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Abstract

Metamaterial (‘beyond the natural material’) is artificially contrived subwavelength structure
which was conceived to realize several unusual and exceptional properties which were not
viable in nature. The applications of metamaterials are not only limited to electromagnetism,
but they are expanded towards acoustic, mechanical, optical, thermal, electrical, transport, and
in other several applications. The merit of metamaterials is drawn from their geometrical
designs, imperative of the constructive materials. Electromagnetic metamaterials are used in
diverse electromagnetic spectrum (from microwave to optical domain) depending upon the
dimension of structures and design variations. Imperative of metamaterial structures, the
efficiency of them is limited due to their associated inherent losses. One of the dominant losses
in such electromagnetic structures is radiative loss, which generates when electromagnetic
waves interact with such artificial materials. Such loss is a major degrading factor specifically
in applications where energy conservation, low-power applications, and high efficacy
operations are required. Such study, i.e., non-radiative metamaterials for microwave and
optical domains are evident in the scientific community; but, for terahertz photonics,
exploration of such designs or structures demand extensive investigation, which is believed to
be one of the cornerstones for realization of advanced, highly efficient, next-generation
terahertz devices and components to be applied in different integrated electronic circuitry and
optical devices.

In this present thesis, our aim is to experimentally and theoretically (numerically) demonstrate
different design concepts of non-radiative metamaterials for terahertz applications. Major
focus of this thesis is to mitigate (control and decrease) radiation losses from terahertz
metamaterials by realization of different non-radiative phenomena (like Fano resonances,
Bound states (BICs), electromagnetic anapoles etc.) and simultaneously tailoring the nature
and properties of the hybridized resonances with suitable geometric and dynamic tuning. For
practical applications, we evince high quality (Q) factor based Fano resonance with large
detectable intensity which can also be differentially tuned with different external excitations
(for example, differential response with applied polarizations is dynamically tuned by

electronic means). Larger Q-factor implies lower radiation loss and larger energy confinement
\



in the device. In general, excitation of Fano resonances were always being excited with
structurally broken symmetry. We further demonstrate excitation of asymmetric line shaped
Fano resonances in the absence of structural asymmetry by employing broadside coupled
stacked metamaterial structures. Such structural configurations have the unique advantage in
confining energy to a significant extent compared to planar metamaterials or metasurfaces, and
results in strong terahertz-matter interaction and ultra-sensitive sensing performances.
Moreover, in periodic metamaterial structures, lattice constant (coupling of metamaterials’
resonances with lattice mode) and structural asymmetry are the major factor depicting the
nature and line shape of resonances which govern the radiation loss associated with it. With
variation of lattice constant of metamaterials, the hybridized resonances can be transformed
from radiative to non-radiative states and vice versa. Furthermore, structural asymmetry is a
major governing factor in the coupled metamaterials to tailor radiation loss. In general,
increasing asymmetry leads to higher radiation loss from the devices. We do a detailed study
on structural asymmetry in near field coupled metasurfaces and demonstrate excitation of
several non-radiative states like BICs, electric and magnetic Fano resonances, anapoles at
different structural asymmetry values (both low and high), which yields principally from mode
hybridization. Moreover, by operating at large asymmetry regime, we postulate the criteria to
induce artificial transverse magnetism in a non-magnetic straight metallic wire, which provides

scientific community with the foremost concept of ‘magnetic wire’.

The practical employability of such terahertz metamaterials can be enhanced by inducing
dynamic reconfigurable ability in it. An important dynamic tuning scheme which is still not
much explored in terahertz metamaterials is magnetic tuning. Magnetically reconfigurable
designs are specifically useful for metal-based structures where we need to modulate the
conductivity of metal films, which would not be feasible by most of the existing schemes (viz.
electrical, optical, mechanical (MEMS) tuning etc.). In this context, we demonstrate the
magnetic modulation of non-radiating resonances in metamaterials, which can be very useful
for several practical applications for realization and enhancement of performances for both
optically thick (above-skin depth) and thin (sub-skin depth) photonic devices. Moreover, our
proposed device which consists of ferromagnetic (FM)/ non-magnetic (NM) metals-based
patterned superlattice structure and works on the concept of electron spin dependent magneto-

transport phenomena; results to a unique combination of photonics with spintronics concept at

Vi



terahertz domain. This proposition also establishes a unique criterion to magnetically tune
(enhance) non-magnetic responses (resonances) with the exploitation of electron spin
dynamics. Therefore, this thesis yields the prospective dimensions to realize several non-
radiative passive and dynamic (electronic and magnetic means) reconfigurable resonant

hybridized metamaterials to be applied in diverse applications of terahertz photonics.
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dimensions P (=B =PR) = 75um, w=6um, lg. =60um, G, =G, =3 um. (b)
Periodic arrays of metamaterial with external capacitors (C; ,) being introduced at both the
JAPS (G1,2): cvereririeeietee i 36

Figure 2.2: (a) Transmission spectra for d =20 um, without (black curve) and with (red curve)
external capacitor (C;) which is inserted in lower split gap (G,). Surface current distribution at
(b) dipole resonance dip (f ~0.98 THz), (c) EIT peak (f ~ 1.1 THz), (d, e) Fano resonance dips
viz. (d) f ~ 1.28 THz (without C;), (e) f~ 1.2 THz (with C; of 0.5 fF). ccoeriiiiiiiiceeine 38

Figure 2.3: (a) Transmission spectra for different asymmetry (d) with ¢; = 0.5 fF, C, = 0 fF.
(b) Variation of Q-factor and FOM of Fano resonance for different d with C; of 0.5 fF. (c) Far-
field radiation pattern for different d with C;=0.5fF, C,=0fF. ..ccorviiiiii 39

Figure 2.4: Transmission spectra (x- polarization) for d = 10 um for different external capacitor
values: (a) only C; (C, =0), (b) both C; and C,. (c) Transmission spectra (x- polarization) for
d =20 pm with only C; (C, = 0). (d) Tuning of resonant dips with different C, , for d =10 pm,
(e) Electric field distribution at Fano resonance (~ 1.167 THz) for C;= 0.5 fF for d =20 um,
(F) Variation of Q-factor, FOM of Fano dip for different values of C; and C, for d =20 um.40
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Figure 2.5: (a) Spectral Contrast of Fano dip for d = 20 um for various C;, (b) Far field
radiation pattern ford = 20 umand C;=0.5,1,and 5fF. ... 42

Figure 2.6: (a) Transmission spectra for d = 20 um and different C;, C, values. (b) Fano
resonance tuning for different values of C; and C, (d = 20 um). Variation of (c) modulation

index, and (d) spectral contrast of Fano resonance for different C; and C, values (d = 20 um).

Figure 2.7: Color plot for amplitude transmission with varying capacitance (C, = C,) for (a) x-
pol., (b) y- pol. (c) Spectral contrast variation of Fano resonance for d = 20 um and different

OF €2 VAIUBS. ... 44

Figure 3.1: (a) Artistic illustration of proposed metamaterial structure. (b) Optical microscope
picture of the fabricated sample. Here, inset image depicts its unit cell with relavant structural
dimensions as the following: periodicity (P, B,): (100,120) um, resonator length, width
(L,w): (100, 20) um, thickness of cavity/ spacer (t): 1 — 16 um. Transmission spectra attained
by (c) numerical simulation in CST studio suite, and (d) experimental observation for t = 2

(black curve), 4 (fed CUIVE) UM .....ociuiiiiieiiieiiie ettt 51

Figure 3.2: lllustration of resonance hybridization for vertically stacked Fano resonant
metamaterial. Surface current distributions corresponding to different hybridized resonances
are also shown. Top: symmetric (dipole) resonance, bottom: anti-symmetric (Fano) resonance.
The term symmetric and anti-symmetric are given in terms of surface current distribution

pattern DEtWEEN the FESONALOIS. ........c.ccviiie ettt 53

Figure 3.3: Top view (x-y cross-sectional) of E-field distribution (a) at dipole resonance with
spacer (filled with polyimide) thickness (t) 4 um, (b, c, d) at Fano resonance frequency with t
of 4, 2 and 8 pm, respectively. 3D representation of E-field confinement at (e) dipole and (f)

Fano resonance. (g) Variation of Q factor (black) and FOM (red) for Fano resonance. ........ 55
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Figure 3.4: Transmission spectra for different lattice constants; Py (a, b, c) and Px (d, e, f),
acquired from (a, d) numerical simulations (in CST), (b, e) experimental characterizations, (c,

f) solving coupled oscillator equations as mentioned in APPENdiX. .......covververerenereneniennnns 57

Figure 3.5: (a) Transmission spectra for different spacer thickness (t) being filled with
polyimide (detailed geometric dimension of unit cell (structure as depicted in Figure 3.1) are
the following: Periodicity (Px, Py): (100, 110) um, resonator length, width (L, w): (100, 20)
um, thickness of cavity/ spacer (t): (0.4 — 1.25) um). (b) E-field distribution in the unit cell at
dipole (left) and Fano dip (right) for ¢ of 1.25 Jm. coccevieiiiiiee e 60

Figure 3.6: Simulated transmission spectra (detailed geometric dimension of unit cell (structure
as shown in Figure 3.1) are as follows: Periodicity (B, B,): (100, 120) um, resonator length,
width (L, w): (100, 20) um, thickness of assumed silicon layer sensitive for doping (thg;): 400
nm, polyimide spacer thickness (t): 4 um) for different conductivities of silicon substrate for
(P, B): (a) (100, 105) um, (b, €) (100, 120) um, (c) (100, 130) pm, (d) (60, 120) pum, (f) (120,
120) BT covvoveeeeeee e 61

Figure 3.7: (a) Hlustration of top view of our proposed metamaterial, (inset) unit cell of our
proposed metamaterials whose dimensions are as follows: Periodicity (5, F,): (105, 105) um,
resonator length, width (L,w): (100, 20) um, thickness of cavity/spacer (t): 1 — 2 um.
Transmission spectra for different ¢ being filled with polyimide for (b) x- and (c) y-
polarization. (d — g) Electric field distribution at resonances (viz. (d, f) dipole, and (e, g) Fano

resonance) for (d, e) x- and (f, g) y-polarization. ...t 62

Figure 4.1: (a) Unit cell (schematic) of proposed meta-structure [Structural parameters:
Periodicity P, = B, = 87 um, length and width of resonator L,w = 60, 7 um, structural
asymmetry d = 22.975 um, width of split gaps G = G; = G, = 50 nm]. Inset shows enlarged
view of split gaps (G;, G,). (b, ¢) Amplitude transmission spectra for the structure depicted in
Figure 4.1(a) for varying split gap (G) with d = 22 wm and applied incident polarization
along x-direction. (d) Amplitude transmission spectra for the structure depicted in Figure 4.1(a)
for varying split gap (G) with d = 22 um and polarization along y-direction. (e, f) Surface
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current distribution for the structure depicted in Figure 4.1(a) for G = 50 nm for dipole (f =
0.8704 THz) (e) and Fano (f = 1.0072 THz) (f) resonance for applied incident polarization
along x-direction. (g, h) Surface current distribution for the structure depicted in Figure 4.1(a)
for G = 50 nm for dipole (f = 0.7568 THz) (g) and Fano (f = 0.3712 THz) (g) resonance for

applied incident polarization along Y-AIreCHION. .........ccviviiieieiie e 69

Figure 4.2: (a — c) Electric (E) field intensity distribution for the structure depicted in Figure
4.1(a) for dipole resonance for applied incident polarization along x-direction for G = 10 nm (f
=0.7588 THz) (a), G =50 nm (f = 0.8704 THz) (b) G = 100 nm (f = 0.8932 THz) (c). (d - f)
Electric (E) field intensity distribution for the structure depicted in Figure 4.1(a) for Fano
resonance for applied incident polarization along x-direction for ¢ = 10 nm (f = 0.9724 THz)
(d), G =50 nm (f =1.0072 THz) (e) G = 100 nm (f = 1.0084 THz) (f). (g — i) Electric (E) field
intensity distribution for the structure depicted in Figure 4.1(a) for dipole resonance for applied
incident polarization along y-direction for G = 10 nm (f = 0.7336 THz) (g), G = 50 nm (f =
0.7568 THz) (h) G =100 nm (f = 0.7656 THz) (i). (j — I) Electric (E) field intensity distribution
for the structure depicted in Figure 4.1(a) for Fano resonance for applied incident polarization
along y-direction for G = 10 nm (f = 0.1944 THz) (j), G = 50 nm (f = 0.3712 THz) (k) G = 100
NM (= 10.3912 THZ) (1) cveoveee ettt et sreeneene e 73

Figure 4.3: (a, b) Transmission spectra corresponding to the meta-structure depicted in Figure
4.1(a) with varying refractive indices of unknown analyte placed in the split gaps (G = G, =
G,). (c, d) Resonance frequency tuning of dipole resonance with varying refractive indices of
unknown analyte placed in the split gaps (G =G, =G,) for structure depicted in Figure 4.1(a).
(e, f) Resonance frequency tuning of Fano resonance with varying refractive indices of
unknown analyte placed in the split gaps (G =G, =G,) for structure depicted in Figure 4.1(a).
(9, h) Amplitude Transmission spectra for structure depicted in Figure 4.1(a) with varying
conductivity of unknown analyte (n = 1.87) placed in the split gaps (G = G; =G,). In all the
above cases, (a, ¢, e, g) correspond to incident applied polarization along x-direction and (b, d,

f, h) correspond to incident applied polarization along y-direction. ............cccceeeveviveiieevnene, 76
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Figure 4.4: (a) Schematic of vetrically stacked Fano resonant metamaterial with relavant
structural parameters: lattice periodicity (Px, Py) = (100, 110) pum, resonator length, width (L,
W) = (100, 20) FTL oo eeee st ee e s e ee e ee s s e ee s ee e ee e eneenee 78

Figure 4.5: Transmission spectra obtained in (a) numerical simulation, (b) experimental
observation for different spacer thicknesses (t). (c) Sensitivity, and FOM (at inset) at Fano
resonance for different t. (d) Transmission spectra for t = 8 um. E-field distributions at
resonances (inside unit cell) are depicted inside the graph, and corresponding surface current
patterns are elucidated below the graph. (e) Electric field distributions (3D demonstration) at
resonances, viz at dipole resonance (1), at Fano resonances (Il to V), for t of 1 um (I, 11), 2 um
(1), 4 pm (IV), @Nd 6 LM (V). 1ottt bbb 81

Figure 4.6: (a) Transmission spectra with varied refractive index (n) of spacer material (t = 6
pum). (b) Refractive index sensitivity of proposed meta-sensor for t = 2, 4, and 6 um. (c) Top
view of electric (E) field distribution at Fano resonances for t =2 um, and n = 1.0 (1), 1.4 (1),
1.8 (111). (d) Refractive index dependent FOM variation at Fano resonances for t = 2, 4, and 6

pm. (e) Transmission spectra for different t at loss rate (tand) = 0 (solid) and 0.1 (dash)... 84

Figure 4.7: (a) Simulated transmission spectra for different spacer thickness (t) which is filled
with polyimide. (b) E-field distribution in unit cell at dipole (left) and Fano (right) resonances.
(c) Variation of sensitivity (in black) and resonance intensity contrast (in red) with different ¢
at Fano resonance. (d) Variation of FOM at Fano resonance with spacer (t) being filled with
polyimide, (e) Transmission spectra for different spacer refractive indices (n) at t = 1 um, (f)

Variation of Sensitivity at Fano resonance for differentnat t = 1 pm.......ccccooeveiiiinnninnns 85

Figure 4.8: (a) Schematic of unit cells of proposed meta-structures with various mechanical
displacement of top resonator: (I) translation in x- direction (4x), (I1) translation in y- direction
(4y), (1) rotation (40) along the center axis. The dimensional parameters of unit cells are as
follows: periodicity (B, B,) = (100, 120) um, resonator length, width (L, w) = (100, 20) pm,
polyimide thicknesses (t) = 4 um. Transmission spectra for different lateral displacement of
top resonator: (b) in x-direction (4x), (c) in y-direction (4y). (d) Transmission spectra with
different rotational displacement (48) of top resonator. (e) Variation of Q factor and FOM with

VANYING AX, AB. ..ottt bbbttt bbb 88



Figure 5.1: (a) Artistic illustration of vertically stacked cut-wire metamaterial, with structural
parameters are as follows: lattice periodicity (P, P,) = (100, 120) um, resonator length L = 100
um, resonator width w = 20 um, dielectric spacer thickness (t) = 2 um. Optical microscope
pictures of fabricated samples with (B, P,): (b) (100, 120) um, (c) (100, 110) um, (d) (100,
105) um, (e) (40, 120) pm, (f) (80, 120) pm, (g) (120, 120) WM. +..voeveeeeeeeeeeeeeeeeeeeeeereeene 94

Figure 5.2: Transmission spectra being acquired by (a, c, f, h) numerical simulations (CST),
(b, g) experimental observations for different periodicities; B, (a, b, ¢) and A (f, g, h) with
polyimide spacer thickness of 2 um ((c, h) illustrated response of meta-structures for
periodicities larger than resonance wavelength). (d) Surface current distribution for SM (top)
and ASM (bottom). (e) Electric field distribution for SM (left) and ASM (right). ................ 96

Figure 5.3: Simulated transmission spectra for various periodicities; Py (a, b, ¢) and Px (e, f, g)
with spacer refractive index (n) of 2.7 of t =2 um. (insets) Transmission spectra of uncoupled
resonances above (red) and below (black) spacer layer. (Blue triangle: f{)! mode, Green
triangle: o' mode). (d) E-field distributions at resonance frequencies in unit cell with Px =
100 um, with uncoupled resonator (below (or above) spacer (at left (or right) sets of (I, 11,
[11))), n of 2.7 of t =2 um with Py =102 pm (1) Py =106 pum, (11), and Py = 120 um, (I11).. 98

Figure 5.4: Simulated transmission spectra for t = 2 um, and refractive index (n) of (a) 2.1, (b)
2.5, (c) 2.7 with (P, R,): (100, 120) um. Surface current in bottom, top resonators at resonances
are depicted by arrows. (d) Frequency position and linewidth (or loss rate) variation of
resonances with different n for LMM and RMM (Blue triangle: 3" mode, green triangle: fg1!

000 ) TR PSSP 100

Figure 5.5: (a, b, c) Transmission spectra (numerically simulated) for different values of P,

with spacer refractive index n = 2.42, t= 0.8 pm and B= 120 um. (d, ) Amplitude
transmission spectra for (¢ = 0.8 um) with (B, P,) = (100, 120) um, n =2 and 2.84, respectively.
(insets) Corresponding transmission spectra of uncoupled resonators above (blue), below (red)

spacer layer, which generate hybridized resonances by coupling with each other. (f) Resonance
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linewidth variation of uncoupled resonances with different refractive indices of spacer

NALETTAL ..ottt e e e e et e e ettt e e e e e e e e e eteeeeeeea e ———aaaaaeaaaan 102

Figure 5.6: (a) (left) lllustration of proposed metamaterials [l = 75 um, lg. = 60 um, d =5
pm, w = 6 um, G = 6 um, g,y = 1 pwm] with normal THz excitation. (right) Structural
illustration of split gap for meta-structure as depicted at left figure. Transmission spectra
corresponding to (b) ag; =0, (¢) og; = 12,500 S/m, (d) ag; = 5,00,000 S/m. (e) Color plot for
transmission (amplitude) for og; values up to 7,500 S/m. (f) Color plot for transmission
(amplitude) for ag; values up to 1,00,000 S/m. (g) Q factor and FOM for both resonances
(LMM, RMM) With variation 0f ig;. ......ccccvveiiiiiiiicie e 104

Figure 5.7: Surface current distribution in unit cell as illustrated in Figure 5.6(a), corresponding
to (a) LMM, (b) RMM, for ag; =0 (1), as; = 12,500 S/m (I1), as; = 5,00,000 S/m (I11)....... 106

Figure 6.1: (a) Artistic illustration of proposed parallel asymmetric cut-wire pair meta-structure
under linearly polarized THz excitation; (b) Microscope image of fabricated meta-structure,
inset depicts its unit cell. Structural parameters: lattice periodicity (A,P,): (120, 120) um,
length of the resonators L; = 100 um, L, = 100 to 65 pum (variable), resonator width w =
20 um, gap between the resonators g = 8 um (substrate is intrinsic silicon and cut wire (rod)

resonator consists Of aAlUMINUM). ........coiiiiiiiii e 112

Figure 6.2: Transmission spectra acquired from numerical simulation in CST studio suite (1),
experimental observation (1), and modelled analytically of coupled oscillator equation (111)
corresponding to L, = 100 um (a), 90 um (b), 80 um (c), 72 um (d), and 65 um (e)....... 115

Figure 6.3: (a) Different fabricated meta-structures (unit cells) corresponding to L, = 100 um
(i), 90 um (ii), 80 um (iii), 72 um (iv), and 65 um (v). Simulated surface current (b, d) and
electric field (c, e) distribution for LMM (b, ¢) and RMM (d, e). In all above cases, (i) L, =
100 pm, (ii) 90 pm, (iii) 80 pm, (iv) 72 um, and (V) 65 PM. ...cccccoviiieiieiiec e 116

Figure 6.4: (a) Simulated transmission spectra for uncoupled wires with length: L =

100,90, 80,72,65 um. (b) Transmission spectra for coupled wires with aspect ratio AR
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(Ly:w) = 100:1, (P,R,) = (108, 108) pum, (Lq, L) = (100,65) um, w = 1 um, g = 24 pm.
(c) Simulated surface current pattern corresponds to RMM for structure as shown at inset of
Figure 6.4(b). (d) Simulated H-field distribution (x-z cross-sectional view) near longer wire
(L) as illustrated in Figure 6.3(a(Vv)). (e) Variation of resonance (LMM, RMM) linewidth for

various L, values as illustrated in FIQUIE 6. 1. ........cocoeiieieiie e 118

Figure 6.5: (a) Numerically simulated amplitude transmission spectra obtained with different
physical separations (g = 4,8, 12 um) between the coupled wires as depicted in Figure 6.1(b)
((L1,Ly) = (100, 65) um). Simulated surface current distribution corresponds to RMM for
g= 4(b),8(c),12 (d) pum. (e) Numerically simulated amplitude transmission spectra
obtained with different wire width (w = 15,20,25 um) between the coupled wires as
depicted in Figure 6.1(b). Simulated surface current distributions corresponding to RMM for
w = 15 (£),20 (£), 25 () I .ooiiiiiiiciieiecce et 119

Figure 6.6: (a — c) Transmission spectra for proposed meta-structure as depicted in Figure
6.1(a) corresponding to different periodicities: with variation of (a) both P, and B, (b) only B,
(c) only P, while keeping other parameters constant as of the caption of Figure 6.1(b)
(L1,Ly) = (100,65) um. (d) Simulated magnetic field distribution (x-z cut) at resonance (~
0.695 THz) for coupled structure as elucidated in Figure 6.6(a) for (%, Py): (125, 125) pm.

Figure 6.7: (a) Numerically simulated amplitude transmission spectra of coupled cut-wire pair
meta-structure for different values of L, when the resonators consist of PEC. (b) Numerically
simulated amplitude transmission spectra of coupled cut-wire pair metamaterial (as shown in
Figure 6.1 with L, = 99.75 um (asymmetry = 0.25%) when the resonators consist of PEC. (c)
Calculated Quality (Q) factor for LMM with variation in asymmetry when the resonators
CONSISE OF PEC. ...ttt b e bbbt ettt be b ne e 121

Figure 6.8: (a) Artistic illustration of unit cell for a triple wire structure, which exhibits opposite
electric and toroidal moments to generate non-radiative anapole state. (b) Numerically
simulated amplitude transmission spectra for triple wire system: (Li,L,, L) =
(100, 65,100) um, (shown as inset) structure of the unit cell. (¢) Simulated surface current

distribution in unit cell of RMM. (d) Simulated x-y cross-section of electric field (top) and x-z
XXVii



cross-section of magnetic (bottom) field distribution (illustrating direction of field lines) at
RMM. (e) Simulated x-y cross-section of electric and magnetic field distributions of RMM. (f)
Far-field distribution at x-y plane (in-plane) of such setup where resonator is aluminum (top)
and PEC (bottom) TOr RMM. ..ot 122

Figure 6.9: (a) Schematic illustration of proposed periodic cut- and continuous- wire coupled
hybrid structure (inset shows unit cell) with normal THz excitation [periodicity (P, P,): (100,
100) um, length of resonators (L, L,) = (100, 61) um, width of resonators (w;, w,) = (25, 1)
um, separation between the wires (g) = 8 um]. (b) Transmission spectra for both uncoupled
and hybrid structure. (c) Transmission spectra for different g; (inset) Surface current
distribution in unit cell at resonance dip (~ 0.87 THz) for g = 8 um. (d) Magnetic field
distribution (x-z cut) at resonance (~ 0.87 THz) for the coupled structure as illustrated in Figure

6.9(a). Transmission spectra of coupled structure with variation of w; (e), and w;, (f). ...... 124

Figure 7.1: (a) Artistic schematic of THz magneto-spectroscopic setup on sub-wavelength
superlattice Fano resonant metamaterials. Magnetic field (B) is applied parallel to the incident
polarization (E) of THz pulse in a coplanar manner to the sample surface. Inset (at bottom
right) depicts vertical view of the superlattice arrangement of metallic (Al/Ni) films. (b, c)
Microscope pictures of fabricated metamaterials, where resonators are made of alternatively
stacked thin (10 nm each) four (40 nm thick) (b) and eight (80 nm thick) (c) metallic layers of
Al and Ni. Inset of (b) depicts unit cell of fabricated metamaterials with structural parameters:
periodicity B, = B, = 70 um, length and width of resonator L, w = (60, 5) um, asymmetry
d = 15 um, width of split gap G = 4 um. (d) Transmitted THz pulse with varying B (0 to 30
mT) for 40 nm thick superlattice (GMR structure). Inset depicts zoomed version of time pulse
peak. (e, f) THz conductivity spectra for 40 nm thick GMR samples measured at various
magnetic field (B) from 0 to 30 mT: real part (e) and imaginary part (f). For figure (d — f),
black, red, and blue curves represent magnetic field strength of 0, 15, and 30 mT, respectively.

Figure 7.2: (a, d) Transmitted THz pulse with varying B (0 to 30 mT) for superlattice

metamaterials. (b, €) Zoomed version of THz pulse (as shown in (a, d)). (c, f) Amplitude
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transmission spectra (experimentally obtained) obtained at varying B from 0 to 30 mT. In the
above cases, resonators consist of four (a — c), and eight (d — f) alternatively stacked thin (10
nm each) metallic layers of Al and Ni. For all cases, black, red, and blue curves represent
magnetic field strength of 0, 15, and 30 MT, reSPectively........cccocevvveenieienienieceee e 134

Figure 7.3: (a) Numerically simulated amplitude transmission spectra with the approximate
values of apc (DC conductivity) of 40 nm thick superlattice film. Color plot of simulated
amplitude transmission spectra of proposed metamaterials with varying opc of 40 nm thick
superlattice film (as illustrated in Figure 7.1(b)): (b) opc = (0.1 to 0.8) x 107 S/m, (C) opc =
(0.8 to 1.5) x 107 S/m. Simulated electric field distribution at resonance dips (dipole (i), and
Fano (ii)) shown in Figure 7.3(a); corresponding to different opc values: (d) 0.6 x 107 S/m,
(e) 0.8 x 107 S/m, (f) 1.1 x 107 S/m, (g) 1.4 x 107 S/m. Numerically simulated amplitude
transmission spectra with the approximate values of apc of 40 nm thick superlattice film at
different asymmetry viz. (h) d = 5um, (i) d = 10 um, (j) d = 20 um. ..ccoeevvvvevvenennn, 137

Figure 7.4: (a) Numerically simulated amplitude transmission spectra with the approximate
values of ap (DC conductivity) of 80 nm thick superlattice film. (b, c) Color plot of simulated
amplitude transmission spectra of proposed metamaterials with varying opc of 80 nm thick
superlattice film (as illustrated in Figure 7.1(c)): (b) opc = (0.1 to 0.8) x 107 S/m, (C) opc =
(0.8 to 1.5) x 107 S/m. (d — g) Simulated electric field distribution at resonance dips (dipole
(i), and Fano (ii)) shown in Figure 7.4(a); corresponding to different op values: 0.6 x 107
S/m (d), 0.8 x 107 S/m (e), 1.1 x 107 S/m (f), 1.4 x 107 S/m (g). (h — j) Numerically
simulated amplitude transmission spectra with the approximate values of apc of 80 nm thick

superlattice film at different asymmetry viz. d =5 um (h), d = 10 um (i), d = 20 um (j).

Figure 7.5: Transmission spectra with various apc values for superlattice film thicknesses: (a,
b) 40 nm film, (d, ) 80 nm film. In the above cases, (a, d) are obtained from numerical
simulation in CST microwave studio and (b, €) are obtained analytically by solving Eqn. (A.6)
in MATLAB. (c, f) Variation of intensity contrast of different resonances obtained from
simulating our structure in CST microwave studio with various opc for 40 nm (c) and 80 nm
(F) SUPETIALLICE TIIM. .o bbb 142
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Figure 7.6: Simulated transmission spectra of Fano resonant superlattice metamaterials as
depicted in Figure 7.1(a) with effective film thickness: (a) 20 nm, (b) 60 nm, (c) 100 nm, (d)
200 nm with different opc viz. (i) opc = (0.1t00.8) x 107 S/m and (ii) opc =
(0.8t0 1.5) X 107 S/M, rESPECLIVEIY. .....covviieiieieiee e, 144

Figure 7.7: (a) Artistic illustration of THz magneto-spectroscopy measurement on sub-
wavelength periodically perforated (viz. hole array) superlattice samples. Electric field (E)
polarization of THz pulse and applied magnetic field (B) arrangements are same as illustrated
in Figure 7.1(a). Inset (at bottom left) shows a schematic depicting the superlattice arrangement
of metallic (Al/Ni) layers. (b) Optical microscope images of all four-hole array samples. The

radius of hole is fixed to r = 50 um but the lattice periodicity (P = B,) is different for every
sample: (1) 125 um, (i1) 150 pm, (iii) 225um, (iv) 250 [M....eoiiiiiiiiiieieeee e 145

Figure 7.8: Experimental and simulated response of four layered (Al/Ni) superlattice hole array
samples (as shown in Figure 7.7(b)) for different lattice constants (Px, Py): (125, 125) um (a),
(150, 150) um (b), (225, 225) pum (c), (250, 250) um (d). For all the cases, (i) represents
experimentally obtained transmitted THz time pulse as a function of B (0 to 30 mT), inset
depicts zoomed version of time pulse illustrating tuning of peak amplitude with B. (ii)
represents experimentally obtained transmission spectra at varying B (0 to 30 mT). In these
illustrations (in (i) and (ii)), black, red, and blue colored plots correspond to 0, 15, and 30 mT,
respectively. (iii) Numerically simulated transmission spectra with the approximate values opc
of 40 nm thick superlattice film according to the data obtained in Figure 7.1(e). f; to f;
represents extraordinary transmission (SPR) peaks at different lattice constants: f;, 35
corresponds to order (1,0) and (0,1), f; ¢ corresponds to order (1,1). Corresponding wood’s

anomaly (WA) dips are identified by red and blue triangles, respectively..............ccccc....... 147
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List of Abbreviations

ACIS
ASM
BIC
CST
EHF
FDTD
FEM
FFT
FIT
FOM
GMR
LMM
QCL
MDI
MEMS
MM
MoM
NEMS
PEC
PhC
RMM

SC

Association for computer and information science
Anti-symmetric mode

Bound state in continuum
Computer simulation technology
Extremely high frequency
Finite difference time domain
Finite element method

Fast Fourier transformation
Finite integral technique

Figure of merit

Giant magnetoresistance

Left metamaterial mode
Quantum cascade laser
Modulation index

Micro electromechanical system
Metamaterial

Method of moments

Nano electromechanical system
Perfect electric conductor
Photonic crystal

Right metamaterial mode

Spectral contrast
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SM

SRR

TDS

THz

TLM

Symmetric mode

Split ring resonator

Time domain spectroscopy
Terahertz

Transmission line method
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