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Abstract

In this thesis we demonstrate numerically and experimentally four novel

photonic devices for terahertz frequencies fabricated by three-dimensional

printing. We present, to the best of our knowledge, the first 3D printed

dielectric frequency filter for the terahertz band. The filter is formed by a di-

electric di↵ractive grating printed over a rectangular waveguide of the same

material. The operational principle consists in couple laterally an electro-

magnetic beam into the grating; if the exit angle of the di↵racted mode is

equal or greater than the total internal reflection angle inside the rectangular

waveguide, the radiation will be confined and will propagate until it reaches

the ends of the waveguide. For this study, we fabricated three di↵erent de-

vices that filter 200GHz, 250GHz and 300GHz depending on their physical

dimensions. We also prove that these frequency filters can be tunable.

In addition, we demonstrate three innovative 3D printed devices that per-

form OR, AND, XOR logic operations at 130GHz. The operation principle

of these logic gates consist of two input electromagnetic waves that interfere

to produce a desired output amplitude. The geometries of the Terahertz

logic gates are formed by a combination of rectangular waveguides. Each

device is evaluated for four input combinations: “on/on”, “on/o↵”, “o↵/on”
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and “o↵/o↵”, where “on/o↵” means coupled/non-coupled radiation in each

input. The output of these operations is the amplitude of the terahertz ra-

diation at the end of the device. Upon comparing the numerical simulations

with the experimental measurements, we achieved very similar results. This

opens future possibilities to integrate these components in order to build

more complex photonic circuits.

The four devices presented in this thesis were simulated using COMSOL

Multiphysics and fabricated by Fusion Deposition Modeling. Subsequently,

they were tested by terahertz time-domain spectroscopy. The results ob-

tained in this thesis show that 3D printing technology is an e�cient method

to produce terahertz components that can be used in many areas such as

telecommunication and for the fabrication of THz components for control

and manipulation of THz waves.
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por su infinito amor e incondicional apoyo.



Acknowledgements

Firstly, I want to thank my advisor Dr. Enrique Castro Camus for the con-

tinuous support throughout this work, for his patience and for giving me the

opportunity to learn about experimental physics and terahertz applications.

Also, I would like to thank my country Mexico and CONACyT for the fi-

nancial support throughout my degree. While the contributions presented

in this thesis are mainly the result of my own work, science these days is a

collaborative activity, therefore I would like to acknowledge the contribution

of Arturo Hernandez Serrano, Manuel Justo Guerrero, Elodie Strupiechonski

and Enrique Castro-Camus who took part in several aspects of the research

presented here.

I want to thank my family: my parents, my sister Paloma and my brother

Eduardo for constantly motivating me to do the things I love. Last but not

least, I would like to thank my husband Oscar for so much love and for

walking (and sometimes running) by my side in all my adventures.

4



Contents

1 Introduction 7

2 The Terahertz Band 10

2.1 Emission and detection . . . . . . . . . . . . . . . . . . . . . . 11

2.2 THz Time-Domain Spectroscopy . . . . . . . . . . . . . . . . . 14

2.3 Applications of THz radiation . . . . . . . . . . . . . . . . . . 17

2.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 3D printing technology 19

3.1 Fusion Deposition Modeling . . . . . . . . . . . . . . . . . . . 20

3.2 THz passive devices . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4 Terahertz filters 26

4.1 Design and modeling . . . . . . . . . . . . . . . . . . . . . . . 26

4.2 Fabrication and characterization . . . . . . . . . . . . . . . . . 32

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5



CONTENTS 6

5 Terahertz logic gates 39

5.1 Design and modeling . . . . . . . . . . . . . . . . . . . . . . . 40

5.2 Fabrication and characterization . . . . . . . . . . . . . . . . . 46

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6 Conclusions 53



Chapter 1

Introduction

Since long ago scientists have studied light and its properties [1, 2]. Until

the middle of the seventeenth century, it was believed that light was formed

by discrete particles called “corpuscles” that were emitted by sources such

as the sun or the flame of a candle, which traveled in a straight line [3, 4].

In 1660 Huygens proved that the laws of optics could be explained based

on the assumption that light had a wave nature. It was not until 1873

when a substantial discovery in the understanding of the nature of light

occurred. This discovery was Maxwell’s theoretical studies on electric and

magnetic fields that allowed him to combine both in a single theory called

electromagnetism [5, 6].

Nowadays, scientists continue studying the properties and applications

of light. Depending on the frequency of the radiation it is possible to iden-

tify di↵erent areas of application. For instance, low frequencies (105 Hz �

1011 Hz) are used in communication technologies, such as television, mobile

phones and radios [7, 8]. High frequencies (1015 Hz�1022 Hz) such as visible
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CHAPTER 1. INTRODUCTION 8

light or x-rays are commonly used in biomedical applications [7, 8]. Between

low and high frequencies there exist a gap in the electromagnetic spectrum

called the Terahertz-gap (1011 - 1013Hz) [9, 10]. The word “gap” is used

because this part of the spectrum remained unexplored for approximately

forty years due to the lack of technology required to emit and detect this

range of frequencies [11]. Nevertheless, optical and microwave technologies

have made tremendous advances from the high and low frequency side in the

last decades that allow us to study the properties and applications of this

band of the spectrum [12, 13].

In this thesis four novel THz devices are presented. I present the de-

sign and experimental characterization of these four devices using 3D print-

ing technology and terahertz time-domain spectroscopy. The fist device is a

guided-mode filter, which depending on the physical dimensions, can be used

to filter 200GHz, 250GHz or 300GHz. Moreover, the filter could be linearly

tuneable just by varying the angle between the incident beam and the waveg-

uide. Furthermore, I present the design and experimental demonstration of

three 3D printed devices to perform OR, AND and XOR logic operations at

130GHz.

This thesis is organized in six chapters. Chapter 2 presents a brief per-

spective and outline of Terahertz radiation. I also dedicate this section to

mention the techniques of emission and detection of Terahertz pulses em-

phasizing the use of photoconductive antennas. In addition, we include a

section to describe the spectroscopic technique using THz pulses and some

applications of THz radiation.

In chapter 3, an introduction to 3D printed technology is given as well
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as some applications of this technology in the THz band. Finally, I mention

some examples of 3D printing of THz passive components that scientists have

made in recent years.

Chapter 4 presents the design, characterization and fabrication of a 3D

printed guided-mode filter. I designed three devices to operate at 200GHz,

250GHz and 300GHz. The devices were made of polystyrene, which is a

material commonly used in 3D printing. The simulations and experimental

measurements show that electromagnetic radiation propagating along the

waveguide experiences a frequency selective process, resulting in a filter.

Chapter 5 includes the development of three di↵erent geometries to per-

form OR, AND and XOR logic operations. I also present in this chapter

simulations computed in COMSOL Multiphysics in order to optimize the

geometries. The logic gates were made of Bendlay, which is also a filament

commonly used in the fabrication of 3D printed THz components. The logic

gates as well as the filters were characterized and tested using a terahertz

time-domain spectrometer in transmission configuration.

Chapter 6 presents the general conclusions of this work, where I highlight

that 3D printing technology is an e↵ective tool to produce novel components

for control and manipulate THz radiation.



Chapter 2

The Terahertz Band

Terahertz (THz) radiation, also known as T-rays, are electromagnetic waves

which lie between the microwave and infrared frequencies (300GHz - 10THz)

[9, 14]. Figure 2.1 illustrates the THz band in the electromagnetic spectrum.

Radiation at 1THz has a period of 1 ps, a wavelength of 300µm, a wavenum-

ber of 33 cm�1, a photon energy of 4.1meV, and a temperature of 47.6K [9].

THz radiation was not accessible until the mid 1980s due to the lack of e�-

cient emitters and detectors for this band [10, 15]. On the microwaves side,

electronic circuits are incapable of oscillating at such high frequencies and

produce radiation in this band. On the other hand, quantum systems with

low energy transitions are immersed in thermal noise, thus preventing them

from being used as detectors unless they are cooled to cryogenic temperatures

[16, 17]. Therefore, THz radiation has properties from both the electronic

and photonic sides.
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Frequency (Hz)

Wavelength (nm)
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radio waves microwaves infrared ultraviolet X-rays Gamma rays

THz

Figure 2.1: Electromagnetic spectrum. Bands of the spectrum from the low

to high frequencies and long to short wavelengths. THz radiation is located

between the microwave and infrared bands.

2.1 Emission and detection

Over the years, great e↵orts have been made to develop new techniques for

emitting and detecting terahertz radiation [18, 19]. Generation and detection

of THz radiation occur through nonlinear interaction of the driving optical

pulse and a material with a fast response. For instance,Photoconductive (PC)

antennas, some semiconductor surfaces, or quantum structures irradiated

with femtosecond optical pulses [20, 21]. Most of the THz wave generation

and detection systems consist of a pump and probe setup. These systems

work by splitting the femtosecond laser beam into two beams: the pump and

the probe beams. The pump beam is used to generate the THz pulse, while

the probe beam is used to sample and detect the pulse profile [10, 22]. In

this section an explanation of the process using PC antennas is given.

The PC antenna is one of the most commonly used emitters and detectors
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for THz radiation [23, 20]. A PC antenna consists of two metallic electrodes

placed on a semiconductor substrate. These electrodes are separated by a

gap of a few microns and are connected to a bias voltage. In order to gen-

erate THz pulses, the optical pulse is absorbed on the antenna between the

electrodes generating electron-hole pairs. These electron-hole pairs are accel-

erated towards the electrodes due to the potential di↵erence, which produces

a transient photo-current. This transient radiation has frequency components

that fall in the THz band [24, 25].

The detection of THz pulses using PC antennas involves similar physical

principles to those of their generation. The only major di↵erence is that in

the case of the detector, the two electrodes are connected to an amperimeter

rather than a power supply. Again, electron-hole pairs are generated when

the optical probe pulse reaches the gap on the antenna [26]. These free

carriers are now accelerated by the THz pulse generating a photo-current

which is proportional to the width of the THz beam. Since the THz pulse

is almost 100 times longer than the optical pulse, the photo-induced carriers

experience a steady electric field with amplitude equal to the value of the

intersection with the THz pulse. Figure 2.2 illustrates the process of THz

emission and detection using PC antennas.
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Figure 2.2: a) THz emission from PC antenna. b) Process of THz detection.

The electric field measurement is determined by the arrival times t1, t2 and

t3 of the optical and THz pulse in time.
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2.2 THz Time-Domain Spectroscopy

The continuous e↵ort that scientists have made to develop techniques to

generate and detect THz pulses has led us to the possibility of using them

for spectroscopy [27, 28]. The spectroscopic technique using THz pulses is

named Terahertz Time-Domain Spectroscopy (THz-TDS). One of the great

advantages of THz-TDS as opposed to conventional Fourier transform spec-

troscopy is that it is able to measure not only the amplitude, but also the

phase of the radiation [29]. This makes it possible to directly measure prop-

erties of the sample for instance its dispersion and refractive index [30]. The

THz-TDS technique relies on the measurement of a short electromagnetic

pulse that is transmitted, reflected or scattered by a sample. In this section

we describe the experimental setup in transmission, since this is the setup

used in this thesis.

A THz-TDS system consist of a femtosecond laser, a THz emitter and

receiver, and a quasi-optical system that shapes the THz beam and directs

it from the emitter, through the sample, to the receiver, and a delay stage

that allows us to sample the signal.

The THz-TDS system used for this work has a laser that emit pulses

with a duration of 10 to 100 fs, approximately. This laser generates pulses

through the technique of mode locking. Figure 2.3 shows the THz-TDS

system transmission setup.

THz-TDS makes it possible to directly measure the complex optical prop-

erties of the sample [31, 32]. In order to do this, a reference electric field

Eref (t) is recorded without the sample. Subsequently, the sample is placed in

between the emitter and detector and the transmitted electric field Esam(t)
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is recorded. In order to get the amplitude spectra of Eref (t) and Esam(t)

in the frequency domain we compute the Fast Fourier Transform (FFT)

of the reference and sample electric fields: Ẽref (!) = Eref (!)ei�ref (!) and

Ẽsam(!) = Esam(!)ei�sam(!).

The transfer function T̃ (!) of the sample in the frequency domain is given

by equation 2.1

T̃ (!) =
Ẽsam(!)

Ẽref (!)
=

Esam(!)

Eref (!)
e
i(�sam(!)��ref (!)). (2.1)

The complex refractive index ñ(!) = n(!) + i(!) can be directly calcu-

lated by equations 2.2 and 2.3

n(!) = 1 +
c(�sample(!)� �ref (!))

d!
, (2.2)

(!) = � c

2d!
ln


1

t12(!)t21(!)

Esam(!)

Eref (!)

�
. (2.3)

where �sample(!) and �ref (!) are the phase di↵erence of the sample and

reference signals, d is the thickness of the sample, t12(!) and t21(!) are

the Fresnel transmission coe�cients from air to sample and sample to air,

respectively.
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Figure 2.3: THz-TDS transmission setup. The femtosecond laser pulse is

divided into an optical and pump pulse. The pump pulse is used to generate

THz radiation, while the probe pulse is used for the detecting process. The

lenses are used to direct the THz beam from the emitter to the receiver,

passing through the sample.
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2.3 Applications of THz radiation

Once sources and detectors of THz radiation were made available, scientists

started to develop applications of this radiation. THz applications have been

developed in di↵erent areas such as biomedical [33, 34], industrial [35, 36,

37], art conservation [38, 39], security [40, 41], among others. In this chapter

we present some of these applications

• Biomedical: THz radiation does not present any health risks for scan-

ning people [42, 43].This particular property has allowed scientists to

use THz imaging for cancer detection [44, 45], skin hydration [46, 47]

and biological tissue discrimination [48, 49].

• Security: Terahertz radiation can detect camouflaged weapons as many

non-metallic materials are transparent to THz radiation. Furthermore,

explosives and certain illegal drugs have characteristic THz spectra that

can be used to identify these compounds [50, 51, 52].

• Industrial: THz-TDS allows characterization of samples with thick-

nesses of the order of the wavelength [53]. This characterization results

useful in monitoring air voids in plastic structures [54] and for accurate

thickness measurement of multi-layered automotive paints [55].

• Telecommunication: Nowadays digital data tra�c continues increasing

dramatically. In order to transmit growing amounts of data in ac-

curate time, scientist are aiming to increase the available bandwidth.

This leads to the development of new components to manipulate tera-

hertz radiation. For instance, filters [56, 57], waveguides [58, 59], phase
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modulators [60], polarizers [61], lenses [62], to name a few.

• Cultural heritage: It has been possible to analyze the internal structure

of di↵erent types of paintings [63, 64, 65]. Terahertz has also been used

to identify di↵erent artistic materials.

2.4 Conclusion

As we can see, due to the characteristics of this radiation, interesting applica-

tions have been developed. However, to continue developing and improving

these and more applications it is indispensable the fabrication of optical com-

ponents to manipulate THz radiation. Unfortunately, many materials that

are transparent in the visible and infrared range turn out to be opaque at

THz frequencies. Nevertheless, studies have shown that several polymers

have favorable optical properties for the THz region [23]. This has given the

possibility to manufacture devices and optical components for this region

such as waveguides, lenses, polarizers, among others [66, 67, 68]. The aim of

this thesis is to present the design, fabrication and characterization of four

optical novel devices for terahertz frequencies. These devices corresponds to

a guided-mode THz frequency filter and three optical logic gates that perform

OR, AND and XOR logic operations.



Chapter 3

3D printing technology

3D printing, also known as additive manufacturing (AM), is a technology

that has been used for many years for rapid prototyping [69, 70]. Compared

with manufacturing technologies such as micromachining or spark erosion

where objects are made in a subtracting manner, the principle of AM consist

in building an object layer by layer. This has the advantage of consuming

less energy and wasting less material [71, 72].

There exists a large range of AM techniques for rapid prototyping, in-

cluding stereolithography (SLA) [73, 74], fusion deposition modeling (FDM)

[75, 76], polymer jetting (PJ) [77, 78], electron beam melting (EBM) [79,

80], to mention just a few. Each technique varies in its procedure and has

its advantages and disadvantages [81, 82]. In this thesis we used the FDM

technique to fabricate passive devices that operate at THz frequencies. This

technique has existed since 1980 and continues to be one of the most popular

methods due to its high potential for fast prototyping [75, 83].

19



CHAPTER 3. 3D PRINTING TECHNOLOGY 20

3.1 Fusion Deposition Modeling

The Fusion deposition modeling (FDM) is a rapid prototyping technique

comercially developed by Stratasys in 1990 [84]. In order to print a three

dimensional object we first create a digital model using a computer-aided

design (CAD) interface. Next, the digital model is converted to an STL

file. This file is a raw triangulation of the object and is used to create the

calculation of the slices that make up the object to be printed. The next

step is processing the STL file in order to transform it to a G-code. In

this step the triangulation of the STL file are converted into a sequence

of instructions executed by the printer. These instructions are basically a

sequence of x, y and z coordinates plus a variable that controls the material

injection. Inside the G-code, information about the printer settings is also

present. For instance the nozzle temperature, bed temperature, positions

of the steppers motors, the positions of the origin coordinates, speed of the

printer, among others. Also, the trajectory of the printer is included in

this code. This part of the code can be modified by the user using any

mathematical software like Python, Octave, etc in order to choose a smart

trajectory. By modifying the G-code directly it is possible to avoid the CAD

design step and the STL file conversion.

For this work, we used both options. For the 3D printed terahertz filter

we generate a txt file that that include the general parameters of the printer

mentioned before, the trajectory followed by the nozzle and the final code

to turn o↵ all the components. For print the Terahertz Logic gates we used

a CAD interface to design the geometries and then convert it to a STL

file. The printing parameters such as the height and thickness, print speed,
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printing temperature and fill density were controlled via a software to print

3D models.

Fusion deposition modeling technique consists in melting thermoplastic

material, such as Acrylonitrile Butadiene Stirene (ABS) or Polylactic Acid

(PLA), using a hot extruder nozzle. The nozzle hole diameter determines the

resolution of the printer. In this work we used a nozzle with a hole diameter

of 400µm. The mechanism of FDM is made up of three axes: X, Y and Z.

The X-Y plane is the base where the melted filament is deposited layer by

layer and the Z-axis is used to control the height. The printing process starts

with a first layer at z = 0, once this first layer has been deposited, a small

amount of material is added in the z-direction in order to build a second layer

and so on. Figure 3.1 illustrates the FDM technique and the elements that

integrate the 3D printer.
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Figure 3.1: Diagram of a 3D printer. Figure (a) illustrates the main elements

of the printer. Figures (b-d) show the process. The 3D printer builds the

object layer by layer adding small amounts of printable material.
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The printer used in this thesis was a Prusa i3 from Makermex, which is

based on an open source model. The main elements of the printer are the

printer bed and the extrusion head. The polymer filament is placed inside

the extruder which uses a gear to pull the filament towards the nozzle. Near

the nozzle, a heater and a thermistor are placed to control the temperature

in order to melt the filament. Finally, the filament is extruded through

the nozzle and deposited on the printing bed. For this work, a nozzle with

a diameter of 0.4 mm was used. The movements along the X, Y, and Z

directions are performed using stepper motors. The printer only moves in

the Y direction, while the extrusion head moves in the X and Z directions.

As described above, the FDM technique is accessible and easy to imple-

ment. This has allowed scientists to use this technique to fabricate compo-

nents that can be used in di↵erent areas. For instance, FDM 3D printing

has been used for channel fabrication by bio-analytical and microfluidics re-

searchers [85, 86]. Furthermore, in medical applications FDM has been used

to fabricate implants that are used in oral and maxillofacial surgery and the

development of artificial finger joints for orthopaedic applications [87, 88].

In this thesis we applied 3D technology in the field of optics to fabricate

photonic devices. These devices are designed to operate at THz frequencies

that make them able to be used in telecommunications.
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3.2 THz passive devices

As mentioned in the previous chapter, terahertz radiation has been applied

in di↵erent areas, such as telecommunications. The dramatical increase of

digital data flow has led scientists to develop passive components that allow

them to manipulate THz radiation in order to increase the bandwidths cur-

rently available [89, 90]. Over the last years, many e↵orts have been made in

the development of photonic components for communications over the THz

band. For instance, lenses [91, 92, 93], waveguides [94, 95], demultiplexers

[96, 97] among others. On the other hand, 3D printing technology has at-

tracted the attention of scientists and researchers because some polymers

used in FDM turn out to be transparent to THz radiation [98, 99, 100]. Fur-

thermore, the resolution of a simple and low-cost 3D printer (⇡ 400µm) is

enough to build THz components operating below ⇡ 0.5THz due to large

wavelength in the THz regime [101].

Lately, 3D printed dielectric waveguides and fibers have been reported

for THz frequencies. For instance Weidenbach et al fabricated rectangular

waveguides, splitters and couplers at 120GHz using the FDM 3D printing

technique [102]. In 2015 a hollow-core fiber with negative curvature was

demonstrated by Cruz et al [103]. Furthermore, authors presented in [104]

a 3D printed Bragg fiber for THz frequencies. All of these devices were

fabricated with ABS and also by FDM technology. Moreover, various types

of antennas have been fabricated using 3D printing technology [105, 106].

Unfortunately, most of the 3D printed antennas so far reported are above

0.1THz due to the limit of state-of-the-art 3D printing technologies [101].
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3.3 Conclusion

The development of printable polymers whose properties results favorable

for the THz band open the possibility to fabricate optical devices, since 3D

printing technique has the capability of creating complex geometrical struc-

tures. In the other hand, the consequence of the resolution of a FDM printer

is that the fabricated devices operates only in the few hundred gigahertz re-

gion. This limitation can be overcome using other 3D printing techniques,

but unfortunately increases manufacturing cost.



Chapter 4

Terahertz filters

In this section we report the design and fabrication of a 3D printed guided-

mode filter for THz frequencies. We design three devices to operate at

200GHz, 250GHz and 300GHz. These devices consist of a di↵racting grating

printed over a rectangular waveguide. The devices were made of polystyrene

(PS), which is a material commonly used in 3D printed THz devices [98,

107]. We used a fiber-coupled time-domain spectrometer to characterize the

devices. Simulations show, and the experimental measurements reinforce,

that the coupling of electromagnetic radiation into the waveguide is highly

frequency selective resulting in a frequency filter.

4.1 Design and modeling

When light travels from one medium to another, a portion of the light is

reflected and a portion is transmitted into the second medium. As the trans-

mitted light moves into a medium with di↵erent refractive index, it changes

26
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Figure 4.1: (a) When the angle of incidence is less than the critical angle,

part of the light is refracted and part of the light is reflected. (b) The angle of

incidence is equal to the critical angle, the angle of the refracted light reaches

90�. (c) When the angle of incidence is greater than the critical angle, light

is totally reflected back into the medium.

its direction of travel. This means it is refracted. Snell’s law describes the

relationship between the angle of incidence and the angle of refraction.

When light is refracted from a medium of higher refractive index to a

medium of lower refractive index, the angle of refraction is greater than the

angle of incidence. As the angle of incidence approaches a certain limit,

called the critical angle, the angle of refraction approaches 90�, at which

the refracted ray becomes parallel to the surface. As the angle of incidence

increases beyond the critical angle, the conditions of refraction can no longer

be satisfied; so there is no refracted ray, and the partial reflection becomes

total reflection.

Figure 4.1 explains schematically how total internal reflection takes place

in an interface between two media. An incident ray (red) goes into an inter-

face and part of the light is reflected (blue) and refracted (green). When the
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Figure 4.2: Simplified diagram of the proposed device. The exit angle of some

of the di↵racted modes at a particular frequency satisfies the total internal

reflection condition inside the waveguide.

angle of incidence ✓1 is greater than the critical angle ✓c, the light is totally

reflected back to the medium.

In the other hand, when a wave is incident on a grating, it di↵racts into

a finite number of modes called spatial harmonics or di↵raction orders. The

angles of the di↵racted modes ✓m are described by the grating equation 4.1

ntsin(✓m) = nincsin✓inc �
m�0

⇤
, (4.1)

where nt = 1.56 is the refractive index of the grating, ✓(m) is the di↵rac-

tive angle of the m-th di↵racted mode, ninc = 1 is the refractive index of the

external medium, ✓inc is the angle of incidence of the electromagnetic beam,

� is the vacuum wavelength and ⇤ is the period of the grating [108].
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Figure 4.2 shows the principle of operation of the filter, where w and h are

the width and height of the rectangular waveguide; a, b and ⇤ are the height,

width and the period of the grating. An electromagnetic beam is coupled

laterally through the waveguide. If the exit angle of the di↵racted mode is

higher or equal to the total internal reflection angle inside the waveguide,

then the electromagnetic radiation will be confined and will propagate in

the waveguide. The e↵ective refractive index of the waveguide is given by

equation 4.2

neff = ntsin(✓) = ntsin(✓(m)). (4.2)

Given that ninc  neff  nt and combining equation 4.1 and equation

4.2, the condition to be satisfied for any particular wavelength to be guided

inside the waveguide is

ninc  |nincsin(✓inc)�m
�

⇤
|  nt. (4.3)

In order to analyze the functionality of the filters we set the period of the

grating to ⇤ = 0.8mm to filter 300GHz. This parameter was selected using

equation 4.3. The height and width of the grating a = 0.2mm, b = 0.4mm

were chosen taken into account the nozzle diameter of the 3D printer. We also

set in the simulation the width and height of the waveguide to w = 0.8mm

and h = 1mm. These dimensions were chosen to have single-mode operation

and the propagation length of the waveguide was 5 cm.

We computed three simulations using the filter previously described at

250GHz, 300GHz and 350GHz in order to analyzed the functionality of

the filter around 300GHz. A plane wave was propagated by our simulation



CHAPTER 4. TERAHERTZ FILTERS 30

through the top of the grating. Figure 4.3 a)-c) shows the simulations results

for 250GHz, 300GHz and 350GHz for a plane wave parallel to the grating.

According to the simulations the electric field amplitude at the right-hand

side relative to the incoming amplitude are 0.2, 0.8 and 0.1 for 250GHz,

300GHz and 350GHz respectively. These results show that the coupling of

the 250GHz and 350GHz beams into the waveguide are relatively low, while

the coupling at 300GHz is comparatively strong. This is consistent with

the theoretical analysis done before where the condition of equation 4.3 is

satisfied at 300GHz for the first di↵raction order m = 1.
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Figure 4.3: Simulation results for a device to act as a filter at 300GHz when

illuminated at a) 250GHz, b)300GHz and c)350GHz.



CHAPTER 4. TERAHERTZ FILTERS 32

4.2 Fabrication and characterization

We used the Fusion Deposition Modeling (FDM) technique, which is widely

described in chapter 3, and a Prusa i3 3D printer to fabricate the filters.

These filters were made of polystyrene (PS), which has a refractive index of

1.56 between 0.2THz and 3THz and an absorption coe�cient of 0.4 cm�1 at

500GHz [98].

We decided to print three di↵erent devices to operate at 200GHz, 250GHz

and 300GHz. We set the height and width of the rectangular waveguide

to h = 1mm and w = 0.8mm; the height and width of the grating to

a = 0.2mm and b = 0.4mm, and the propagation length of the waveguide

was 5 cm for each device. The only parameter that we modified in each of the

filters was the period of the grating. For 200GHz we set the period to ⇤200 =

1.2mm; for 250GHz we set the period to ⇤250 = 1mm and for 300GHz we

set the period of the grating to ⇤300 = 0.8mm. All these parameters were

optimized by the simulation software and equation 4.3. Figure 4.4 a) shows

one of the printed filters. Is worth to mention that in order to filter higher

frequencies the period of the grating decrease. In this particular work, the

spatial resolution of the 3D printer (400µm) does not allowed to print a filter

for frequencies above 300GHz. Therefore, we choose 200GHz, 250GHz and

300GHz to carry out the characterization of the filters.

We used a fiber-coupled time-domain spectrometer in transmission config-

uration, to characterize the devices. We recorded the THz pulses after prop-

agation through the filters. Figure 4.4 b) shows a simplified diagram of the

experimental setup. We used 25.5mm focal length High Density Polyethy-

lene (HDPE) lenses in order to focus the THz beam parallel to the grating.



CHAPTER 4. TERAHERTZ FILTERS 33

Also, we placed an aperture in front of the receiver in order to ensure that we

were only detecting the radiation that came from the waveguide. The filter

was placed away from the focal position of the transmitter lens to guarantee

a wider interaction region between the THz beam and the grating.
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a)

b)

Transmitter

Figure 4.4: a) 3D printed filter for 200GHz. b) Experimental setup used to

characterize the 3D printed filters.
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4.3 Results

From the previous measurements we obtained the THz pulses in the time do-

main for each filter and we computed their amplitude spectra in the frequency

domain by Fourier Transform. Figure 4.5a and 4.5b shows the THz pulses

and its amplitude spectra corresponding to each waveform. The dashed lines

in Figure 4.5b correspond to the experimental measurements while the solid

lines are the simulated results. We can see in the graph many similarities

between experimental and numerical results. Using this data we estimated

the Q-factor of each filter to be 2.6 (6.45), 4.5 (6.4) and 4.5 (8.3) experimen-

tally (theoretically) for 200GHz, 250GHz and 300GHz, respectively. The

di↵erence that occurs between the experimental and theoretical values of the

Q factor is due to the widening of the experimental spectra. Moreover, as

mentioned, the incoming beam was placed away from the focal position. This

led to a coupling e�ciency of 21%, 25% and 28% for these frequencies. The

filter whose experimental and numerical curves show the greatest di↵erence is

the 300GHz device. This is caused by imperfections in the fabricated devices

inherent to the 3D printing technique.

Another interesting property of these filters is that the position of the

coupling peak depends linearly on the angle between the incoming beam and

the waveguide axis. This dependence is given by equation 4.4. From this

equation it is clear that the position of the peak varies linearly depending on

the angle between the incoming beam and the waveguide axis of the filter.

��

�✓inc
=

ninc⇤

m
. (4.4)
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Figure 4.6: Central wavelength as a function of the incidence angle. The

dots are the experimental values and the dashed line is the expected position

of the central peak predicted by equation 4.4.

To prove this property we used the same experimental setup shown in

figure 4.4 and the 250GHZ filter. In this experiment we hold the transmitter

on a rotational stage in order to vary the incidence angle from �20� to 20� in

steps of 4�. Figure 4.6 shows the peak wavelengths as circles which indicate

a linear behaviour consistent with the dashed line, which is the predicted

position of the resonant wavelength as a function of the incidence angle given

by equation 4.4.
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4.4 Conclusions

In this chapter we presented the design and experimental demonstration to

fabricate a plastic filter for terahertz frequencies fabricated by 3D printing

technology. The filters are made up of a grating printed over a rectangular

single-mode waveguide. Depending on the period of the grating the devices

behave as a filter at 200GHz, 250GHz and 300GHz. These devices can be

used for the construction of THz frequency tunable filters for telecommunica-

tion applications, among others. Finally, this work provides further evidence

that 3D printing technology is a powerful tool for the design and fabrication

of novel THz devices which can be used in di↵erent applications.



Chapter 5

Terahertz logic gates

In this section we present the design of three 3D printed logic gates that per-

form the logic operations OR, AND, XOR and NOT at 130GHz. Recently,

optical logic gates have been demonstrated based on various techniques and

materials. For instance, electromagnetic simulations of optical logic gates

in metal slot waveguides have been proposed in [109, 110, 111] for the near

infrared spectrum. Moreover, logic gates based on two-dimensional (2D)

photonic crystals [112, 113, 114], graphene nanoribbons [115, 116], and semi-

conductor optical amplifiers [117, 118] have been proposed and numerically

investigated by finite di↵erence time-domain (FDTD) simulations. Addition-

ally, logic operations at THz frequencies with a reconfigurable geometry based

on micro/nano electromechanical systems have been proposed in [119]. In

this work, we propose simple, low cost solutions to perform logic operations

at THz frequencies using three-dimensional (3D) printing technology.

The principle of operation of these photonic logic gates consists of two

input waveguides that couple to a series of particular geometries making the

39
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radiation interfere in such a way that the output signal follows the desired

logic rule. The cross-section of the input and output waveguides were de-

signed in order to have single mode operation. In order to optimize the

geometries of the designs for the desired logical operations, we used COM-

SOL Multiphysics. Once the geometries were optimized we used a Prusa

i3 3D printer to fabricate three di↵erent devices to perform the OR, AND

and XOR operations. The devices were made out of Bendlay, which is a

translucent material commonly used in fused deposition modeling 3D print-

ing [101, 100]. The experimental characterization was carried out with a

THz-TDS spectrometer in transmission configuration. The simulations and

experimental measurements show a good agreement between numerical and

experimental data.

5.1 Design and modeling

The structures of the devices consist of two input dielectric waveguides that

couple radiation that interfere properly to obtain the desired logical oper-

ation. Each logic gate has four input combinations: “on/on”, “on/o↵”,

“o↵/on” and “o↵/o↵”, where “on/o↵” indicates radiation “coupled/not-coupled”

in the corresponding input waveguides. In the OR gate an “on” output re-

sults if one or both inputs of the gate are “on”. If neither input is “on”,

an “o↵” output results. In the AND gate, an “on” output results only if all

the inputs are “on”. The XOR gate implements an exclusive OR; that is an

“on” output results if one and only one of the inputs of the gate is “on”. In

all cases the output signal is the radiation that results from the interference
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of these input combinations. Figure 5.1 shows the 3D printed geometry of

these logic gates.

The geometries of the OR and XOR gate are similar. Both of them have

an input rectangular waveguide of 27mm, a second input with a slightly

curved shape and an output rectangular waveguide of a length of 5mm. The

di↵erence between them is that compared to its first input waveguide, the

second input of the OR gate has a path length di↵erence of �/3 in order to

have a similar amplitude at the output when both input waveguides are on

and when just one input waveguide is on. In the case of the XOR logic gate

we add to a path length of �/2 in order to have destructive interference when

both input waveguides are on. We were aware to maintain the radius of the

curvatures of the waveguides larger than 2� with the purpose of preventing

leakage.

The AND geometry consist of two input rectangular waveguides of a

length of 20mm, a rectangle of 8.5⇥ 13.2mm where the two inputs interfere

and an output waveguide length of 10 mm. The dimensions of this rectangle

were chosen in order to obtain a 1 ⇥ 2 multimode interference splitter, but

in this case operating the other way around. The input and output cross-

section of the three devices are 1.5mm ⇥ 1.5mm and were chosen using a

parametric-sweep in the simulation software with the purpose of having single

mode operation.

In order to optimize these geometries, we used COMSOL Multiphysics to

compute the electric field distribution of the OR, AND and XOR logic gates

at 130GHz. COMSOL uses the Finite Element Method to approximate the

solution of the propagation of the electromagnetic wave in the frequency
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Figure 5.1: Geometries of the (a)OR, (b) AND and (c) XOR printed photonic

logic gates. The operational principle consist of two input waveguides that

interfere to obtain the desired output operation. The width of the waveguide

is 1.5mm.
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Figure 5.2: Electric field distribution for OR logic gate simulation at

130GHz. Panels a)-d) represent the four input combinations “on/on”,

“on/o↵”, “o↵/on” and “o↵/o↵”, respectively.

domain. For this study we performed a 2-dimensional analysis since we have

almost axi-symmetric geometries and we set scattering boundary condition

for all the boundaries outside the geometries.

In addition, 2D simulations are computationally less demanding and

therefore faster to solve than a 3D model. We defined two input ports at the

beginning of the geometries in order to perform the four input combinations

and one output port in order to evaluate the output electric field at the end

of the devices. These ports were defined as TE10 waveguides modes where

the vector direction of the E-field is out-of-plane.

The simulation results for the OR logic gate are shown in Figure 5.2. The

color map of panel a) represents the input combinations “on/on” where the

field is mostly distributed in the two input arms. Next, the two input waveg-
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Figure 5.3: Electric field distribution for AND logic gate simulation at

130GHz. Panels a)-d) represent the four input combinations “on/on”,

“on/o↵”, “o↵/on” and “o↵/o↵”, respectively.

uides are joined in a “y” shape where the radiation interferes constructively

to get an output state “on”. The second and third input combinations are

shown in panels b) and c), where we only coupled radiation in one input

arm. The simulation shows that the electric field again propagates almost

uniformly inside the input waveguide until the end of the device, resulting

also in an “on” output state. Finally, when both inputs are “o↵” we get a

0-amplitude at the end of the OR gate as shown panel d).

Figure 5.3 shows the simulations results for the logic operation AND at

130GHz. Panel a) shows the input operation “on/on”, where the interference

pattern is symmetric. Both input waveguides are in phase and interfere con-

structively. Therefore, the radiation couples in the output port producing an

output state “on”. Panels b) and c) of Figure 5.3 shown the input combina-
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Figure 5.4: Electric field distribution for XOR logic gate simulation at

130GHz. Panels a)-d) represent the four input combinations “on/on”,

“on/o↵”, “o↵/on” and “o↵/o↵”, respectively.

tions “on/o↵” and “o↵/on” respectively. In these operations, when radiation

is coupled just in one input waveguide, the input waveguide do not interfere

with any other signal and propagates within the rectangle. Although radi-

ation is still coupled at the output waveguide, it is < 40% compared to the

incoming radiation. This small portion of coupled radiation is enough to be

interpreted as an output state “o↵”. Finally, panel d) of Figure 5.3 shows

the case when both input waveguides are “o↵” and as expected, the output

at the end of the waveguide is “o↵”.

Finally, Figure 5.4 shows the simulation results for the XOR logic gate

also at 130GHz. Compared with the OR logic gate, the XOR operation has

an output “o↵” when radiation is coupled into the two input waveguides,

as shown in panel a). In this case we built the second input arm in such
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a way that the two input waves have a de-phase of �/2. This implies that

we obtain destructive interference at the output waveguide, and therefore an

output state “o↵”. Panels b) and c) are similar to Figure 5.2 where radiation

is mostly distributed into the input waveguides until the end of the device

giving an output state “on”. Panel d) of OR, AND and XOR logic gates

represent the operation with input combination “o↵”/“o↵”, which means no

radiation is coupling in any of the input waveguides resulting in a zero or

“o↵” output state.

5.2 Fabrication and characterization

Once the devices were optimized, we used a Prusa i3 3D printer to fabricate

the OR, AND and XOR logic gates. The devices were made of Bendlay,

which has a refractive index of 1.54 and an absorption coe�cient of 0.4 cm�1

at THz frequencies [100]. The 3D geometries were designed in FreeCAD

according to the parameters from the previous simulations and exported to a

STL format. Subsequently, we used CURA software to “slice” the 3D models

which produced a G-code file. Finally, this file was read by the printer, and

it was possible to begin the printing process. For the printing process we

set a layer height of 0.1mm, print speed of 25mm/ s and the nozzle and bed

temperatures to 235�C and 60�C, respectively.

In order to characterize the 3D printed logic gates, we used a THz-TDS

spectrometer in transmission configuration. As described before, the logic op-

erations consist of two inputs and one output. This means that in theory we

need two sources. To overcome this di�culty, since we only have one source,
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Figure 5.5: Experimental setup used to characterize the 3D printed logic

gates.

we designed a 50/50 3D printer beam splitter to couple the THz beam into

the two input waveguides. Between the beam splitter and the logic gate we

left a gap of ⇠ � where we placed a metallic sheet in order to block Input 1,

Input 2 or both so that we could perform the four input combinations of the

logic OR, AND and XOR operations. The experimental setup is illustrated

in Figure 5.5. The metallic sheet was placed in a x-y translational platform

in order to control the input combinations. To perform the “on/on” oper-

ation, the metallic sheet moved completely to one side allowing both input

waveguides to be coupled to the beam splitter. In order to perform “on/o↵”

and “o↵/on” operations, the translational platform moved the metallic sheet

to one side or the other blocking just one input waveguide. Finally, the input

combination “o↵/o↵” is achieved by blocking both inputs with the metallic

sheet, therefore, no THz radiation propagates through the devices.

To test the devices, we obtained the amplitude spectra of the four input

combinations for each 3D printed THz logic gate. Since the spectrometer

provides electric amplitude measurements in arbitrary units, for clarity and
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simplicity, the value of 1 will correspond to the amplitude of the OR gate with

the input combination “on/on” and we will call these normalized amplitudes.

For this work, we considered the amplitudes equal or greater than 0.5 as an

output “on” and below 0.5 as an output “o↵”. Figure 5.6 shows the output

amplitudes of the OR, AND and XOR logic gates. Each color represents an

input combination “on/on”, “on/o↵”, “o↵/on” and “o↵/o↵”. Panels (a-c)

represent the numerical amplitudes from simulations, and panels (d-f) are

the experimental amplitudes measured with the spectrometer. We placed

a horizontal dashed line as a guide regarding the amplitude threshold that

divides the values above as an output “on” and the values below this line as

output “o↵”. The vertical continuous blue line indicates the position of the

frequency at 130GHz, which is the design operation frequency.

5.3 Results

Comparing numerical and experimental data, we can observe that these

curves are considerably similar despite in the form frequency shifts. The

di↵erences between the numerical and experimental curves occurs for three

main reasons. First, the simulations assume a flat input spectrum, while

in the experimental measurements, the spectrometer has a characteristic

spectral response. Secondly, the coupling e�ciency into the waveguides is

wavelength dependent. And thirdly, the imperfections in the printed devices

that are inherent to the 3D printing technique. Figure 5.6 (d) shows the ex-

perimental amplitudes of the OR gate for the input combinations “on/on”,

“on/o↵”, and “o↵/on”, where the output amplitude is above 0.8 resulting in
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Figure 5.6: Normalized amplitudes (a-c) simulated and (d-f) measured at the

output port for all input combinations “on/o↵” for the OR, AND and XOR

logic gates; dashed lines indicate the threshold that defines outputs values

“on” and “o↵ at 130GHz.
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an “on” output as we expected. The input combination “o↵/on” is around

0.1 below the input combination “on/o↵”. This loss can be attributed to the

curvature that we introduced in the second input waveguide. Nevertheless,

the output amplitude is above the defined threshold.

Panel (e) of the same figure shows the experimental characterization of

the AND logic gate. In this case an output value “on” occurs only with

the input combination “on/on”. The input combinations “on/o↵” (in red)

and “o↵/on” (in green) show an amplitude ⇠ 0.4, which, according to the

previous definition, is assumed to be an “o↵” output, as well as the input

combination “o↵/o↵”.

Finally, panel (f) shows the experimental output amplitudes for the XOR

logic gate. It is clear that the input combination “on/on” at 130GHz pro-

duces an output value “o↵” compared to the input operations “on/o↵” and

“o↵/on” whose amplitudes are above 0.9. Once again, the output amplitude

of the “o↵/on” input combination is slightly lower compared to the output

amplitude of “on/o↵” due to the curvature in the second input waveguide.

We can observe that the amplitude of the signals varies at di↵erent fre-

quencies. In most of the cases, the amplitude decays as we move away from

130GHz. This is due to the fact that we designed the rectangular waveg-

uides of these geometries to operate at this particular frequency. However,

they can be rescalable to operate at other frequencies. Lastly, is worth to

mention that the XOR geometry can also operate as a NOT gate. Unlike

AND, OR and XOR, the NOT gate has only one input. This means that it

compute just two operations: when the input is ”on” the output is ”o↵” and

vice versa. Then if we take one of the input waveguides of the XOR as the
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input waveguide of the NOT and we let the second input waveguide always

“on” we obtain the outputs of the NOT logic operation.
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5.4 Conclusions

In this chapter we introduced three di↵erent waveguide geometries to perform

OR, AND and XOR logic operations at 130GHz. The geometries were opti-

mized, fabricated by 3D printing technology and tested using THz-TDS. All

three devices successfully performed the logic operations. The OR and XOR

gates show a notorious contrast between the “on” and “o↵” output states.

Nonetheless, the AND gate does not present such a great contrast between

the “on/o↵” and “o↵/on” input states, the relative output amplitude is be-

low the threshold previously defined. Moreover, it is worth mentioning that

the XOR logic gate can also perform the NOT operation when one of the

input waveguides is kept in the on state.

Some advantages of these geometries over other logic gates for terahertz

frequency is that these geometries are easily rescalable for operation at higher

or lower frequencies. Also, since they are made of plastic, they are easy to

mass produce by mould fabrication. Furthermore, the cost of fabrication

is extremely low compared to semiconductor based devices. Finally, it is

possible to build larger photonic circuits using these three devices, since

they can be integrated using more complex geometries without requiring

additional fabrication technologies.



Chapter 6

Conclusions

Our world is rapidly transforming into a society that depends on information.

For this reason, optical signal processing plays and will continue playing an

important role in the future. In this thesis I presented four novel devices

for terahertz frequencies fabricated by 3D printing technology. The first is a

frequency filter. I demonstrated that, depending on the physical dimensions

of the device, it can be used to filter di↵erent frequencies in the terahertz

range. We also successfully fabricated and characterized three devices to filter

200GHz, 250GHz and 300GHz. Moreover, tuneability of a single device can

be also achieved just by varying the angle between the incoming beam and

the device. This opens the possibilities for fabricating terahertz tuneable

filters for telecommunications, among other applications.

Furthermore, in order to send information and to transmit it and process

from a medium to another, it must be digitized, that is, represented by

sequences of zeros and ones. This is why photonic logic gates are necessary.

Moreover, these gates should o↵er high processing speeds that allow secure
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communications with higher bandwidths and using fewer energy resources,

which will be reflected in manufacturing costs. Trying to overcome this

problem, we presented in this thesis three di↵erent 3D printed devices that

perform the OR, AND and XOR logic operations. The design of these devices

is based on rectangular waveguides that produce the correct interference

behaviour for the radiation from the input ports of the devices in order to

obtain the desired output. The simplicity of the geometries allows for scaling

the dimensions of the devices to operate at di↵erent frequencies. Moreover,

the same geometry design of the XOR logic gate can also be used as a NOT

gate by leaving one input waveguide always in the ”on” state and performing

the input combinations “on” and “o↵” with the second input waveguide.

Logic gates are essential components for performing all-optical functions.

These basic designs integrated together, may lead to more complex digital

operations. Furthermore, we have been working on integrating these logic

gates to create an adder circuit. So far we have designed a half adder circuit

using the AND and XOR logic gate. However, we are still working on the

optimization of the dimensions to have a greater contrast in the outputs and

low dispersion along the circuit.

In this thesis I demonstrated that I could e�ciently use fusion deposition

3D printing technique to fabricate optical components that operate at THz

frequencies that can be used in telecommunications. By using this technology

I can acquire great advantages such as reducing the cost and manufacturing

time of these devices. In addition, the fact that these devices can operate at

THz frequency helps to increase the bandwidth currently available, which is

necessary due to the enormous amount of data that we use these days.
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