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Abstract

In this thesis we theoretically and experimentally demonstrate four novel
devices working at the THz range. We present the first 3D printed GRIN
lens. Our measurements demonstrate how these lenses operate within the
di↵raction limit no matter what the polarization is, at least for the fre-
quencies below 800GHz (� > 375µm). We also investigate the chromatic
aberration. This new kind of lens shows some advantages compared with
the conventional spherical lenses, given that they are thin and flat on both
faces and their focal distances can be tailored by controlling the refractive-
index gradient. In chapter 4 We experimentally demonstrate a novel 3D
printed quasi-wollaston prism. The prism uses the birefringence induced in a
sub-wavelength layered plastic-air structure that produces refraction in dif-
ferent directions for di↵erent polarizations. The component was simulated
using the finite-di↵erence-time-domain method, fabricated by 3D printing
and subsequently tested by terahertz time-domain spectroscopy showing a
polarization separation around of 23� for frequencies below 400GHz, ex-
hibiting cross polarization power extinction ratios better than 1.6 ⇥ 10�3

at 200GHz. Chapter 5 is dedicated to the examination of, as the best of
our knowledge, the first 3D printed q-plate with continuous birefringence
variation for the generation of cylindrical vector beams at terahertz frequen-
cies. This device can be used to e�ciently couple terahertz radiation into
waveguides, where they used segmented waveplates to generate radially po-
larized beams. Furthermore, other q-plates can be fabricated at low cost for
the generation of complex-structured vector beams in order to study phys-
ical phenomena of interest in singular optics, such as angular momentum
and polarization topologies. Finally in chapter 6 we demonstrate a stepped-
refractive-index convergent lens made of a parallel stack of metallic plates
for terahertz frequencies based on artificial dielectrics. The lens consist of a
non-uniformly spaced stack of metallic plates, forming a mirror-symmetric
array of parallel-plate waveguides (PPWGs). The operation of the device
is based on the TE1 mode of the PPWG. By varying the spacing between
the plates, we can modify the local refractive index of the structure in every
individual PPWG that constitutes the lens producing a stepped refractive
index profile across the multi stack structure. These results show that this
structure is capable of focusing a 1 cm diameter beam to a line focus of less
than 4mm for the design frequency of 0.18THz. This structure shows that



this artificial-dielectric concept is an important technology for the fabrication
of next generation terahertz devices.
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Chapter 1

Introduction

Nowadays researches are turning their attention to the study of the light.

This because many of the physical world phenomena involve electromagnetic

radiation. Every living being is a↵ected by both the amount of radiation it

receives and the frequency of that radiation. Depending of the wavelength of

the radiation it is possible to treat cancer or cause it, we can detect galaxies

far away from us or see the microscopic world living inside us. For these

reasons and many others the study of electromagnetic phenomena is indis-

pensable in the toolbox of all the scientists. The potential applications of

electromagnetic radiation is unlimited, this is why controlling light is a very

attractive subject. From the physical point of view light is electromagnetic

radiation which comprises electric and magnetic fields varying in time. Ac-

cording to the wavelength of the oscillation, the electromagnetic radiation

can be generated in di↵erent ways and be used in di↵erent areas. Long

wavelengths (107 nm � 1015 nm) are generated by electronic methods and

are mostly used in communications (Transmission lines, TV, Radio, Phone).

1



2 1.1 The terahertz gap

Short wavelengths (10�4 nm� 106 nm) are used in many areas and more of-

ten in biomedical applications and are generated by quantum processes. In

addition, for these short wavelengths a very interesting phenomena appears,

the interaction of short wavelengths with matter is better understood assum-

ing the light is a particle no a wave, this is one of the most beautiful result

in physics and is called wave-particle duality. Between long wavelength and

short wavelengths a gap in the electromagnetic spectrum exists, this is called

de Terahertz (THz) gap (104 nm � 106 nm), shown in Fig1.1. This kind of

radiation can not be generated by either electric or quantum methods. It was

with the invention of the femotosecond laser that scientist were capable to

have access to this gap. THz radiation has properties from both worlds, elec-

tronic and photonic. This is because why the study and manipulation of THz

radiation is necessary. Most of the materials used in optical or microwaves

devices are opaque for terahertz light but fortunately many polymers used in

3D printers are transparent in this band and the resolution of a convectional

3D printer (400µm) is enough for terahertz devices fabrication.

1.1 The terahertz gap

Terahertz radiation (THz) or sometimes called far-infrared radiation is ra-

diation which lies in frequencies between 300GHz and 10THz ( 30µm to

1000µm). As seen in Fig. 1.1 these frequencies are between the microwaves

and the infrared. But 30 years ago it was impossible to access to this region

in the EM spectrum [1] because we did not have the appropriate technology.

From the side of microowaves the velocity of the oscillation of the electron
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Figure 1.1: The electromagnetic spectrum. Bands of the spectrum are indi-
cated from LF (low frequency) to cosmic rays as a function of their frequency
ranges (also, scales in energy, wavelength and wavenumber units are given).
Common sources of radiation are also shown for the di↵erent regions of the
spectrum.



4 1.2 Terahertz time-domain-spectroscopy

inside a typical transistor is limited by the size of the transistor and the volt-

age applied [2]. From the side of optics, it was not possible either because

the temperature of one photon at 1THz is 48K (4.14meV), while the room

temperature is 298K. Therefore the detection of terahertz radiation was only

achieved using devices at cryogenic temperatures. In addition the energy of

photons at THz frequencies can not excite electrons from the valence band

to conductive band, because, in silicon, for example the band gap energy is

around 1.1 eV an the energy of one photon at 1THz is 1000 times lower than

this value. In consequence it is impossible to use conventional photodiodes.

It was with the invention of ultra-fast lasers that THz generation and detec-

tion was achieved using photoconductive antennas (PCA) [3]. Years later it

was demonstrated the generation and detection of THz using optical rectifi-

cation using non-linear crystals achieving bandwidths above 4THz [4]. Later

developments produced more e�cient and devices resulting in the technique

called Terahertz Time Domain Spectroscopy (THZ-TDS) [5]. This technique

has advantages over the oter spectrocopy techniques (Raman, Infrared, etc.)

because in this case the electric field is recorded, instead the power ampli-

tude, resulting in the possiblility to extract the complex refractive index of

the samples [6, 7].

1.2 Terahertz time-domain-spectroscopy

In this section the basics of the THz-TDS technique are given. Nowadays

there are many di↵erent methods for THz generation and detection, but in

this thesis only the method of photoconductive antenna was used. TDS
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systems generally use femotosecond laser pulses, these pusles have a tem-

poral duration between 10 fs and 100 fs [8]. These laser pulses are gener-

ated through the mode-locking technique [5]. The laser cavity has an active

medium capable to emit across di↵erent cavity modes simultaneously. Nev-

ertheless, if the modes do not present a stable phase relation between them,

the output radiation will fluctuate in a random manner around some average

value. Yet, if the di↵erent modes present a linear phase relation between

them, the output will be a train of well defined periodic pulses, in which

the periodicity of the pulses is defined by the cavity length [1]. This is de-

picted in Fig. 1.2. In order to generate shorter pulses a broader emission

bandwidth active medium is necessary in order to support more and more

laser cavity modes. The most common active medium for ultrafast lasers is

Titanium-Sapphire (Ti:Sapphire). This material has an emission bandwidth

from 650 nm to 1,100 nm [9].

1.2.1 THz-TDS setup

The basic experimental setup for THz-TDS using photoconductive antennas

is shown in Fig. 1.3. A near-infrared femtosecond pulse is divided by a beam

splitter. One of this pulses is sent to the THz emitter in order to generate

THz radiation. This pulse is know as pump pulse. The THz pulse is focused

onto the sample using a pair of lenses (TPX, polyethylene or some other

transparent material for THz radiation). One important fact is that the

temporal duration of the THz pulse is around 1 ps approximately, this means

the THz pulse is almost 100 times longer than the optical pulse (10-100 fs).

The other half of the optical pulse, separated by the beam splitter, can be
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Figure 1.2: Laser pulses generated by a laser resonant cavity. The repetition
rate of the pulses is 2nL/c where n is the refractive index of the material filling
the cavity, L the cavity size and c the speed of light in vacumm. a) Sum of
modes with no phase relation between them. b) Sum of modes when there are
a lineal phase relation between them. For this calculation eight modes were
used.
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Figure 1.3: THz-TDS transmission setup. The femotosecond pulse (red
line) is divided by a beam splitter and guided by a set of mirrors. One half of
the original optical pulse is used for generating THz radiation (green) while
the other half is used for the detecting process.The delay stage is used for
overlapping the THz pulse with the optical pulse in di↵erent times.
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Figure 1.4: Photo conductive antenna (PCA). The antenna is fabricated
using a semiconductor with a energy band-gap centered at the wavelength of
the optical pulse. When the optical pulse hit the antenna, electron-hole pairs
are created. The bias voltage across the antenna accelerated the charge-carrier
pairs emitting THz radiation. The hyperemispheric lens behind the antenna
is used to collimate the THz radiation.

used to sampling the THz pulse overlapping these two. This optical pulse is

named probe pulse. The arrangement of Fig. 1.3 is typically know as free-

space TDS because the optical pulse is traveling in free-space. New systems

are fiber-coupled avoiding the use of mirror and making it easier to align. In

the next section a brief explanation of THz generation and detection using

photoconductive antennas is given.

1.2.2 THz Emission/Detection using PCAs

Nowadays there are many method for THz emission and detection [1]. In

this section a explanation of the process using PCA is given. A simplified
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diagram of PCA is shown in Fig. 1.4 [1]. The antenna consists of a wafer

of a semiconductor with energy band-gap near the wavelength of the optical

pulse. On the semiconductor, a parir of electrodes are placed and connected

to a bias voltage. For the emission process, the optical pulse is absorbed

on the antenna between the electrodes generating electro-hole pairs. The re-

combination time of these pair can be from some nanosecond to few picosec-

onds [10] depending of the semiconductor. These carriers are accelerated by

the bias voltage generating an electromagnetic transient. This transient radi-

ation has frequency components in the THz band (0.05THz-5THz). For this

work we used a fiber coupled Menlo systems spectrometer. The PCA was

made of InGaAs and the separation between electrodes was around 10µm.

The excitation was made using a Er:Fiber with a pulse duration less than

90 ps and a repetition rate of pulses of 100MHz with an average power of

60mW.

It can be proved that in the far-field the THz pulse is given by [11,12]

ETHz /
dI

PC

(t)

dt

(1.1)

where ETHz is the THz electric field far from the emissor and I

PC

is the

generated photocurrent in the gap between electrodes.

The detection process is very similar to the generation process, there

is not bias voltage across the antenna, instead, the antena is connected in

series to an amperimeter. Again overlap between the optical pulse and the

THz pulse is necessary. When the optical pulse arrives to the gap in the

antenna, it generates electron-holes pairs. These pairs are accelerated now
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by the THz pulse. As was previously mentioned, the THz pulse is almost

100 times temporally longer than the optical pulse, it is because of this that

in the overlap between pulses the optical pulse “see” a bias voltage with

amplitude equal to the value of the intersection with the THz pulse. This

charge acceleration gives place to a photocurrent which is measured with the

amperimeter. The photocurrent is given by

J(t) =

Z 1

�1
ETHz(t

0)�(t� t

0)dt0, (1.2)

where J(t) is the photocurrent, ETHz is the THz electric field, t is the relative

delay time between pulses and � is the conductivity of the antenna induced

by the femtosecond pulse given by

�(t) = erf(t)e�t/⌧
, (1.3)

where ⌧ is the time constant. This constant in most cases is very short (some

ps) and therefore � is considered �(t) ⇡ �(t). The diagram of the detection

process is given in Fig. 1.5

1.2.3 Applications of Terahertz radiation

Now having access to THz radiation, researchers have been able to study

the interaction of this radiation with matter. The number of applications of

this technology has in di↵erent fields like security [13], communications [14],

biomedical imaging [15,16], molecular dynamics [17,18], etc. In the following

paragraphs I present a list of the most important applications:
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Figure 1.5: Photo conductive antenna (PCA) in detection configuration.
The optical pulse hitting the gab between electrodes generates electro-holes
pairs inside the semiconductor. These pairs are accelerated by the THz pulse
generating a photocurrent. The amplitude of this photocurrent depends of
the magnitud of the THz field in the intersection with the optical pulse. The
photocurrent is measured with an amperimeter.
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• Terahertz spectroscopy of crystalline and non-crystalline solids: Some

spectral signatures of crystalline samples fall in the THz region, opening

the possibility of recognizing of some substances or products like ex-

plosives, food additives or biomelecules [19]. Also, with this technique

the extraction of the complex electrical conductivity is possible [20].

• Liquids and biomolecules: Terahertz radiation is very sensitive to the

relaxation and collective motions of some molecules [21]. Some appli-

cations of this fact is the extraction of the amount of glucose, alcohol,

oil and water content [22,23]. Using this technique it has been possible

to find new vibrational modes in alcohols [24,25], as well as changes in

the relaxation dynamics of some ionics liquids [26, 27].

• Semiconductors: The dynamics of the charge carries inside the semi-

conductors happens in periods of times between some nanoseconds

to few femtoseconds and the study of it is possible with THz radia-

tion [20, 28, 29]. These studies are called Pump-Probe experiments in

which an additional beam splitter is used [30].

• Biomedical imaging: THz radiation is highly absorbed by water, then

is possible to monitoring hydration and dehydration dynamics of bio-

logical samples in real time [31]. Also it is possible to find the complex

dielectric function of biological samples giving place of skin cancer de-

tection [32, 33], tumors [34], dental cavities [35, 36], etc. Fortunately,

the energy of a photon at 1THz is equal to 6.6 ⇥ 10�22J or 4.1 meV.

The necessary energy for ionizing an atom is 1,000 times larger. In con-

clusion THz radiation can be considered a non-ionizing radiation, then
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the application of this radiation to biological systems is a possibility.

• Security imaging: Terahertz radiation can be used to image dangerous

objects, such a guns, drugs and explosives, this because this objects

have a particular dielectrical response in the THz band [13]. With

this signatures THz radiation can be used in airports as non-invasive

test [37].

• Cultural heritage: Many pigments used in artistic paintings are trans-

parent to THz radiation. This radiation can be used as a non-invasive

and non-destructive technique for the evaluation of the deterioration

of various forms of artworks [38, 39]. In addition some of these pig-

ments have spectral signatures in the THz band, therefore the pigment

recognition in the THz band is possible [40–42].

1.3 Objectives of this work

In this thesis four new quasi-optical devices for the THz band are shown.

Three of them were 3D printed and the last one is based on artificial dielectric

made of metallic parallel-plate-waveguide (PPWG). In the Chapter 2 an

introduction to the fundamentals of 3D printing process is given in addition

to a brief introduction of gcode generation. Chapter 3 shows to the best

of our knowledge the first 3D printed GRIN lens. This new low-cost lenses

were tested using THz time-domain spectroscopy and imaging in order to

measure their optical properties. The results show a focusing capacity within

the di↵raction limit for frequencies below 700GHz.
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In Chapter 4 the fabrication and characterization of 3D printed quasi-

Wollaston prism (polarization splitter) based on form birrefringence is shown.

The prism uses the birrefringence induced in a sub-wavelength layered

plastic-air structure that produces refraction in di↵erent directions for di↵er-

ent polarizations. The component was simulated using the finite-di↵erence-

time-domain method, fabricated by 3D printing and subsequently tested

by terahertz time-domain spectroscopy showing a polarization separation

around of 23� for frequencies below 400GHz, exhibiting cross polarization

power extinction ratios better than 1.6⇥ 10�3 at 200GHz.

Chapter 5 shows the first 3D printed terahertz q-plate with continuous

birefringence variation at terahertz frequencies. This birrefringence is also

produced using form birrefringence. This q-plate was fabricated by three-

dimensional printing and is a simple solution for the generation of cylindri-

cal vector beams. This device can find a number of applications in future

terahertz technologies such as telecommunications.

Finally in Chapter 6 we theoretically and experimentally demonstrate a

stepped- refractive- index convergent lens made of a parallel stack of metal-

lic plates for terahertz frequencies based on artificial dielectrics. The lens

consist of a non-uniformly spaced stack of metallic plates, forming a mirror-

symmetric array of parallel-plate waveguides (PPWGs). The operation of

the device is based on the TE1 mode of the PPWG. The e↵ective refractive

index of the TE1 mode is a function of the frequency of operation and the

spacing between the plates of the PPWG. By varying the spacing between

the plates, we can modify the local refractive index of the structure in every

individual PPWG that constitutes the lens producing a stepped refractive
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index profile across the multi stack structure. The theoretical and experi-

mental results show that this structure is capable of focusing a 1 cm diameter

beam to a line focus of less than 4mm for the design frequency of 0.18THz.

This structure shows that this artificial-dielectric concept is an important

technology for the fabrication of next generation terahertz devices.



Chapter 2

Three-dimensional printing

Three-dimensional printing or additive manufacturing (AM) is a rapidly de-

veloping technology because of its ability to create very fast and very eco-

nomical elements for various purposes, including prototyping [43]. For this

reason this technology is sometimes called rapid prototyping (RP). In this

technique the object is created by adding layers of material from the bottom,

until the object is formed. In Fig. 2.1 a simplified diagram of a 3D printer is

given in order to understand how it works.

3D printing is only one method of additive manufacturing. Additional

methods are: stereolithography, inkjet printing, selective laser sintering,

binder printing among others. A complete compendium of these techniques,

examples, listing benefits, how they work, important characteristics of each

and materials used can be found in [44].

In contrast to traditional mechanical machining, or subtractive manu-

facturing (SM), additive manufacturing, has several benefits. One of the

most important ones is that the amount of material required is less than in

16
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Figure 2.1: 3D printer diagram. The 3D printer reads the CAD code and
builts the object layer by layer adding small amounts of the printable material.
In some cases a hot bed is necessary in order to improve the quality of the
printed object.

subtractive manufacturing. This is because only the amount of material nec-

essary for the construction of the object is used on the contrary of SM where

material is removed from a block until the object is fabricated. Another ad-

vantage is the broad spectrum of materials used in AM. These materials can

be used from industrial proposes to biomedical applications [43].

2.1 General steps of the 3D printing process

The general process of 3D printing involves the printer and some modeling

software (CAD) that is used to define or design the geometry of the object

produced. In this thesis we bypassed the use of CAD by using mathematical

softwate (Phyton, Octave, Matlab). This is necessary in order to precisely

control the path and the velocity of the 3D printer. Later in this chapter the
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geometry generation using Matlab is shown.

In the second step and after the CAD representation is achieved, it is

necessary to transform the file into a STL file. The STL format is a raw

triangulation of the object and form the basis calculation of the slices. In

Fig. 2.2 an example of CAD to STL transformation is given.

Figure 2.2: Comparison between CAD and STL file. In CAD only the
representation of the object is given without any trajectory of building. On
the contrary STL file is a triangular representation of the object, giving the
triangle vertices. This information is the basis of the trajectory calculations.

The next step in the process is processing the STL file in order to trans-

form it into a G-code. This step converts the triangulation of the STL file into

instructions to be executed by the printer, which are basically a sequence of

x, y and z coordinates, plus an additional coordinate that controls the mate-
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rial injection. In this process many optimization algorithms are used in order

to find the most e�cient path for the construction of the object. Unfortu-

nately this process is limited because as a user, it is not possible to choose

the path of construction of the object. For example in electromagnetic or op-

tical component fabrication it is necessary to follow a particular trajectory

in its building process in order to minimize some undesired e↵ects such a

di↵ractive e↵ects, scattering, etc. In order to fabricate the components that

will be presented in the following chapters complete control is achieved by

using Matlab. This will be discussed in the next sections.

Inside the G-code there is not only information of the geometry the object

to be built, but information about the printer settings is also present. Such

information includes nozzle temperature, bed temperature, position of the

stepped motors, where is the origin of coordinates, speed of the printer,

amount of material extruded, fan turn on when the temperature threshold

reaches certain value, among others. Fig. 2.3 summarizes the printing process

The structure in which the information is ordered in the G-code file can

be summarized in three blocks:

• General information of the setting: Nozzle temperature, bed tempera-

ture, turning on the stepped motors, physical dimensions of the num-

bers in the file, checking the origin of coordinates, starting all stepped

motors at 0, starting the fan, some legend if the printer has a display,

among others.

• Trajectory followed by the nozzle. This is the most important part

for this work, because in this part of the file the operator can choose
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Figure 2.3: Summary of the 3D printing process.

the trajectory that the nozzle will follow is defined. This part can

be modified using any mathematical software like, Python, Octave,

Matlab, etc. or even a text editor.

• Turning o↵ all the components: fan, motors, heater of the nozzle and

bed, returning the nozzle to the origin.

The first and third block show very few, if any, variations between pieces,

unless the operator wants to change the initial setup. Knowing this, in this

work we generated a txt file following the order of those three block but



21 2.1 General steps of the 3D printing process

modifying the second block in order to choose a smart trajectory for our

object. By generating the G-code directly using this method it is possible to

avoid the CAD design step and the STL conversion and to have a full control

over the fabrication strategy, which is important for the kind of devices I

report in this thesis. Fig. 2.4 is an example of a generic g-code header and

footer. For this work we used a Prusa i3 3D printer from makermex. In

Fig. 2.1 a picture of the printer is shown. The resolution of our printer

was 400µm limited by the nozzle hole diameter. The price of this printer

is accesible for any research lab and many aspects of this apparatus are

customizable.

Figure 2.4: Typical header and footer for G-code. Between these two the
trajectory of object to build need to be placed.
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2.2 Terahertz applications of 3D printing

As stated in the previous chapter terahertz radiation has become a powerful

tool for a number of scientific and real-world applications. Therefore devices

to manipulate radiation in this spectral band are in growing demand. Un-

fortunately many materials, transparent in the visible range, are opaque at

terahertz frequencies. Previous studies demonstrate that many 3D-printable

polymers are transparent at terahertz frequencies [56]. Three dimensional

printing has gained attention owing to its capability of rapidly producing

prototypes of objects with complex geometries that can easily be computer

designed. Furthermore, users of this technology can easily produce programs

in order to directly control the motion of the printer which allows them using

the full capacity for the production of components with resolution-limited

features. Typically, the resolution of a fused-polymer-injection printer is

around 400µm. This resolution was proven to be good enough to make THz

devices appropriate for frequencies below ⇠ 800GHz. Examples are, lenses

and gratings [56,57], terahertz optical fibers [58,59], grin lenses [60,61], zone

plates [62] and waveguides [63–65].



Chapter 3

3D printed GRIN lens

In this section we report on the fabrication of gradient-refractive-index

(GRIN) THz lenses using a 3D printer. The GRIN lenses were made out

of polystyrene, because it is a 3D - printer - compatible highly transparent

material in the THz regime [56]. The performance of the GRIN lenses were

characterized using THz-TDS and imaging. The results demonstrate 3D

printing technology is a new promising technique for the fabrication of com-

plex low cost THz components.

The idea behind the GRIN lenses we propose is using a structure that

mixes polystyrene and air in order to produce an e↵ective medium with a

controlled refractive index that can be varied by design.

Two-dimensional finite-di↵erence-time-domain simulations were performed

in order to identify the performance of the structure [66]. A plane wave was

propagated by our simulation through a column of material slabs of length

2.5mm and width 400µm. The spacing between slabs changes linearly as

a function of the distance to the optical axis (x = 0). Fig. 3.1 a) and b)

23
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show the results of the simulation for 375GHz (� = 800µm) and 750GHz

(� = 400µm) for a plane wave with polarization parallel to the stacks of ma-

terial. The simulation for 800µm shows the behavior typical of a standard

lens, demonstrating that the concept behind our GRIN lens works correctly.

For the case of 400µm the behavior is not ideal, showing a longer focal length

together with some di↵raction, caused by the features of the structure be-

ing comparable to the radiation wavelength, in other words, for wavelengths

longer than the structure features, the structure behaves well as an e↵ec-

tive medium, unlike for wavelengths comparable or longer to the features of

the structure. Fig. 3.1 c) and d) show simulation results analogous to the

ones shown in a) and b), the only di↵erence is the polarization vector of the

plane wave, which is perpendicular to the stacks of material. The simula-

tions shows a similar behavior no matter what polarization the plane wave

has. The small perturbation appearing for z < 0 are caused by the radiation

reflected from the GRIN structure.

In order to explain the reason for our specific design it is important to

understand the fused material deposition method used by our printer. We

do not aim to give an exhaustive explanation here, but we want to give a

brief description to the reader. The base of the printer is a heated nozzle

with a motor that injects polymer into it at a controlled rate. This entire

piece is called the extruder. The polymer melts in the nozzle and the molt

flows through a small aperture in the nozzle, which in our case is 400µm in

diameter, producing a thin filament (⇠400µm) of material. The extruder

can be moved in two dimensions over a flat bed where the filament is de-

posited and cools down in order to solidify again. By controlling the position
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Figure 3.1: Two dimensional electromagnetic simulation of GRIN lenses
made of a stack of 400µm⇥2.5mm material slabs (n=1.55) with increasing
spacing as a function of the distance to the optical axis (y=0). a) Shows a
plane wave with linear polarization parallel to stacks of material of frequency
375GHz (800µm) is simulated, the stack of material slabs is shown at z=0,
the simulation shows a clear focal point at z ⇠10mm typical of a lens. b)
Shows a plane wave with linear polarization parallel to stacks of material of
frequency 750GHz (400µm) with a focal distance of z ⇠15mm. c) and d) Are
analogous to a) and b) but with the polarization perpendicular to the stacks
of material.
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of the extruder and the material injection rate it is possible to produce a

layer with almost any desired structure. The bed is subsequently lowered by

certain amount, typically ⇠100µm, and a new layer is deposited on top of

the previous one, that way a three dimensional object can be built [67].

Aiming to produce a lens with a usable bandwidth as large as possible we

thought that the design should use the smallest printable feature that our

3D printer could produce, i.e. the above mentioned 400µm. Such feature is

limited by the with of the printer’s nozzle diameter used to deposit the molten

polymer on the printed piece. Complicated structures incorporating holes or

other discontinuous features of such small diameter are extremely hard to

print with reasonable quality, given that it implies stopping and starting

the flow of polymer over the printing trajectory of each layer. Therefore,

we decided to aim for a structure that could be printed with a continuous

injection of material in a soft and continuous trajectory. This led us to using

stack of spiral layers for which the radius varies in a controlled manner in

order to leave an increasing air separation for each turn of the spiral. Such

spacing can be controlled in order to produce the desired e↵ective refractive-

index-gradient as shown in Fig. 3.2

The specific trajectory used is described by the polar equation

r(✓) = r0

✓
1 +

✓

2⇡

◆
+mair

r

2
0

r

l

✓
✓

2⇡

◆2

, (3.1)

where r0 = 400µm is the nozzle hole diameter, mair is the volumetric fraction

of air at the edge of the lens, which is at radius r

l

. m

air

is defined as t/h,

where t and h are the spiral thickness and the space between the last spiral
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line and the previous line, respectively, as shown in the inset of Fig. 3.2. The

first term of the equation produces a spiral whose radius varies at a rate of

400µm per turn, namely, it would produce a solid spiral of material. The

second term is an addition that increases the radius by an amount that grows

linearly as a function of the angle in order to have an increasing gap of air as

the angle and radius increases, starting with a solid material in the central

part of the spiral. The final structure is a stack of such spirals. The e↵ective

medium resulting from the material and air combination produces an object

with a refractive index that varies as a function of the radius, namely a GRIN

lens. We made six di↵erent lenses, each with mair=0.2, 0.3, 0.4, 0.5, 0.6 and

0.7, named L2, L3, L4, L5, L6 and L7 respectively.

3.1 Experimental setup

A typical TDS system [47] was mounted in transmission geometry as show

in Fig. 3.2 b). The lens closer to the emitter was replaced by a GRIN lenses.

Two types of measurements were made in order to characterize the focal

performance of the GRIN lens, transverse and longitudinal measurements.

Images of the vicinity of the focal point were performed by apperturing the

optical path with an iris mounted on a two - dimensional stage as show in

Fig. 3.2 b). A full time - domain waveform was recorded for each position

of the iris. In the transverse measurement, we imaged the focal point and

in the longitudinal measurement we determined the focal distance and the

depth of focus. For the transverse measurement the translational stages are

setup to move in the xy plane as show in Fig. 3.2 b). The radiation that
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Figure 3.2: The top left-hand-side inset is a schematic representation of the
lens structure design. The centre shows a plot of the transverse refractive
index profile (thin line) and the e↵ective refractive index that results from
the structure (thick line). The right-hand-side inset is a photograph of the
finished lens. The experimental setup is shown at the bottom. For the trans-
verse measurements, a diaphragm is mounted on a pair of translational stages
moving in the xy plane (at the focal plane), the radiation passing through the
diaphragm at each position of the iris is recorded by the detector. For the
longitudinal measurements, the diaphragm moves in the yz plane.
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pases through the aperture is recorded by the receiver for each position of

the aperture across a two dimensional grid of positions. In similar fashion,

the longitudinal measurements, the stages move on the yz plane.

3.2 Results

3.2.1 Transverse measurements

We imaged the cross-section of the six GRIN lenses, yet, for clarity we will

discuss in detail the samples with least (L2) and most (L7) refractive index

gradient only. The intensity at 400GHz is shown in Fig. 3.3 a) and b). In

order to calculate the full-width-at-half-maximum (FWHM) in the x and y

direction, two gaussinans were fit to the data for x = 0 and y = 0. In order

to characterize the performance of the lenses quantitatively, we show the

frequency dependent cross-section of the focal point for L2 Fig. 3.3 c) and L7

Fig. 3.3 d). The dashed lines in each panel represents the FWHM of an Airy

disk at each frequency. As seen in the figure, the focal point produced by

both lenses is di↵raction limited, at least up to 700GHz, where the signal is

no longer visible in the plot.

3.2.2 Longitudinal measurements

With the longitudinal measurements we can obtain the focal distance and

the focal depth for every GRIN lens. The measurements for depth of focus

are show in Fig. 3.4 a) and 3.4 b) at 400GHz. As expected, the focal length is

longer in the L2 lens than in L7 because the e↵ective refractive-index-gradient
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Figure 3.3: Transvese amplitude measurements. a) and b) shows the cross-
section of the focal point for L2 and L7 respectively. For a frequency of
400GHz the lines are the central cuts. c) and d) show the corresponding fre-
quency dependence of the focus’ cross section. The dotted lines represent the
theoretical size of the Airy disk, showing good agreement with the measure-
ments.
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Table 3.1: Summary of transversal and longitudinal measurements at
400GHz

Lens Focal distance (mm) FWHM
x

(mm) FWHM
y

(mm)

L2 40 1.86 2.21
L3 55 1.86 2.13
L4 42 2.01 2.10
L5 43 2.18 2.13
L6 31 2.16 1.96
L7 18 1.49 2.05

in L2 is higher than in L7. Given that the e↵ective refractive-index-gradient

was produced in the lenses by a structure that has features of dimensions

comparable to the THz wavelengths we expect that each frequency presents

a di↵erent focal distance. In order to quantify this chromatic aberration, we

take a central cut in the longitudinal waist measurement for every frequency

in order to see how the focal distance changes as a function of frequency.

The results for the L2 and L7 lenses are show in Fig. 3.4 c) and 3.4 d). In

order to have a better visualization we show a dashed line over the maximum

amplitud at every frequency as a “guide to the eye” in order to see the trend

of the focal position. The slope of this line is an indication of the chromatic

aberration. The results for the transverse and longitudinal measurements of

all the lenses are summarized in Table 3.1
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3D printed polarization splitter

In this section we use 3D printing in order to make a polarization splitter,

similar to a Wollaston prism, using form birrefringence [68]. Firstly the de-

sign was modeled using a finite-di↵erence-time-domain simulation [66]. The

device was printed and subsequently tested using a terahertz time-domain

spectroscopy system. The experiments demonstrated apolarization around

30� for frequencies below 400GHz.

4.1 Device design and modeling

In order to make the polarization splitter we induce form birefringence by

building a layered structure that combines air and Bendlay. The device was

fabricated using a Prusa i3 printer with a 400µm nozzle which determines its

resolution. Firstly we made a sample with d = 400µm-thick walls of Bendlay

(n=1.53 below 1THz) with period of ⇤ = 800µm [56]. This structure is

schematically shown in the inset of Fig. 4.1. The solid lines in Fig. 4.1 are

33
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Figure 4.1: Ordinary (perpendicular to the layers) and extraordinary (paral-
lel to the layers) refractive indices of the birrefringent structure. The continu-
ous lines are the predicted refractive index for the two orthogonal orientations
and the tilted crosses and crosses are experimental measurements. The curves
agree for frequencies below 400GHz. Inset shows the form-birrefringent struc-
ture used for this characterization.
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the predicted refractive indices for such structure [68], given by
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where ⇤ is the structure period, � is the wavelength, n1 = 1.53 and n2 = 1 are

the refractive indices of the layers, f1 and f2 are their respective volumetric

fractions,
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The two refractive indices of the material were measured using terahertz

time-domain spectroscopy with linearly polarized pulses parallel and per-

pendicuilar to the material layers of the sample and the analysis was per-

form as described in [68]. The tilted crosses and crosses in Fig. 4.1 are the

experimentally measured refractive indices for the ordinary and extraordi-

nary polarizations. The measurements are in acceptable agreement with

the theoretical predictions for frequencies below 400GHz. The discrepancy

for higher frequencies can be attributed to the fact that higher frequencies

(shorter wavelengths) are comparable or shorter to the features of the struc-

ture, which in turn produces di↵raction and guiding in the layers, which are

highly anisotropic and are not considered in the model used for the solid

lines.
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Figure 4.2: Electric field calculated by finite-di↵erence-time-domain simula-
tion for the device proposed. The Wollaston prism was made of 400µm spacing
n=1.0 and parallel walls n=1.53, valid below 1THz, in a triangular configura-
tion and a solid prism of the same material. a) and b) show simulation results
for polarizations parallel and perpendicular to the layers respectively with an
incident plane wave at 100GHz. c) and d) show the analogous simulations to
a) and b) at 600GHz. The deflected angles are approximately 29� and 11� for
the polarization parallel and perpendicular respectively
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The geometry we propose for the quasi-Wollaston prism is schematically

shown in Fig. 4.3a. This component is a cubic object with a layered structure

in one half of it, similar to the one used for the form birefringence character-

ization, and solid material in the other half. The two halves meet at a 45�

angle forming a component similar to a Wollaston prism. We simulated such

structure using a finite-di↵erence-time-domain model. The results for the

two polarizations at 100GHz are shown in Fig. 6.2a and b respectively. The

colourmaps show that the radiation is refracted at the 45� interface at con-

siderably di↵erent angles remaining relatively collimated after propagating

through the entire structure. Similar simulations are presented in Fig. 6.2c

and d for 600GHz. In this case the beams for the two polarizations are still

deflected at di↵erent angles, but the radiation does not remain collimated

and a more complex di↵raction structure appears. The deflected angles are

29� and 11� for the polarization parallel and perpendicular respectively

4.2 Experimental setup

In order to test our device, we used a Menlo system Tera K15 fiber coupled

spectrometer in transmission configuration. The radiation was produced in

an InGaAs photoconductive emitter, and two TPX lenses were used to col-

limate and focus the radiation on the sample. Two additional TPX lenses

and an InGaAs photoconductive detector were mounted on a mobile arm

driven by a computer controlled rotational stage in order to measure tera-

hertz waveforms as function of the angle as shown in Fig. 4.3 b.

The device was fabricated by 3D printing with Bendlay (n=1.53 below
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Figure 4.3: a) Schematic representation of the proposed structure indicating
where the separation of polarizations occur. b) Experimental setup. One half
of the system was fixed on the table while the other half was mounted on a
rotatory stage in order to take measurements at angles ranging from �90�

to 90�, being 0� the straight position through the emitter, in order to detect
the deflected radiation by the device which remained fixed in the center. c)
Picture of the fabricated device.
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1THz). The device is a cubic structure of 2 cm side with a layered structure in

one half and a solid material in the other The two halves meet at a 45� angle

with respect to the cube walls. In order to test the device it was mounted at

the sample position and remained fixed. Waveforms were recorded for angles

between �90� and 90� in 1� steps, where 0� corresponds to the optical axis in

the absence of the prism. The emitter and detector were first placed so that

the radiation was produced and detected with polarization perpendicular to

the layered structure, and subsequently the experiment was repeated with

the emitter and detector rotated so that radiation had polarization parallel

to the layered structure.

4.3 Results

After acquiring the data sets for the two polarizations, each waveform was

Fourier transformed. The radiation patterns for the polarization parallel

(continuous) and perpendicular (dashed) to the birefringent structure walls

as a function of the angle are shown in the polar plots in Fig. 6.4a, b, c and d

for 100GHz, 200GHz, 300GHz and 400GHz respectively. These plots show

that the radiation polarized perpendicular to the structure was deflected

about 30�, while the one parallel was deflected about 0�. The 100GHz and

400GHz plots show a complex structure of the patterns, being poor signal-to-

noise ratio and di↵raction the reasons respectively. In order to have a better

picture, the angle and frequency dependent amplitude of the two polariza-

tions are shown as colormaps in Fig. 6.4e and f. These plots confirm that

the radiation is deflected at around 28� and 0� all across the spectrum and
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Figure 4.4: Radiation patterns at di↵erent frequencies after propagation
through the device. The red dotted lines are radiation with polarization par-
allel to the structure layers and the blue dotted lines are radiation with po-
larization perpendicular to the layers. For frequencies between 200GHz and
300GHz the radiation is well separated for the two polarizations. For 100GHz
and 400GHz the radiation was spread or overlapping. At the 100GHz the sig-
nal to noise ratio in the spectrometer was poor but polarization separation
remains. At 400GHz the features of the structure are in the order of the
wavelength. e) and f) are the deflected angle at every frequencies for polar-
ization perpendicular to the material layers and parallel to the material layers
respectively. The discontinuos lines are lines at 28� and 5� as a guide to the
eye.
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that additional di↵racted “orders” with smaller amplitude appear at angles

larger than 50� at frequencies higher than 400GHz. The discontinuos lines

are lines at 28� and 5� as a guide to the eye.

The device showed an electric field amplitude (power) cross polarization

extinction ratio of 0.02 (4⇥ 10�4) and 0.04 (1.6⇥ 10�3) for the parallel and

perpendicular components respectively at 200GHz. In addition the trans-

mittance for the parallel and perpendicular components were 0.23 and 0.24

respectively also at 200GHz.
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3D printed q-plate

A q-plate is a birefringent wave plate with a space-dependent orientation of

the ordinary and extraordinary axes in the transverse plane [69, 70]. The

structure of such axes’ distribution is characterized by a number, known as

the topological charge q. This device is mainly used in optics for the gener-

ation of structured light, which are, inhomogeneous light beams containing

particular phase or polarization singularities, with interesting properties and

applications in microscopy, particle manipulation, quantum information pro-

cessing, among others [71–73].

Recently, two exciting technologies are experiencing significant progress:

terahertz devices and 3D printers. Terahertz radiation is now used in in-

dustrial quality control [74], characterization of materials [75] and free-space

communications [76]. A 3D printer has become an apparatus able to rapidly

fabricate complicated geometrical objects at a↵ordable prices. Fortunately,

some polymers, that can be used with a 3D printer, are transparent in the

THz band, which allows the fabrication of THz devices, such as lenses [77,78],

42
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waveguides [79, 80], and gratings [81, 82] and form birefringent wave-plates

[83]. Furthermore, a THz vortex generation using 3D printed devices was

demonstrated [84]. The usual way to generate this THz vectorial beams is

using a segmented quartz plate [85].

5.1 Mathematical description

Consider a q-plate having a homogeneous phase retardation of ⇡ (half-wave)

for light traveling in the longitudinal z direction. The plate has a transversely

inhomogeneous birefringent axes distribution o(x, y), lying in the xy plane.

Consider that ↵(x, y) is the angle between o(x, y) and the x axis. Let ↵(x, y)

be given by the following equation

↵(r,�) = q�+ ↵0, (5.1)

where r,� are the polar coordinates in the transverse plane, q and ↵0 are

constants. In order to visualize the e↵ect of this q-plate, consider a horizon-

tally polarized plane wave E
in

= E0x̂ impinging on the q-plate at normal

incidence. The Jones matrix of a q-plate is given by

H =

2

64
cos 2↵ sin 2↵

sin 2↵ � cos 2↵

3

75 , (5.2)

for the basis of linear polarizations (x̂, ŷ). In this basis, the q-plate with

q = 1/2 and ↵0 = 0 transforms the incident beam into
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E
out

=

2

64
cos� sin�

sin� � cos�

3

75

2

64
E0

0

3

75 = E0

2

64
cos�

sin�

3

75 , (5.3)

which can be expressed in the form E
out

= E0 cos�x̂ + E0 sin�ŷ = E0r̂.

Therefore, the outgoing wave shows a radial polarization distribution. It is

straightforward to show that if the incident field is vertically polarized, the

outgoing wave will show an azimuthal polarization mode E
out

= E0�̂.

Beams with radial or azimuthal polarization distribution are of interest

in singular optics and find applications in tight focusing and waveguide cou-

pling. Their intensity pattern has characteristic annular shape, showing a

central singularity in the electric field distribution.

The use of 3D-printing opens the possibility to create complex terahertz

quasi-optical components that incorporate form-induced-birefringence [86].

Most q-plates reported to date divide the area of the plate in a finite number

of sections. In each section a birefringent material or structure is placed at a

given orientation, this way the polarization of the beam propagating through

the q-plate is modified in each section, producing an electromagnetic mode

which has a polarization that is a discretized version of the desired mode. In

our case, the possibility of introducing form-birefringence on the 3D-printed

component, allows us to continuously vary the direction of the birefringence.

The so-called streamlines of the q-plate define the local direction of the slow

or fast axis (there is only a global phase di↵erence between the resulting

beams of both cases).

For a q-plate with q = 1/2 and ↵0 = 0 the optical axis ↵ is given by

↵ = �/2 where � is the polar angle in cylindrical coordinates. We can define
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Optical Table

y-stage

x-stage

Receiver Emitter

Rotatory 
holder

Q-plate
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y

Figure 5.1: The top row shows the fabricated q-plate, b), along with the
theoretical pattern, a). The plate has transverse dimensions 40 ⇥ 40 mm2

with a thickness of 5mm. Figures c) and d) show the actual experimental
setup. The operating frequency is 150GHz (0.15THz). The scanning system
has a step size of 1mm.

a unit vector field describing the optical axis distribution as

u = cos(�/2)x̂+ sin(�/2)ŷ. (5.4)

In order to obtain the streamlines generated by this vector field, we have to

solve the di↵erential equation y

0(x) = u

x

/u

y

, where (u
x

, u

y

) are the Cartesian

components of u. Using Eq. (5.4) we have

dy

dx

=
u

y

u

x

=
sin(�/2)

cos(�/2)
= tan(�/2). (5.5)
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We use the identity tan(�/2) = sin�/(1 + cos�) and change to Cartesian

coordinates with sin� = y/(x2 + y

2)1/2 and cos� = x/(x2 + y

2)1/2. The

resulting di↵erential equation is

dy

dx

=
yp

x

2 + y

2 + x

, (5.6)

which has solutions of the form

y(x) = ±e

C/2
p
e

C + 2x, (5.7)

where C is a real constant that characterizes a particular streamline. With

the initial condition y(0) = y0, we obtain

y(x) = ±p
y0

p
y0 + 2x. (5.8)

Equation (5.8) is the one that we use for the fabrication of the q-plate. The

resulting pattern is shown in Fig. 5.1 (a).

5.2 Fabrication and results

We use a fused deposition modeling (FDM) Prusa i3 3D printer for the fab-

rication of the q-plate. The 3D printer heats the plastic and deposits it

layer-by-layer with a thickness of about 400µm. The transverse resolution

is determined by the diameter of the nozzle, which in our case has a diam-

eter of 400µm. Structures with discontinuous features are di�cult to print

with reasonable quality, because it implies stopping and starting the flow of



47 5.2 Fabrication and results

plastic along the printing trajectories which, in turn, introduces imperfec-

tion in the printed object. Therefore, we decided to print the optical axis

streamlines as described in the previous section. In this way the structure

could be printed with a continuous injection of material producing a soft and

continuous trajectory.

For the generation of cylindrical vector beams, we fabricated the q-plate

with q = 1/2, which is shown in Fig. 6.3b. In order to describe the interaction

between the device and the radiation we used the e↵ective medium theory,

given that the wavelength of the THz radiation (150GHz = 2mm) is larger

than the q-plate features (400µm).

In a strip line structure (as locally in the q�plate), the e↵ective refractive

index of the structure for radiation with polarization parallel and perpendic-

ular to the strip lines is given by [68]

n
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1
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respectively, where ⇤ is the period of the strip lines, � is the wavelength, f1

and f2 the volumetric fraction of the constituent materials and n1 and n2 are

the refractive indices of the polymer, bendlay in this case (n1 = 1.5 measured

by transmission TDS), and air (n2 = 1), respectively, where

n

2
k = f1n

2
1 + f2n

2
2, (5.11)
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Based on these equations it is possible to make di↵erent kinds of birefringent

devices, for example, half-waveplates. According to the theory we need a

continuos orientation variation of a half-waveplate in order to produce a con-

tinuous q-plate. Every local section shown in Fig. 5.1 (a) is a half-waveplate

with a di↵erent orientation angle, necessary for the generation of the cylindri-

cal vector beam. The printed device is shown in Fig. 5.1 (b). The thickness

of the structure is calculated using the birefringence of the structure. In

particular, the structure proposed in this work had a birefringence of 0.1. So

the thickness of the structure is 5mm for a half-waveplate at 150GHz. In

order to measure the polarization distribution of the beam after propagation

through the q-plate, we used a terahertz time-domain imaging system. A

schematic of the experimental setup is shown in Fig. 5.1 (d)

We used the same spectrometer as in previous sections. In addition the

receiver was mounted on two translational stages forming an optical system

that collects the radiation at a given point on the q-plate that can be raster

scanned across its surface. The photoconductive detector is only sensitive to

the electric field in one linear polarization direction, therefore the detector

had to be rotated by 90� in order to obtain the two components of the

terahertz electric field. A terahertz waveform is measured on a 40mm by

40mm mesh with 1mm steps in order to obtain the full position-dependent

electric field of the beam after propagation through the q-plate.

Figure 5.2 shows the experimental measurements. In order to produce a

radially polarized beam, the incident polarization should be parallel to the
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Figure 5.2: Transverse amplitude measurements with THz-TDI. A terahertz
pulse with homogeneous linear polarization propagates through a q-plate ori-
ented as shown in the top row. Figures (a) and (b) show the electric field
components E

x

and E

y

, respectively, when the incident field is oriented along
x. It produces a radial polarization distribution, which is shown in (c). Figures
(d), (e) and (f) show the same measurements when the incident electric field is
polarized along y, which produces a vector field with azimuthal polarization.
In general, if the polarization of the incident field forms an arbitrary angle
with respect to x, the outgoing field will have spiral polarization distribution,
which is shown in Figs. (g), (h), (i), where we used a field with polarization
oriented at 45�.

singular straight line of the q-plate. The experiment is set-up as shown in

the top row of Fig. 5.2. Hence, a horizontally polarized beam is transformed

into a “radially polarized” beam and a vertically polarized beam becomes

an azimuthal vector beam. The Figs. 5.2 (a) and (b) show the 150GHz ter-

ahertz electric field E

x

and E

y

components respectively when presented in



50 5.2 Fabrication and results

the form of a vector field [Fig. 5.2 (c)], it is easy to see that the electromag-

netic mode shows radial polarization distribution. The slight asymmetry

observed in Figs. 5.2 (b) is caused by minor missmatch of the optical axis of

the beam an that of the q-plate. From Eq. (5.3) we see that E

x

/ cos�

and E

y

/ sin�, which shows good agreement with the experimental results.

Analogous measurements were performed after rotating the q-plate 90�. The

E

x

and E

y

components for these measurements are shown in Figs. 6.4(d)

and (e). The vector field formed in this case, presented in Fig. 5.2 (f), shows

an azimuthal distribution. Given that � = 2mm (150GHz), the q-plate

structure is an e↵ective medium since the structure features are significantly

smaller (400µm), therefore the wavefront of the cylindrical beam should not

be a↵ected by scattering.

Radially and azimuthally “polarized” beams are particular cases of a

more general class of vector beams, the “spirally polarized” ones [87]. If the

incident electric field forms di↵erent angle with respect to the singular line

of the q-plate, the field will emerge having spiral polarization distribution.

Figures 5.2 (g), (h) and (i) show the resulting spiral polarization distribution

when the incident electric field is oriented 45� with respect to x.



Chapter 6

Artificial dielectric

stepped-refractive-index lens

In order to expand the applications for terahertz (THz) radiation [88], the

generation of new devices and components for the manipulation of THz ra-

diation are necessary. There has been an e↵ort to fabricate lenses using

3D printing techniques [77, 78, 82, 89], compressing powders [90], using ring-

resonators-based metamaterials [91–94] and more recently, using artificial

dielectrics made of parallel plate waveguides (PPWGs) [95–99]. Artificial

dielectrics are man-made media that mimic the properties of naturally oc-

curring dielectric media, or even manifest properties that cannot generally

occur in nature. For example, the well-known dielectric property, the refrac-

tive index, which usually has a value greater than unity, can have a value

less than unity in an artificial dielectric. In this section we designed and ex-

perimentally proved that a modulation of the refractive index of an artificial

dielectric made of PPWGs is possible by controlling the plate spacing from

51
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1.5mm at the center of the device to 0.8mm in the outer periphery of the

device, where every PPWG has the same propagation length, resulting in a

flat lens. The clear aperture of the device is large enough to neglect edge

e↵ects and to ensure that only the TE1 mode is dominantly excited [100].

We demonstrate that this artificial dielectric stepped-index lens is capable

of focusing a 10mm diameter beam into line focus of less than 4mm at the

design frequency of 0.18THz.

6.1 Design and Fabrication

A simplified schematic diagram of the artificial dielectric device is shown

in Figs. 6.1 (a) and (b). It consists of an assembly of non-uniformly spaced

identical parallel plates made of 100µm thick titanium with spacings from

0.8 mm to 1.5 mm, which gives a ratio between 8 and 15 of the spacing

compared to the thickness. The plates were fabricated by chemical etching

in order to prevent any burring. We used three types of spacers with di↵erent

thickness, 0.3mm, 0.5mm and 1.0mm. Using linear combinations of these

three thicknesses, we realized plate spacings varying from 0.8mm to 1.5mm

in steps of 0.1mm. Fig. 6.1 (b) shows a front view of the device, where the

variation of the spacing between plates is illustrated. The plot in Fig. 6.1 (c)

is the theoretical variation of the e↵ective refractive index as a function of

the plate spacing for di↵erent frequencies [101,102]. This plot shows that the

index is highly dependent on the plate spacing. The e↵ective-refractive-index

function of the device is given by
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Figure 6.1: Schematic diagram of the device. (a) lateral view, (b) front view
(the aspect ratio of the device was exaggerated for clarity). (c) refractive index
of a typical PPWG operating in the TE1 mode as function of the plate spacing
for frequencies from 0.15THz to 0.20THz (d) Photograph of the fabricated
device. The dotted circle denotes the incident beam. e) Index profile of the
structure at 0.18THz along the red dotted line in (d). In (e) the red dashed
line is a parabolic fit to the refractive index profile.

n =

s

1� c

2

4h2
f

2
, (6.1)

where f is the frequency, c is the speed of light in vacuum and h is the plate

spacing. Fig. 6.1 (d) shows a photograph of the fabricated device, looking

on axis, which illustrates a clear aperture of 20 mm by 18 mm. Fig. 6.1 (e)

shows the refractive-index profile of the structure at 0.18THz along the red

dotted line in (d). In the same figure, we plot a parabolic fit in order to

emphasize the quadratic variation of the refractive index profile .

The operating principle of our device relies on the propagation of the TE1
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mode in every individual PPWG constituting the artificial dielectric struc-

ture. The refractive index of each PPWG is a function of the plate spacing

as shown in Fig. 6.1 (c) . When the spacing between the plates decreases, the

refractive index also decreases, for a given frequency.

In order to verify the operation of this device, we used a commercial

finite-element method (FEM) software, COMSOL Multiphysics, to perform

numerical simulations for frequencies from 0.17THz to 0.20THz in steps of

0.01THz. The metal plates of the device are considered as perfect elec-

tric conductors (PECs). The device is illuminated by a collimated Gaussian

beam with an amplitude of 1V/m. In order to ensure the accuracy, the

length scale of the mesh is set to be less than or equal to �/8 throughout

the simulation domain, where � is the wavelength of the incident radiation.

These results are shown in Fig. 6.2. The focusing of the THz radiation by

the device is clearly observed in Fig 6.2 (a) and (b). Fig 6.2 (a) and (b) show

the instantaneous electric field and the normalized intensity respectively, at

a frequency of 0.18THz. The input electric-field vector is parallel to the

plates to excite the TE1 mode. In Fig 6.2 (a) the formation of the wavefront

curvature inside the structure is clearly seen as the wave propagates, which

causes to generate a focus. In Fig 6.2 (b) the intensity shows a strong fo-

cus approximately 10mm after the front face of the lens. In Fig 6.2 (c) we

present simulation results for 0.17 - 0.21 THz in the in order to find the max-

imum electric-field amplitude. This figure shows that the strongest focus is

at 0.18THz (the design frequency).These simulation results predict a focus

with an approximately 2 mm beam waist. The focal length clearly exhibits

chromatic aberration, shifting to larger distances for larger frequencies. In
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Fig. 6.2 (d) the predicted wavefront position after propagating 4.3 ps is shown

in red lines superimposed on the simulation. The position of the wavefront

was found theoretically using

E(t) = e

i!t

, (6.2)

where ! = ck0n, where c is the speed of light in vaccum, k0 the wavenumber

in vaccum, n the refractive index of the device as given in Eq. (6.1), and t

the time. Fig. 6.2 (d) shows excellent agreement between the simulation and

the analytical result; the wavefront engineering due to the particular index

profile of the structure.

6.2 Experimental characterization

The experimental characterization was carried out using a fiber-coupled com-

mercial time-domain spectrometer which generates and detects radiation in

the THz band. The schematic of the experimental setup is illustrated in

Fig 6.3. The input beam to the lens was formed to a 1/e-amplitude diameter

of 10mm as used in the numerical simulations. For the detection we used an

e↵ective aperture of 0.5mm diameter placed in front of the receiver (silicon

lens) in order to improve the spatial resolution. The data were collected

by scanning the aperture-integrated receiver along a 20mm line with steps

of 0.5mm in the direction transverse to the input beam axis, as shown in

Fig 6.3. We recorded the broadband pulses passing through the device which

were subsequently Fourier transformed in order to extract their spectral con-

tent. In Fig 6.4 we show the measured beam profiles for 0.15THz, 0.18THz
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Figure 6.2: Numerical simulation results. (a) Instantaneous electric field
and (b) normalized electric field at 0.18THz. (c) longitudinal cross-section
along the dotted line in Fig (b) for the same simulation but for frequencies
from 0.17THz to 0.21THz in steps of 0.01THz. In (a) and (b) the focus is
clearly identified at approximately 10mm from the front face of the lens. This
distance is confirmed in (c) where the maximum amplitude is at approximately
10mm for f = 0.18THz. Figure (d) shows the predicted wavefront position
after 4.3 ps (red lines) using eq. (6.2).
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Figure 6.3: Schematic of the experimental setup for the experimental char-
acterization of the focusing properties for the artificial dielectric stepped-index
device.

and 0.20THz.

From these results we see that the maximum amplitude is achieved at

0.18THz, in agreement with the simulations. The major di↵erences between

the simulations and the experimental results are in the focal distance and the

size of the focus. They were respectively, 10mm and 2mm for the simulation

and 18mm and 3.34mm for the experiment. These discrepancies are most

likely due to the imperfections in the device; in other words, the plates were

not perfectly flat. In addition, secondary lobes are seen on either side of the

main lobe. The secondary lobes are due the truncation of the input beam,

which becomes more severe as the frequency goes down, due to the TE1

cuto↵. This can be understood from Fig 6.2 (a). For example, at 0.18THz

the clear aperture is determined by the location of PPWGs with spacing

of 0.9mm, since smaller spacings are below cuto↵ at this frequency. As a

result, the beam is clipped for plate spacings smaller than 0.9mm, causing
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Figure 6.4: Cross sectional profile for the input and output beams for a)
0.15THz, b) 0.18THz and c) 0.20THz. The data were recorded at 18mm
from the front surface of the device. In the same figures Gaussian fits are
shown.
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this “ringing” e↵ect in the focal plane.

In order to understand the device further, we also carried out an analytical

examination of the device. In the model, we used the Rayleigh-Sommerfeld

Integral given by [103,104].

U2(x, y) =
z

j�

ZZ

⌃

U1(⇠, ⌘)
exp(jkr12)

r

2
12

d⇠d⌘, (6.3)

where U2 is the electric field at the observation position, � the wavelength, z

the perpendicular distance from the incident plane to the observation plane,

U1 the electric field at the incident plane, k = k0n the wavenumber in vacuum

multiplied by the fitted refractive index of the device given by the red dashed

curve in Fig 6.1 (e) and r12 the distance from the incident plane to a point

on the observation plane.

In Fig 6.5 we compare the experimental beam profile with our numeri-

cal and theoretical result at 0.18THz. This comparison shows very good

agreement between the analytical and simulation results of the size of the

focus. The slightly larger experimental result is due to device imperfections

as noted earlier.
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Figure 6.5: Comparison between cross section of the beam for the numerical
simulation (blue line), experimental result (red line) and theoretical result
(yellow line). It is observed that the beam waist for the experimental result
is larger than the theoretical and the simulation one. This is most likely due
the imperfections on the device.



Chapter 7

Conclusion

In this thesis we show four new devices for the manipulation of THz radiation,

three of them were 3D printed, GRIN lens, polarization splitter and q-plate

and the last one is a novel stepped-refractive-index lens fabricated by artificial

dielectric.

In the case of the 3D printed GRIN lens our measurements demonstrate

that these devices operate within the di↵raction limit for the frequencies

below 800GHz (� > 375µm). We also investigate the chromatic aberration,

given that the lenses presented are based on an e↵ective medium combining

air and polystyrene in order to produce refractive index gradient, which at its

time produce variations for the e↵ective refractive index experienced by each

frequency. This new kind of lenses show some advantages compared with the

conventional spherical lenses, given that they are thin and flat on both faces

and their focal distances can be tailored by controlling the refractive index

gradient, in addition, they are easily to fabricate, and a very low cost.

Furthermore, we used the form birrefringence e↵ect in order to build the

61
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first 3D printed THz polarization splitter, similar to a Wollaston prism. The

structure consist in a 2 cm side cube made of Bendlay (n=1.53). One half of

the device consists of a birefringent triangular structure and the other half is

a solid prism. The device operates very well for frequencies below 400GHz. A

polarization splitter such as this one is useful for the construction of terahertz

photonic systems and might be applied to multiplexing and demultiplexing

signals for terahertz telecommunications. In addition, the mass production

of this component is viable

We also explored the vectorial beam area where unconventional polariza-

tion modes of light are studied. In order to generate this exotic polarization

modes we have presented a simple fabrication method of a q-plate for the

generation of terahertz cylindrical vector beams. The q-plate was fabricated

with a commercial 3D printer. The cylindrical beams were measured using

time domain imaging. This device can be used to e�ciently couple terahertz

radiation into waveguides, where segmented waveplates are used to generate

radially polarized beams. Furthermore, other q-plates can be fabricated for

the generation of complex-structured vector beams in order to study physical

phenomena of interest in singular optics, such as orbital angular momentum

and polarization topologies

In addition we present, to the best of our kwnoledge, the first exper-

imental evidence of an artificial dielectric stepped-refractive-index lens for

the terahertz regime. The device was build using parallel plate waveguides

technology. Using a multi-stack structure and varying the separation of the

stack, a stepped-refractive -index profile was produced. In particular, by lin-

early variyng the spacing of the plates from 0.8mm at the outer part of the
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structure to 1.5mm in the center of the device in steps of 0.1mm a gradient

in the refractive index was produced. We experimentally demonstrated that

this novel device is capable of focusing a 10mm diameter beam to a size

of 4mm at 0.18THz. The refractive behavior of this device is achieved via

the spatial index variation and not via the surface geometry, making this a

flat lens. This device, made of equal size metallic plates, has advantages in

comparison to other artificial dielectric lenses in the sense the faces of the

device are flat, which can be easier to assemble, produce and incorporated to

some optical systems. This kind of frequency dependent devices can be used

for a multispectral analysis and even for telecommunications applications.

All these four devices can be used in communications for the next gen-

eration of terahertz equipment. Furthermore we confirm that 3D printing is

promising technique for prototyping and fabricating relatively sophisticated

quasi-optical devices, currently unavailable, for terahertz frequencies.
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