











strong one, which can be viewed as a circular hetall arrangements of magnetic dipoles,
all squeezed into a single point as shown in Eify. Boroidal resonant modes are peculiar
localized electromagnetic excitations, which aregarized in different family of resonant
modes far away from classical or conventional etesignetic modes namely electric and
magnetic dipole modes. These type of resonancebecatentified as circular head to tail
magnetic currents rotating around torus. The t@lotipole is not a part of standard
multipole expansion, despite corresponding to auwmicurrent density. It is an elusive
counterpart of the charge and magnetic dipolesghvisi produced by currents flowing on

the surface of a torus along its meridian as shiowig. 8.2b.

Figure8.1| Threefamiliesof dynamic multipoles. The three columns on the left showing
the charge-current distributions, which contribtdethe classical electric and metallic
multipoles and the unconventional toroidal multgslFigure reproduced from ref. 1, APS.

8.1.2 Fabrication of Proposed Plasmonic Metasurface

Two level lithography based microfabrication prasswere developed by designing two
different mask for Ti and Fe respectively to fabte the proposed THz plasmonic

metasurfaces as shown in Fig. 8.2a. In order toigeothe required transparency in the
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THz domain, undoped and high resistivity (HR) Sifeva>10 k2.cm) with the crystal
orientation of <100> was used as substrate [Z]I3. wafer was sonicated consequently
in acetone, isopropyl alcohol (IPA) and deioniz&d) (water for 10 minutes each and
finally dried by Nitrogen to make it ready for tifi@brication process. We selected a
negative photoresist (NLOF 2020) for lithographggess. We spin-coated the photoresist
in two steps with 100 rpm/s ramp, 500 rpm/s speedfsec in first step and 500 rpm/s
ramp, 3000 rpm/s for 45 sec in the final step. phetoresist thickness was obtained as 2
um. We prebaked the samples for 90 sec at 110°Ghemdexposed it for 5 sec with OAI
(800) Mask Aligner. The exposed samples were pakéth for 90 more seconds at the
same 110°C. Then we used MF26A developer for 2Gsachieve our required feature.
Using e-beam evaporation, we then deposited 30@fnfi layer with the rate of 2 A/s
(99.99% purity for Ti with process pressure ~5%1Dorr). The lift-off process was
performed for 15 min by immersing the samples iet@ge sonication bath. The the
samples were plunged in remover PG for 120 mirD&t heat followed by IPA and DI
water rinse. By following the same steps and uliegsecond mask, we deposited Fe with

e-beam evaporation tool (99.95% purity for Fe, pues ~5x10 Torr).

8.1.3 Experimental Resultsand Discussion

Figure 8.2(a) represents the artistic 3D schema#iw of the proposed THz plasmonic
multi-metallic metasurfaces unit on a HR Si sulistexplicitly mentioning the incident
THz beam profile direction and electric field patation. The device geometry with detail
material specifications are demonstrated in Figb8vith a top-view profile. Figure 8.2c

presents an SEM image of the fabricated arraysibfcell with the gap distance 8f;=3
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um between central horizontal and peripheral curesdnators. The focused SEM image
of the single plasmonic unit cell is shown in F§2d. In calculating the optical
characteristics of the proposed unit cell, expentaky obtained permittivity values for Fe
by Ordalet al for the satellite split curved resonators weredugl]. Room temperature
natural oxide formation (E©3) of a few nanometers on top of Fe curved strusturere
also considered for accurate calculation [5]. Wedusefractive index of Ti and Si both
from Palik for the central resonator and substegeectively [6]. The formation of circular
magnetic fields in the center of the structure aaseved by exciting localized modes with
an input THz beam in negative z axis directionhasas in Fig. 8.2a. The effective electric
dipole moment experiences dramatic suppressiohdgxcited strong electric resonance
mode supported by the central Ti resonator anevdek magnetic resonance modes in the
Fe curved resonators [7, 8]. For the magnetic r@so®m mode ng), it creates strong
magnetic fields oscillating circularly in opposd&ection at the edge of the Ti block and
leads to excite weaker magnetic modes horizontdlg@entral Ti section as shown in Fig.
8.3a [9]. On the other hand, Fig. 8.3b illustratke formation of a head-to-tall
configuration of the magnetic moments contributtogthe desired toroidal dipolél)
around the center of the unit cell supported byttras surface current$) (along the
meridian in circular fashion. The arrows specifigddighlight the current and magnetic
dipole moment direction as in close-loop mannerd Aoe to the designed antisymmetric
geometry of the proposed plasmonic metasurfaceieiipgired head-to-tail configuration

for toroidal dipole mode was observed perpendicidadhe central Ti block.
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Figure 8.2 | Proposed switch based on THz plasmonic metasurfaces. (a) 3D schematic
of the proposed unit cell of plasmonic metasurféiceA top-view schematic of the multi-
metallic unit cell with detail geometrical descigst. (c) The SEM image of fabricated
proposed plasmonic structures in arrays for thé celis with the gap spots between
surrounding and central resonator® g3 pm withL=240 pumR=50 pm W;=30 pum, and
W>=40 um. (d) The focused SEM images for each utiitngth Dg=3 pum.

We can calculate the corresponding transmissidimeafnagnetic radiation from the
proposed multi-metallic resonators based arrayskiyng into account both the scattered
magnetic and incident electromagnetic fields. THecéive contribution of the far-field

scattering of the magnetic fielti{ca) can be described as [9, 10],
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wherek is the wave vectoZy is the impedance of the mediusjs the permittivity of the
vacuum,n is a unit vector in the direction of the inciddiiz beam, and finallync and
Tc are the magnetic and toroidal dipole momentpeets/ely, which are defined as [11],

1
mC:Z—CJ(rxJ)d3r

T, :%I[(r.\])r —2r2J]d3r

(8.2)

whereld is the induced current density over the entireina of the area ardis the speed
of the light in vacuum. The effect of the offsepggDy) between the Fe curved and Ti
central blocks on the electromagnetic responsefindsanalysed to investigate the strong
dependence of the magnetic response to the variatiogeometrical parameters, as
summarized in Figs. 8.3c(i)-8.3e(i). It will help to understand the controlling mechanism
for the position and sharpness of the induced ntagfesmonic resonances by varying the
offset gap. FoiDg=3 um, a sharp magnetic dipole mode minimum is obseate€0.23
THz (indicated bym in Fig. 8.3c) in the experimentally measured ndized transmission
amplitude profile. On the other hand, toroidal dgpamoment T) minimum with ultrasharp
and distinct linewidth was excited at ~0.203 THzsasn in Fig. 8.3c. In this case, the
magnetic fields created in the curved Fe resonaiodsthe close-loop magnetic dipole at
the offset gap region cumulatively contribute te thrmation of the required head-to-tail
configuration for the toroidal resonance mode tgtothe classical modes’ suppression as

reported elsewhere [11-14]. It poses a seriouslasige to excite this peculiar and
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ultrasharp toroidal resonance mode by employingventional planar structures. The
proposed plasmonic metasurface unit cell enhareestuced toroidal mode due to the
introduction of Fe in the curved section with tlental Ti block, instead of using Ti all
over. The strong electric and weak magnetic resgmms$ the central Ti block help to
prevent destructive interference of the strong rrignmoments supported by the curved
magnetic resonators and the dipole moments supploytthe central resonator. As a result,
formation of a closed-loop head-to-tail magnetiomeat configuration would be possible
around the central part of the unit cell. Furthemmdhe presence of the HR Si substrate
below the multi-metallic unit cell resonator incsea the asymmetry of the entire
metasurface. With the increase in the offset gaguim and 5um, we observed linewidth
broadening and suppression of the toroidal modeictwlilramatically reduced the
sharpness of) -factor of both the magnetic and toroidal resoeamodes as seen in Fig.
8.3d(i) and 8.3e(i). Figures 8.3c(ii)-8.3¢e(ii) surmiae the SEM images of the samples
with the offset gap variation. Here, we can se¢ dloa numerical simulation results (see
8.3c(iii)-8.3e(iii)) are in pretty good agreementiwthe experimental results, which also

validate our simulation methods. We also calculatedicorresponding experiment@}

factors as high aQ”_ =14 andQ] =18 for the magnetic and toroidal modes, respectively

exp exp

[7, 8, 15, 16].

In order to confirm a resonance mode to be tordigsd, we need to investigate the
magnetic field profiles along with surface curredistribution. Simulated localized
magnetic fields in the plasmonic metasurface agvaho figures 8.4a and 8.4b exhibit the

intense magnetic field confinement at the centrahef proposed metasurface for the
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toroidal resonance and at the edges in circuldrdasfor the magnetic resonance mode,
respectively. In addition, we used the cross-saationonitors for the magnetic field (H-
field) excitation across the plasmonic metasurfdeoth toroidal and magnetic resonant
moments as illustrated in Figs. 8.4a(iii) and 8ii)bfespectively, which provide a better
understanding of the formation of head-to-tail glac magnetic fields at the centre of the
resonator. The surface currejit\yas also simulated for both the resonant modasg;hw

are shown in Fig. 8.4c.
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Figure 8.3 | Magnetic and toroidal resonance modes characterization. (a), (b)The 3D
schematics of the magnetim) and toroidal T) resonances, respectively. (c), (d), and (e)
The electromagnetic response of the proposed THsnpnic metasurfaces: (i)
Experimentally obtained normalized transmissiorfig®for the arrays with varying three
different offset gaps, (ii) the corresponding SEiVages for different offset gaps between
resonators, (iii) Numerically simulated transmissgpectra for those three different offset

gaps.

Next, we investigated the effect of the geometricatiations in the magnetic
curved resonators on the excited plasmonic respoinde metasurface. To this end, by

keeping the width of the central block fixedV&#=40 um, we changed the widths of the
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curved Fe resonators Wh=25 pum with the radii fixed tB=50 pm. Figure 8.5 summarizes
both the simulation and experimental results fas geometry settings at three different
offset gaps. With the reducing width of the Fe comgnts, strength of the magnetic dipole
moment (n) decays dramatically as expected and does naiteads strongly as it did in

the previous cases with larger width. Thereforsigaificant decay in toroidal mode was
observed due to slightly dominant behaviour of ékeited classical electric dipolar and

multipolar moments.
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Figure 8.4 | Numerical cross-examination for magnetic and toroidal resonances. The
electromagnetic field of the proposed structuréaatoroidal and (b) magnetic resonance
modes. Simulated local |H|-field (A/m) for the tol@ and magnetic resonance modes
highlighting the confinement and excitation regiam§) linear and (ii) logarithmic scales.
(iif) The cross-sectional vectorial maps for thegmetic field lines for those same resonant
modes. (c) Numerically calculated surface curr@hisf the proposed plasmonic structure
at resonant modes.
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Figure 8.5 | Effect of gap size in toroidal and magnetic resonances in the proposed

plasmonic metasurfaces. Normalized transmission profiles of the THz plasmesystem
with three different offset gaps obtained (i) expemtally and (ii) numerically for (d)¢=3

pm, (b)Dg=4 um, and (c]pg=5 um. The insets are the SEM images with the gaarak
dimensions.

It should be noted that despite of achieving plevaresponse, both electric and
magnetic multipolar moments are not still resonanhis frequency due to poor scattering
efficiency [17, 18]. After comparing Fig. 8.5a akdy. 8.3a, the dramatic decay in the
correspondingQ-factor of the toroidal mode is obvious. In the saway, the magnetic
dipole moment also decays significantly due to tlmeninant electric and magnetic

classical multipolar modes. In this limit, incraagithe offset gap distance between the
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central and curved resonators gives rise to comgndecay in th&)-factor of both the

induced modes (see Figs. 8.5b and 8.5c¢).0reb pum, the magnetic dipolar moment is
almost disappeared and difficult to identify in teperimental transmission. Also, the
minor blue-shift in the positions of both resonalps is caused by the geometrical

dimension variations, which can easily be descrieiie scattering theory [14].

It should be noted that the exquisite propertieshef proposed THz plasmonic
metasurface is not limited to sustaining ultra-phtaroidal response. The unique geometry
of the multi-metallic resonators allows for higlagnsitive polarization dependency to the
angle of the incident beam. This feature allowsuiee of the proposed structure as a THz
switch. Using the inherent and exotic anti-symmefrthe plasmonic unit cell, an efficient
polarization-dependent plasmonic toroid switch t@nrealized. By choosing the best
response from the previously studied structureb Wieé highes@Q-factor, we analyse the
behaviour of a sample unit cell under incident Tdéam polarization variations. Figure
8.6a shows an artistic schematic of the metasudadethe anglep) and direction of the
incident magnetic field (H). In Fig 8.6b, we platteahe experimentally measured
normalized transmission spectra for a unit celhwtiite following geometrical parameters:
Dg=3 um, withL=240 pm,R=50 pm,W1=30 pm, and\>=40 um, to achieve the highest
possible Q-factor. In principle, for the incident magneticape in the longitudinal
polarization limit =90°) parallel to the central block (}H the same toroidal dipolar dip
is induced with high® around 0.2 THz and the beam transmissivity iseemély low.
Rotating the angle of the polarizationte45°, we observed a drastic decay in the toroidal

resonant mode dip. Eventually, i@ 0°, where the incident magnetic component entirely
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transverse (H) to the central block, the toroidal dip is elimi@e and the plasmonic
metasurface acts as a transparent media at thissiney. As a result, the toroidal resonance
characteristics disappeared. To understand theigshppehind the disappearance of the
toroidal mode, weshould note the direction of the incident electiééd component (ff)

as well. Forp=0°, due to the antisymmetric geometry of the plasmanit cell, the
incident electric field component becomes parglig) to the central block and offset gaps.
In this regime, the electric field becomes domireamd the required head-to-tail magnetic
moment closed-loop cannot be formed around theralebkock of the micro-structure.
Interestingly, however, a distinct magnetic dipetasment around ~0.23 THz remains due
to excitation of the dipolar magnetic resonancedhgy magnetic peripheral curvem
transverse incident magnetic beam. One should thate the Q-factor of the induced
magnetic dipolar moment in this regime is poor@ntthe ones in the previous regimes.
Moreover, the transmission spectra (for the toraielsponse) as a function of the magnetic
component of the incident beam angigié plotted in Fig. 8.6¢c. Such a strong dependence
of toroidal minimum can be exploited for fast arfliceent on/off routing [19-25] and
filtering purposes [26, 27]. As a key parameter, algo computed the corresponding
modulation-depth (MD) for the proposed metasurfasea function of microstructure’s
geometries, as shown in Fig. 8.6d. Here, the bd3twés determined as ~96% for a
resonator with the gap size ofudn and curved resonator width of 3én. The plotted
diagram shows the strong dependency of the tordigalar mode and subsequently MD
on both geometrical and polarization. Ultimately, vierify this claim, we plotted the

transmission spectra vs polarization angle in pplane for the analysed unit cell in Fig.

110



8.6e. The obtained experimental and numerical ctatéirms the strong dependency of the

transmission characteristics of the beam, espgdialits angle of polarization direction.
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Figure 8.6 | Experimental results for the proposed THz switch. (a) A perspective
schematic for a metasurface consisting of arraysofpositional plasmonic metasurface
unit cells. (b) Experimentally measured normalizeahsmission amplitude for both
toroidal and magnetic responses of the plasmonit aeill under different magnetic
polarization angles 0% ¢ < 90°. (c) Toroidal response of the unit cell asuaction of
incident beam’s component angle. (d) The MD pemgaas a function of boW: andDyg,
showing the highest value around ~96%. (e) Therpgalat for both experimentally and
numerically obtained transmission spectra for theitlal resonant mode.
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CHAPTER 9

Conclusions and Future Direction
9.1 Conclusions
In this dissertation, we have presented novel amires to achieve enhanced difference
frequency generation (DFG) across the whole spectrage (0.5-10 THz) of THz
radiation. Each of the proposed THz emitters hasattvantages of wide range tunability,
compactness, room temperature operation, fast ratdol and the possibility for
monolithic integration, which are the most souditeraproperties in the new generation
THz sources. First, we investigated THz radiatiom ihybrid optical and THz micro-ring
resonators system. For the first time, we were &blsatisfy the DFG phase matching
condition for the above-mentioned THz range in single device geometry by employing
a modal phase matching technique and using twaaehadesigned resonators capable
of oscillating at input optical waves of shorterwebengths and generated THz waves of
longer wavelengths. In comparison to microring negors, microdisk resonators with the
same dimensions are expected to provide higheitgdattors with smaller radiation
losses due to the absence of inner cylindrical Haties. Therefore, we investigated
another potential THz emitter by using microdiskaators. Due to the fact that micro-
ring or micro-disk resonators are resonated aageftequencies over a frequency range
of interest, the difference between the two conbeeuesonant frequencies, namely free
spectral range imposes a limiting factor of minimtwmability resolution in the designed
THz emitters, which demanded further research sigtleTHz emitters with continuously

tunability across the THz range of interest.
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Further, we explored numerous coupled plasmonicostamctures to create
extremely large localized fields with plasmonicaeance mode, because it is possible to
enhance inherently weak DFG process by employieghighly intensified input fields.
Here, we proposed a novel antenna geometry — therdiod-tapered antenna (DRTA),
where we created a hot-spot in the nanogap bettireedimer arms with a huge intensity
enhancement of 4.1x1@t resonant frequency. Then, we investigated Dp&ation in
the antenna geometry by incorporating a nonlineaodot in the hot-spot of the antenna
and achieved continuously tunable enhanced THatiadiacross 0.5-10 THz range. We
have also proposed and investigated in detail sgieore-shell plasmonic nanostructures
for continuously tunable DFG THz radiation in therse range. Finally, we investigated
and designed another THz emitter by coupling alumimgrating resonators to a thin film

of nonlinear layer.

In addition, we designed a multi-metallic resonat@roviding an ultrasharp
toroidal response at THz frequency, then fabricated experimentally demonstrated an

efficient polarization dependent plasmonic toroadtsh operating at THz frequency.

9.2 Future Direction

Seeing the strong need for advanced THz devicésing THz technology into life, we
will continue pursuing research opportunities teestigate the tunable THz sources and

to integrate them with compact THz detectors tateren-chip THz spectrometer systems.

115



9.21 Demonstrating Biosensing Capabilities by Integrating Microfluidic Channel

with the Proposed THz Emitters

Ultra-compact, label-free, non-invasive, safe, thtection technique with high sensitivity
and selectivity, simplicity of sample preparatideps are the most demanding features in
any kind of sensing devices. THz absorption spsecbopy has emerged as a successful
method to noninvasively identify minute amounts m@bmolecules or biochemical
substances [1-3]. Certain volatile organic compaualdo exhibit absorption signatures in
THz region, which makes them potential candidatebiamarkers for certain diseases in
THz absorption spectroscopy [4]. Acetaldehyde issatered tracer for lung cancer,
alcoholism and liver related diseases; isopromglabl is a tracer for lung cancer; acetone
is a tracer for dietary fat losses, congestive thé&ilures, diabetes and lung cancer;
methanol is a biomarker for nervous system disgrdad ethanol is a tracer for the
production of gut bacteria [5-7]. Again, it has beeported that polyomavirus capsid and
virus-like particles show dramatically different dardistinctive absorption spectrum
compared to capsomeres in THz range [8]. Hendenitands for further investigation into
the potential possibility of finding THz spectradsatures of other viruses with the use of
THz spectroscopy. Here, we propose to develop &ma-cbmpact lab-on-a-chip THz
spectrometer by integrating our proposed THz emsitteith microfluidic channel and
CMOS compatible THz detector, where microfluidicanhel will be employed as an
absorption cell for different biomolecules, biocheah substances, volatile organic

compounds and viruses or virus-like structures.
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Figure 9.1 | Proposed ultra-compact L ab-on-a-chip THz spectrometer. The proposed
THz emitters can be monolithically integrated toZldetector coupled with a microfluidic
channel for point-of-care testing.
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