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Abstract—Terahertz (THz) spectroscopy and imaging are
of significant interest in molecular detection and identifica-
tion. Illicit drugs are characterized by a different absorption
spectrum, with sharp absorption peaks located in the
THz frequency range. In this article, the design, simula-
tion, and fabrication of two novel plasmonic nanoantennas
with resonance frequencies over the 1–10-THz range for
illicit materials and drugs detection are proposed. The first
nanoantenna, called the butterfly nanoantenna, is composed
of two symmetrical butterfly shaped gold arms with a length
of 46.48 µm, a width of 22.40 µm, and a thickness of 200 nm,
separated by a gap of 20 nm. The two-layer substrate consists
of 3-µm silicon and 50-nm gold. The results of the simulation,
performed by the 3-D CST Studio Suite 2023, show three
different resonance frequencies at 2.1, 3.6, and 5.1 THz,
respectively, with a −10-dB S11 lower than −18 dB and a
directivity of up to 11.04 dBi. Starting from the single butterfly nanoantenna design, a novel geometrical nanoantenna,
called the shamrock nanoantenna, is composed of three symmetrical arms, each with a length of 23.14 µm, a width
of 22.40 µm, and a thickness of 200 nm, separated by a central gap of 20 nm is introduced. The simulation results
show two different resonance frequencies at 1.9 and 3.3 THz, with −10-dB S11 lower than −26 and −20 dB, respectively.
A sensitivity of 1500 GHz/RIU at 1.9 THz, 2500 GHz/RIU at 2.1 THz, 6000 GHz/RIU at 3.3 THz, 10 000 GHz/RIU at 3.6 THz,
and 11 500 GHz/RIU at 5.1 THz is theoretically observed for the detection of illicit materials and drugs with a thickness
of 5 µm of analyte. The multiband sensor based on the proposed plasmonic nanoantennas with an enhancement factor
(EF) of 6.09 × 105 shows a very broad observation range providing a nondestructive method.

25 Index Terms— Drugs, illicit materials, nanoantenna, plasmonics, sensor, terahertz (THz).

I. INTRODUCTION26

RECENTLY, growing interest in the localization and27

amplification of electromagnetic fields on plasmonic28

surfaces in the near-field region has been attributed to their29

promising applications, including energy deposition, refractive30

index sensors, and spectroscopic hotspots. In particular, in the31

frequency range of 1–10 THz, numerous potential applications32

in the security and defense sectors have emerged owing to33

extensive exploration and notable advances in terahertz (THz)34

radiation.35

Many materials relevant to security applications, including36

explosives and chemical and biological agents, exhibit char-37

acteristic THz spectra that can be used to identify illegal38

substances. With the increasing use of plastic explosives and39
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TABLE I
RESONANCE FREQUENCY AT THZ OF ILLICIT MATERIALS AND DRUGS

chemical and biological agents, such as weapons of war and 40

terrorism, and the growing threat of illegal drug trafficking, 41

effective means for the rapid detection and identification of 42

these threats are indispensable [1]. For example, numerous 43

explosives (e.g., HMX, SEMTEX-H, and TNT) and ille- 44

gal drugs (e.g., methylenedioxymethamphetamine (MDMA), 45

heroin, and cocaine) exhibit distinctive transmission and reflec- 46

tion spectra in the THz frequency range [2]. In Table I, 47

the resonance frequencies of some illicit materials and 48

drugs occurring over the 1.9–5.1-THz range have been 49

reported [3], [4]. 50
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Because different substances have different absorption51

intensities and wavelengths, their absorption peaks and52

reflected intensities in infrared spectroscopy vary [5]. Spec-53

troscopy technology is increasingly being used in biomedical54

research owing to its speed and nondestructive detection, and55

it can work very well for the detection of various molecules,56

such as illicit drugs or explosives [6].57

The application of THz spectroscopy and imaging58

in the detection and identification of illicit substances59

based on plasmonic nanoantennas allows nondestructive60

sensing.61

A plasmonic nanoantenna is a nanometric device designed62

to exploit the phenomenon of surface plasmons, which are the63

collective oscillations of electrons that propagate along the64

metallic surface of a conductive material when excited by an65

electromagnetic field. When the wavelength of the incident66

light coincides with the wavelength of the nanoantenna plas-67

mon resonance, a significant increase in the light absorption68

or its interaction with the nanostructure occurs [7].69

Plasmonic nanoantennas are mainly used to manipulate70

light at the nanometer level for applications, such as highly71

sensitive chemical and biological sensors, advanced imaging72

technologies, such as plasmon microscopy, and advanced73

optical devices, such as super-resolution lenses and nanoscale74

light sources [8].75

Plasmonics studies have led to the use of nanoantenna76

dipoles with two or four arms [9], [10], or, at most, the classic77

bowtie [11] for the detection of different molecules, which78

facilitates the design of simple shapes to be designed and79

fabricated in the laboratory. However, the classic bowtie does80

not allow obtaining a sensor for the detection of all resonance81

frequencies reported in Table I.82

In this study, we propose novel geometric nanoantennas83

operating at THz frequencies that exhibit optimal charac-84

teristics in terms of high electromagnetic-field enhancement,85

directivity, and reflectivity. Inspired by the geometry of a86

bowtie antenna [12] composed of two triangular arms, these87

novel geometries have been demonstrated to be effectiveness88

in the near-infrared domain.89

The remainder of this article is organized as follows.90

Section II presents the design, simulations, and parametric91

analyses of butterfly nanoantennas. Section III reports the92

simulations of the 2 × 2 butterfly nanoarrays. In Section IV,93

starting with the butterfly nanoantenna, the design and simula-94

tions of the proposed shamrock nanoantenna are presented in95

detail. Shamrock nanoantenna array simulations are presented96

in Section V. Section VI compares butterfly and shamrock97

nanoantennas with the classic bowtie and three-arm bowtie98

nanoantennas, and Q-factor values are reported. Section VII99

discusses the sensitivity of the novel nanoantennas and the100

application of the nanoantenna array as a naked sensor. Finally,101

the conclusions are presented in Section VIII.102

II. BUTTERFLY PLASMONIC NANOANTENNA DESIGN103

Fig. 1 shows a schematic model of the butterfly nanoantenna104

composed of two gold arms of length L , width W , and105

flare angle 2, separated by a gap G. A two-layer substrate,106

composed of silicon and gold, was used.107

Fig. 1. CST schematic model of the butterfly nanoantenna.

According to Maxwell’s equations and the properties of 108

materials, at RF/microwave resonance frequency, the length 109

L of a generic dipole antenna is given by 110

L =
λ

2
=

c
f ×

√
ϵeff

(1) 111

with λ the wavelength of the electromagnetic waves, c the 112

speed of light, f the antenna operating frequency, and ϵeff the 113

dielectric constant. 114

Therefore, antenna size depends on the wavelength of the 115

incident wave. Moreover, owing to the infinite conductivity of 116

metals, the skin depth is irrelevant with respect to the size of 117

the antenna. When a circularly polarized plane wave along the 118

z-axis with an arbitrary electric-field intensity interacts with an 119

antenna, it induces electron oscillations at the metal–dielectric 120

interface. 121

These electron oscillations at the frequency of the incident 122

wave are referred to as surface plasmon polaritons (SPPs). This 123

phenomenon generates an alternating current on the surface of 124

the antenna, which flows toward the gap of the antenna. SPPs 125

propagate as electromagnetic waves along the metal–dielectric 126

interface, but their amplitude diminishes exponentially. In met- 127

als, this decay is more rapid because of the absorption losses, 128

whereas in the dielectric layer, the SPPs signal attenuates 129

gradually. Consequently, a nonlinear relationship is observed 130

between the antenna’s length and its frequency in a plasmonic 131

device, unlike in RF/microwave antennas, where the size is 132

determined solely by frequency. 133

As the frequency approaches the THz band, the electric 134

field penetrates deeper into the metal owing to the decreased 135

conductivity of conductors. Therefore, the electrical behav- 136

ior of the metal is characterized by a complex permittivity 137

ϵc(ω) = ϵ′(ω)+ iϵ′′(ω), which varies with the frequency. The 138

real part ϵ′(ω) represents the energy stored in the medium, 139

while the imaginary part ϵ′′(ω) corresponds to the energy loss 140

within the medium. The loss tangent or dissipation factor δ, 141

defined as ϵ′′/ϵ′, quantifies the signal loss as it propagates 142

through the medium. At the nanometric scale, there is a distinct 143

relationship between the excitation and charge responses. 144

Table II reports the real and imaginary parts of ϵc for gold 145

at mid-infrared [13]. In this band, gold is preferred because 146

of its convenient complex permittivity as well as for its great 147

chemical stability compared with other noble metals [14]. 148

The complex permittivity is also linked to its conductivity 149

through the relation ϵc = ϵ∞ + (iσ/ωϵ0) with ϵ0 permittivity 150

in vacuum. At mid-infrared frequencies, the complex equation 151
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TABLE II
REAL AND IMAGINARY PARTS OF ELECTRICAL CONDUCTIVITY

AT MID-INFRARED RANGE

TABLE III
REAL AND IMAGINARY PARTS OF COMPLEX PERMITTIVITY

AT MID-INFRARED RANGE

of electrical conductivity of gold is given by the Drude152

model [13]153

σ = σ ′
+ iσ ′′

= ϵ0ϵ
′′ω + iϵ0

(
ϵ′

− 1
)
ω. (2)154

Table III reports the real and imaginary parts of σ for gold in155

the mid-IR range. The values in Tables II and III were set in156

CST Studio Suite to carry out the calculations based on the157

Drude model.158

Interaction with IR waves generates plasmonic modes that159

influence the size of IR/optical antennas, which depend not160

only on the geometry but also on the plasmonic effects161

related to the metal and its environment. Accordingly, the162

size of a nanoantenna follows a wavelength-scaling rule,163

where the effective wavelength λeff governs the size, rather164

than the actual wavelength, with λeff smaller than λ. This165

relationship can be derived from a simple dipole antenna166

model [15], [16], [17]167

λeff = n1 + n2
λ

λp
(3)168

where λeff is the effective wavelength scaling for plasmonic169

antennas, λp = (2πc/ωc) is the plasma wavelength of the170

metal, with c is the speed of light and ωc is the electron171

plasma frequency, and n1 and n2 are parameters that depend on172

both the geometry and the dielectric properties of the material.173

These parameters can be calculated for gold (λp = 137 nm),174

as follows:175

n1 = −R
(

24 + 0.75
ϵ∞

ϵS

)
(4)176

n2 = 0.75
R
ϵS

√
ϵ∞ + 141.04ϵS (5)177

where R represents the radius of a dipole antenna, ϵ∞ is the178

high-frequency permittivity, and ϵS is the permittivity of the179

surrounding dielectric environment.180

Starting from a desired resonance frequency equal to181

5.1 THz, a value of λeff/2 = 46.48 µm for the butterfly182

nanoantenna length is obtained according to (3). For a length183

L of 46.48 µm, an optimum width W value of 22.40 µm and184

an optimum bow angle 2 of 70.79◦ were obtained using 3-D185

CST Studio Suite 2023. The optimum geometric parameters of186

the designed butterfly nanoantenna are presented in Table IV.187

Fig. 2 shows the real and imaginary parts of Z11 versus188

frequency in the range 1–7 THz. Three different resonance189

frequencies at 2.1, 3.6, and 5.1 THz are obtained with a190

−10-dB S11 approximately equal to −21, −20, and −18 dB,191

TABLE IV
GEOMETRIC PARAMETERS FOR THE BUTTERFLY NANOANTENNA

Fig. 2. Z11 and S11 versus frequency for butterfly nanoantenna.

TABLE V
BUTTERFLY NANOANTENNA PERFORMANCE IN TERMS OF Z11 , S11 ,

DIRECTIVITY, AND ELECTRIC FIELD

Fig. 3. Far field at 2.1, 3.6, and 5.1 THz for the butterfly nanoantenna.

respectively. An analytical description of the resonances of 192

plasmonic nanoantennas has been well discussed in the 193

literature [18]. 194

The far field at the three resonance frequencies is shown 195

in Fig. 3. The electric field at 2.1 THz is shown in Fig. 4. 196

Table V lists the optimal performance of the butterfly nanoan- 197

tenna. The values of Z11 (�), S11 (dB), directivity (dBi), and 198

electric field (V/µm) at the resonance frequencies 2.1 THz, 199

3.6 THz, 5.1 THz, are reported. 200
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Fig. 4. Electric field for the butterfly nanoantenna at 2.1 THz.

TABLE VI
GAP DISTANCE PARAMETRIC ANALYSIS

TABLE VII
LENGTH L AND WIDTH W PARAMETRIC ANALYSIS

A. Parametric Analysis201

This section presents a parametric analysis of the nanoan-202

tenna design. The results of the gap distance parameter203

analysis are listed in Table VI. By increasing the value of204

the gap, an increase in the directivity and a decrease in205

the electric field at the three frequencies of interest occur.206

Because the decrease in the electric field is much more207

significant than the increase in directivity, a value of 20 nm208

was chosen for the gap based on parametric analysis. Table VII209

presents the results of the parametric analysis in terms of210

length and width. Starting from the length value calculated211

using (2), decreasing the length to a value equal to 36 µm, the212

resonance frequencies fres of 2.1, 3.6, and 5.1 THz shift to the213

right, assuming the values 2.5, 4.2, and 6.1 THz, respectively.214

By increasing the length to a value equal to 66 µm, the215

resonance frequencies fres of 2.1, 3.6, and 5.1 THz shift to216

the left, assuming values 1.5, 2.6, and 3.7 THz, respectively.217

III. 2 × 2 BUTTERLY NANOANTENNA ARRAY218

DESIGN AND SIMULATION219

Starting from the design of a single butterfly nanoantenna220

resonating at three desired frequencies (2.1, 3.6, and 5.1 THz),221

a 2×2 array was designed. Fig. 5 shows the real and imaginary222

parts of Z11 and S11. The resonance frequencies of the array223

exhibited no shift. Fig. 6 shows the far field at the three224

TABLE VIII
PERFORMANCE OF THE ARRAY IN TERMS OF Z11 ,

S11 , AND DIRECTIVITY

Fig. 5. Z11 and S11 versus frequency for butterfly nanoantenna array.

Fig. 6. Butterfly array far-field and directivity.

resonance frequencies. Table VIII presents the performance of 225

the array in terms of Z11, S11, and the directivity. 226

IV. SHAMROCK ANTENNA DESIGN AND SIMULATION 227

To obtain a plasmonic nanoantenna-based sensor resonating 228

at all five resonance frequencies reported in Table I, consid- 229

ering that the butterfly nanoantenna had only three resonance 230

frequencies, 2.1, 3.6, and 5.1 THz, a modified structure for 231

the butterfly nanoantenna was studied to resonate at 1.9 and 232

3.3 THz, respectively. 233

Fig. 7 shows the CST schematic model of the novel mod- 234

ified butterfly geometry called the shamrock nanoantenna. 235

It presents three equal arms with length L/2, width W , flare 236

angle 2, and gap G. 237

Table IX lists all geometric parameters for the sham- 238

rock nanoantenna with the same substrate as the butterfly 239

nanoantenna. 240

Fig. 8 shows the real and imaginary parts of Z11 versus 241

frequency in the range of 1–7 THz. Two different resonance 242
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Fig. 7. CST schematic model of the novel proposed shamrock
nanoantenna.

TABLE IX
GEOMETRIC PARAMETERS FOR THE SHAMROCK NANOANTENNA

Fig. 8. Z11 and S11 versus frequency for the shamrock nanoantenna.

TABLE X
PERFORMANCE OF THE SINGLE SHAMROCK NANOANTENNA IN TERMS

OF Z11 , S11 , DIRECTIVITY, AND ELECTRIC FIELD

frequencies at 1.9 and 3.3 THz with a −10-dB S11 equal to243

approximately −26.81 and −20.36 dB, respectively, occur.244

The far field at the two resonance frequencies is shown245

in Fig. 9. Fig. 10 shows the electric field at 1.9 THz. The246

performance of the shamrock nanoantenna is listed in Table X.247

V. 2 × 2 SHAMROCK ANTENNA ARRAY248

DESIGN AND SIMULATION249

Beginning with the design of a single shamrock nanoan-250

tenna, a 2 × 2 array was designed, as shown in Fig. 11.251

Fig. 12 shows the real and imaginary parts of Z11 and S11.252

Fig. 13 shows the far field at the two frequencies, and the253

performance of the array is presented in Table XI.254

Fig. 9. Far field at 1.9 and 3.3 THz for the shamrock nanoantenna.

Fig. 10. Electric field for the shamrock nanoantenna.

Fig. 11. 2 × 2 shamrock array design.

TABLE XI
PERFORMANCE OF THE SHAMROCK ARRAY IN TERMS OF Z11 , S11 ,

AND DIRECTIVITY

VI. COMPARISON BETWEEN BUTTERFLY AND 255

SHAMROCK NANOANTENNAS AND CLASSIC 256

BOWTIE NANOANTENNAS 257

Fig. 14 shows a classic bowtie with a gap 20 nm and 258

dimensions equal to those of a previously designed butterfly. 259

In Fig. 15, the real and imaginary parts of Z11 and S11 260

versus the frequency over the 1–7-THz range for the classic 261

bowtie nanoantenna are shown. Three resonance frequencies 262

were obtained; however, only the second and third resonance 263

frequencies corresponded to those listed in Table I. It was not 264

possible to obtain the first resonance frequency corresponding 265

to 1.9 or 2.1 THz. By varying the geometric dimensions of 266

the bowtie nanoantenna according to the parametric analysis 267

reported in Section II, all three frequencies shifted to the right 268
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Fig. 12. Z11 and S11 versus frequency for the shamrock nanoantenna
array.

Fig. 13. Far field at 1.9 and 3.3 THz for the shamrock array.

TABLE XII
BOWTIE NANOANTENNA PERFORMANCE IN TERMS OF Z11 , S11 ,

DIRECTIVITY, AND ELECTRIC FIELD

Fig. 14. CST schematic model of a bowtie nanoantenna.

or left. Table XII lists Z11, S11, directivity, and electric field269

for the three resonance frequencies.270

The CST schematic model of the simulated bowtie nanoan-271

tenna with three arms is shown in Fig. 16.272

The graphs of Z11 and S11, in Fig. 17, show the same273

resonance frequencies as the single classic bowtie, unlike the274

shamrock nanoantenna, which has two different resonance275

frequencies compared with the butterfly nanoantenna. Further-276

more, the three-arm bowtie shows a worsening of the S11277

values.278

Fig. 15. Z11 and S11 for the bowtie nanoantenna.

Fig. 16. CST schematic model of the bowtie nanoantenna with three
arms.

Fig. 17. Z11 and S11 for three-arm bowtie nanoantenna.

Table XIII presents the characteristics of the three-arm 279

classic bowtie nanoantenna in terms of Z11, S11, directivity, 280

and the electric field. 281

The Q factors for butterfly, shamrock, and bowtie nanoan- 282

tennas are calculated by considering a series RLC equivalent 283

circuit model, where L , C , and R, represent the kinetic 284
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TABLE XIII
PERFORMANCE SINGLE THREE-ARM BOWTIE IN TERMS OF Z11 , S11 ,

DIRECTIVITY, AND ELECTRIC FIELD

Fig. 18. RLC equivalent circuit model for a butterfly nanoantenna.

TABLE XIV
Q-FACTOR VALUE FOR BUTTERFLY, SHAMROCK, AND BOWTIE

NANOANTENNAS

inductance due to the inertia of the oscillating electrons, the285

capacitive coupling between different parts of the nanoantenna286

or between the nanoantenna and the surrounding medium,287

and the losses due to radiative and nonradiative damping,288

respectively, and depend on the geometry of the nanoantenna289

and the material properties of the metal and the surrounding290

dielectric.291

Fig. 18 shows the RLC equivalent circuit for the butterfly292

nanoantenna. The circuit consists of three loops of resistive,293

inductive, and capacitive elements coupled with capacitive294

elements [20]. Each loop corresponded to a single plasmonic295

resonance. The combination of inductive and capacitive ele-296

ments in each loop generates a resonance, whereas the resistive297

element accounts for energy dissipation (due to radiation and298

ohmic loss). The model for the RLC circuit is based on the299

resonance frequency formula for a series RLC circuit, which300

is given by301

fres =
1

2π
√

LC
. (6)302

The Q factor of the RLC circuit can be calculated using303

the following equation:304

Q =
fres

1 f
. (7)305

The Q-factor values for the butterfly, shamrock, and bowtie306

nanoantennas are listed in Table XIV, which shows that the307

butterfly and shamrock nanoantennas present a higher Q factor308

than the classic bowtie nanoantennas.309

Fig. 19. Fabricated 2 × 2 butterfly nanoantennas array.

Fig. 20. Fabricated 2 × 2 shamrock nanoantennas array.

VII. SENSING AND DETECTION OF 310

VARIOUS MOLECULES 311

Regarding the sensing task, the nanoantenna-based sensor 312

can detect several molecules that have resonance peaks asso- 313

ciated with the same molecules as the nanoantennas. 314

Figs. 19 and 20 show the images of the fabricated 315

2 × 2 array of the proposed nanoantennas (butterfly and 316

shamrock) under a scanning electron microscope. The combi- 317

nation of the two proposed antennas allows us to address the 318

spectrum of interest and can recognize various material crimes 319

and narcotic substances of various types. The resonance fre- 320

quencies of illegal materials with the corresponding proposed 321

nanoantennas are listed in Table XV [3]. 322

Fig. 21 shows a generic correspondence between the results 323

of the numerical simulation and the generic experimental 324

simulation using MDMA, also called “Ecstasy.” MDMA is 325

a psychoactive substance belonging to the phenethylamine 326

class and is known for its entactogenic effects, although it 327

is not strictly psychedelic. It is a semisynthetic compound 328

commonly derived from safrole [21]. It is one of the most 329

widespread narcotics and is typically consumed in the form 330

of tablets or crystals, dissolved in liquids, or less commonly 331

smoked. MDMA abuse can pose health risks both physically 332

and mentally, with experimental evidence indicating neurotoxi- 333

city [22]. Detection with plasmonic nanoantenna-based sensors 334

is a completely nondestructive method, because it is sufficient 335

to place a few drops on the device to analyze the sample via 336

Fourier transform infrared spectroscopy, a technique used to 337

obtain the infrared absorption or emission spectrum of a solid, 338

liquid, or gas [23], [25]. To achieve this, the material must be 339

dissolved in a neutral solution to avoid altering the pH. A few 340

drops must be applied to a plasmonic sensor. 341

The sensitivity of the proposed nanoantennas, calculated 342

as the shift in the resonance frequency per refractive index 343

unit (RIU) of the target material, was evaluated using the 344

finite-element method (FEM) implemented in ANSYS HFSS 345
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Fig. 21. Numerical and experimental data for MDMA (Ecstasy) [4].

TABLE XV
MATCHING BETWEEN NANOANTENNAS

AND ILLICIT MATERIALS AND DRUGS

TABLE XVI
PERFORMANCE OF BUTTERFLY AND SHAMROCK NANOANTENNAS IN

SENSITIVITY GHZ/RIU WITH 1 µM OF ANALYTE

software. The shift in resonance frequency owing to the346

presence of the target material indicates the antenna’s ability347

to detect the material. The sensitivity values for the resonance348

frequencies 1.9, 2.1, 3.3, 3.6, and 5.1 THz, for both drugs and349

explosives, and with an analyte thickness value equal to 1 µm,350

are listed in Table XVI. The calculated values show a great351

ability of butterfly and shamrock nanoantennas to distinguish352

between the presence and the absence of target materials at353

the given frequencies. In Table XVII, the sensitivity values354

for the resonance frequencies 1.9, 2.1, 3.3, 3.6, and 5.1,355

with an analyte thickness value equal to 5 µm, are listed.356

The sensitivity of the antennas shows significant variations357

in resonance frequencies for a given change in the refractive358

index.359

In Table XVIII, a comparison of our work with state-of-360

the-art similar works in terms of sensitivity is reported. The361

average sensitivity is calculated using the following formula:362

Average sensitivity =

∑N
i=1 Si

N
363

where Si represents the sensitivity at each specific resonance364

frequency and N is the total number of frequencies.365

TABLE XVII
PERFORMANCE OF BUTTERFLY AND SHAMROCK NANOANTENNAS IN

SENSITIVITY GHZ/RIU WITH 5 µM OF ANALYTE

TABLE XVIII
PERFORMANCE COMPARISON OF OUR WORK WITH

OTHER SIMILAR THZ SENSORS

The shamrock and butterfly nanoantennas exhibit the 366

highest values of average sensitivity 3375 (GHz/RIU) and 367

7500 (GHz/RIU), for two different analyte thickness values, 368

1 and 5 µm, respectively, when compared with state-of-the-art 369

similar works. 370

The measurement setup was composed of a Perkin-Elmer 371

spectrum one Fourier-transform infrared (FTIR) spectrometer, 372

which allows for 10× optical and 15× IR magnifications 373

for the detection of the molecules. All the spectra obtained 374

during the experiments were automatically normalized against 375

a background spectrum from a flat, unpatterned gold layer of 376

identical thickness to the nanostructures deposited on the same 377

substrate. In general, more than 100 scans were conducted with 378

an acquisition time of 5 s each. 379

Figs. 22 and 23 show the absorbance and reflectance charac- 380

teristics of butterfly and shamrock nanoantennas, respectively. 381

The points of interest are the three resonance frequencies, 382

which show that there is a large peak in the sensitivity. This 383

is why the nanoantenna can detect molecules in very small 384

quantities as long as they are in the same resonance range. 385

The sensor can be seamlessly integrated with micrometer 386

scale channels, making it suitable for the high-sensitivity 387

and real-time analysis of IR-emitting samples. This is par- 388

ticularly valuable in contexts in which IR spectroscopy is 389

significantly hindered by the absorption bands of liquid water. 390

Such applications are crucial in fields, such as environmental 391

monitoring, biomedical diagnostics, and chemical processing, 392

where the accurate detection and analysis of trace elements 393

or contaminants are required. The development of a new 394

plasmonic sensing method is proposed for use as a window in 395

FTIR spectrometry, along with an innovative accessory that 396

can operate in either the reflection or transmission mode. 397

This approach offers a method for identifying the presence 398

of at least one contaminant in a physical sample by using 399

a spectrometer. The proposed plasmonic platform enhances 400
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Fig. 22. Absorbance and reflectance versus wavelength for the butterfly
nanoantenna.

Fig. 23. Absorbance and reflectance versus wavelength for the sham-
rock nanoantenna.

infrared sensing capabilities by utilizing FTIR spectroscopy to401

provide precise and reliable detection and analysis of various402

substances [29].403

The plasmonic sensor works by exploiting surface plasmon404

resonance (SPR), which amplifies the interaction between IR405

light and the sample, thereby increasing the sensitivity and406

specificity of spectrometric measurements. This method is407

particularly useful for detecting low-concentration analytes408

that are, otherwise, difficult to identify using conventional IR409

spectroscopy [30].410

In practical applications, the integration of this plasmonic411

platform with microfluidic channels allows for the continuous412

flow of samples, thereby facilitating real-time monitoring and413

analysis. Moreover, the ability of the accessory to function in414

both reflection and transmission modes provides versatility in415

sample analysis. Thus, the reflection mode is advantageous416

when dealing with opaque samples or when the surface417

characteristics are of interest, whereas the transmission mode418

is useful for transparent or thin samples and offers more419

comprehensive data collection. Overall, the introduction of this420

plasmonic platform and its accessory into FTIR spectrometry 421

represents a significant advancement, promising enhanced ana- 422

lytical performance and broader application potential across 423

various scientific and industrial domains. 424

To quantify the surface-enhanced infrared absorption 425

(SEIRA) sensitivity, the enhancement factor (EF), which com- 426

pares the enhanced signal strengths to standard IR techniques, 427

is considered 428

EF =
1R
1R0

·
A0

ASEIRA
(8) 429

where 1R is the difference in the reflectance values with and 430

without the molecules, 1R0 is the reflectance difference with 431

a flat gold layer of the same thickness as the nanoantennas 432

acquired under the same conditions, ASEIRA is the area with 433

molecules in SEIRA measurements, and A0 is the area in refer- 434

ence measurements. The active area ASEIRA mainly originates 435

from molecules in the antenna hotspots. An approximation 436

of the active area is the surface of the gap, although this 437

is approximate if the nanoantennas with the substrate are 438

uniformly covered with analytes [31]. By analyzing an area A0 439

of 200 × 200 µm2, corresponding to a 2 × 2 nanoarray, with 440

an ASEIRA of 2 × 108 nm2, 1R0 is 4.93 × 10−9 calculated 441

on a 200 × 200 µm2 gold sample of the exact same thickness 442

as the nanoantennas, and 1R which is 15% of the variation 443

between the measurement with and without the molecule, 444

an EF of approximately 6.09 × 105 is obtained. 445

VIII. CONCLUSION 446

In this study, a novel plasmonic sensing method utilizing 447

two distinct nanoantennas, namely, the butterfly-shaped and 448

shamrock-shaped nanoantennas, has been proposed. These 449

nanoantennas, when used jointly as standalone sensors, 450

demonstrate remarkable capabilities for detecting illicit sub- 451

stances within the near-infrared spectrum. Their adaptability 452

and efficacy extend into the challenging THz frequency range, 453

positioning them as promising candidates for future nonde- 454

structive sensing technologies. 455

Moreover, the integration of multiband THz capabilities 456

enhances their utility in various applications, including the 457

detection of chemotherapeutic drugs in cancer treatment [32] 458

and cancer DNA [33]. This advancement underscores the 459

potential of plasmonic nanoantenna-based sensors to revolu- 460

tionize advanced sensing methodologies by offering enhanced 461

sensitivity and specificity. 462

Recent advancements have highlighted the efficacy of multi- 463

band THz sensors in biomedical applications. These sensors 464

offer precise and reliable detection outcomes across various 465

fields, showing their potential impact on scientific research 466

and practical applications [34]. The integration of novel 467

nanoantenna designs, coupled with multiband THz sensing 468

capabilities, represents a significant leap forward in sen- 469

sor technology. Such innovations have profound impacts on 470

advanced sensing methodologies, paving the way for enhanced 471

sensitivity and specificity for various sensing applications. 472

In conclusion, the development of multiband THz sensors 473

marks a critical advancement in sensor technology, poised to 474

revolutionize detection capabilities and expand the horizons of 475

sensing technologies in the future. 476
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