wave simulatioGg [282]. Differently from the
literature, the presence of the ground is neglebtshuse it is supposed to not affect
the actual value of the PRS impedance due to & plgparation ok = 0.5 1,/+/<,.
The unit cell Fig. 56) is excited from the top with a Floquet-wave ingiitg on the

PRS with a normal angle of incidenge= 0° for evaluating radiation at broadside.

“FHoquet ]
7] _port1
o Zi
2
=
@ de-embedding
o distance '
e,
PRS element
= = (Z;]
hsub
&
“Hoquet |
__pOLd

Fig. 56 A model for evaluating the surface impedance pédodic PRS. A Floquet wave impinges on the
PRS. The impedance matrix is obtained in correspocel of the PRS, fixing a suitable de-embedding
distance. An equivalent circuit model can be detifer retrieving the value of the surface impedance
from the impedance matrix parameters.

The PRS is deposited on a dielectric substrate tératinates with another Floquet
port. In this configuration, the surface impedaisce

Zo= (Zi - ;)™ (X.3)
whereZz,, is the input impedance [284]:

Z127.
Zin =211 — ﬁ (X-4)

Z; i, 1,j = 1,2 are the elements of the impedance matrix of tleegart network (see

i)

Fig. 56 andZ_ is the characteristic impedance of the Floquetipahe substrate:
Zy,=Zo/\er (X.5)

The proposed method has a considerable advantgeespect to the one proposed in

[266], [282], where a short-circuit termination lages the Floquet port in the
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modeling of the ground plane. In this situatidp,= jn,/ve, tan(kgve,hsyp) and the

argument of the tangent introduces some resonandd®e surface impedance, when
simulations are performed over more than one odt@geiency band. On the contrary,
the method proposed in [266], [282] should be prefe when the PRS is above an
extremely thin substratese., whenhg,, < 1y. However, this situation is of scarce
interest for THz applications. In such conditiotise capacitive effect introduced by
the ground plane may alter the electromagneticoresp of the PRS and the short-
circuit termination in the unit-cell is requiredrfan accurate modeling. Such a model
is accurate only for a given value of substratekiiness: it limits the use of this method

to specific problems.

3. Impedance synthesis of three partially reflectivelseet geometries

Full-wave simulations are carried out for obtainthg surface reactance of the PRS,

which has a periogd = 1,/5 = 60 um, at the frequency of 1 THz.

patch (-)8/2
Ground Plane
[] zeonor ‘
[ PEC/Aluminum L
-
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e e e e e e e e le e il i e e e e o
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Fig. 57 lllustrative example of a FPC-LWA based on PRSwiliree different elements geometry.

As shown inFig. 57, the PRS unit cell can take various forms, such sguare patch,
a strip or a fishnet element. The proposed fislgesimetry can be considered as the

superposition of the other two elements: the patot the strip. All elements are
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symmetric along the principal planesz, thexz, and theyzplane,i.e., the E- and H-
plane, respectively). The reactangs evaluated by employing commercial software
based on a FEM (compare Ch. lll Sec. 2).

A wide variation of their relevant geometrical paeters is considered: the gapfor

the patches, the widthy, for the strips, and the combination of bgtandw, for the
fishnet. Specificallyg andw are varied from 0.Q5to 0.4, with a step of 0.5 These
values represent the lower and upper constraingaltiee fabrication tolerances and
the homogenization limit. The simulations are eatrout at the single frequency of
1 THz since, as long &4 « n,, the operating frequency does not differ much from

the design frequency of 1 THz.

a) b)
0r 200
150t
=250+
>4 > 1001
-500¢
50t
750 : i i i : ; / 0 : - : : ‘ : '
005 0.1 0.15 0.2 025 03 035 04 005 01 015 02 025 03 035 04

g/p w/p

Fig. 58 Surface reactancs; of a) a patch-based PRS, as a function of the alared gapg between the
patches, and b) a strip-based PRS, as a functittreaformalized widthw of the strips.

The simulated surface reactance for the three RRfigarations is reported iRig. 58
andFig. 59 as a function of the relevant geometrical pararaefehe reactance of the
patch-based PRS is negative (d46g. 58 a) because the capacitive behavior is
dominant. Moreover, the absolute value of the inaped decreases as the gap
decreases, due to an increment of the capacitigete©On the other side, the reactance
of the strip-based and fishnet-based PRS is peditacause the inductive behavior is
dominant (se€ig. 58 b)andFig. 59.
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Fig. 59 Surface reactancé; of a fishnet-based PRS as a function of lptmdw. The iso-lines of the
reactance at 15, 25, 45, and(Z%re reported in white dashed lines.

It is also possible to notice that the absolutei@alfX; for a patch-based PRS is never
lower than 10@. It reveals that the patch geometry is not suitdbi the design of a
directive THz FPC-LWA (compare the directivity cenin Fig. 55. However, it is
possible to decrease the impedance value of angamsent of patches employing a
double-sheeted array of patches as in [292]. Hasever, goes beyond the scope of
this work.

On the contrary, the strip-based PRS can achiekeyafX; as low as 3@, if the
width of the strips is large with respect to theigéd It means that theoretical
directivities greater than 25 dB are not achievablee fishnet-like element spans
values of Xs from 100Q to few ohms in the same parameter spdeg. (59.
Consequently, a suitable combinationgofindw values allows for the design of a
highly directive FPC-LWA. Since the fishnet elememas a two-valued space
parameter, any pair @fandw lying on the iso-lines at 15, 25, 45 and(%f Fig. 59
satisfies the corresponding impedance value. Maeadifferently from the strip-
based PRS, a very low value ¥f, such as 18, can be synthesized without an
extreme parameter variation.

If the three PRSs are evaluated in terms of filfagtor (FF), the fishnet PRS has a FF
larger than that of the strip and patch equivadlesigns. It is an interesting property of
the fishnet-based PRS because it may open to th&bilidy of employing this PRS
configuration as electrode for an electro-opticahable material, such as LCs
(compare Ch. VIl and Ch. IX). It would not be pdisiin a patch-based PRS with a
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comparable filling factor, due to the intrinsic tdpgy of patches, which are not
interconnected elements.

It is also important to evaluate if the PRS witbhfiet-like elements exhibits frequency
and spatial dispersion. In general, when a densy af elements is modeled in the
homogenization limit, the dependence on the an§limadence (spatial dispersion)
and on the frequency (frequency dispersion) halsetaaken into account. The grid
impedance of patches for TE polarization and thd gnpedance of strips for TM
polarization, as a consequence of Babinet principioked because the strips array is
the complementary structure of the patches ar283][ exhibit a spatially-dispersive
character.

In Fig. 60the surface reactanég of a fishnet-like unit cell of periogd = 4,/10, and
geometrical parametegs= w = p/10 is presented. The unit cell is simulated with a
commercial software employing a FEM, in the frequyerange between 0.5 THz and
1.5 THz, for angles of incidence varying from Ofuéb curve ofFig. 60 to 80° (red
curve of Fig. 60). These numerical simulations show that the fisHPRS surface
impedance is essentially spatially nondispersivas property might be of particular
interest in the future perspective of developingRC-LWA based on a metasurface,
with tunable radiation properties (as already psggbfor the multilayered FPC-LWA
described in Ch. IX).

13t : i

" , 0.9 1 1.05
0.5 0.75 1 1.25 1.5
f [THz]

Fig. 60 Surface reactance of a fishnet-like unit cell dsirection of frequency. The family of curves is
obtained changing the angle of incidence from BQd(the color shades from blue to red, respeglive

According to the impedance analysis, the fishret-IPRS (i) allows for a high
directivity, in combination with a flexible choide its geometrical parameters, and (ii)

133



is suitable for the design of a FPC-LWA with a nefigurable pointing angle (compare
Ch. IX). In the following section, the radiatingoperties of four FPC-LWAs based on
four different fishnet-based PRSs are fully chardzed.

4. Radiating behavior of Fabry-Perot cavity leaky-wave antennas

based on fishnet-like metasurface

Four different pairs ofv andg are selected among those lying on the same igosfin
Fig. 59 with the aim to develop PRSs with impedances®f2b, 45 and 78 (for
details, sedable 14. The choice of a specific pair of parameters &nty due to the
easiness of fabrication and to the good fulfillmehthe homogenization limit. In fact,
all the pairs lying on the same iso-reactanceléiad to the same antenna performance.
The surface impedance is characterized over a dregurange from 0.5 THz to
1.5 THz, to have a frequency-dispersive model efftiur fishnets. As shown ifig.

61 a) almost all designs lead to a reactance withealifirequency dependence: it is a
consequence of the dominant inductive behavion®RRS.

Table 14 Relevant geometrical parameters and radiating gutigs of the FPC-LWAs based on the
considered PRSs with fishnet-like elements.

e wp S Tl W™ we oo e
15 02 0.4 (8:322 é:gi (8:82; 0013 75 69 27.74 26.13 (g:ig:
25 02 025 (gzgg;) (g:g) (8:823) 0008 90 88 23.34 22.96(%;3)
45 03 02 (g:ggg) (g:gg) (8:32) 0005 96 95 20.23 19.78 &g:gg)
66 03 0.1 (gzggg) ég:gg) (8&22) 0003 98 98 17.04 16.26(%:(1)2)

An exception is the design represented by the béadkl line of Fig. 61 a) which
seems to show a quadratic behavior. This can bdaiegd by considering the
geometrical parameters of the layogf';p = 0.3 andw/p = 0.1. Such values reveal a
geometry with very narrow strips and a lower fiffifactor §F = 0.61) that the layout

chosen for an impedance of @5(FF = 0.8). Consequently, the inductive behavior is
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less dominant and the impedance is high: the dds&ga lower directivity and a
higher fractional bandwidth than the other propdagduts.
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Fig. 61 a) Surface reactance as a function of the frequéorcthe four layouts presented Trable 14
behavior at 1% is in red, at 2% is in blue, at 4% is in green, and at 88 is in black. b) Section of the
proposed FPC-LWA and its equivalent circuit modglandz; are the modal impedances in the air and in
the medium, respectively, wherdgg andk,, are the vertical wavenumbers in the air and inntleglium,

respectively.
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Fig. 62 Dispersion curveg,/k, (solid lines) andx/k, (dashed lines) as a function of the frequencyhén
insets, the frequency range is limited to 0.8 —TH2 to highlight the behavior around the operative
frequency of the dominant leaky modes for both iiEg(een) and TM (in blue) polarizations.

135



Because the PRS with fishnet elements is spatmhdispersive (compatreig. 60),

the surface impedancg(f) can be modeled as a function of the sole frequency
without including the dependence on the wavenumbkich is supposed to be almost
constant for all designs. TH&(f) is then implemented in an equivalent circuit model

(as inFig. 61 b)) and the dispersion analysis of the radiatingcstine is performed
[294].

a)

60 75 90 0 15 30 45 60 75 90
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P(0)/P(0)

15 30 45 60 75 90
or]

Fig. 63 Radiation patterns normalized to broadside rashatialculated with the leaky-wave approach
(black solid lines) and reciprocity theorem (blatdshed lines) are reported over Explane for the four
layouts ofTable 14

Numerical results for the four FPC-LWAs are reporiteFig. 62 the behavior of the
complex-mode normalized phase (solid lines) anehatition constants (dashed lines)
is presented in the frequency range 0.5 — 1.5 Tdbéth TE (green) and TM (blue)
polarizations. It is possible to notice frdfig. 62 that, as the impedance increases, as
well as the operating frequency differs from theige frequency of 1 THz (compare
Table 13. This circumstance determines a non-negligiblseglialization of the

radiating performance over the E- and H-planeshasvn inFig. 63andFig. 64
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However, whenX; « n,, the change in the operating frequency can beytrelly
predicted with good accuracy by [290]:

fop—J/o — 1 ( Mo )
— —arccot WA (X.6)

In addition, a higher impedance value increasesntitenalized attenuation constant
value in correspondence of the operative frequethiy:effect is predictable, due to a
weaker reflectivity of a higher impedance value.

Consequently, as the impedance value increasesadisgion patterns at broadside of
the corresponding LWA have wider beamwidths andiced directivities. Both leaky-
wave theory [222] and reciprocity theorem [285] fawn this behavior, as shown in
Fig. 63 for the E-plane (primarily determined by the TM leaky moded inFig. 64
for theH-plane (primarily determined by the TE leaky mod&me relevant radiating

properties for all layouts are listedTiable 14

a)

P(6)/P(0)

60 75 90 90

P(0)/P(0)
P(6)/P(0)

90 0 15 30 45 60 75 90
o[l

Fig. 64 Radiation patterns normalized to broadside rashatialculated with the leaky-wave approach
(black solid lines) and reciprocity theorem (blatdshed lines) are reported over the H-plane fofdhe

layouts ofTable 14
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With regard to the efficiency of these devices, lthes tangent of the Zeonor (see Ch.
Il Sec. 5 for a comparison between THz suitableenwls properties) contributes to
raise the leakage rates in all layouts. Henceatheunt of leakage due to radiation
ar.q @and due to absorptioft,s can be determined for calculating the efficiensy a
proposed in [295]:

e = eraily = 24 (1 —e™") (X.7)

where &, = @raq + Q1oss, L i the dimension of the structure yn and z-direction,
er o = lim;_,., e, is the efficiency contribution due to the subsirltsses, ang, is
the efficiency contribution due to the finitenesshe structure. The values ef,, and

e, are reported iMable 14for L = 204, which allows to havej, > 90% for all
layouts. The gain can be calculatedzas e,.D,. It results just few dB lower than the
predicted theoretical directivities, confirming tremarkable radiating performance of
FPC-LWAs based on the metasurfaces with fishnetetés. The impact of the
substrate loss is more evident for highly-directaypouts: it leads to a reduction of the

efficiency of 20% more than the layouts with a low#&ectivity.

4.1 Full-wave analysis of the truncated structure

Full-wave simulations of the truncated FPC-LWAsdth®n PRSs with fishnet-like
elements are performed by employing CST Microwattei® (compare Ch. Il Sec.

2), with the aim to evaluate the effect of diffiaot from edges. The structure is
excited by modeling a-oriented HMD (compare Ch. IX) with a slot of laér

dimensionsty/2 andA,/4 along they- andx-axis, respectively.

As shown inFig. 65 a)-b) and Fig. 66 a)-b) the effect of the lateral truncation
(L = 204,) is almost negligible due to the weak contributidrihe field at the edge of
the structurerf, > 90%).
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Fig. 65Radiation patterns normalized to broadside ramtiatalculated with the leaky-wave approach (red
solid lines) and reciprocity theorem (blue astejskand validated with full-wave simulations (black
circles) are reported over tleplane for the four layout ofable 14

The agreement between full-wave simulations (sivaltk circles of~ig. 65 andFig.
66), the leaky-wave approach (red solid lines Ff. 65 and Fig. 66), and the
reciprocity theorem (blue asteriskskif). 65 andFig. 66) is remarkably good. Some
differences can be just observed on the E-planthiotast two layoutsHg. 65 c)-d),
probably due to a weaker validity of the homogetidra hypothesis. A period of
Ao/10 for the unit cell could lead to a closer agreemEatwvever, for that value of the
period, the mask details for the PRS fabricatioa ar the limit of the standard

tolerances for the targeted low-cost large areadfittiographic process.
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Fig. 66 Radiation patterns normalized to broadside rashatalculated with the leaky-wave approach (red
solid lines) and reciprocity theorem (blue asta)skand validated with full-wave simulations (black
circles) are reported over the H-plane for the fayout of Table 14

Finally, the same simulations have been perfornig@dy assuming a lossy layer of
aluminum, with a thickness larger than its skintbeqt 1 THz, in place of the ideal
PEC modeling the metallic part of the fishnet-lddement; (ii) by considering possible
errors due to fabrication process, such as theligngaent of the slot with respect to
the center of the structure, a rotation of the wiithh respect to thgy-plane, and so on.
Corresponding numerical results are not shown Isecatihey do not present
appreciable differences if compared to datk&ig 65andFig. 66. The only exception

is when the slot has a misalignment of 0 in the transverse plane and a rotation
around the vertical axis of about 15 mrad. This figomation barely affects the
symmetry of the radiation pattern below the levetie sidelobes (around -20 dB),

showing a further confirmation of the validity &fet homogenization limit.
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5. Conclusions

The proposed fishnet-like PRS has interesting featwith respect to other existing
PRSs. At first, it provides a very low purely imagry impedance in the THz range
without an extreme variation of its geometricalgmaeters, as is required for the design
of similar homogenized metasurfaces, such as patohstrips [38]. Consequently, a
FPC-LWA based on a fishnet PRS can have a verydirgltivity.

Secondly, this PRS has a high filling factiog,, a high ratio between the area covered
by the metal and the unit-cell area. Moreover,fibienet is a topologically-connected
geometry and its surface impedance is spatiallydispersive: the fishnet PRS is an
attractive candidate as top electrode in a FPC-Liléd with an electro-optically
tunable material, such as LCs.

Finally, differently from patches and strips, fohish already exist homogenization
formulas [266], no analytical expressions have lregorted so far for such PRSs, thus
motivating the in-depth study carried out on tHiRSRgeometry.
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