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ABSTRACT 

Terahertz radiation research is an emerging field with significant work only being possi

ble in the last decade with the development of new high speed laser equipment. Sources 

of terahertz are a continuing problem however several methods now available are mak

ing this technology more reliable and less expensive. With these developments much 

research is being conducted into the potential applications of this window in the elec

tromagnetic spectrum. An integral part of any such application is the ability to focus 

and manipulate beams. Traditional optics systems achieve this with reflective, refrac

tive or diffractive elements the later of which has not been utilised in the terahertz 

frequencies and is the subject of this thesis. 

The wavelength range of terahertz waves of the order of hundreds of micron make 

fabrication difficult with milling or machining. Planar fabrication techniques using 

microfabrication technology have been used to create micro-optics for much shorter 

wavelengths. This project has involved developing a microfabrication process that can 

be applied to the large structure sizes and depths required at terahertz frequencies. 

High diffraction efficiency demands the structuring of multiple level structures. This 

was achieved using a repeated binary fabrication process in silicon. A set of Fresnel 

lenses were produced and some anti-reflection structures to demonstrate the application 

of this technology to the formation of high quality terahertz diffractive optics. 

Different applications may demand the use of either a continuous wave or pulsed 

emission and detection. An appreciation of the devices' performance in a single fre

quency and pulsed broadband system is given. These systems were set up for the 

measurements of anti-reflection gratings and both single and pairs of Fresnel lenses 

of varying complexity. These results demonstrate potential uses as frequency and or 

spatial filters and focusing elements for tomography applications. 

Using Fresnel and Fraunhofer diffraction theory lenses have been simulated to fur

ther explain the results measured and to give an appreciation of how design modifica

tions can be used to improve the efficiency. Because the fabrication process described is 

tailored for the construction of a broad range of optics in the terahertz frequency range 

there are a wide range of potential feature sizes and etch depths. A general guide to how 

processing defects inherent in the microfabrication process can effect lens performance 

is investigated to give a designer tolerances to remain within during production. 
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Chapter 1 

INTRODUCTION 

1.1 A BRIEF HISTORY OF THE ELECTROMAGNETIC 
SPECTRUM 

Humanity's fascination with and manipulation of the electromagnetic spectrum has 

evolved over several millennia with records from ancient Egypt of mirrors dating back 

to 1900 B.C. It took some time for theories to evolve that explained the behaviour of 

visible light and it is only in the last two centuries that knowledge of and research into 

the non visible parts of the electromagnetic spectrum have been explored. 

The law ofreflection was first described in 300 B.C. by Euclid. In Optica, Catoptrics 

he described the rectilinear propagation of light. He believed that vision involves rays 

going from the eyes to the object seen and he studied the relationship between the 

apparent sizes of objects and the angles that they subtend at the eye. Refraction was 

first studied by Cleomedes (50 A.D.) and later described by Claudius Ptolemy some 

90 years later. In his work a study of refraction, including atmospheric refraction, was 

described. It was suggested that the angle of refraction is proportional to the angle 

of incidence. Research into optics then languished for over a millennia until the thir

teenth century wJ:ien Robert Grosseteste, Bishop of Lincoln, and Polish mathematician 

Witelo conducted investigations into reflection and refraction of light. Amongst other 

things, Witelo described a method of machining parabolic mirrors from iron and car

ried out careful observations on refraction. He recognised that the angle of refraction is 

not proportional to the angle of incidence but was unaware of total internal reflection. 

Roger Bacon extended Grosseteste's and Witelo's work on optics. He considered that 

the speed of light is finite and that it is propagated through a medium in a manner 

analogous to the propagation of sound. In Opus Maius, Bacon described his studies of 

the magnification of small objects using convex lenses and suggested that they could 

find application in the correction of defective eyesight. He attributed the phenomenon 

of the rainbow to the reflection of sunlight from individual raindrops. 

In 1621 Willebrord Snell discovered the relationship between the angle of incidence 

and angle of refraction when light passes from one transparent medium to another. 
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This law of refraction was first published in terms of sines by Rene Decartes in what 

is today known as Snell's law sini/sini'=c where i is the angle of incidence and i' is 

the angle of refraction. 

The seventeenth century saw many great physicists such as Fermat, Descartes, 

Galileo, and Sir Isaac Newton conduct further investigation into the actual nature of 

light, supporting either a particle or wave theory. In this period Professor Francesco 

Grimaldi made the first observations of the diffraction of light. That being, the devi

ation of rectilinear light occurring when it passes beyond an obstruction. Also in this 

period Christiaan Huygens made the important conclusion that light effectively slows 

down when travelling in a more dense medium. Augustin Jean Fresnel continued the 

work of Huygens on the wave nature of light. In 1816 he presented a rigorous treatment 

of diffraction and interference phenomena showing that they can be explained in terms 

of a wave theory of light. As a result of investigations by Fresnel and Dominique Fran

cois Arago on the interference of polarized light and their subsequent interpretation 

by Thomas Young, it was concluded that light waves are transverse and not, as had 

been previously thought, longitudinal. Several years later in 1819, Joseph Fraunhofer 

from Germany described his investigations of the diffraction of light by gratings which 

were initially made by winding fine wires around parallel screws. He later went on to 

publish his theory of diffraction in 1823. Around the same time Fresnel presented the 

laws which enable the intensity and polarization of reflected and refracted light to be 

calculated by his now famous formulae. 

At the time Fresnel and Fraunhofer were determining the wave theory of reflection, 

refraction and diffraction of light, Danish physicist Hans Christian Oersted found that 

if he moved a wire carrying an electric current near a magnetic compass needle, the 

needle tended to turn at right angles to the wire. This was the first direct evidence that 

electricity and magnetism were physically related, leading to the onset of research into 

elctromagnetics and the discovery of the electromagnetic spectrum. In the following 

four decades, other physicists studied this relationship in more detail. Many of them 

tried to develop a theory to explain exactly how electricity and magnetism were related, 

but they encountered great mathematical and experimental problems. 

In 1871 John William Strutt, third Baron Rayleigh presented a general law which 

related the intensity of light scattered from small particles to the wavelength of the 

light when the dimensions of the particles is much less than the wavelength. He also 

made a 'zone plate' which produced focusing of light by Fresnel diffraction. 

Several years prior to this, James Clerk Maxwell from Scotland had been devoting 

time to the study of electromagnetics, culminating in the publication of his results in 

their complete form in a book in 1871 [1]. From his studies of the equations describing 

electric and magnetic fields, it was found that the speed of an electromagnetic wave 

should, within experimental error, be the same as the speed of light. Maxwell concluded 
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that light is a form of electromagnetic wave which can be expressed in four short 

equations called Maxwell's equations. 

VxH 

V.B 

VxE 

8D/0t+j 

0 

-8B/0t 

V.D p 

(1.1) 

where H is the magnetic field strength, D is the electric displacement, t is time, 

j is the current density, B is the magnetic flux density, E is the electric field strength 

and pis the volume density of charge. Maxwell's equations allowed for the existence of 

electromagnetic waves with much longer wavelengths than light. No one had suspected 

the existence of such waves, but this gave the motivation to begin looking for them. 

In a series of experiments beginning in 1886, the German physicist Heinrich Hertz 

proved that these long wavelength electromagnetic waves were real. He showed this 

when he generated what we now call radio waves with an electric spark, transmitted 

them the length of his laboratory, and made them produce a smaller spark at his re

ceiver. By showing that these 'Hertzian waves' travelled in beams and could be focused 

like light rays, Hertz convinced the scientists of his time that he had discovered the long 

electromagnetic waves that Maxwell's equations predicted. At the time, applications 

of this discovery were not realised. 

In the next decade, on November 8, 1895, a portion of the electromagnetic spec

trum with wavelength shorter than visible light was accidentally discovered by William 

Roentgen. While testing cathode rays to see if they would pass through glass he no

ticed a glow emanating from a chemically coated screen lying a few feet away. Roentgen 

named the unknown rays that caused this fluorescence 'X rays'. Intensely researching 

his discovery for two months he found that X rays could penetrate some substances 

but not others. During one experiment, Roentgen tested the X-ray absorption of lead. 

While holding a lead disk up to the source of radiation, he inadvertently exposed his 

hand to the rays. The resulting shadows on the detecting screen revealed both the im

penetrability of lead and the bones in his hand. Roentgen had discovered that X rays 

penetrate human flesh but not bone, a discovery which to this day is used in medicine. 

It was not until the start of the twentieth century, following Hertz's discovery, when 

Guglielmo Marconi pioneered the world's first radio system. The vast usefulness of this 

concept led to millions of dollars being spent on research. The onset of World War I 

accelerated the development of the radio to a point where by the 1920s hundreds of 

radio stations were broadcasting news and music across the airwaves. 

Since the development of these first applications of non-visible parts of the elec

tromagnetic spectrum much research has been conducted to explore all frequencies. 
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Numerous applications have been devised in the last century utilising specific frequen

cies to facilitate communication, analysis, detection and manipulation of substances. 

The absorption spectra of different materials varies and also different frequencies can 

affect certain molecules uniquely. This means particular sections of the electromagnetic 

spectrum are ideally suited to specific applications. Conversely, some wavelengths can 

be damaging to tissue or samples subsequently limiting the extent which they can be 

used. The ease with which different wavelength radiation can be produced also varies 

widely. 

Terahertz radiation was discovered by Heinrich Rubens and Ernest Fox Nichols at 

the University of Berlin in 1896 [2]. After Nichols left Berlin, Rubens continued the 

work, and in 1900 he isolated wavelengths of 6 THz (50 microns) and made careful mea

surements which he gave to Max Planck, who subsequently derived the Radiation Law. 

One such region of the electromagnetic spectrum which is quite difficult to produce is 

the terahertz frequency band ranging from the far infrared at 10 x 1012 Hz to the upper 

end of the microwave spectrum at 0.1 x 1012 Hz. First efforts to produce the radiation 

began in the 1970s using non linear photomixing of two laser sources. This was not 

overly successful and it has not been until the past two decades with recent advances in 

laser technology that reliable sources of terahertz have become available. What makes 

these waves so fascinating to scientists is their ability to penetrate materials that are 

usually opaque to both visible and infrared radiation, and the wealth of spectroscopic 

information that can be attained using it to analyse material. 

1.2 THESIS ROADMAP 

This thesis describes the design, fabrication, testing and simulation of terahertz Fresnel 

lenses. Taking the concept first proposed by John William Strutt in 1871 a high 

efficiency multiple level Fresnel lens, designed for terahertz operation, is described. 

Chapter 2 details the methods available to produce terahertz radiation. All these 

techniques are active areas of research as a cheap and reliable source of terahertz is 

still actively sought. This gives background into the methods of emission and detection 

that were used to test the devices made in the course of this work. 

Chapter 3 outlines the microfabrication technology used to fabricate the lenses. 

This highlights the main issues that had to be resolved and developed to enable reliable 

production of the lenses. This multiple level technology can be specifically applied to 

the formation of a wide array of multiple level lenses or diffractive optics of any form. 

The multiple level fabrication technology enables a high diffraction efficiency for the 

formation of high quality terahertz holographic elements. 

Chapter 4 reports the results from testing the lenses in a continuous wave terahertz 

system. This displays the ability of the lenses to focus and re-collimate terahertz 

radiation in a two lens system. 
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Chapter 5 presents a full analysis of a set of lenses of differing complexity. Mea

surements of the broadband intensity at positions beyond the lens give a relative per

formance comparison of the lenses. The focusing ability of the binary Fresnel lenses is 

compared to conventional refractive lenses that are currently used to focus radiation. 

Chapter 6 presents simulations of the lenses using Fraunhofer wave propagation. 

The expected performance of the lenses fabricated and ideal lens structures is deter

mined and compared. These results give further explanation of those results obtained 

from the physical measurements. Several design parameters are investigated highlight

ing how performance of the lenses can be optimised. 

In Chapter 7 further simulations are conducted to provide an analysis of how 

processing defects that can arise from the microfabrication technique used can affect 

the efficiency. This provides general parameters that give a guideline for fabrication 

tolerances. As the structuring technique is applicable to a wide range of structure sizes 

these become of more importance in certain designs involving short focal lengths or 

higher terahertz frequencies. Chapter 8 presents the conclusions of the thesis along 

with an array of future directions that can be pursued. 





Chapter 2 

BACKGROUND 

2.1 INTRODUCTION 

The bounds of the terahertz frequency band lie in the region of electromagnetic spec

trum below the infrared and above microwave frequencies. This defines a frequency 

band spanning from 0.1 to 10 THz equating to the wavelength range of 3 mm, on the 

boundary of electronics, to 30 µm overlapping the photonics or far infrared band (20 

mm to 50 µm). The terahertz frequency band has remained less utilised and devel

oped than the adjacent infra red and microwave fields. The main cause for the lack 

of development in this field is the lack of good radiative sources. Current sources are 

available that can provide both continuous wave and pulsed sources of THz. Most 

of this technology involves the use of laser systems that are prohibitively expensive. 

Currently this has limited the ability to incorporate the various terahertz applications 

into marketable products as cheaper competing technologies are favourable. However 

these sources have evolved over the last few years with advanced materials research 

that have seen new high power sources become available. There has been research into 

the production of THz laser sources which have seen the construction of a quantum 

cascade semiconductor laser. This section aims to provide a review of the current gen

eration and detection technologies that are available and under development and also 

the immediate applications that appear to lend themselves to this frequency band. 

Of the many applications proposed for THz the wavelength of the radiation can 

be a limiting factor which restricts the resolution attainable. At 1 THz the wavelength 

is only 0.3 mm and for conventional imaging systems the diffraction limited resolution 

or spot size is half this value. For some medical applications this may be insufficient 

to compete with existing technologies (such as x-ray imaging). Because of the benefits 

available from spectroscopy and the non-ionising nature of the radiation there is still 

much interest in utilising THz in the medical and biological fields. To a greater extend 

the resolution difficulties pose only a situational difficulty which in most cases can be 

overcome through operating in the near field or at higher frequencies. Researchers at 
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Delft University have recently improved the resolution by a factor of almost 1000. Small 

focal spots are achieved by using a sharp metal tip to locally bend and concentrate the 

electric field of the terahertz beam near the surface of a GaP crystal. This technique 

can be used in terahertz pump probe experiments by placing the samples on the crystal 

below the tip. The sample is illuminated by the pump beam from above and a tightly 

focused probe beam from below. Using raster scanning images with resolution as small 

as 8 µm have been demonstrated and it is envisaged that 1 µm may be possible [3]. 

2.2 TERAHERTZ EMISSION 

Terahertz radiation can be produced with a variety of different techniques including 

lasers, nonlinear optics and electronics [4]. These bring different benefits, creating 

either pulsed or continuous wave radiation with a wide range of powers. Terahertz 

source development is a very active area of research as there is a push to make cheaper 

sources that can be incorporated into the ever growing list of applications. 

The cheap reliable and high power sources that semiconductor lasers have afforded 

the communications industry have allowed broadband transfer of data across the world. 

This was enabled because of the microfabrication technologies that facilitated the mass 

production of cheap lasers. It is envisaged that if solid state laser operation can be 

extended to the terahertz wavelength range that this will form the most desirable 

source for most applications [5]. There has been limited success with this with pulsed 

terahertz lasers created that operate at cryogenic temperatures. Terahertz research is 

being pursued along multiple avenues, while some groups are working to produce new 

radiative sources others are working on the development of terahertz technologies and 

applications. Recent advances in ultrafast laser technology have lowered the cost of 

pulsed terahertz systems to a point were there is now a commercially available system 

for medical imaging made by Teraview [6]. 

2.2.1 Electronic Sources 

Traditional electronic sources based on semiconductors such as oscillators and amplifiers 

are limited by reactive parasitics or transit times that cause high frequency roll off or 

have simple resistive losses that tend to dominate the devices at the long wavelengths. 

Electronic sources continue to be developed reaching higher frequencies of operation 

into the gigahertz regime [7]. Current research involves the development of electronic 

local oscillators for terahertz radio astronomy, remote sensing, atmospheric imaging 

and ultra broad-band intersatellite communication. These sources are currently still 

limited to operation in the lower end of the Terahertz spectrum in the hundreds of 

gigahertz with submilliwatt powers which limits their usefulness in the broader range 

of terahertz applications. 
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2.2.2 Broadband Terahertz Sources 

A widely used method for the generation of terahertz radiation involves the produc

tion of broadband pulses. The main benefit of such a technique is that spectroscopic 

measurements can be taken without having to scan the source frequency. The conver

sion efficiency of these sources is currently low with terahertz powers in the nano to 

microwatt range being produced from optical sources of 1 W. Two common derivatives 

of this process are the use of photoconductive antennas or through optical rectification 

in a crystal with a non-linear response [8]. 

Terahertz radiation can be emitted by illuminating a gap between two closely 

spaced electrodes on a photoconductor with an ultrafast pulse to generate free carriers 

[9]. The electron hole pairs created are accelerated in an applied electric field from an 

applied voltage to form a transient photocurrent, which in turn results in the emission of 

a broadband terahertz pulse. Efficient terahertz emision requires short carrier life time 

meaning a fast photocurrent rise and decay time. The current surge, which is coupled 

to an RF antenna, has frequency components that reflect the pulse duration, hence a 

terahertz pulse is emitted. Other parameters that are important in the photoconducting 

material used are the drift velocity and the breakdown field. These determine the 

maximum bias that can be applied directly influencing the strength of the terahertz 

radiation emited. Typical photoconductors include silicon on sapphire, low temperature 

grown GaAs, InP and radiation damaged silicon wafers. The antennas are formed using 

microlithography techniques generally in gold in the form of slotlines [10], dipoles [11] 

or spirals [12]. Using this technique powers over 40 µW have been attained with 

bandwidths as high as 4 THz generally ranging from 0.2 to 4 THz [13]. 

Optical rectification is a commonly used alternative terahertz generation mecha

nism [14]. It has lower power than photoconductive generation but has the benefit of 

very high bandwidths. Spectra including measurable frequencies up to 50 THz have 

been reported with this technique. It involves applying short laser pulses to a crys

tal with a large second order susceptibility (field induced polarisation) [15]. With the 

nonlinear response of the crystal mixing occurs, producing a time varying polarisation 

with a frequency response representative of the pulse duration of the incident laser. By 

using femtosecond pulses terahertz emission is achieved. The most common crystals 

used are semiconductors such as GaAs and ZnTe although a number of other materials 

have been experimented with such as GaSe and InP. 

2.2.3 Narrowband THz Sources 

There are some specific applications where a narrowband high power source is desirable 

[4]. The telecomunications industry has significant interest in high frequency radiation 

as it provides the facility for high bandwidth links. First applications of this at terahertz 
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frequencies should be seen in intersatellite communication although it is envisaged once 

the field matures that terahertz radiation may be used for high bandwidth microcellular 

wireless networking. The narrowband terahertz field is largely driven by the space and 

communication fields although it also finds application in high resolution spectroscopy. 

2.2.3.1 Up Conversion 

The most common method of producing narrowband terahertz radiation is through up 

conversion [16]. This involves the nonlinear reactive multiplication of lower frequency 

microwave oscillators. These can be driven by commercially available microwave os

cillators (voltage controlled oscillators), dielectric-resonator oscillators and millimetre

wave upconverters. Current technology typically achieves this using a chain of planar 

GaAs Schottky-diode multipliers [17]. Multiplier chains driven by amplified sources at 

lOOGHz have reached 1.2 THz with 75 µ W at room temperature [18]. Using the same 

techniques frequencies as high as 2.7 THz have been reported [19]. Research also con

tinues to increase the frequency of Gunn and IMPATT diodes to the lower reaches of 

the terahertz region, which have been reported as high as 200GHz [20], using alternate 

semiconducting structures and improved fabrication techniques 

2.2.3.2 Dual Laser Photomixing 

One method that has shown considerable promise for the efficient production of high 

power terahertz radiation is heterodyne downconversion or dual laser photomixing [21]. 

Original investigation into this began in the 1970's using non-linear photomixing of two 

laser sources, but struggled with low conversion efficiencies [22]. In this technique, two 

continuous-wave lasers whose centre frequencies differ only slightly are combined in a 

material exhibiting a high second-order optical non-linearity such as 4-dimethylamino

N-methyl-4-stilbazolium tosylate (DAST) or Ti:sapphire. Mutual interference of the 

two laser frequencies in the non-linear material results in sum and difference frequencies 

which can be tuned such that the difference frequency component is in the terahertz 

band. For the generation of cw-terahertz radiation the beam is then focused on a pho

tomixer such as a LT-GaAs resonant antenna [23, 24]. This arrangement is shown in 

Figure 2.1 

This technique produces cw terahertz radiation with tunability from 0 to 50 THz. 

The availability of dual colour solid-state laser sources means systems like this could 

potentially be relatively compact [25]. The advantage over current broadband tech

niques is that the powers generated are much higher, with output powers in excess of 

100 mW demonstrated [26], and the signal to noise ratio achievable is very high. 
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Figure 2.1 Component layout for continuous wave emission and detection. 

2.2.3.3 Free Electron Laser 

11 

A Free Electron Laser (FEL) is a highly flexible source capable of producing radiation 

from millimeter waves up to the vacuum ultraviolet [27]. They are appealing as they 

have high tunability and the facility to produce high output powers with an electronic 

efficiency of up to 30%. Their main drawbacks are the large size, expense and com

plexity associated with the system putting them out of reach of most applications. 

They may generate continuous or pulsed waves, and provide an average brightness 

of more than six orders of magnitude higher than typical photoconductive antenna 

emitters. Free-electron lasers have significant potential in applications where improved 

signal-to-noise ratio is essential, or in the investigation of non-linear THz spectroscopy. 

Bench-top variations on the same theme, termed backward-wave tubes or carcinotrons, 

are also capable of providing milliwatt output powers at THz frequencies [28]. 

A FEL is essentially composed of three parts: an electron accelerator, a magnetic 

undulator and an optical resonator as shown in, Figure 2.2. They use a beam of 

high-velocity bunches of electrons propagating in a vacuum through a strong, spatially 

varying magnetic field. The magnetic field causes the electron bunches to oscillate and 

emit photons. Mirrors are used to confine the photons to the electron beam line, which 

forms the gain medium for the laser. 

The electrons are forced by the magnetic field on an oscillating trajectory, thus 

emitting synchrotron radiation. In the electron frame reference the process can also be 

seen as a scattering between the electron beam and the virtual photons of the undulator. 

If an external field is present, the radiation is emitted in phase with this external field. 

The interaction between the laser field, the static magnetic field of the undulator and 
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Figure 2.2 Free Electron Laser components. 

the electron beam has as a final effect the spatial bunching of the electrons on the scale 

of the radiation wavelength, and the transfer of energy from the electron beam to the 

laser field. The undulator can be considered as the equivalent of the 'active medium' of 

a conventional laser system, while the electron beam is the equivalent of the 'pumping 

system' 

2.2.3.4 Semiconductor Lasers 

Lasers rely on the chemical properties of the materials they are made from to produce 

radiation at specific frequencies. Excitation of the material with either current or en

ergy from light excites its electrons from one energy level to another. These electrons 

then lose the extra energy as they drop back down from this energy level by emitting 

a photon [29]. The bandgap required for a terahertz laser is much smaller than that 

required for conventional lasers as the energy difference is about 100 times smaller. It 

is possible to alter the size of the energy jumps an electron makes by trapping it in a 

thin layer of semiconductor material such as gallium arsenide [30]. The thickness of the 

layer determines the size of the jump allowing the creation of transition energies that 

are otherwise impossible. Such layers can be grown with atomic precision using molec

ular beam epitaxy. The first reports of terahertz laser emission were in lightly doped 

p-type germanium as a result of hole population inversion induced by crossed elec

tric and magnetic fields [31]. These lasers are tunable by adjusting the magnetic field 

or external stress. Terahertz lasing in germanium has also been demonstrated by ap

plying a strong uniaxial stress to the crystal to induce the hole population inversion [5]. 

A quantum cascade laser is made by making many of these layers on top of each 

other to create a superlattice. The structure consists of many coupled quantum wells 

(nanometre-thick layers of GaAs sandwiched between potential barriers of AlGaAs) 

[32]. In the repeating structure each repeat unit is made up of an injector and an 

active region. This synthetic crystal then acts as a material with an artificial energy 
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transition which can be used as a laser medium [33]. When a voltage is applied across 

it, electrons are forced to emit light at the frequency determined by the layer thickness 

in a 'quantum cascade'. In the active region a population inversion exists and electron 

transition to a lower energy level occurs, emitting photons at a specific wavelength. 

The electrons then tunnel between quantum wells and the injector region couples them 

to the higher energy level in the active region of the subsequent repeat unit. This 

technology has been used to create semiconductor lasers at frequencies that were pre

viously unachievable and much research is being conducted to extend this concept to 

the terahertz band [34, 35]. 

Quantum cascade lasers have been demonstrated within the infrared spectrum, but 

until very recently several significant problems had prevented THz quantum cascade 

lasers from being realized. The principal problems are caused by the long wavelength 

of THz radiation. This results in a large optical mode, which results in poor coupling 

between the small gain medium and the optical field, and in high optical losses owing to 

free electrons in the material. One of the main problems with the semiconductor lasers 

is the terahertz radiation generated tends to get absorbed by the materials that create 

it. This has been overcome through the use of waveguides placed into the super lattice 

at regular intervals. This channels out the terahertz radiation before it is reabsorbed 

into the semiconductor lattice. Kohler et al. addressed these and other problems in 

their recent design of a THz quantum cascade laser operating at 4.4 THz. The laser 

consisted of 104 repetitions of the basic unit (shown in Fig. 3) and a total of over 700 

quantum wells [36]. 

Injector 

(Injection barrier >.L ie' 
"' c w 

Distance 

Active superlattice 

Figure 2.3 Simplified conduction band structure of the THz quantum cascade laser [36]. Electrons 

are injected through the AlGaAs injection barrier into the level 2 energy state of the active region. 

The active transition from level 2 to level 1 results in the emission of terahertz photons. 

A quantum cascade laser operating at 3.4 THz with liquid nitrogen has been demon-
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strated by researchers at the Massachusetts Institute of Technology [37]. The device 

can emit pulses at a maximum temperature of 87 K with a 1 mW power at liquid ni

trogen temperature, 77 K. With helium cooling it can achieve a maximum power of 3.4 

mW. This laser consists of 175 cascaded four-well modules created using GaAs/ AlGaAs 

using molecular beam epitaxy. These lasers are a very promising future source of ter

ahertz radiation, however there is still significant work required to make them viable 

for most applications. 

2.3 DETECTION 

There are a number of methods that can be implemented for the detection of terahertz 

radiation that can measure both broadband and narrow-band signals across the ter

ahertz spectrum. The main difficulty in the detection of terahertz is that blackbody 

radiation at room temperatures is strong at terahertz frequencies requiring systems 

to be cryogenically cooled or for long integration time radiometric techniques to be 

used. Terahertz can be detected with simple bolometers but due to the blackbody 

radiation require helium cooling [38]. Although these detectors can be very sensitive 

they provide amplitude information only and as a significant amount of information 

can be obtained by the phase change of the terahertz signal for many applications 

these are not ideal. Also the need for cryogenic cooling is an extra expense and makes 

this technique unsuitable for certain applications such as sample measurement in the 

near field. Semiconductor heterodyne detectors are used in earth science, planetary 

applications and other passive systems. Again if higher sensitivity is required cryo

genic cooling is required and several superconducting heterodyne detectors have been 

developed [39]. The Schottky diode downconverter equivalent in widespread use in the 

lower terahertz applications is the superconductor-insulator-superconductor (SIS) tun

nel junction mixer. As bolometric techniques do not allow for the spectral information 

of the incoming terahertz beam to be identified, an alternative method is required for 

spectroscopy; one of the main intended terahertz applications. A pump probe config

uration allows for far greater sensitivity and full coherent signal acquisition [40]. This 

technique is used in pulsed terahertz systems, which are those based on photoconduc

tive antennae, optical rectification emitters and electro-optic detectors [41]. In a pump 

probe arrangement, as shown in Figure 2.4, the gated detector only operates when 

illuminated by the probe pulse. Shifting the timing of the probe beam pulse relative to 

the pump beam enables determination of terahertz content across the entire terahertz 

frequency band [42]. 

2.3.1 Photoconductive Dipole Antenna (PDA) Detection 

In photoconductive detection an optical gating pulse, the probe beam, generates free 

carriers in the photoconducting medium. The terahertz electric field acts as a bias volt-
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Figure 2.4 Pump-probe component layout for pulsed terahertz emission and detection using photo
conductive dipole antennas. 

age generating a current which can then be measured. Hence, the current only flows 

through the detector in the simultaneous presence of the laser pulse and the terahertz 

electric field. The total amount of the transported charge is proportional to the instan

taneous terahertz electric field when the gating pulse arrived. By scanning the time 

delay between the terahertz pulse and the optical gating pulse enables the determi

nation of the entire terahertz waveform. This mechanism was first demonstrated by 

Auston [11] using radiation-damaged silicon on sapphire. To operate well a low carrier 

life time material is required and other alternatives to silicon include low temperature 

grown GaAs, and InP [43]. Sensitivity up to 20 THz has been demonstrated using 

LT-GaAs with a carrier lifetime of 1.4 ps using 15 fs gating pulses [44]. PDA emitters 

are based on the inverse of the detector mechanism and are capable of generating high 

powers. The power of the emitted terahertz radiation is determined by the energy of 

the pump laser pulse and the bias that powers the current cascade. PDA detection has 

a high frequency limit determined by the speed of the photocurrent response. Hence 

such a system can be limited in that the spectral range is generally between 100 GHz 

to 1 THz with a peak power at around 500 GHz. 

2.3.2 Electro-optic Sampling 

Electro-optic sampling is based on the linear electro-optic effect [45]. A freespace 

electro-optic sampling (FSEOS) system utilises a non linear crystal for emission [46]. 

Ultrafast laser pulses with center wavelength of 800 nm incident on the emitter crystal 

cause the emission of pulses with terahertz center frequency. Although this technique 

has a lower power than a PDA its advantage lies in its much broader bandwidth limited 

not by carrier recombination rates but by the nonlinear characteristics of the crystal. 

Using this technique wavelengths as small as 7 µm have been generated. In electro-
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optic detection the terahertz transient induces an instantaneous birefringence in the 

nonlinear detector crystal which influences the propagation of the optical probe beam. 

The phase shift between the ordinary and extraordinary part of the probe beam is 

(2.1) 

where vis the frequency of the probe beam and Lis the thickness of the crystal. This 

can cause a linearly polarised probe pulse to be converted to a slightly elliptically po

larised pulse which can then be detected using a set up as illustrated in Figure 2.5. 

An electro-optic crystal can be used to detect in excess of 40 THz [ 4 7] although at 

the higher frequencies the signal becomes increasingly harder to distinguish from the 

background laser noise. The power is lower than PDA emission as it is derived entirely 

from the incident laser pulse. A modification of this technique has been demonstrated 

with a chirped beam allowing single shot measurements to be taken doing away with 

the need to scan the timing of the probe beam [48]. 

Pump 
beam 

Pellicle 

Probe 
beam 

Photodiodes 

Figure 2.5 electro-optic sampling component setup, >../4: quarter wave plate, W: Wollaston prism. 

The most commonly used crystal for electro-optic sampling is ZnTe [49] for fre

quency ranges between 0.1 - 3 THz. GaP [50], DAST [51], LiTa03 and LiNb03 [52] 
have also been demonstrated to work as electro-optic crystals. 

2.3.3 Scanned Detection for Imaging 

In a pump probe terahertz emission/ detection system in most cases a two dimensional 

image is formed by scanning a sample through space [53]. The probe beam is focused 

to a fine point and shifting the sample in a raster scan provides information about 

absorption and refractive index of the sample. Such a system can have a considerable 

image aquisition time as multiple scanning stages are necessary to form the two di-
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mensional image. Two stages are required to shift the sample through x and y and a 

further stage is required for the delay stage of the probe beam. Each point of the image 

requires scanning of the delay stage to obtain the complete terahertz waveform. This 

enables spectral analysis from which a detailed chemical and physical analysis can be 

formed across the sample. If the signal to noise is high as is common in current systems 

averaging of each point may also be necessary. For terahertz imagers to become viable 

for most applications the image acquisition time needs to be much less than a scan

ning system and several techniques have been proposed such as the use of a chirped 

probe beam [54] which eliminates the requirement of the delay stage and the use of 

two dimensional imaging arrays [55]. Refinement of all these concepts should enable 

the construction of real time imaging systems. 

2.3.4 Array Based Charged Coupled Device ( CCD) Detection 

Single shot terahertz images of samples can be taken by expanding the probe beam 

and using a large detector crystal and multiple detectors. Using electro-optic sampling, 

what is usually performed with a pair of balanced photodiodes in a scanning system, 

can be performed with a CCD array. Combining the CCD detection mechanism with 

a chirped expanded probe beam facilitates single shot two dimensional imaging [48]. 

Because the probe beam is expanded and lock in detection is not possible with a CCD 

array the signal to noise ratio is reduced compared to a scanned system. It is however 

possible to improve this through using a chopper to block the terahertz signal providing 

a two dimensional scan of the laser noise that can be subtracted [56]. This has been 

shown to give a two-order improvement in the signal to noise ratio. 

2.3.5 Alternative Array Based Detection 

Other potential array based detection techniques include bolometer arrays [57], which 

are already used in space applications and potentially in security, and photoconducting 

antenna arrays. Such arrays would have the advantages and disadvantages as previ

ously described for their singular equivalents. An array of PDA's could potentially 

work better than an electro-optic based system being far less sensitive to laser noise. 

Large scale microlithographic techniques already available would be able to fabricate 

such arrays without difficulty. With the lithography resolutions now available the lim

itation in the resolution of such a detector would not be on the individual detector size 

but on the wavelength of the radiation which is 300 µmat 1 THz. 
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2.3.6 Terahertz System Summary 

There are several methods available for terahertz imaging each with different benefits 

[58]. Because the current sources of terahertz radiation are still weak there is still a 

necessity to choose a detector type carefully to obtain the required signal to noise ratio 

across the required frequency band. The electro-optic system is characterised by low 

power and low efficiency generation and detection while giving very large bandwidth. 

The low terahertz power is due to the generation mechanism which is reliant on the 

power of the incident laser pulse. Photoconductive dipole antennas generate higher 

power, affected by the power of the pump laser pulse and the antenna voltage bias, but 

are limited in that they can detect up to an upper limit of about 4 THz. 

Apart from the trade-off between terahertz power and bandwidth, two other is

sues contribute to selecting a terahertz system. The first has to do with supporting 

equipment, specifically lock-in amplifiers and regenerative laser amplification, and the 

second relates to the two dimensional imaging. Although electro-optic generation has 

a greater bandwidth than photoconductive switching, the power in the terahertz pulse 

derives entirely from the incident laser pulse power. In a PDA emitter, the output 

power scales both by incident pulse power and the bias voltage. The energy of an 

ultrafast laser pulse can be increased using a regenerative amplifier in addition to the 

ultrafast laser oscillator. Electro-optic detection is a weak effect and is very sensitive 

to optical noise. To eliminate the noise it is necessary to use a lock in amplification 

technique. Regenerative and lock-in amplifiers are large and expensive, limiting the 

development of portable and cheap terahertz systems 

Two dimensional imaging has been demonstrated with electro-optic detection with 

a CCD camera. Performing this with an PDA array is yet to be implemented fully but 

would give an alternative parallel imaging system with increased tolerance to noise. Ul

timately the performance of two dimensional imaging systems will be improved when 

higher power terahertz sources are available at which point the signal to noise ratio 

will be less of an issue. 

2.4 SIGNAL PROCESSING FOR TERAHERTZ PULSES 

Huge amounts of information are generated during terahertz imaging providing ampli

tude and phase information over a broad range of frequencies. Analysis for pulsed THz 

systems requires taking the time domain signal measured and processing it as quickly 

and efficiently as possible to extract the frequency information necessary for spectro

scopic analysis. Algorithms need to be able to take incoming terahertz waveforms or 
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images, enhance salient features and present information for storage and interpretation 

[59]. This optimally needs to be performed in real time for imaging systems for security 

or medical applications. To a large degree the frequency information can be extracted 

simply by taking a Fourier transform of the pulse, however, wavelet analysis can better 

determine the wealth of information present [60]. Wavelet analysis extends the con

cept of Fourier decomposition to a more complicated time and scale decomposition. In 

wavelet analysis, a signal is decomposed into an array of pulsed-shaped wavelets, so 

that the time domain and spectral domain of a signal can be studied simultaneously. 

The basic premise of wavelet analysis is to construct the signal from the scaled wavelets 

instead of from infinite sinusoidal functions, as used in Fourier analysis. When applied 

to pulsed systems, like pulsed terahertz imaging, the wavelet function fits far more 

closely to the shape of the actual signal than any sinusoid would and thus the corre

lation coefficients are higher than for Fourier transforms [61]. Wavelet analysis gives 

faster signal detection and better noise reduction than simple Fourier analysis [62]. 

2.5 TERAHERTZ APPLICATIONS 

Because terahertz lies between the infrared and microwave frequency bands many of 

the applications that have arisen are derivatives of existing technologies at these fre

quencies. However the terahertz band has unique absorption spectra and properties 

that make it particularly suited to some application areas [63, 64]. In many cases a level 

of analysis can be achieved that is impossible with other frequencies [65]. This section 

provides an overview of the current main application areas under development focusing 

on technologies currently in use and those being actively developed. Currently the only 

company solely devoted to the commercialisation of terahertz is Teraview [6]. Many 

of the applications described here detail the research surrounding the applications this 

company is developing. 

2.5.1 Submillimetre Astronomy 

Earth, planetary and space science have been the main drivers of terahertz technology 

to date. Submillimetre astronomy unveils several features of vital importance for as

tronomy [66]. There is a great deal of dust in the interstellar gas of our Galaxy and, 

like many other cool objects, it emits most of its radiation in the far infrared, as shown 

in Figure 2.6. Infrared observations of very young stars and their progenitors, forming 

in cool dusty regions of the galaxy, are currently the best way of developing stellar 

formation theories, a process not yet fully understood. At even shorter infrared wave

lengths dust grains actually become transparent, making it possible to look deep inside 

regions that are obscured at optical wavelengths. Many abundant molecules of interest 

- water, oxygen, carbon monoxide and nitrogen - can be probed in the terahertz regime 
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enabling the identification of star system, galaxy and planetary composition [67]. Far

infrared observations also offer us our best opportunity yet to probe the Universe as 

it was not long after its creation in the Big Bang, about 15 billion years ago. The 

Universe was much hotter and denser in the past but the relic radiation, the Cosmic 

Microwave Background Radiation, has since cooled to just below 3K and now peaks at 

millimetre wavelengths. A number of satellites are in place and in planning for launch 

for the detection of radiation in the terahertz band [68]. 
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Figure 2.6 Radiated energy versus wavelength showing key molecular emissions in the submillimeter 

wavelengths [66]. 

2.5.2 Ranging and Tomography 

Two obvious modalities for pulsed radiation are ranging and tomography, both of 

which rely on reflective geometry. Ranging involves measuring the time of flight of 

the terahertz pulses and thus calculating the distance and shapes of objects. This can 

be used in certain radar applications such as weather radar. Terahertz wavelengths 

are also of a convenient size for creating radar profiles of large objects, such as tanks 

and planes, using scale models. Tomography is a similar application, looking at the 

flight time of pulse reflections from subsequent boundaries inside an object. Thus 

the internal structure of, for example, a floppy disc can be observed non-invasively. 

Terahertz tomography can be combined with spectroscopy to provide three dimensional 

information about the composition and structure of an object 

2.5.3 Spectroscopy 

Spectroscopy describes the technique of producing spectra, through either transmission 

or reflection from a material, analysing their constituent wavelengths and using them 
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for chemical analysis or for the determination of energy levels and molecular struc

ture. The most common terahertz spectroscopy system is terahertz time domain spec

troscopy (THz-TDS) [69]. THz-TDS relies on PDA detection and emission technology. 

In its most simplistic form, the Fourier spectrum of a free space terahertz pulse is first 

characterised, then compared to the spectrum of a pulse that has passed through the 

sample. The difference between the two spectra reveals the sample's molecular absorb

tion lines. THz-TDS has been used to measure the refractive index of dielectrics, thin 

films, semiconductors, liquids and superconductors. It has also featured in the study 

of dielectric properties of polar liquids [70, 71], in recognising gases and gas mixtures 

[72], in observing the rotational absorbtion spectra of hot water vapour in flames [73] 

and in classifying terahertz material parameters [74]. Certain groups of molecules tend 

to absorb at characteristic frequencies in the terahertz frequency band which enables 

molecular identification and the study of the dynamics of chemical reactions. Pulsed 

imaging techniques such as THz-TDS and FSEOS can provide full spectroscopic analy

sis in the terahertz band with a single pulse [74]. Which particular technique is used is 

determined by the bandwidth of interest where FSEOS can give better determination 

of the higher frequencies. 

When using reflection spectroscopy the phase needs to be considered [75]. This is 

because unlike transimission geometry, the path length will change depending on the 

placement of the sample. For accurate measurement the phase information has to be 

referenced to a measured distance or referenced to a known surface. 

2.5.4 Microscopy 

One of the main limiting factors of terahertz microscopy is the poor spatial resolution 

due to the long wavelengths of the radiation. Because of this considerable effort is 

being made to establish near field microscopy techniques for terahertz systems. Such 

a system is sought after because of the ability of terahertz imaging to distinguish 

chemicals and biochemicals from their spectroscopic signatures or optical properties. 

Near field methods enable imaging at resolutions below the diffraction limit which is 

achieved by detecting the evanescent components of the field scattered by the object 

being imaged [76]. This is achieved by introducing an aperture type probe into the near 

field region of the object and then scanning the object to build up a raster scanned 

image. Using this technique resolution down to 7 µm has been demonstrated [77]. 

2.5.5 Biomedical Applications 

The medical and biological professions are very interested in imaging and diagnosis 

techniques that can provide diagnosis without tissue damage [78]. The vast benefits 
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of imaging techniques that could obtain information unobtainable through observa

tion with the naked eye were first realised with Roentgen's discovery of x-ray imag

ing. Since then a wide array of other imaging techniques have been developed for 

different applications and diagnosis [79). This includes ultrasound, positron emission 

tomography (PET), computer aided tomography (CAT), magnetic resonance imaging 

(MRI), flourescence microscopy, multiphoton-induced flourescence microscopy, infrared 

imaging and Raman imaging [80, 81, 82]. Like these techniques terahertz imaging is 

favourable as it can be performed in vivo, meaning images can be taken without killing 

the sample or patient. 

Terahertz radiation can give much improved information for diagnosis as it is easy 

to determine the water content, and molecular makeup by analysing phase delays from 

materials of different refractive index. The terahertz energies correspond to levels of 

molecular vibrations and rotations of proteins [83) and DNA [84). This enables the 

differentiation of biological tissues with greater precision for disease identification. The 

fact that terahertz is strongly absorbed by water [71] can be exploited for detection 

of hydration states to assess tissue condition [85). Terahertz radiation has absorption 

peaks due to stretching modes at 6 THz and librational modes at 19.5 THz [86). This 

means deep tissue analysis requires either sectioning or endoscopic inspection [87]. 

Terahertz Pulse Imaging (TPI™) has the potential to make a major impact on 

medical imaging and other aspects of health care [88). Medical imaging is largely 

dedicated to oncological (cancer) imaging. Although terahertz will not penetrate deep 

into the body 85% of all cancers lie in the epithelium, the area near the surface of 

various tissues located either inside or on the outside of the body. Epithelial tumors 

are not adequately addressed by conventional imaging modalities due largely to their 

lack of sensitivity to small density changes in soft tissue. Terahertz has great potential 

in the early detection of epithelial tumors of skin, breast, prostate, or lung cancer [89). 

Terahertz imaging has huge potential for medical applications [90). Due in part to 

its ability to recognize spectral fingerprints [7 4), TPI provides good contrast between 

different types of soft tissue, and is a sensitive means of detecting the degree of water 

content as well as other markers of cancer and other diseases [91). Because of the 

ubiquitous presence of such markers in tumors, TPI can be applied to a number of 

different cancers, as well as other diseases in medicine, oral health care, and related 

areas. 

2.5.5.1 Cancer Detection 

The ability of terahertz imaging to differentiate very acurately betweeen materials of 

different molecular composition and density [92) makes it a very attractive technology 

for cancer detection [93). This technology will potentially be able to detect cancerous 

tissue at a much earlier stage than methods currently in use. This avoids the spread 
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of tumors which can lead to the required removal of large amounts of tissue and helps 

with early detection to avoid morbitity from malignant cancer. Epithelial tissues give 

rise to more than 80% of all adult cancers and include common cancers of the skin, 

lung, breast, colon, bladder , liver and prostate. This technique has been demonstrated 

to accurately detect such cancers distinguishing between healthy tissue and basal cell 

carcinoma [94]. 

Skin cancer is the most common form of cancer worldwide in white populations 

with millions of reported cases each year. Detection of Basal cell carcinoma is currently 

performed via visual inspection of the skin. Some tumors are well defined and can be 

removed directly with surgery however others take the form of ill defined, micronodular, 

infiltrating and sclerosing tumors which can extend beyond that visable with the naked 

eye. Such tumors require sectioning and examination during surgery to enable complete 

removal. Terahertz imaging of such tumors would avoid this time consuming and costly 

procedure ensuring all of the cancerous tissue is removed while minimising the amount 

of tissue damage. With this method it is also possible to detect tumors lying under 

the skin, as demonstrated in Figure 2.7 allowing for earlier cancer detection [6]. This 

is especially important for areas such as the face and neck to minimise the amount of 

reconstructive surgery required. 

Figure 2. 7 Terahertz image of a section of skin identifies areas of skin cancer clearly (6]. 

2.5 .5.2 Cosmetics 

The stratum corneum is the outer most dead layer of skin. The hydration level and 

hydration profile of which influences its permeability and elasticity to give its cosmetic 

appearance. The permeability is important as it determines the level of water loss from 

the underlying skin tissue and the penetration of external substances. Most skin-care 

products such as moisturisers act to increase the retained water content of this layer 

of the skin to enhance its appearance. Hydration levels of the outer skin layers after 

application of different products enable determination of the relative effectiveness of a 

desired cosmetic effect. Current imaging techniques such as MRI or ultrasound lack 

the water sensitivity and resolution to give accurate information about this skin layer 
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[95]. Terahertz radiation enables in vivo analysis of skin tissue being highly sensitive 

to water content [96]. The analysis of skin also finds application in the transport of 

medication in the form of creams or gels where the permeability of the skin plays a 

direct role and in the determination of wound repair rates. 

2.5.5.3 Dentistry 

Current detection of tooth decay is by the way of X-rays however this method reveals 

the decay at a very late stage where only drilling and filling can be used to halt the 

decay. Tooth decay starts with the formation of caries in the enamel layer of the tooth. 

Caries are initiated at the tooth surface with localized destruction of the enamel. This 

happens because of demineralisation of the enamel causing erosion from acids in the 

plaque deposits adhering to teeth. Caries proceed by the creation of a subsurface lesion 

in the enamel. The lesion may extend to the next tissue layer in teeth, the dentine, 

without macroscopically visible breakdown or even microcavity formation at the tooth 

surface [97], as seen in Figure 2.8. 

The absence of visual features on the tooth surface makes early detection of tooth 

decay difficult. If decay can be detected early enough it is possible to reverse the process 

without the need for drilling by the use of either fissure sealing or remineralization. The 

difference in the refractive index and absorption of the enamel and dentine in a tooth 

facilitate caries detection using terahertz imaging [98]. 

Another dental application where terahertz imaging can be used is in the charac

terisation of enamel erosion. This form of erosion is different to that caused by bacteria 

effecting the whole tooth, typically being from acidic food and beverages. TPI enables 

non-destructive measurements to be taken to determine the thickness of enamel. This 

allows monitoring of tooth erosion which is important as if erosion is significant the 

•O -Caries 
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Figure 2.8 Reflection and transmission mode imaging of a tooth clearly show caries in a tooth cross 
section. The enamel and dentine are clearly discernable from their differing refractive index [97) . 
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dentine will be exposed leading to pain and eventual death of the tooth [99]. 

2.5.6 Pharmaceutical Applications 

The unique spectral imaging characteristics that can be obtained with a combination of 

Terahertz Pulsed Imaging (TPI™) and Terahertz Pulsed Spectroscopy (TPS) has been 

used to investigate applications of solid dosage forms in the pharmaceutical industry 

and in new and emerging areas of drug discovery [100]. The technique has advantages 

that excitation is not via a powerful laser source, as used in Raman spectroscopy [101], 

so phase changes or photochemical reactions in polymorphs do not occur. The method 

has a wide range of applications in pharmaceutical science including formulation, high 

throughput screening, and inspection in storage for the rapid characterisation of sta

bility. 

Many drug molecules after purification can crystallise in many different forms, these 

are known as polymorphs. Analysing the terahertz absorption spectrum provides a 

rapid technique for the identification of different biological molecules [102]. Polymorphs 

can have different solubilities, stabilities or bioavailabilities. Such analysis enables the 

determination of whether a certain drug can exist as different polymorphs and if there 

is any interconversion with time. 

The main benefits of terahertz analysis in this field are that the unique spectral 

information is obtained, photochemical reactions are not induced in the polymorphs as 

they are in existing techniques and the transparency of packaging materials allows for 

sample inspection in packaged goods. 

This molecular analysis technique has also been used in protein analysis. Proteins 

can trigger or deactivate genetically linked diseases such as Alzheimers, cancer and di

abetes and analysis of their structures is key to understanding these diseases. Proteins, 

not genes, are the endpoints of life sciences investigations, since proteins ultimately 

regulate metabolism and disease in the body. Proteins regulate the structure of cells 

and tissues in the body and a clear method of identifying them is important in the 

understanding of the human body's biochemistry [103]. 

2.5. 7 Security 

Because most packaging and clothing materials are transparent to terahertz radiation 

it is a good candidate for security applications [104]. One of the main benefits that this 

has over x-ray screening currently in use is that it can detect both metallic and non 

metallic objects and also provide spectroscopic information to aid in the determination 

of the chemical composition of material. A number of applications have been proposed 

for human or object screening for the detection of drugs, hazardous chemical agents, 
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explosives or weapons (105]. 

2.5. 7.1 Postal Inspection 

The use of terahertz radiation for the detection of illegal or dangerous substances shows 

great potential. The majority of packaging materials such as paper, cardboard, plastics 

and fabric are virtually transparent to terahertz frequencies enabling easy non-invasive 

investigation of package contents, as seen in Figure 2.9. Terahertz spectroscopy is ex

cellent at identifying the nature of a wide range of such materials as explosives, illicit 

drugs and biological agents such as anthrax. Not only can these substances be detected 

inside packages but also upon people which could potentially provide increased security 

in airports and other high risk areas. The fact that terahertz radiation is not harmful 

to tissue also makes this radiation promising in these application areas. 

(a) (b) 

Figure 2.9 (a) Back lit visible image of an envelope containing spore flakes (b) Terahertz image of 

an envelope clearly identifies the spore flakes inside [106]. 

The speed of measurement can be dramatically increased with the use of a chirped 

probe beam imaging system (54]. Instead of using a single pulse to read a portion of 

the terahertz spectrum at a time with a scanned delay stage the entire spectrum can 

be read out using the chirped probe beam. With current source technology it has been 

reported that envelopes can be scanned for such substances at a rate of 12/minute (106]. 

This system should be able to detect and determine powders with a concentration of 

80 milligrams/cm2 . By obtaining signatures of the powder or substances of interest a 

classification algorithm can be used to differentiate and identify hazardous materials. 

2.5. 7.2 Concealed Weapon Detection 

Concealed weapons or explosives can be a cause for concern in many situations. Cur

rent inspection is performed using x-rays and metal detectors which are very poor at 

detecting nonmetallic substances. Detection of weapons is even more difficult on indi

viduals as routine scanning with x-rays is not suitable because overexposure to ionising 
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radiation can be dangerous to health. This currently leaves simple metal detectors and 

frisking as the only security available and makes a terahertz imager a very promising 

alternative [107]. It is likely that a terahertz system will be able to be used in airport 

security or other similar environments for the detection of handweapons [105]. 

2.5. 7.3 Chemical and Bioagent Detection 

The threat of terrorist attack with explosives is a challenge faced by law enforcement 

authorities worldwide. Suicide bombing is a particular threat in some parts of the world 

which can be difficult to detect or avoid. In addition to the ability of terahertz pulsed 

imaging to detect the structure of concealed objects spectroscopic information can be 

used to determine the object's chemical composition [108]. This aspect of TPI is critical 

as a means of screening for explosives or other prohibited or dangerous chemicals [109]. 

2.5. 7.4 Landmine Detection 

Unexploded landmines from past wars continue to cause extensive loss of life and mu

tilation in many countries around the world. Current methods of detection are very 

inefficient as the anti-personel mines tend to be non-metallic. The ability of terahertz 

pulse imaging to detect both metalic and nonmetalic objects means it may potentially 

be used for land mine detection. Mines tend to be buried about 1 cm below the surface 

and a terahertz imaging system has been shown to be able to locate concealed metal 

and non-metallic objects at this depth [110]. A terahertz beam is shone at the ground 

and a 3D image of objects below the surface can be built up using reflection mode 

imaging. 

2.5.8 Non-destructive Testing 

Terahertz radiation will pass, with very little attenuation, through many non-metallic 

materials such as plastic, cardboard and paper. This enables the non-destructive test

ing or analysis of objects for defect analysis [111]. Signal analysis can identify either 

concealed materials of different types or cracks and holes within a solid. This involves 

observing the reflections from different depths and evaluating the spectral content and 

signal delay [112]. 

Three dimensional images of an object can be taken either by rotating the sample 

(or detector) [113] scanning the sample in reflection mode or using a focusing element 

with chromatic dispersion [114]. This has been demonstrated as a technique for in

tegrated circuit package inspection, as seen in Figure 2.10, where the internal layers 

of a chip can be viewed showing the size, integrity and location of the silicon and the 

internal interconnects [64]. 
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Figure 2.10 Terahertz image of an integrated circuit identifies the chip and interconnects inside the 

packaging [64] . 

2.5.9 Passive Devices for Terahertz Applications 

For many of the aforementioned applications integration of passive devices for tera

hertz beam manipulation is necessary. Currently the only technique available is the 

use of refractive lenses made from plastics or silicon. These lenses enable only very 

simple focusing of radiation and many applications would benefit from the ability to 

manipulate the terahertz beam uniquely. Many of the imaging systems currently in 

use suffer because of their long acquisition times. Lens arrays can speed the analysis of 

samples by enabling parallel processing and lenses with a chromatic focal change with 

frequency may be used in tomography applications to produce quick three dimensional 

images of people or objects. This thesis discusses the formation of terahertz diffrac

tive optic passi~@-strnctures giving the ability to manipulate broadband beams into 

arbitrary patterns. 

2.6 DIFFRACTIVE OPTIC ELEMENTS 

Most optics such as those found in corrective eye-wear, telescopes and microscopes use 

their shape to bend light, their design being based around the law of refraction. A 

diffractive optical element (DOE) relies on a different mechanism diffraction to manip

ulate an incident beam. Diffractive optics work by breaking up incoming waves of light 

into a large number of wavelets, which recombine to form completely new waves [115]. 

Complex designs are possible that can create three dimensional focal patterns beyond 

the optic for a wide range of applications, many of which are not possible with conven

tional refractive optics. DOE's can function as gratings, lenses, aspherics, holographic 

elements or any other type of optical element. Large optical apertures, lightweight 

and low cost fabrication are their main features of interest. They can be fabricated 

in a wide range of materials including aluminum, silicon, silica, plastics, depending on 
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the specific wavelength of operation intended, providing the user greater flexibility in 

selecting the material for a particular application. 

2.6.1 Features of Diffractive Optic Elements 

The broad application of diffractive optics is better understood by analysing the fea

tures and restrictions of the devices. The focal length and aberration characteristics 

of a diffractive element vary with wavelength. A diffractive lens has a linear change 

in the focal length identified as a chromatic aberration. As such they are inherently 

narrowband devices for most applications but the chromatic aberration finds uses in 

some applications where the wavelength dependent focal distance can be exploited. 

There is great flexibility in the design and fabrication of a DOE. Several different 

optical elements can share the same substrate without interfering with one another. 

For example, a single DOE could be used as a lens, beam splitter and spectral filter 

simultaneously. Diffractive elements are very light, as they are formed in thin films or 

substrates of a few wavelengths thickness only. Because of this there is much greater 

flexibility in the shape of the surface on which they are constructed. Several applica

tions see hybrid refractive-diffractive optics to generate unique optical functions [116]. 

The use or integration of diffractive optics in a system can provide functions that are 

not possible by conventional reflective or refractive optical elements. The size and 

materials involved find a majority of DOE's being constructed with the use of planar 

microfabrication technologies. This is relatively cheap and lends itself to easy mass 

production. 

A DOE can be formed in any substrate by creating areas where the radiation is 

either blocked, or where the phase is delayed. Simple lenses can be created using this 

mechanism called zone plates. When designing a DOE it is desirable to maximise the 

diffraction efficiency, so as much of the incident radiation is transmitted to the desired 

pattern. Phase retarding structures give the best efficiency as all of the radiation passes 

through. The diffraction efficiency of these structures can be improved if the discon

tinuities have a blazed or sloped profile. As this can often be difficult to fabricate an 

alternative is to approximate this profile using steps. The method in which these steps 

are created, results in the complexity increasing by a factor of 2 with each processing 

step. This fabrication process is referred to as a binary process which is used for the 

production of lenses in this work. 

2.6.2 Aberrations of Diffractive Optic Elements 

DOE's exhibit chromatic and or non-chromatic aberrations resulting in a change in 

the reconstruction beam parameters and or a change in wavelength from the refer-
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ence beam. Large aperture DOE's can incur aberration from the fabrication process, 

where alignment of masks in the multiple level processing becomes increasingly diffi

cult. Analysing the signal passing through a lens, and identifying the deviations caused 

in the intensity pattern, from the free space beam can the help with abberation cor

rection during an image reconstruction process. To a certain extent this means that 

aberrations can be corrected for with post measurement signal processing. 

2.6.3 Applications of Diffractive Optic Elements 

Most of the applications achievable with conventional refractive optics can be achieved 

with DOE's if the system operates over narrow spectral bandwidth or requires chro

matic dispersion. Some of the unique functions that DOE's provide are multiple func

tion optics, unusual configuration, and narrow spectral response features otherwise hard 

to attain [117). These typical characteristics of DOE's provide advantages in beam 

shaping optics, spectral filters, compact rugged spectrometers, diode laser couplers, 

beam combiners, head-mounted displays, laser resonators, laser material processing, 

laser collimators, computer interconnects, solar concentrators, and wavelength division 

multiplexers/demultiplexers. Large aperture DOE's are useful for null optics, laser 

scan systems, laser beam delivery systems, and projection displays. To date very little 

has been reported with respect to the use of diffractive optics for terahertz radiation. 

This thesis addresses this enabling the incorporation of diffractive optic technology into 

terahertz applications. 

2.7 SUMMARY 

Terahertz technology promises to revolutionise a number of fields including areas of 

biology, medicine, security and analysis. Further research into high power, large band

width sources and detectors will see the cost of terahertz systems become viable to an 

increasing number of applications. At present systems can be found in the space and 

medical fields however soon terahertz may be found in dental surgerys, airports and 

postal systems. At any wavelength diffractive optic technology can facilitate otherwise 

unachievable beam manipulation. The terahertz wavelengths demand diffractive optic 

feature sizes too small for accurate milling. This work describes a microfabrication 

technology that enables high efficiency diffractive optics to be constructed bringing the 

benefits of diffractive optic technology to this unique frequency band. 



Chapter 3 

FABRICATION OF TERAHERTZ DIFFRACTIVE 
OPTICAL ELEMENTS 

3.1 INTRODUCTION 

The aim of this project has been to fabricate high efficiency silicon diffractive optics 

for use in the terahertz frequency band using a specially developed binary planar mi

crofabrication technique. The sub-mm feature sizes required from these devices make 

it hard to create these structures mechanically and a planar fabrication technique also 

gives scope to create arbitrary multilevel diffractive optics for terahertz applications. 

Prior to this work no such technology had been available and it is desirable to bring the 

benefits of diffractive optics into this region of the electromagnetic field. This section 

describes all the fabrication issues that have arisen during the course of the technique 

development. Creating deep multi level structures of the order required for terahertz 

applications introduces some unique microfabrication challenges. 

Prior to the description of the microfabrication research conducted the experimen

tal equipment is described. This section is followed by an outline of previous work on 

multilevel diffractive optics. A complete process has now been developed capable of 

creating a broad range of terahertz diffractive optics. The completed process is outlined 

with its current limitations at the conclusion of this chapter. 

3.2 LENS MATERIAL CHOICE 

There are a number of different criteria that need to be considered in choosing a good 

material for the fabrication of a diffractive lens. Because diffractive optics have proved 

to have broadband applications these properties must be considered for the complete 

frequency range of interest. One needs to consider the cost of the material, the ab

sorption spectra, the refractive index and the ease with which the material can be 

processed. 

The refractive index of the material influences the degree to which the speed of 

radiation passing through it is changed. Hence to get the required change in phase at 
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a point in a diffractive optic one is interested in the refractive index of the material 

and the depth of the etched structure. The depth required to give a wavelength phase 

shift is determined from Aj(n -1), where .A is the wavelength of the radiation, n is the 

refractive index of the lens material. Hence the higher the refractive of the material 

the less deep the structuring needs to be which reduces the cost and complexity of the 

fabrication process. 

Of all the materials silicon proves to have a number of traits that make it stand out. 

Firstly it is relatively cheap and easier too obtain than the other alternatives. It also is 

practically transparent to terahertz frequencies and has a fairly uniform refractive index 

making it more suited to broadband applications. The refractive index and absorption 

spectra of silicon at terahertz frequencies are shown in Figure 3.1 (118). The refractive 

index varies by less than 0.13 from 0.1 to 2.0 THz and losses can be less than 0.05 

cm-1 . 
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Figure 3.1 Time Domain Spectroscopy (TDS) measurements of crystalline high-resistivity silicon. 

(a) Power absorption coefficient (b) Index of refraction [118]. 

The importance of using high resistivity silicon is highlighted in the THz TDS mea

surements of several different experiments where semiconductors of lower purity were 

used in the analysis. Here it can be seen that the absorption of terahertz is much dif

ferent to the results of [119] in silicon of 1 Dem as shown in Figure 3.2. The importance 

of using high resistivity silicon was recognized in this work where the standard bulk 
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Figure 3.2 TDS measurements showing power absorption of low resistivity crystalline silicon, n-type 
1.15 ncm (dots) and p-type 0.92 ncm (circles) [119]. 

silicon that is used in rnicrofabrication with a resistivity of around 10 Dern displayed 

a transmission of about half that of the 4000 Dern material used to create rnost of the 

lenses described herein. 

When using a crystal wafer it is possible to chose the crystallographic orientation of 

the lattice. This means the particular wafer plane that faces the surface can be elected, 

which can be important as far as semiconductor fabrication is concerned. In the etching 

of silicon in a dry environment the etch rate in various directions is determined by the 

conditions of the process. However a crystal etched in a wet solution will etch at 

different rates depending on the placement of crystal planes. The very directional 

nature of wet etching makes it a nonviable process for the fabrication of lenses as they 

are round. However in selecting a wafer that has a crystal flat on a plane that etches 

at a very slow relative rate wet etching can be used as a post production procedure to 

aid in the removal of surface roughness. To rnake this possible wafers with orientation 

< 111 >were used. 

3.3 EXPERIMENTAL TECHNIQUES 

Microstructure engineering involves the definition and then transfer of patterns on sub

strates using either adsorption, chemical reaction, deposition or an etching technique. 

Although the technique of lithography has been around for rnany years its application 

to pattern definition on crystalline wafers has only become widely used since the in

vention of the integrated circuit in 1958. Development of this technology was largely 

driven by the need for faster integrated circuits and later by the cornrnunications in

dustry with the production of lasers and gratings for high speed data transfer. More 

recently it has also been applied to rnicrornachining applications for the production of 

micro-optics, rnicrornachines and rnicrofluidic applications. Although it is now possible 

to structure with features down to tens of nanometers rnany of these applications de-
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mand features of hundreds of microns in dimension or combinations of features in the 

nanometer and micrometer range. The diverse range of new devices being constructed 

using microstructuring require the development of unique fabrication processes. This 

section describes a binary fabrication process designed to create stepped structures 

over 100 µm deep with feature sizes ranging from several millimeters to tens of mi

crons in diameter. To achieve this several processing technologies including oxidation, 

photolithography and reactive ion etching were required. 

3.3.1 Oxidation 

Oxidation of silicon to silicon dioxide occurs at temperatures around 1000°C. This will 

occur in atmospheric conditions at these temperatures however the speed of oxidation 

can be increased with a modified atmosphere. This is achieved by venting oxygen into 

the chamber either with or without the addition of steam. The fastest oxidation rates 

are achieved in a wet oxygen atmosphere. A diagram of the furnace used in this work 

is shown in Figure 3.3 consisting of a 3 zone quartz tube heated with resistive coils. 

The chamber has an inlet at one end where oxygen and steam can be let in via a flow 

rate controller. 

Resistive Heating Coils 
o ooo 0000 o oo oo ooo oo oo oo 0000 oo oo oo o oo oo oo 0000 oo o :...-J (3 zones) 

watervapouLJ 
Oxygen Inlet samples 

--x_ 1 111111 QuartzTube 
0000000000000000000000000000000000000000000000 ~ 

Figure 3.3 Oxidation tube with a 3 zone resistively heated chamber. 

3.3.2 Photolithography 

Photolithography describes the transfer of patterns from a mask into a photosensitive 

polymer with the radiation exposure and subsequent development. The complexity 

and expense of this process is dependent on the topology of the substrate, and the 

feature size and aspect ratios required. A number of different techniques have been 

developed including contact printing [120], proximity printing [120] and projection 

printing [120, 121] each having different resolution capabilities and cost [122]. In this 

work a contact lithography procedure was used using a g-line (436 nm) Hg UV radiation 

source. 

A typical photolithographic process first requires the spinning of photoresist onto 

the surface to obtain a smooth even layer. The solvent in the resist that enables it 

to be spun needs to be baked out using either an oven or element. The hardened 
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resist is then exposed for a time dependent on the thickness, radiation intensity and 

photosensitivity of the resist such that the polymer is exposed completely to the wafer 

surface. Processing needs to be conducted in an environment isolated from sources of 

the radiation that will react with the photoresist. Immersing or spraying the wafer 

with developer will then reveal the pattern. 

There are two types of photoresist; positive and negative, that form different pat

terns from the same mask as shown in Figure 3.4. Exposure of positive resists affects 

chemical structure so that it becomes more soluble in developer. Sufficiently exposed 

resist is washed away in the developer solution exposing the wafer surface. The oppo

site occurs for a negative resist where exposure leads to polymerisation or cross-linking 

leading to unexposed areas being removed on development. Negative resists require 

an additional post exposure bake to aid this cross-linking process. Hence, a positive 

resist will create a replica of the mask pattern, and a negative resist the photographic 

negative. 

Positive resist / 

Photoresist 
Substrate 

Mask 

Photoresist 
Substrate 

~ Negative resist 

Figure 3.4 Pattern formation from positive and negative photoresists from the same mask. 

3.3.3 Reactive Ion Etching 

Reactive ion etching (RIE) is a dry process used to remove material from a substrate. 

It is a chemical / physical process where ions react with the surface to etch away the 

material. The placement of the different masking materials on the surface enables the 

transfer of patterns into the substrate. Using lithography such patterns can be formed 

on the surface to a thickness where the substrate can be etched to the required depth 

before the etch mask is etched away itself. Here selectivity is important, which refers 

to the rate at which the etch mask is etched relative to the substrate material. 
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Reactive ion etching gives several benefits over other etching techniques such as 

wet chemical etching [123]. Because it is a dry process there are fewer waste products 

than in a wet etch process. Also unlike wet etching the direction of the etching is not 

dependent on the crystallographic orientation of the wafer [124]. This gives much more 

flexibility in the patterns that can be constructed. Because of the circular nature of 

the patterns in this project a dry etch process was necessary. 

There are several parameters which can be tightly controlled with RIE such as 

the chamber pressure, temperature, gas flow rates and the RF power which determines 

the DC bias. Because all these parameters can be controlled precisely this gives the 

ability to have a high degree of control over the lateral etch control, selectivity, surface 

texture and etch rate [125]. Obtaining a desirable operating point requires optimising 

this multidimensional parameter space [126]. 

3.3.3.l Principles of Reactive Ion Etching 

Two independent mechanisms occur to etch material from a substrate. These are ion 

bombardment to ballistically remove material and chemical reaction and desorption 

of the reactive ions with the surface. The balance of these two etching processes is 

set by the choice of power, pressure and temperature such that the desired etch rates, 

selectivity and profile are achieved. Application of a radio frequency voltage, typically 

at 13.56 MHz, causes electrons to oscillate and to collide with gas molecules leading 

to a sustainable gas plasma. This consists of negative anions, positive cations, radi

cals, vibrationally excited polyatomic species and photons formed from the introduced 

etchant gases. 

In the areas of the plasma adjacent to the electrodes an area of low charge density 

forms from the recombination. This appears as dull areas in the plasma known as 

the sheath. The increased mobility of electrons relative to the positive ions leads to 

a higher concentration of positive charge within the plasma. The electrons charge up 

the capacitively coupled electrode and since no charge can cross the capacitor this 

electrode retains a negative DC bias. The low charge density of the sheath leads to the 

creation of large fields that then accelerate the reactive species to the sample surface. 

The magnitude of this self-bias voltage determines the velocity that the ions impact 

the surface and hence the etch mechanism and result. 

3.3.3.2 Machine description 

The RIE machine used was an Oxford Plasmalab 80 plus system [127]. This has 

two parallel plate electrodes the lower of which can be heated with an element, or 

cryogenically cooled with liquid nitrogen, to give an operating range of -150°C to 

200°C. The main components of this system are shown in Figure 3.5. 
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Figure 3.5 Schematic of the Oxford Plasmalab 80 Reactive Ion Etcher. 
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Etching is performed in a controlled pressure environment. Two pumps, a rotary 

and turbomolecular pump, are used to first evacuate the chamber and then maintain 

a set pressure controlled with an automatic pressure controller (APC). Prior to the 

introduction of 'any gases the chamber is evacuated to a base pressure lower than 

7x 10-5 Torr to remove contaminants. This is performed in a two stage process with 

the rotary pump first reducing the pressure from atmospheric followed by pumping 

with the turbomolecular pump. At this point the rotary pump acts as the backing 

pump for the turbomolecular pump. Typically this will achieve pressures of 10-6 to 

10-7 Torr. During the etch process the gate valve is shut and all the process gases and 

waste material are removed with the rotary pump. Two vacuum gauges are used to 

monitor the system, a capacitance manometer gauge for high pressures and a Penning 

gauge for low pressures. 

This system has the facility to introduce three different gases to the chamber 

simultaneously. The proportions of each gas are set in the microprocessor control 

system and the respective flow rates are then controlled by mass flow controllers (MFCs) 

on each line. The process gases available are SF5, CHF3, CH4, 02 , N2 and Ar. Two 

additional lines provide N2 to vent the chamber and He to increase thermal coupling 

to the electrode. 

Samples sit on a 4" wafer which is clamped to the lower electrode or cathode. 

This wafer is coated with metal or oxide depending on the process requirements. The 

cathode is the drive electrode supplied with RF energy at 13.56 MHz. 
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A central processing unit controls all pressure, temperature, power and gas flow 

rates. Single recipes can be manually entered or saved as single or multiple automatic 

processes. 

3.4 BACKGROUND RESEARCH 

Work from the author's previous Masters thesis [128] explored the concept of large scale 

multi-level microfabrication with the aim to create a process that could be applied 

to the formation of silicon diffractive optics. Using this process it was possible to 

create structures with up to four levels with reasonable reliability [129]. There were 

several problems with this process that required significant research and development 

to overcome. The aim of this work has been to extend this from a proof of concept to 

a high efficiency device which can be tested and a process that can be extended to an 

industrial production line. In detailing the adaptation in processing that has resulted . . 

in a reliable process and functional lens set, some background into the previous work 

completed on this work needs to be highlighted. 

3.4.1 Fabrication steps of existing process 

The existing process used a binary fabrication scheme in which a set of masks are used 

with decreasing size. Each step in the process requires a mask where the dimensions 

are half that of the previous step and an etch of half the depth. Using this technique 

a stepped structure can be performed. The processing steps required for a four level 

structure include two main stages. In the first stage a nichrome mask, chosen for its 

high selectivity, was used as an etch mask to etch to two thirds of a target depth (to 

form the third level of the final four level structure). In the second stage a thick organic 

photoresist (XP SU-8 25 developed by IBM and produced by the Microlithography cor

poration [130]) is used for planarisation, lithography and as the etch mask for reactive 

ion etching [131]. 

The substrate is first cleaned using a combination of three solvents; acetone, 

methanol and isopropyl alcohol. By using progressively weaker solvents the amount 

of residual solvents that are left on the surface is decreased. It is important that these 

are removed as much as possible as they can lead to poor resist adhesion. Shipley 1813 

photoresist is spun onto the wafer to a thickness of approximately 1 µm and the first 

stage pattern is created using a standard photolithographic procedure. 

The first etch mask was created by evaporating 100 nm of Ni Cr onto the substrate. 

A negative of the pattern defined by photolithography is obtained with lift off of the 

metal on the areas covering photoresist by dissolving the resist in an acetone solution. 

A dry etch process using a reactive ion etcher was used to transfer the nichrome 

pattern to the required depth of 77 µm. This process was optimised for a high etch 



3.4 BACKGROUND RESEARCH 39 

rate and conducted in cryogenic conditions to promote side wall passivation for lateral 

etch reduction and increased anisotropy. A two gas mixture was used consisting of SF5 

and 0 2, which with the chamber conditions as outlined in table 3.1 gave an etch rate 

of about 1 µm/min. This etching process was used with both steps where NiCr and 

SU-8 were used as etch masks. 

SF 6 flow rate 100 seem 

02 flow rate 35 seem 

Chamber pressure during etching 0.1 Torr 

RF power 100 w 
Etch temperature 173 K 

Etch rate 1 µm/ min 

Table 3.1 Anisotropic Reactive Ion Etch conditions of existing process. 

After the silicon etch is complete the metal mask was removed using either a chrome 

etchant or concentrated HCl. The Ni Cr etch is a wet etch procedure that works at room 

temperature. A 200 ml solution comprises of 33 g of ammonium eerie nitrate, 8.6 ml of 

HC104 in distilled water. Fresh solutions of this mixture proved to be faster and more 

effective than HCl. 

The second stage of the binary process which creates a four level structure utilises 

XP SU-8. SU-8 is an ultra-thick negative tone resist that is designed specifically for 

use in micromachining. This resist was chosen as its high viscosity enables it to be 

planarised across an etched surface, to produce high aspect ratio features using UV 

photolithography, and also to be used as strong organic etch mask. 

The SU-8 is coated on to the wafer using the procedure outlined in table 3.2 so 

as to planarise the first etch and leave an excess over-layer of 40 µm. A second pho

tolithographic process is performed to leave patterned SUS on the silicon as illustrated 

in Figure 3.6. The thickness of the photoresist is determined by the spin speed. The 

deposition volume only has an influence on the thickness if a sufficiently slow spin 

speed is used where the excess is not flung from the wafer. However if a thicker layer 

is required it is advisable to use a higher solid volume version of the resist as better 

planarisation will be achieved. 
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UV EXPOSURE 
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Figure 3.6 Flow diagram showing major processing steps of the previous process. Two stage process 
uses nichrome as the first etch mask and XP-SU8 photo resist for planarisation and as the second stage 
etch mask. 
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1. Dispense volume 200 µl/cm2 

2. Spinning 15 seconds at 500 rpm 

Ramped spin from 500 rpm to 1500 rpm over 10 seconds 

15 seconds at 1500 rpm 

3. Settling time 100 min on a hot plate at 95°C - 100°C 

4. Soft bake 200 seconds 

5. Exposure 173 K 

6. Post exposure bake 20 min on a hot plate at 95°C - 100°C 

7. Cooling Gradual cooling over 10 min to minimise cracking 

8. Development 20 min with agitation 

Table 3.2 SU-8 processing conditions. 

To increase the resistance to etching of the organic mask the sample was hard 

baked in an oven at 95°C. This increases the selectivity of the SU-8 to silicon during 

RIE with a one hour hard bake resulting in a silicon:SU-8 etch selectivity of 4:1. This 

is a sufficiently high selectivity to etch to the required silicon depth without etching 

through the etch mask. The second reactive ion etch of 38.5 µm creates the second 

step and takes the fourth step to the target depth of 115.4 µm as seen in Figure 3.6. 

This uses the same cryogenic etch process as the first stage used for its high speed and 

anisotropic profile. 

The resulting multi-level structure achieved with this process is shown in Figure 3. 7. 

This result is attained following stripping of the SU-8 resist. This removal is assisted 

Figure 3. 7 The relief profile of a completed 4 level lens fabricated using the previously developed 
process. 
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though placing the sample in an HF solution which etches the underlying native oxide 

layer causing the SUS to float off. This resist removal technique proved to be unreliable 

and, as the SUS is notoriously difficult to etch, a modified resist removal process had to 

be developed. This is described in the next section. Part of the reason for this removal 

process being unreliable was due to the roughness of the etched surface that was also 

the cause of other problems during processing such as alignment. 

3.4.2 Mask design 

A mask set was constructed to make 25 mm focal length 30 mm diameter converging 

lenses. The masks are made using a D.W.Mann Model 3000 Pattern Generator and 

mask writer where single rectangles can be formed serially. Each rectangle can have a 

defined angle, width height and location on the mask area. Through creating a set of 

keystones a circle or ring can be defined, and the accuracy to which this approximates 

a curve is determined by the number of keystones used. As the write process is serial, 

increasing the complexity can lead to very long write times so there is a limit to which 

the complexity can be extended. The greater complexity of the mask features removed 

the sharp corner features that can be observed in the micrograph of figure 3. 7. This 

helps with the alignment of the second and subsequent masks as being a circular pattern 

eliminates the voids or peaks that can arise from an axial misalignment. 

The mask for an eight level lens and grating has been constructed in raw pg format 

being the code input accepted to the pattern generator in a .pg file. This is a specific 

unit format used by this machine where 1 pg= 0.254 µm or 0.00001 in. The smallest 

definable unit size is 5 pg and the largest rectangle dimension is 11375 pg. The angle 

can be specified in units of 0.1 degree, ranging from 0 to S9.0 degrees in steps of 0.1 

degree. An example of a rectangle definition in pg format is as follows: 

Xl23450YOO 1OOOH12000W03200A450; 

where X and Y are the center location of a rectangular box of H x W dimension, all 

in pg units, and A is the angle of the box in units lo of a degree. 

A 14 zone lens was made according to the formula for the Fresnel zone radii Ti: 

(3.1) 

where Ti is the ith Fresnel zone radius, f is the focal length and >. is the wavelength. 

This point defined by equation 3.1 gives the center of the each blaze, the steps either 

side of this point are simply found by halving the distance to the next point. Steps for 

subsequent stages are created by halving the distance of each individual band or gap. 

This is done to ensure that the rounding restriction of 5pg units does not lead to an 

accumulated error that will eventuate in band misalignment. Where the bands did not 
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divide evenly such that either the band or gap of the next stage had to be 5pg units 

larger the larger figure was given to the gaps as during fabrication these are the areas 

that will become masks. It is likely that the inevitable lateral etching that will occur 

will even any discrepancy that arrives from this. Due to the undeveloped nature of the 

process and the uncertainty in the amount of lateral etching that would be present a 

linear blaze was deemed sufficient for this prototype lens design. These radii were used 

in a C++ program written by the author to create the Fresnel zone plate patterns in 

pg code. The script for this can be seen in Appendix A. The mask produced from this 

can be seen in Figure 3.8 and the details of the mask are highlighted in table 3.3 

Figure 3.8 Lens and grating mask used for photolithography. 

Lens diameter 30mm 

Focal length 25mm 

Number of zones 14 

Smallest feature width 88.6 µm 

Largest feature width 3.46 mm 

Rectangles per ring 64 

Total no. rectangles 10169 

Grating period 60 µm 

Grating mark to space ratio 1:1 

Table 3.3 Photolithographic mask statistics. 
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3.5 PROCESS MODIFICATIONS 

As described above, there are a number of design and material choice problems that 

are apparent in this process. These are separate to the fabrication problems that cause 

structural inaccuracies making it difficult to make multilevel structures accurately or 

to complete them at all. This section highlights all of the changes made to the design 

and the fabrication process that have resulted in a testable set of 2-, 4- and 8-level 

lenses. Radical changes to the fabrication process design were required to transfer this 

prototype concept to a viable technique applicable to the formation of a broad range 

of lenses. 

3.6 SURFACE ROUGHNESS 

Surface roughness resulting from the reactive ion etching caused several problems. The 

surface obtained over a large proportion of the lens took the form of black silicon, 

that being the formation of high pyramidal structures, as shown in the micrograph of 

Figure 3.9. Because of the light trapping nature of these structures it is very difficult 

to determine the etch depth that has been obtained from a specific etch. 

The surface roughness also effects the optical alignment in a multiple level process. 

Because the alignment already needs to be made through deep opaque resist it is 

necessary to have as smooth a surface as possible or the structure edges that lie below 

the resist can be difficult to make out accurately. It was found that this made a marked 

effect on the alignment accuracy that was achievable with this process and was what 

prevented the structuring of lenses with greater than four levels. 

A further problem that this roughness caused was the inability to remove the 

SUS following etching. Using HF to strip the resist and relying on the native silicon 

oxidation layer formed proved to be insufficient when the surface was too rough. The 

vastly increased surface area and the hook like nature of the roughness increased the 

adhesion of the resist significantly often to a point where the resist could not be removed 

at all. Generally for resist removal physical abrasion was required to assist in removing 

the resist from the surface. 

Aside from the problems that surface roughness can cause to various stages in the 

fabrication process it will also degrade the terahertz properties if sufficiently large. The 

converse may be true if the roughness is smaller as the rough surface may then act as an 

antireflection structure enabling a higher transmission of terahertz radiation through 

the lens. 
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Figure 3.9 Pyramid type structures of similar size to the wavelength of light which act as light traps 
giving the silicon a black appearance. 

3.7 ETCH DEPTH DETERMINATION 

There are a number of methods for determining etch depths which all become unre

liable when the silicon takes on a very rough nature. Optically one can measure the 

difference in the step depths through moving an optical microscope through focus from 

the different step depths. If the surface is rough it is difficult to determine where the 

true bottom lies where the uncertainty is the height of the surface distortion. If the 

surface structures are black silicon in nature then it is difficult to gain a focus at all on 

this surface. 

Another optical method is the use of a split section microscope where a beam of 

light shone at an angle to the surface reflects off the features of different height and 

appears to the observer as discernible bars of light that can then be read out. With 

this method when the surface becomes rough the light of the reflected bars is diffused 

and even a small surface roughness can make the margin of error of this method large. 

A final method is to use scanning electron microscopy (SEM), however this requires 

cleaving which destroys the sample. Also it can be difficult to determine in an SEM 

where the true normal is and subsequently readings can be inaccurate. 

It is also possible to determine etch depths physically by dragging a needle across 

the surface and measuring the deflection as with a Dektak surface analyser. However 

when roughness is present the accuracy of these measurements is dependent on the 

sharpness of the needle and the speed with which the needle is dragged across the 

surface. Because of this such a method will often give a shallower reading than is 

correct. 
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3.8 REDUCING SURFACE ROUGHNESS 

There are several different ways in which surface roughness can evolve in an etching 

process. Firstly the randomness of the physical etching process will cause roughness 

simply from the fact that the impacting ions will not be perfectly uniform. This is 

just a factor of the inability to control the ionization of the molecules in the plasma 

perfectly which is a random process. The roughness from this effect is only minor 

relative to other causes. The other way surface roughness can occur in reactive ion 

etching is from micromasking. This refers to the formation or deposition of a material 

on to the surface that has a higher selectivity than the substrate being etched. These 

can take the form of a reactive bi-product or product from a parallel reaction of the 

reactant species from the etching process or from small fragments of material from the 

chamber or sample. The size and selectivity to the etch chemistry of the micromask 

will determine the nature of the subsequent roughness. 

It was discovered that there where three main components causing the roughness 

of the surface. These being: sputtering of material from the mask, the formation of 

oxide micromasks, and sputtering of material from the electrode. 

Sputtering from mask 

During a multiple level etch process there are areas of unetched silicon exposed at 

each successive stage of the fabrication process. There are also areas that are exposed 

to several etches or all etches in the course of the lens production. Because of this it is 

easy to monitor if a specific etching stage or surface effect arises from a specific stage 

of the processing. It could be expected that surfaces that are exposed to all etches will 

evolve as the roughest especially as these will lie in the deepest areas of the lens and 

where there are associated problems of etch by-product removal and ion availability. It 

was evident that the first etch stage of the original process resulted in a considerably 

rougher surface than the later stages. In the original process this was the longest etch 

and it was possible that the build up of contaminants in the chamber where the cause 

of the unwanted structures. 

During the long vertical etch noticeable lateral etching occurs causing a lip of 

nichrome from the etch mask. This was protruding from the edge where it could be 

seen that the smoothness of the edge was much reduced from that when the mask was 

first created. It can be assumed from this that ions bombarding this edge were chipping 

off small fragments of nichrome, that were then falling to the silicon surface along with 

fragments dislodged from the planar surface which were then acting as micromasks. 

An example of this is shown in the micrograph of Figure 3.10 where clear damage can 

be seen on the NiCr surface and a resultant rough surface is observed. 

Initially a nichrome mask was used as the first etch mask as no planarisation is 
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Figure 3.10 Damage to a nicrome mask can lead to sputtering onto the surface which leads to 
micromasking and subsequent roughness. 

required in the first etch stage and nichrome has a very high selectivity to silicon, 

making it good for the long etch stage required. With the revised etch procedure the 

selectivity of the silicon to SU8 was 3. Using a single spin of SU8-25 to the silicon 

surface structures with a height of 45 µm were attained. This is more than sufficient 

to etch the required silicon depth. 

Oxide micromasking 

The initial reactive ion etching process utilized a combination of SF5 and 02 where 

the SF 6 ions formed in the plasma are mainly responsible for etching the silicon and the 

0 2 species are introduced so that SixOyF z compounds form on the sidewalls for lateral 

etch passivation. Although this is a very effective method of minimizing lateral etching 

and preserving an anisotropic side wall the oxygen in the chamber can react with 

the surface to also form SixOy compounds which have a higher selectivity to silicon. 

Although the majority of these compounds on the exposed floor of a trench can be 

removed through the physical bombardment of ions on the surface accelerated by the 

DC bias between the electrodes some will remain and form pyramidal structures on the 

surface. The main problem with this is that once formed the peaks are self sustaining 

in that a high surface area peaked structure is a preferential site for oxidation. 

Work from [132] suggested that the introduction of CHF3 to the gas mixture would 

create a chemistry that would assist in the removal of surface oxides. Combinations of 

this gas were introduced while trying to maintain the maximum number of reactants 

in the chamber possible while keeping the same chamber pressure at 0.1 Torr during 
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etching. By maintaining as many reactant species as possible in the chamber the etch 

rate of the process is maximized. A final gas flow rate of 60sccm SF5, 15 seem 02 and 

20 seem of CHF3 was used which succeeded in giving an improvement in the surface 

over the entire sample. 

This process gave an etch rate of around 0.3 µm / min. The part icular reactive ion 

etcher is specified to give a maximum etch rate of about 0.5 µm / min for silicon which 

is comparable to the rate achieved in this process. Etch rates have been achieved even 

in excess of the machine specifications with etch chemistries containing purely SF 6 and 

02 where the non presence of the CHF3 allows for more reactive species to etch the 

silicon. Once this etch result was obtained some of the parameters were varied slightly 

but gave little improvement it was assumed that with this set of etching conditions 

an approximate etch rate maximum was achieved. When SU8 was used instead of 

nichrome as the first etch mask using this three gas process trenches of over 120 µm 

could be etched with a surface roughness under 50 nm peak to peak, with sporadic 

micromask formed structures under 500 nm high. This means the maximum surface 

roughness height for this etching procedure is under 0.4% of the depth etched. The 

surface of a trench etched to 124 µm was imaged using an atomic force microscope as 

seen in Figure 3.11. 
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Figure 3.11 Surface roughness of a sample etched to 124 µm deep is under 500 nm high. 
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Sputtering from electrode 

A final cause of surface roughness became evident after several successive etch pro

cesses. Random pyramids typical of micromasking were appearing at the outer zones 

of the lens. These were most dense at the outer four zones and where virtually nonexis

tent at the inner most exposed areas. It was deduced that this resulted from electrode 

sputtering. Material deposited on the electrode from many hours of etching and prob

ably material sputtered from the damaged nichrome electrode were being deposited 

on the silicon surface at the edges. Repeat experiments with old and new electrodes 

proved this to be the case and not a localised sample problem. Regularly replacing the 

electrode was determined to be the only solution to this problem effectively eliminating 

edge localised roughness. 

Table 3.4 details the conditions used for the revised etching process. The intro

duction of additional CHFa to the chamber required reducing the quantity of SF6 so 

that the pumps could maintain the pressure of 0.1 Torr. As SF6 provides the primary 

radicals for silicon etching the etch rate dropped, however remained at a satisfactory 

rate with an increased RF power of 0.3 µm/min. 

SF 6 flow rate 60 seem 

CHF3 flow rate 20 seem 

02 flow rate 15 seem 

Chamber pressure during etching 0.1 Torr 

RF power 150 w 
Etch temperature 173 K 

Etch rate 0.3 µm/min 

Table 3.4 Anisotropic Reactive Ion Etch conditions for deep smooth surface etching. 

3.9 RESIST ADHESION 

There were some problems during etching with resist structures shifting and sometimes 

lifting off completely from the surface. Being within the reaction chamber it is difficult 

to determine at which point in the etching process this was occurring. However looking 

at the etch result it is clearly happening near the beginning of the etch. This can be 

determined through analyzing the quantity of etching that has occurred around the 

shifted resist structure. The micrograph of Figure 3.12 shows that the second ring has 

shifted and subsequently had its pattern transferred to the wrong location. As there is 

no transfer of this ring in its correct central position the ring must have shifted at the 

beginning of the etch process. 
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Figure 3.12 A shifted SU-8 ring from poor adhesion causes undesired feat ure development. 

For a feature to shift the bond between the silicon and the SU8 needs to be weak 

and then a force applied. It was assumed that the thermal expansion difference in the 

two materials described in the previous chapter is in part due to a weakening of this 

bond. Another potential cause of poor adhesion may be due to the diluted form of resist 

used. As the SU-8 25 used was made by mixing SU-8 50 in Gamma Butyrolacetone 

(GBL) thinner it is possible that this was influencing the adhesion. Localised areas 

of undissolved solvent in the photoresist will result in a weak bond formed during 

photolithography. Two possible mechanisms that could shift the photoresist structures 

are a charging effect from the plasma or from the influx of gas to the chamber at the 

onset of etching. These being integral parts of the etching process are subsequently 

hard to fix, hence a better solution to this problem is to investigate ways to improve 

the adhesion with resist processing. Care was taken to ensure that during any baking 

process long ramped heating and cooling was used to minimise thermal stress in the 

resist prior to etching. Also a hard bake prior to etching in an oven at 95 degrees was 

performed for 4 hours to remove any solvent or developer remaining and help strengthen 

the silicon-SUS bond. The problem was not apparent after long hard bake times were 

implemented and a new mix of photoresist was made. 

3.10 RESIST CRACKING 

The initial design of the Fresnel lenses placed a circular lens in the middle of a square 

wafer. As a result there were large areas of resist at the edges which are considerably 

larger than the features of the lens itself. A problem with these areas arose during 

etching where these features would crack and subsequently shift to cover the areas of 
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the outer zones. Although this generally only affected the outer most zones it would 

still lead to a lowering of the efficiency of the lens. The cracks would also result in 

etching through to the surface where there should be none. Depending on how the lens 

would be illuminated would determine whether these areas where exposed. If the lens 

structure was isolated with an aperture then these should have no effect however if not 

the etched trenches caused by these cracks would cause sites of diffraction which would 

further lower the lens efficiency. 

More importantly because this effect is feature-size dependent it places a bound 

on the types of lenses that can be created. Increasing the focal length or optimising 

the lens design for a lower frequency than 1 THz will result in larger feature sizes than 

that of the current design. Figure 3.13 shows a section of a larger 45 mm2 lens design, 

with a focal length of 250 mm, where the final stage of etching with large SU8 features 

has lead to significant cracking and lift off. Although there is a fair amount of scope 

to change the design parameters with the current process the bounds with which this 

process can be used could be expanded if this problem was overcome. 

Figure 3.13 Cracked resist causing lift off. 

The problem arises because the etching is performed cryogenically and the thermal 

coefficient of expansion of silicon and SU-8 are considerably different. SU-8 has quite a 

high value at 50 ppm/K compared to silicon of 20 ppm/K. As the substrate is cooled by 

122 K there is a significant variation in the expansion of the two materials which results 

in high internal stresses in the photoresist. When the resist is particularly thick as in 

the second and subsequent stages of the fabrication, or the features are particularly 

large these stresses result in cracking and or lift off of areas of resist. 
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For this project the problem was overcome through a mask design change. Through 

designing the mask such that the zones extend to the corner of the lens large features 

are eliminated and the problem of outer regions cracking and shifting is eliminated. 

This has the additional benefit that if the entire wafer is illuminated with radiation 

it will focus more efficiently even though the zones at the corners are not complete. 

Because of the wide band nature of current terahertz sources available at the moment 

such a design will have a performance advantage over a circular design. As wafers are 

always square this design feature will give an additional 20% of focusing area. 

There are three possible methods of avoiding the problem of cracking resist. Firstly 

it is possible to use polymerised epoxy silicon wafers that have the same thermal coef

ficient of expansion as SU-8. It is also possible to get low stress SU-8 which has a CTE 

as low as 21 ppm/K [133]. Both of these methods will alleviate the stresses caused by 

the difference in thermal expansion of silicon and SU-8. However the best solution is to 

use an alternative etching procedure. This would be ideally performed using a Bosch 

process etcher which can etch deep structures in silicon with an SU-8 etch mask at 

room temperature [134]. Adapting the current process used with a standard reactive 

ion etcher requires reformulating an etch process that will work at room temperature. 

This is a trade off between gaining an improvement in the integrity of the resist at the 

detriment of the quality of the etch. Because this type of etcher relies on a cryogenic 

process for lateral etch suppression and the creation of an anisotropic profile these 

characteristics are much harder to achieve. However this could be overcome to some 

degree with lateral etch compensation in the mask design. A room temperature process 

for this etcher, derived from the process described in this section, has been formulated 

and is described in section 8.2.3. 

3.11 LITHOGRAPHY FEATURE RESOLUTION 

A problem with the lithography was evident in that the transfer of patterns into 

trenches where additional tendril like resist structures were appearing in a particu

lar sector of the lens as seen in Figure 3.14. The degree to which this unwanted resist 

development appeared seemed to vary in identical processes both in the area which it 

covered and the severity of the distortion. Initially these were thought to be only very 

thin but closer analysis proved the resist in unwanted areas could be as deep as 10 

µm. With a resist to silicon selectivity in etching of 3 this means the areas of covered 

silicon would remain covered for a large proportion of the etch resulting in the stepped 

structure not being transferred in places as it should. 
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Figure 3.14 Poor planarisation leads to the formation of unwanted SU8 features in the deepest 

trenches when performing lithography over an etched wafer in a multi level process. 

Coupled with the unwanted masking the surface was also ruined in these areas 

causing a rough dark surface that made alignment difficult. This defect would be 

the cause of significant astigmatism in the focus and also reduce the overall efficiency 

through both its own detrimental effects and follow on effects in other processes. In 

most trenches these features appeared on one side only forming a sloped resist feature 

against one wall. 

Mask Aligner Beam Collimation 

Initially it was thought that this problem was due to a non parallel beam from 

the mask aligner causing exposure into areas that would otherwise be unaffected. This 

would have explained the shadowing effect that was resolving resist on one side only 

and in one sector. The mask aligner has a set of mirrors that collimate the UV beam 

onto the substrate and it was thought that the clear misalignment of some of these mir

rors was causing this problem. Poor collimation of light onto the substrate may allow 

light to enter into areas that should be masked. The effects of this can be amplified 

somewhat with the fact that the silicon surface is reflective and the SU8 - air boundary 

is also reflective to a certain extent. Thus any light that enters on an angle will reflect 

back and forth as the SU8 acts like a waveguide. Although this will die off quite rapidly 

with the low reflectance of the SU8 - air interface it will still be a contributing factor. 

Replacement of the mask aligner reflector made some but not a significant correction 

to the resist problem. 
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Planarisation 

It is possible since this effect was observed over a certain sector of the wafer only 

that the entire SUS layer has a slope of some degree which has come about from a 

non uniform refl.ow of resist following the pre-exposure bake. During this bake the 

resist moves considerably and if the hotplate is not perfectly level the resist will not 

flow uniformly across the substrate. During processing attempts were made to try and 

ensure the hotplate was as level as possible using a spirit level. However when there are 

so many possible contributing factors and a wide variation in the degree with which this 

problem manifests itself it is hard to ascertain whether an improvement has been made. 

The only way this could be determined is through a very large sample space which is 

impractical or if the effect was removed or greatly reduced which did not happen. 

SU-8 planarises very well, however over large trench widths there was a slight dip 

in the surface. When light impacts, these curved surfaces will act like a lens causing 

refraction into areas that should not be exposed. There are many effects which proba

bly were all contributing in part to these unwanted features being resolved. Combined 

with an edge bead that would prevent intimate contact between the mask and substrate 

there seemed no clear way to change the lithographic steps to avoid these features. Be

cause of this an alternate solution to the problem was sought. 

SUS etching with reactive ion etching 

An investigation was performed into the removal of this unwanted resist. As the 

unwanted features were thinner than the surface etch mask resist it was assumed that 

performing a specific dry etch to remove only organic material would etch away the 

resist material and clear the trenches prior to a silicon etch process. This etch took 

the form of an oxygen mixture. The process was conducted at high pressure to enable 

a highly physical process. Oxygen in a reactive ion etch process should aid in the 

removal of organic material and since SU-8 is a carbon based compound, should work. 

Initial tests on this process proved very successful enabling the removal of material in 

a 20 minute etch with conditions as shown in Table 3.5. However the variability of this 

detrimental resist processing effect meant that structures as deep as 10 µm could be 

experienced. Sometimes this was to such a degree that the resist filled the entire base 

of the trench. 
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02 flow rate 50 seem 

Chamber pressure during etching 0.1 Torr 

RF power 200 w 
Etch temperature 295 K 

Table 3.5 Reactive Ion Etch conditions for SU-8 etching. 

Although it seemed that the descumming process was applicable when the un

wanted feature development was minor when the silicon etch was performed the nature 

of the SU-8 resist proved to have changed. The silicon gas mixture turned the SU8 

resist remaining to a brownish yellow colour and caused significant resist cracking to a 

point where the cracks penetrated to the surface and resist features shifted from and 

lifted off their original positions. This was an interesting result as after the descumming 

the resist showed no signs of any change of form or decolouration. Modifying the etch 

conditions to have a lower power would reduce the energy of the impacting ions as it 

was suspected that the ballistic nature of this process may have been to the detriment 

of the resists structural integrity. This did not help. A second modification tried was 

the introduction of argon to the mixture. This is an alternate organic etch mixture 

which unfortunately also resulted in a damaged resist structure following the silicon 

etch. The manner in which the resist was being effected by this pre-silicon-etch des

cumming process was very hard to discern as after reactive ion etching the unwanted 

material was cleared and the remaining SU-8 appeared to be undamaged. Despite 

several modifications to the gas chemistry and etch conditions it was determined that 

relying on such a method was not going to work. 

Lithography solution 

The final solution to this problem proved to be in reversing the structuring process 

such that the small features are etched first. This avoids the problem of developing fine 

features in deep trenches. Changing the process in this way has one drawback in that 

the deepest etch is then performed last. When spinning SU8-25 onto a plain silicon 

wafer a resist depth of about 45 µm can be attained. However when spinning this resist 

onto a substrate which already has trenches etched to 46 µm the surface thickness of 

the resist can be as low as 15 µm. With a silicon to resist selectivity of 3 in this process 

this is insufficient to etch the remaining 63 µm to make an eight level structure. To 

overcome this problem a multiple spin lithography process was used for the final step 

of lens fabrication. This involved performing a first spin followed by a bake to remove 

the solvent in the resist for 100 minutes. After cooling a second etch was performed to 

increase the total thickness of resist to over 50 µm at the surface. Performing the later 

lithography stages on this dual resist layer proved to work using the previously defined 
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processing times. The large feature sizes and relatively non challenging lithography 

gave good results with no unwanted feature development. Performing the stages of 

fabrication in this manor also makes the structure more resistant to the detrimental 

effects of lateral etching as explained in chapter 7. 

3.12 RESIST REMOVAL 

It had been shown that soaking the sample in hydrofluoric acid after etching can assist 

in the removal of the SUS resist from the surface. Although it is possible to remove 

the photoresist using a long organic etch this has proved to be both costly from its 

duration and damaging to the silicon surface in that subsequent processing has resulted 

in a rougher than expected surface. As a result an improvement on this process for the 

removal of the resist was sought. 

Currently the process relied on the removal of the thin native silicon oxide from 

the silicon surface to lift the resist form the surface. This process works with a fairly 

high degree of success on the first stage of the process where the resist is built on the 

polished silicon surface only. However as soon as some topography is present where 

the resist is adhered to the trench sidewalls and the surface has a degree of roughness 

resulting from etching, the SUS proves to be a lot harder to remove. 

Two processes were investigated to increase the thickness of the silicon oxide layer. 

Firstly silicon oxide can be evaporated on to the surface of the silicon. Using an off 

axis rotating mount a sample can be suspended upside down in a vacuum evaporation 

chamber. By having the sample rotating off axis the etched sidewalls and trenches can 

be covered over the entire lens. Silicon oxide is deposited by heating SiO powder in an 

evaporation boat. Following this process through as a sacrificial layer for post etch SUS 

removal proved successful however it has a few downfalls. Firstly the topography of 

the silicon oxide would not be as smooth as would be preferable due to the randomness 

of the evaporation process. Also the uniformity of this across the wafer was shown to 

be non-ideal from the colouration change from the centre to the edge. Because this 

layer of silicon oxide needs to be removed in the etcher before the silicon is etched any 

non-uniformity either on a micro or macro scale across the lens is reproduced. On the 

macro scale where the thickness of deposition varies across the lens a bullseye effect 

will arise where the areas of silicon at the edges will begin etching before the centre. As 

this is an effect already present in the etching from other effects further amplification is 

undesirable. On the micro scale non-uniform deposition will lead to surface roughness. 

In the course of this work a dry process was used with an oxygen enriched atmo

sphere to produce a silicon dioxide layer. This furnace was operated at 1050°C and 

samples were placed in the chamber for a period of 2 hours. Relating this to the graph 

of Figure 3.15 [135] it can be seen that an oxide thickness of 0.15 µm could be expected. 

The approximate thickness of a thermally grown oxide layer on silicon is most easily 
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Figure 3.15 Silicon oxidation rates in a dry oxygen atmosphere [134]. 

determined by looking at a colour chart as in table 3.6 [136]. Because the oxide thick

ness is of the order of the wavelength of visible light when the layer is at a one quarter 

wavelength thickness it will cause that colour of light reflecting off the silicon surface to 

interfere constructively. Hence as the thickness of the oxide layer increases, the colour 

of the substrate shifts from blue to red. As the layer gains additional wavelengths in 

thickness this colour cycle will repeat from blue to red. 

Film Thickness (µm) Color 

0.05 Tan 

0.07 Brown 

0.10 Dark violet to red violet 

0.12 Royal blue 

0.15 Light blue to metallic blue 

0.17 Metallic to very light yellow green 

0.20 Light gold or yellow - slightly metallic 

0.22 Gold with slight yellow orange 

0.25 Orange to melon 

0.27 Red violet 

0.30 Blue to violet blue 

0.31 Blue 

0.32 Blue to blue green 

0.34 Light green 

0.35 Green to yellow green 

Table 3.6 Surface color of different thickness layers of silicon oxide [135]. 
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Initially the oxidation was performed in a furnace at 900°C with standard atmo

spheric air and humidity for a period of 2 hours. This gave a tan colour indicating 

a 0.05 µm silicon oxide layer. This was improved upon by placing samples in a dry 

oxygen environment where the oxidation rate was tripled taking on a light blue colour 

indicating a thickness of approximately 150 nm. This measurement is in line with the 

predicted thickness of Figure 3.15. With a sacrificial oxide layer of this thickness there 

seemed to be no problems with the removal of photoresist from etched surfaces. 

Oxidation improving surface roughness 

Creating an oxide layer on the etched silicon surface will also assist with the smoothing 

of the surface to some extent. Any roughness present on the surface of the silicon 

appearing as a spike will form a site for preferential oxidation due to the increased 

surface area. Because these areas have a much greater rate of oxidation the entire 

feature can be oxidised during the time taken to create the sacrificial oxide layer. As 

this entire layer is removed during the HF lift off procedure the surface roughness 

features are also removed. Even if the oxide layer is only thin there will be some 

improvement in the surface. 

3.13 PROCESS SUMMARY 

A complete multiple level fabrication process has been developed which has been used 

for the fabrication of a set of terahertz Fresnel lenses optimised to perform at 1 THz. 

The aim of this project was not just to develop a process that was solely limited to a 

single design. Although these optics have been shown to focus over a broadband they 

are optimised to perform at a certain frequency and to focus to a set distance for that 

frequency. The fabrication process is applicable to the production of terahertz diffrac

tive optics in a broad range of frequencies over a wide range of focal distances. The 

binary process requires repetition of a lithography and etching procedure as highlighted 

in Table 3.7 and shown in the flow diagram of Figure 3.16. For each repetition a larger 

mask is used with twice the etch depth of the previous stage. Where a single spin coat 

will be insufficient to last the required etch depth a multiple spin technique has been 

shown to work. 

Process Limitations 

There are limits to this range defined by the change in feature sizes required. Increas

ing the focal distance for a set frequency leads to an enlargement of the features on 

the mask. Also creating a lens optimised to work at a lower frequency will demand 

larger feature sizes. Larger features require slight modifications to this process to avoid 

resist cracking. These modifications are described in section 3.10 and a modified high 

temperature version of this process is described in chapter 8. More importantly such 
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Oxidation 
Atmosphere Dry oxygen 
Temperature 1050°C 
Duration 2 hrs 

Photolithography (SU-8) 
Dispense volume 200 µl/cm2 
Spinning 15 seconds at 500 rpm 

10 seconds ramp from 500 rpm to 1500 rpm 
15 seconds at 2000 rpm 

Soft bake 100 min on a hot plate at 100° C 
(Repeat spin and soft bake for last stage) 

Exposure 200 seconds 
Post exposure bake 20 min on a hot plate at 100° C 
Cooling Gradual cooling over 10 min 
Development 5 min with agitation 
Hard bake 2 hours 

Reactive Ion Etching 
SF 6 flow rate 60 seem 
CHF3 flow rate 20 seem 
02 flow rate 15 seem 
Chamber pressure during etching 0.1 Torr 
RF power 150 w 
Etch temperature 173 K 
Etch rate 0.3 µm/min 

SU-8 Removal 
145 min HF emersion 

Table 3. 7 Processing steps required for each increase in step complexity where progression of masks 
is from smallest to largest feature mask. 

lenses have reduced numbers of zones due to wafer size limitation leading to diminished 

focusing efficiency. At higher design frequencies an issue could arise with feature res

olution. However using contact UV lithography it has been possible to develop SU-8 

features down to 5 micron. Because small resolutions are possible it is possible to make 

practically all lens designs in the upper terahertz frequency band. At 10 THz the focal 

length would have to be reduced to 1 mm before feature resolution became a significant 

processing issue. As such designs require a smaller etch depth a thinner resist layer 

can be used which will enable higher resolution lithography. When the features are 

reduced to this size, as there are a range of different feature sizes across the wafer, the 

smaller features may etch slower due to the difficulty of removing waste material from 

the trenches. 
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REACTIVE ION ETCHING 

PlANARISATION AND 
PHOTOLITHOGRAPHY 

REACTIVE ION ETCHING 

PlANARISATION AND 
PHOTOLITHOGRAPHY 

REACTIVE ION ETCHING 

SU-B STRIPPING 

UV EXPOSURE 

! ! ! ! ! ! ! ! ! ! ! 

UV EXPOSURE 

! ! ! ! ! ! ! ! ! ! ! 

FIRST ETCH MASK 
DEVELOPED SU-B RESIST 

SILICON 

SECOND PHOTOLITHOGRAPHY MASK 

SUB NEGATIVE RESIST 

SILICON 

SECOND ETCH MASK 
DEVELOPED SU-8 RESIST 

SILICON 

THIRD PHOTOLITHOGRAPHY MASK 

SUB NEGATIVE RESIST 

SILICON 

ETCHED SU-B STRUCTURE 

SILICON 

ETCHED SILICON 
EIGHT LEVEL STRUCTURE 

Figure 3.16 Flow diagram showing the three stage process required for the formation of eight level 
diffractive optic structures. This involves a set of three repeated photolithography and etching stages_ 
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The size of optic is limited to an extent in that the microprocessing equipment is 

limited in the size of wafer that can be handled. For the laboratory equipment used 

in this work the maximum wafer size possible is 4" although wafer technology exists 

enabling 12" wafer fabrication. Aside from the physical size limitation the uniformity 

that can be achieved in the respective pieces of equipment needs to be considered. This 

is especially pertinent for etching where uniform etching across the entire electrode is 

difficult to achieve. This does not necessarily restrict the size but reduces the benefit 

of creating a larger lens as there will be a loss in efficiency due to the non-uniformity. 

3.14 SUMMARY 

Significant modifications have been made to a previously developed process to change 

this initial concept into the reality of a completed structuring technique. Although 

this previous work accurately described fabrication of a structure of the desired dimen

sions of four levels in complexity the inaccuracies and hence reliability of the process 

would have made it difficult to extend to a commercially viable process. Also, the 

deficiencies in the design and materials used resulted in a lens with a much reduced 

efficiency. Identifying all of the contributing factors to a specific problem can be a 

complex matter as it was found that more than one effect was the cause of some of the 

defects making solving these problems experimentally very difficult. Also the process 

takes a long time to run to completion so discerning a downstream problem requires 

significant pre-processing before the experiments can be conducted. Using this process 

a set of 2- 4- and 8-level lenses were constructed. A cross-section of an 8-level lens is 

shown in Figure 3.17 and images of the three different complexity lenses are shown in 

Figure 3.18, which were used for continuous wave and pulsed terahertz characterisation. 

Figure 3.17 Cross-section of an 8-level lens. 
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( c) 

Figure 3.18 30 mm2 Lenses tested created for testing; (a) 2-level, (b) 4-level and (c) 8-level. 



Chapter 4 

CONTINUOUS WAVE TESTING 

4.1 INTRODUCTION 

A set of diffractive optic lenses and gratings of different complexity were used in testing. 

As this is a new device technology in this field there was no predetermined method for 

testing their functionality. A method for assessing their performance had to be estab

lished. Because the lenses were designed to operate optimally as a narrow band device 

at 1 THz it was envisaged that a continuous wave single frequency source would pro

vide an excellent assessment of their performance. The majority of terahertz systems 

currently in use are pulsed but in recent years several laboratories have had success in 

producing continuous wave (CW) radiation at terahertz frequencies [137]. A collabo

ration with the Physikalisches Institut at the Johann Wolfgang Goethe-Universitat in 

Frankfurt, Germany provided access to a high quality tunable CW terahertz system 

[138] where testing was performed on a set of 4-level binary Fresnel lenses. The author 

performed these tests during a two week visit to this laboratory. 

The existing scanned imaging system was modified to image the focal plane of the 

lenses to be tested. Due to the fact that the development of this continuous wave system 

is in its infancy there was considerable tuning required to obtain the stable terahertz 

beam required to make reliable assessments of the optics. This chapter details the 

method with which the continuous wave terahertz beam is generated and detected 

and then details the testing method and the results obtained for silicon etalons, an 

anti-reflection structured silicon sample, and a pair of four level lenses. 

4.2 EXPERIMENTAL TECHNIQUE 

A recently designed CW terahertz generation and detection setup was used, as shown 

schematically in Figure 4.1. In this system a two colour CW Ti:Sapphire laser is used. 

This generates two optical waves with independently tunable wavelengths centered 

around 800 nm. The Ti:Sapphire lasers share a single gain medium, pumped by a 5 

W Coherent VERDI all-solid-state laser [139]. The two beams are spatially combined 

with a 50/50 beam splitter cube yielding two beams which are intensity modulated at 
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Figure 4.1 Optical table component layout for continuous wave terahertz emission and detection. 

the difference frequency, tunable between 0 and 10 THz. One of these optical beams is 

guided via an optical delay line to the emitter antenna and the other is used to gate the 

receiving antenna. A fraction of the detector beam is split to a spectrometer for the 

tuning of the difference frequency. The antennas used were H-shaped photomixers each 

having a 50 µm long dipole and a 5 x 10 µm2 photoconductive gap printed on LT-GaAs. 

The emitter, grown at 270°C, had a measured carrier trapping time of 1.2 ps and the 

detector, grown at 200°C, a trapping time of 0.35 ps. The reason for having these 

differences is to achieve higher output power at the emitter and a broader detection 

bandwidth at the detector. Both photomixers are illuminated with 100 mW of optical 

power. The detector antenna acts like a switch where the terahertz radiation generates 

free carriers in the GaAs allowing current to flow. 

To improve the signal to noise ratio the emitter is biased with a 25 kHz square 

wave signal between ±12.5 V enabling lock in detection. This is preferential to using a 

chopper, which can cause feedback into the two-colour laser source. Terahertz radiation 

emitted from the antenna is coupled out using a hyperhemispherical silicon substrate 

lens of 2 mm in diameter. This radiation is then collimated into a beam using an 

off-axis paraboloid mirror and then focused onto the detector antenna using another 

off-axis paraboloid. The beam was 5 cm in diameter traveling approximately 30 cm 

through free space between the mirrors. Considerable effort is required to align the 

system such that a collimated beam is obtained. Because there are many degrees of 

freedom in all the optical components and the terahertz beam is invisible to the human 

eye it is necessary to align the system using the optical beam that impacts on the 

terahertz emitter antenna. Removal of the antenna enables the visible laser beam to 

pass through the off-axis paraboloid setup. Once this has been collimated and aligned 
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to the detector antenna the emitter can be replaced and the only alignment required 

then is tuning of the antenna position and the position of the hyperhemisperical lens 

that sits on the emitter. Additional tuning of both the emitter and detector position is 

required to maximize the signal strength of the received terahertz beam. Part of this 

alignment involved trying to obtain a Gaussian shaped terahertz beam, which proved 

to be difficult. The non ideal beam shape that was ultimately used in the testing may 

have clouded the results somewhat. This is because it was harder to determine whether 

specific anomalies in the results were due to effects of the antenna or optical alignment 

of the terahertz system or due to alignment or performance of the two lenses within 

the beam. This is discussed further when the lens characteristics are given. 

Analysis of the lenses was conducted in the collimated beam by placing the T-ray 

binary lens on the emitter side to focus the beam, then recollimate the beam using a 

second lens as in Figure 4.2. By placing an aperture between the two lenses the signal 

strength at different locations in the x, y, z planes was determined to build up an image 

of planes in front of the lens. To achieve this, a 500 µm aperture was placed on a com

puter controlled stage that can be programmed to raster scan a plane in the terahertz 

beam path. Each lens was placed on a set of micrometers that allowed them to be 

moved in all directions such that they lie on the same axis down z. Initial measure

ments of the binary lenses were taken using a plano-hyperboloidal lens to recollimate 

the beam, which was manufactured on a lathe from high-density polyethylene. For 

later results this re-collimation was performed using a second binary lens. From these 

scans it was possible to ascertain the three-dimensional (3D) spatial composition of the 

two lens system. 

One of the main problems with testing the lenses in the cw source was the irregu

larity of the beam, which made it difficult to gain good comparisons between different 

setups. Instability in the laser system also meant the laser needed to be retuned reg

ularly and the operating point could not be accurately duplicated. There seemed to 

be poor correlation between what would appear to be a good beam alignment and the 

results when two lenses where introduced to the system. One of the main contributing 

factors of this is that the optical system alone has some 14 axes of freedom and the 

alignment of the lens system to lie parallel in the optical beam was hard to achieve. An 

angular misalignment in this could lead to a strange result in the inter lens aperture 

scans. Combining the poor beam shape, difficult optical alignment, and laser instability 

it was difficult to make clear measurements of the performance of different lens com

binations. It seemed that the CW THz system performed better at higher frequencies 

as can be seen in the following beam scans with the same optical alignment. 
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Figure 4 .2 Focal plane imaging set up between a silicon and polyethylene lens. 

4.3 ANALYSING THE INPUT BEAM 

A significant period of the two weeks available to conduct measurements was taken 

trying to generate a Gaussian beam shape at 1 THz. Some of the best beam shapes 

that were achieved at different frequencies are shown in Figure 4.3. In this figure, 

the intensity is shown in the left hand figures and the phase profile in the right hand 

figures, for frequencies 1, 1.25 and 1.5 THz. This data was obtained by scanning a 1 cm 

diameter aperture in the beam between the paraboloid mirrors prior to inserting the 

lens pair. It can be seen that the beam shape is not consistent at different frequencies. 

It was often the case that there was a more uniform beam profile with more stable 

phase at higher frequencies. 

Because the lenses were designed to operate optimally at 1 THz, much effort was 

put into trying to get a good beam at this frequency. It is possible that there was a 

problem with the antenna that causes it to operate poorly at 1 THz. This seems to 

be the only logical assumption as the optical system was untouched in the above three 

scans; only the difference frequency which determines the frequency of operation was 

altered. Hence, as a redesign of the antennae was beyond the scope of this project, the 

non-ideal beam profile at 1 THz of Figure 4.3 (a) was used for CW lens characterisation. 

4.4 SILICON TRANSMISSION ASSESSMENT 

Before the lens characterizations were performed the transmission properties of the 

silicon used for their fabrication was measured. The high refractive index of silicon 

[118] makes fabrication of diffractive optics considerably easier than a lower refractive 
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Figure 4.3 Magnitude and phase of a continuous wave terahertz beam at (a) 1 THz (b) 1.25 THz 
and (c) 1.5 THz. 



68 CHAPTER 4 CONTINUOUS WAVE TESTING 

index material by reducing the required etch depths. However it was expected that 

because the difference in refractive index at the silicon air interface is large that there 

would be considerable reflection from all the lens' surfaces. In addition the effects of 

absorption losses could be assessed in this experiment. 

Because all terahertz sources, be they continuous wave or pulsed, have low power 

it is desirable to maximize the transmitted power. The lenses were fabricated on 

high resistivity silicon (1000 Dem), compared to conventional bulk silicon which has a 

resistivity of around 10 Dem. The two wafer types were compared to determine the 

benefits of using the higher resistivity material. Figure 4.4 shows the time domain 

terahertz waveform comparing the current generated at the detector antenna for the 

free space beam, and for the beam with the different resistivity plain silicon wafers 

placed in the path. This illustrates that only 20% of the radiation passing through the 

high resistivity silicon is lost compared to 50% with the lower resistivity material as 

compared to the free space beam. 
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Figure 4 .4 Time domain CW signal for a free space beam and beams with different resistivity silicon 

wafers placed across. 

4.4.1 Anti-reflection coating characterisation 

Transmission of radiation between materials with a large difference in refractive index 

can be increased by using an anti reflection coating or by ci·eating an.ti-reflection struc

tures on the surface to create an artificial dielectric. This is well documented [140, 141 J 

and involves creating a smoother transition of refractive index between the two mate-
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rials. A simple grating, Figure 4.5, was fabricated to see if this could successfully be 

used as a backside structuring technique for silicon terahertz diffractive optics. 

The plot of Figure 4.6 illustrates how this grating is effective in increasing the 

amount of terahertz radiation at 1 THz passing through the silicon. Relative to a 

plain silicon wafer the signal is increased by 10%. As the terahertz radiation is linearly 

polarized the grating allowed more radiation to pass in one orientation while reducing 

the power in the other orientation. When the grating was placed in vertical orientation 

the signal went down 4%. Gratings such as this can be optimized to work at a single 

frequency or to be more broadband by etching saw tooth gratings [142] . 

t = 400 µm 

Figure 4.5 60 µm pitch grating etched into silicon. 
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Figure 4.6 Time domain CW terahertz waveform of a silicon wafer structured with a linear grating 

placed in different orientations. 

4.4.2 Fabry Perot Etalon 

The ability to create terahertz lenses on silicon wafers yields many benefits for fab

rication techniques and enables formation of very compact optics. However the high 

refractive index of silicon at terahertz frequencies and the sub-millimeter width of the 

wafer introduces potential problems for terahertz optics. Reflection at an interface can 

be treated as a special form of refraction. For normal incidence, the fraction of light 

reflected is equal to 

(n - 1)2 
/ (n + 1)2 (4.1) 

where n is the relative refractive index. In the case of terahertz at an air-silicon 

boundary, n = 3.42 meaning there will be 303 reflection. Because the wafer is of the 

order of several wavelengths thick with 2 reflecting surfaces it can act as a Fabry-Perot 

etalon. A Fabry-Perot etalon (or simply, an etalon) is the simplest form of a Fabry

Perot interferometer. Its primary optical property is that if a monochromatic light 

ray travels back and forth between two mirrors and the round trip optical distance 

between the mirrors equals an integral number of wavelengths (>., 2.X, 3.X, etc.), then 

the light passes through the etalon. The silicon wafers used in the course of this work 

were 400 µm thick. The expected transmission through an unstructured silicon wafer 

disregarding absorption was calculated using Gsolver [143] as shown for wavelengths 

between 200 µm to 400 µm in Figure 4. 7. 
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Figure 4. 7 Simulation of a 400 µm thick silicon wafer showing expected transmission of terahertz. 

At the design wavelength of the lenses, the wavelength in the silicon is 87.7 µm. 

This means the wafer thickness is 4.56 wavelengths at 1 THz resulting in high trans

mission of the radiation. 

There are several factors that will determine the total amount of transmission 

through the lens. As the surface is structured the depth will vary between 0 to 108 

µm. This means different wavelengths will have different amounts of transmission at 

different steps of the lens blaze. Neither of the surfaces will be perfectly smooth which 

will reduce the reflection at each interface. Also the amount of radiation absorption 

will influence the amount of transmission which is dependent on the thickness in differ

ent locations. For the lenses to work well in broadband applications it is desirable to 

avoid these reflections which can be achieved through the use of an anti-reflection grat

ing or coating. Figure 4.8 shows broadband transmission through a simulated 22 µm 

grating. At 1 THz the transmission is increased by 14% with this single side grating. 

This is a similar gain achieved with the silicon grating constructed (Figures 4.5 and 4.6). 

This section highlights how anti-reflection structures show great prospect for in

creasing the signal strength of a silicon diffractive optic. It is possible to create these 

structures on the opposite side of the lens to boost efficiency. These structures were 

not constructed on the lenses used for any measurements so that any effects or non-
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Figure 4.8 Simulation of a linear grating showing expected transmission of terahertz. 

uniformities in the radiation patterns of the lenses would not be clouded by any irreg

ularities of a grating. Such a structure should however be incorporated into any lens 

intended for a specific application. 

4.5 SINGLE SILICON LENS ASSESSMENT 

Following the transmission experiments, a silicon and polyethylene lens were placed in 

the beam as in Figure 4.2. The seperation between the two lenses was 54 mm with 

each lens approximately lf) cm from the center of the respective parabolic mirrors. An 

assessment of the ability to focus can be attained by placing the binary silicon lens to 

be tested at the emitter side and reading out the focal pattern with a scanned 500 µm 

diameter aperture and the polyethylene lens. From this several plots were obtained 

showing x, y focal plane images and an x, z axial scan. All values of z are measured 

from the face of the source side silicon lens. This gives an appreciation of the focal 

spot size and the depth of field. 

A cross section of the beam profile at z = 25.6±0.2 mm is shown in Figure 4.9. 

From this it is possible to determine the focal spot size at the beam waist. This 

measured 745±10 µm. The full width half maximum (FWHM) has also been measured 

as 570±10 µm. For a Gaussian input signal the FWHM can be calculated for a zone 
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plate according to the formula [144] FW HM = 1.22.0.r, where .0.r is the outer zone 

width. With an outer zone width of 708.8 µm this predicts a FWHM of 865 µm. 

Thus the measured value is 863 of that expected of a zone plate, a reflection of the 

performance gain achieved from a four level lens. Regardless of the non-uniform input 

beam the beam shape at the focal point, as seen in figure 4.9(b), appears to be quite 

symmetric. 

Measurements were also taken at other z positions. Figures 4.lO(a-f) show the 

intensity and phase at x, y planes moving through focus. The plane with the most 

intense focal spot, Figure 4.lO(c) is at z = 25.6 mm, which is close to the design focal 

length of 25 mm. Here the beam intensity has a Gaussian shape and a fiat phase profile 

as would be expected. 
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Figure 4.9 (a) beam cross section at the focal point illustrating a 745±10 µm FWHM (b) intensity 

distribution at the focal plane z = 25.6 mm. 

Taking a scan in the x, z directions as in Figure 4.11 shows how the focusing 

changes down the axis moving away from the lens. This gives a determination of the 

depth of focus. For a Gaussian beam passing through a lens the depth of focus (DOF) 

can be calculated as [144] 

DOF = 2.0.r2 j>.. 

For this lens with an outer zone width of 708.8 µm at 1 THz (>. 

theoretical DOF is 33.5 mm. 

(4.2) 

300 µm) the 

The Rayleigh range is defined as the point where the beam waist is v'2 of the 

minimum beam waist and the DOF is generally accepted to be twice the Rayleigh 

range. Determining the point in z where the 1/e radius of the beam amplitude is 

expanded to v'2 of the minimum, yields a measurement for the DOF of 34±2 mm. 

This is slightly larger than the theoretical value for a zone plate. 
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Figure 4 .10 Magnitude and phase of planes around the focus at z = 24.1 mm (a) 25.1 mm (b) 25.6 

mm (c) 26 .1 mm (d) 26.6 mm (e) 27.1 mm (f). 



76 

0.6 

E go.5 
>< 

0.4 

0.3 

0.1 

0.5 

CHAPTER 4 CONTINUOUS WAVE TESTING 

1.5 
z(mm) 

2.5 

Figure 4.11 The intensity of an x, z scan around the focal point between a silicon and polyethylene 

lens. 

The four level lens should give tighter focusing than a zone plate, due to the 

improved diffraction efficiency. In this case the theoretical and measured DOF values 

are in fairly close agreement. The measured value may be biased to a degree, with the 

influence of the refractive polyethelene lens. In having a two lens system it is likely 

that the alignment in z may be imperfect. This will have the effect of blurring the 

DOF of both lenses leading to a larger than normal reading. It is also likely that the 

imperfections in both the etch depth and the step widths of the silicon binary lens will 

have an influence on both the FWHM and the DOF. 

For a lens the DOF gives an indication of the range over which an acceptable beam 

focus. A small aperture, short focal length lens can be expected to have a large DOF. 

When using these lenses for depth imaging as in tomographic applications the limits 

can be much tighter for increased resolution. In this case the z resolution is limited by 

the system noise where focal distance rather than image clarity is of interest. 

Further experiments to improve the incident beam were not possible but, as will 

be shown in the next chapter, lens characterisation using a pulsed measurement system 

show that diffraction limited focusing is possible with these lenses. 

4.6 EFFECT ON THE BEAM FROM FOCUSING AND 
RECOLLIMATION 

The beam profile was also characterized after being focused and recollimated by the 

lens pair. This provides information of how an imperfect input beam is affected by this 

two lens system. A 1 cm aperture was shifted from between the lenses to either side of 

each lens to see how the input intensity pattern had changed. Figure 4.12 illustrates 

the points at which the aperture was placed either side of the two lens set up. 
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\ con binary lens 

Figure 4.12 Aperture positions for assessment of the effect of collimation on the beam. 

It is clear from the input beam, Figure 4.13(a), and the output beam Figure 4.13(b), 

that the focusing and recollimation of the beam changes the beam pattern. The emitter 

side intensity pattern appears to be donut shaped while the detector side intensity pat

tern is more Gaussian in shape. This indicates a degree of spatial filtering is occurring 

with the two lens arrangement. This is as would be expected with the focusing nature 

of a Fresnel lens where only the primary diffracted order is transmitted. There will be 

some bias introduced in the first intensity pattern, as the aperture inhibits the inter

ference process to a differing degree across the scan. The SNR is too low to perform 

any detailed quantitative analysis which is a problem with this set up. 

5 10 15 20 25 5 10 15 20 25 
x(mm) x(mm) 

Figure 4.13 (a) Intensity pattern of beam before lens pair (b) and after lens pair . 
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4. 7 TERAHERTZ BANDPASS FILTER - TWO FRE}SNEL 

LENSES 

The above arrangement with a two lens set up was repeated with two binary optics as 

illustrated in Figure 4.14. It is envisaged that such a two lens system, with an aperture 

at the focal point, could be used as a narrow band terahertz filter. Because there is a 

linear shift in the focal distance with frequency for a diffractive optic lens, the distance 

between the lenses will determine the pass band of the radiation. Increasing the dis

tance will increase the frequency that passes through the aperture and into the output 

beam. Placing one of the lenses on a translation stage would facilitate the formation of 

a variable pass band filter. The aim of this experiment was to assess if such a two lens 

arrangement would focus and recollimate a terahertz beam which in this case was set 

at 1 THz. The use of two binary Fresnel lenses should give greater frequency selectivity 

than a Fresnel-Polyethylene combination. The lenses were placed 50 mm apart in line 

with double the expected focal length of 25 mm. It was difficult to determine an initial 

clear point of intensity in z due to the poor signal to noise, hence, picking this lens 

separation was the best . 

Silicon binary lens 

Silicon binary lens 

Figure 4.14 Focal plane imaging setup between two silicon lenses. 

As with the previous experiment a series of x, y scans were taken around the focal 

point, and an x, z scan was taken to illustrate the depth of focus . At the conclusion 

of these measurements the input beam was analysed. It is of benefit to view the 

beam magnitude and phase, Figure 4.15, prior to the focused results as a clearly non 

ideal beam distribution was present. This poor beam shape which can be seen imaged 

through to the focal plane intensity patterns clouded the results somewhat however 
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focusing and recollimation is clearly demonstrated. Figure 4.16 shows the x, y scans 

taken at z = 23.5 mm, 24 mm, 24.5 mm, 25 mm and 25.5 mm. The dual lobe nature of 

the input beam made alignment of this lens pair very difficult exacerbating the effect 

on the signal strength at the focus. This explains why the intensity and phase plots are 

of a lesser quality than the measurements taken with a silicon and polyethylene lens 

pair. Time constraints prevented a recalibration of the system to try and improve the 

beam quality and it is not perceived with the current terahertz system stability that a 

reliable comparison could be made between different lens types. The objective of this 

section to observe the functionality of a 2 Fresnel lens system was not impaired. 

5 10 15 20 25 5 10 15 20 25 
x(mm) x(mm) 

Figure 4.15 Input terahertz beam intensity (a) and phase profile (b) to lens pair. 

Analysing the relative intensity of the radiation from the magnitude plots demon

strates a point of maximum transmitted intensity at the z = 25 mm point. It would 

appear that in some of the measurements taken that there was a blurring of the fo

cal point. This is probably a combined effect arising from the difficulty in aligning 

the 2 lens system and what turned out to be a non Gaussian input beam which was 

measured again between the lenses after the measurements were taken. As with the 

measurements of the silicon and polyethylene lens the phase profile is fiat at the focus. 

At the focus the shape of the beam was extracted and is shown in Figure 4.17. A 

roughly Gaussian shape can be observed with a beam waist of 1200±100 µm. This is 

larger than that measured with the silicon and polyethylene arrangement of 745±10 

µm. Although the poor beam shape is evident in this focal spot image (Figure 4.17(a)) 

the focal spot shape is relatively uniform. This indicates a degree of spatial filtering 

occurred as with the Fresnel-polyethylene arrangement in the previous section. 
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Figure 4.16 Magnitude and phase of planes around the focus at (a) 23.5 mm (b) 24 mm (c) 24.5 

mm (d) 25 mm (e) 25 .5 mm. 
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Figure 4.17 Cross section of the focal point intensity (a) and focal plane intensity map (b). 

A scan down the x, z plane was conducted for the two binary lens arrangement 

which as can be seen in Figure 4.18 is similar in dimension to the result obtained in 

the single silicon and polyethylene lens setup. The intensity and phase patterns are 

considerably more noisy than the other result. Figure 4.18 shows the considerable noise 

present during this measurement relative to the silicon-polyethylene arrangement. 

0.9 

0.8 

0.7 

0.6 

'E 
.§,0.5 
x 

0.4 

0.3 

0.2 

0.1 

0.5 1.5 2 2.5 

Figure 4.18 The intensity of an x, z scan around the focal point between two four level binary silicon 

lenses. 

The signal quality in the x, z scan makes the measurement of a value for the depth 

of focus difficult and of little value due to the margin of error. Comparing this result 

with the x, z scan of the silicon and polyethylene set up indicates a range of intensity 

and beam width over what would appear a smaller range. However quantifying this 
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would require further measurements. This would indicate a depth of focus less than 34 

mm. 

4.8 SUMMARY 

Binary Fresnel lenses have been shown to work well in a dual lens system where con

tinuous wave radiation at 1 THz was focused and recollimated successfully using a 

combination of a silicon and polyethylene lens and two four level binary lenses. It 

was shown that an anti-reflection grating could be increase the terahertz transmission 

through a silicon wafer. Structuring these gratings on the back side of a lens would 

help increase the focal point intensity. The developmental nature of the CW terahertz 

system introduces a degree of uncertainty in the results as it is extremely difficult to 

align all the components and to identify what specific misalignment may be causing 

specific results. 

The measured FWHM and DOF of the lenses are of the same order as the theoret

ical values indicating the lenses operate as would be expected. The high signal to noise 

ratio in some of the measurements made it difficult to obtain accurate values for the 

lens characteristics. Further experimental characterisation was required to fully assess 

the performance of the silicon lenses. 





Chapter 5 

LENS TESTING USING PULSED TERAHERTZ 
EMISSION 

5.1 INTRODUCTION 

The majority of Terahertz measurement systems currently in use emit broadband pulses 

with frequency content as high as 50 THz [15] as described in section 2.2.2. The large 

number of potential spectroscopic applications [75] makes a pulsed system desirable 

as it eliminates the requirement for tuning of the source. It was therefore important 

to test the Fresnel lens in such a pulsed terahertz system to determine the broadband 

performance difficult to obtain with the CW system described in the previous chapter. 

A collaboration was arranged enabling these measurements to be taken at the 

laboratory of X.C- Zhang at the Rensselaer Polytechnic Institute (RPI), in Troy, New 

York, during a single three week research visit. Some additional scans with improved 

SNR were taken following these measurements. An emission method was chosen that 

would give high power around the 1 THz design frequency and large bandwidth [46]. 

A pulsed measurement system has the benefit over a continuous wave system in that 

it can demonstrate the performance of the lenses over a large section of the terahertz 

bandwidth in a single measurement. This section details two independent systems 

that were set up by the author with the assistance of the researchers at RPI, for the 

testing of 2-, 4-, and 8-level lenses and an aluminium zone plate in a pulsed terahertz 

system. Specific details of each of these systems are explained along with the broadband 

measurements obtained. 

5.2 SCANNING TERAHERTZ SYSTEM 

Initial pulsed measurements of the lenses were performed on a three dimensional scan

ning system, shown schematically in Figures 5.1 and 5.2. Because the efficiency of the 

lens in such a system was undetermined it was desirable to use a system where maxi

mum power would be obtained at the detector. This method measures a single point in 

the focal plane which can be detected with a lock-in amplifier [145] using electro-optic 
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Figure 5.1 Translation stage arrangement for scanning beam testing. Bold arrows indicate the major 
stage movements that are possible. 

detection [47]. For the measurement of the Fresnel lenses the terahertz emitter and 

the lens were fixed on an translation stage that could be shifted through x, Figure 5.1. 

On this stage the lens was such that it could be moved through x and y. These two 

micrometers enabled the lens to be aligned to the center of the input beam. The ZnTe 

detector crystal was placed on another set of micrometers such that it could also be 

aligned to the center of the beam. These were placed on a translation stage so that it 

could be shifted 45 mm through z. In this manner the x, z plane could be imaged. By 

assuming that the beam shape of the emitted terahertz radiation and the lens should 

both be rotationally symmetric, imaging a single x, z cross-section of the image plane 

should provide a good determination of the three dimensional focal patterns. By plac

ing the emitter and lens on the same stage and shifting the detector and not the lens 

through z any ambiguity in the results from a change in the terahertz beam is avoided. 

The details of the emission and detection mechanisms and a photograph of the 

layout of the optical table are shown in Figures 5.2 (a) and (b). The Ti:sapphire laser 

used to drive the terahertz system produced pulses with a 250 fs duration, a repetition 

rate of 250 kHz, and an average power of 600 mW. The pump beam is directed to 

the GaAs emitter crystal for the production of a terahertz pulse through nonlinear 

rectification of the incident laser pulse, and the probe beam is directed to the ZnTe 

detector crystal. A half wave plate was placed before the beam splitter to adjust the 

amount of power channeled into each of these beams. This enables most of the power 

to be used for terahertz emission. The path length of the pump beam is adjusted by a 

motorised delay stage which enables the timing of the terahertz pulse arriving at the 

detector crystal to be shifted relative to the probe pulse. This enables the temporal 

shape of the terahertz pulse to be determined at each point assessed. Subsequent 

Fourier analysis can be performed to find the frequency response of the Fresnel lens. 

Several lenses were placed in the pump beam optical path to first expand and then 
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collimate it onto the emitter. By doing this and arranging the path between the emitter 

and Fresnel lens to be as far as possible the terahertz radiation impacting the Fresnel 

lens should have a close approximation to planar wavefronts. 

The emitter used was a low temperature grown GaAs (LT-GaAs) crystal which 

was biased to 1200 V to give additional output power. Optical rectification of the 

femtosecond laser pulses impacting the emitter leads to the emission of a terahertz 

pulse. As described in section 2.2 there are a number of different emission methods 

Polarising 
Beam 
splitter 

Ti:Sapphire Laser 

THz ---+-

Emitter 

Optical delay line 

Binary 
lens 

Chopper Detector 

(a) 

(b) 

Figure 5.2 Optical table component layout schematic (a) and photo of layout (b) . 



88 CHAPTER 5 LENS TESTING USING PULSED TERAHERTZ EMISSION 

available. This particular emitter was chosen for its high power in the around the 

design frequency of the Fresnel lens (1 THz). Because of the inherently narrow band 

nature of the lenses the performance in the higher region of the terahertz band was 

not expected to be great. The spectral response of the terahertz emitter can be seen 

in the plot of Figure 5.3, which shows the spectrum of the terahertz pulse measured 

in the setup of Figure 5.3 with no Fresnel lens in place. The inset shows the temporal 

pulse waveform from which this spectrum is derived. Although half the pulse energy is 

below 0.5 THz, there is still good SNR at and above the 1 THz design frequency. 
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Figure 5.3 Terahertz spectrum from GaAs emitter and measured pulse (inset). 

An electro-optic measurement is used to characterize the terahertz pulse (Figure 

5.4). The probe beam is reflected from the front and backside of the Zn Te detector crys

tal. The impacting terahertz beam modifies the refractive index of the detector crystal 

and the probe beam reads this information out as a change in its polarisation. Because 

of this the back side reflection needs to be separated and blocked using an aperture. 

A slight difference in the reflected angles enables the two beams to be discriminated 

from each other. To achieve this the detector crystal needs to be on a slight angle as 

illustrated in Figure 5.4 The change in the probe beam's polarization is measured using 

a t wave plate, polarizing beam splitter and a balanced photodetector pair (see Figure 

5.2(a)). For each x, z data point the delay stage needs to be swept to measure the 

temporal pulse shape, which makes the entire measurement process quite slow. Ideally, 

to accurately raster scan the lens it would be necessary to place the emitter and lens 

on a y translation stage and change the angle of the optical pump beam such that 
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........... 
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Figure 5.4 Backside, internally reflected beam used for detection. 
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it still impacts on the emitter at the same point when the stage is shifted vertically. 

This would be non trivial to arrange, so there are some alignment issues that will have 

introduced a bias in the results. 

In this setup the probe beam was aligned so that when the detector crystal was 

removed the laser beam could be seen with an infrared camera impacting on the centre 

of the lens. An accurate measurement of the focus would require that the emitter 

crystal and the lens were aligned parallel to each other and perpendicular to the path 

of the probe beam. A slight misalignment in either of these can cause the focal spot 

to shift from the probe beam axis meaning that an x, z sweep may not pass directly 

through the centre of the focal point. This is illustrated in Figure 5.5 where it can 

be seen that a vertical shift in the position of the focus may give a misleading result. 

Because the focal spot is very small (of the order of a few hundred microns) and the 

peak of this covers an even smaller area the one dimensional results will contain some 

inaccuracy. 

Figure 5.5 Effect on perceived intensity of a mis-aligned x, z scan. 
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5.3 SCANNED BEAM RESULTS 

The scanning experiments gave a two dimensional measurement of t erahertz intensity 

for each of the lenses. Because each point of measurement is time consuming it is not 

practical to perform a full analysis on the x, z plane. A sweep was taken down the 

central z axis of the lens and a broadband assessment at 1 mm steps along this axis was 

taken. When each of these measurements was taken a spectral analysis was performed 

on the data in MATLAB [146] to determine the intensity of the radiation at different 

frequencies in the terahertz band. The point of maximum intensity was determined to 

be the focal spot of the lens and at this point a set of measurements in the x axis was 

taken. This procedure was followed for each of the 2-, 4-, and 8-level lenses and the Al 

zone plate. In this manner the image plane on the central x, z axis could be determined 

for each lens. The plane definitions and area imaged is shown in Fi~~ure 5.6. 

Figure 5. 7 shows the variation of intensity for a range of frequencies at positions on 

the lens axis moving away from a 4-level lens. The spectrum of the incident illuminator 

as shown in Figure 5.3, which is weighted toward frequencies in the lower part of the 

spectrum, explains the difficulty obtaining reliable signal strength and subsequently 

measurements above 1 THz. There is a definite shift in the focal length with changing 

frequency where higher frequencies have a longer focal length as would be expected 

with a Fresnel lens. 

.... 

~ 
z 

Figure 5.6 Three dimensional definitions of x, y and z for planes imaged beyond the lens. 

Observing the positions of frequency maxima in the plot of Figure 5.7(b) it can 

be seen that the linear relationship passes through the origin as would be expected. 

The lenses were designed to have a focal length of 25 mm at 1 THz however in this 

data the focal point appears to be several mm beyond this value (29:1:2 mm at 1 THz). 

The focal point dispersion from these results can be compared with theoretical analysis. 

The diffracted wave amplitude u(z) along the z axis with the binary lens can be written 
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Figure 5. 7 (a) Spectral intensity pattern at different positions beyond the lens and (b) plot of 
frequency at maximum intensity versus distance. 

as [147] 

(5.1) 

where An = sinc(n/L), Lis the number of levels of the binary lens, n is an integer, 

rp is the Fresnel zone radius, and.>.. is the wavelength. If r~ + 2A.nzn = 0, a maximum 

diffraction intensity can be obtained at the focal point Zn: 

r2 
Zn = - ~ , n = ±1, ±2, ... 

2An 
(5.2) 

For these lenses rp = 3.9 mm hence for the primary focus, where n = 1, a plot 

of the theoretical focal length at different frequencies in the terahertz band can be 

generated and compared to the experimental values. This is illustrated in the plot of 

Figure 5.8 where a focal distance for T-ray binary lens is predicted to be 25 mm at 1 

THz as designed. This equation assumes an infinite source where the beam impacting 

the lens is perfectly collimated. In practice the source was placed at a distance of 30 

cm from the lens which will cause a lengthening of the focal distance, according to the 

lens law concerning a non infinite object and its image through a lens, 

1 1 1 
-+-=
z z' fv 

(5.3) 

The focal points are recalculated at different frequencies with a 30 cm source using 

this formula yielding longer predicted focal lengths. There is a very close comparison 

between this theoretical result and the experimental values shown in Figure 5.7. 
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Figure 5.8 Theoretical focal distances for a 25 mm Fresnel lens for both an incident source (solid 

lines) and a point source 30 cm in front of the lens (dashed lines) . 

5.4 FOCAL POINT ASSESSMENT 

At the point in z along the axis where a maximum was observed for the four level lens 

a scan along x was performed for each of the four lenses to analyse the performance 

improvement that is achieved using multilevel structures. Line plots of the beam profile 

at 1 THz are shown in Figure 5.9 for 2-, 4-, and 8-level lenses together with an Al zone 

plate. Using multilevel lenses significantly improves the profile and the intensity of the 

beam focus. The 4-level lens is more than two times as efficient as the 2-level lens or 

zone plate, as expected [148]. The eight level lens performance should be slightly better 

than the four level lens however this is not the case in these experimental results. This 

difference in performance can be accounted for by the effects shown in Figure 5.5. It is 

likely that the eight level scan was not taken directly through the point of maximum 

focusing intensity. This assumption is confirmed with the two dimensional scans that 

were performed later, which have a better spatial resolution (section 5.9). 

For applications such as tomography the frequency content at any given plane 

needs to be as narrow band as possible. This enables more accurate determination of 

the distance of an object. An x scan of the frequency content of a 2-, 4-, and 8 level 

lens and an Al zone plate at the focal plane along the maximum in y as illustrated 

in Figure 5.10 was performed as shown Figure 5.11. Each of these intensity values 

were normalised by the free space beam intensity of Figure 5.3 to give a more accurate 

appreciation of the focused intensity at each frequency. 
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Figure 5.9 Efficiency comparison of four different lens structures. Measurements were taken at the 
focal plane. 

These plots show the improved focusing performance of the more complex optics. 

Not only do these appear to focus radiation more tightly at 1 THz but also have 

minimal intensity in the neighboring frequencies . The zone plate and the 2 level lens 

have significant frequency content as low as 0.5 THz while the 4- and 8- level lens have 

little signal strength below 0.8 THz. The 2 level lens in particular seems to perform 

Figure 5.10 Plane being imaged - frequency content in an x plane. 
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very poorly compared to the other optics containing a broad range of poorly focused 

radiation. These plots show very symmetric patterns with the smallest spot size at 

the design frequency. The size of the focal spots is smaller in the more complex lenses 

as would be expected with the greater diffraction efficiency attained from the multiple 

level construction. 

Analysing the intensities of the focused radiation peaks which have been plotted 

relative to the free space spectrum showed that an intensity of approximately 10 times 

of the input is achieved at the focus. The higher complexity four and eight level lens 

have a clear improvement in focusing with a smaller spot size. 

For the four level lens which in the scanned results appeared to have the best 

performance, several x scans were taken at different points in z to analyse the focusing 

ability at different frequencies and the degree to which the beam waist at the focus 

changes with frequency for these lenses. 

The shift in the focal points and the change in the intensity pattern of different 

frequencies at distances around the 1 THz focus (Figure 5.11 (c)) are shown in Figure 

5.12. Low SNR at the higher frequencies make analysis of focal points difficult. Ac

cording to the lens design certain frequencies are expected to peak at specific distances 

as shown in Figure 5.8. The measured peaks from these plots are compared to those 

predicted theoretically in Table 5.1. At the further distances from the lens lower fre

quencies are measured as peaking than predicted, as the higher frequencies have a much 

lower input power. Intensity patterns before a given frequencies focal point illustrate 

a series of ringed structures and a more blurred pattern at points beyond the focus as 

is characteristic of a Fresnel lens. This trend of radiation patterns before and after the 

focal point mirror those observed in the simulations of Chapter 6. 

Distance from lens Expected frequency peak (THz) Measured frequency peak (THz) 

12.5 0.45 0.45 

20 0.75 0.7 

32 1.15 1.05 

42 1.45 1.25 

Table 5.1 Comparison of theoretical and measured frequencies of maximum intensity and positions 

around the focus of a 4-level lens. 
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Figure 5.11 Frequency distribution at the y maximum across x on the focal plane of (a) an Al zone 
(b) a 2 level lens and (c) a 4 level and (d) an 8 level lens. 
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Figure 5.12 Frequency distribution at the x maximum on several planes of a 4 level lens at (a) 12.5 
mm (c) 20 mm (d) 32 mm and (e) and 42 mm. 
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5.5 TWO DIMENSIONAL IMAGING USING A CCD ARRAY 

The problems with spatial resolution of the point-by-point scanning method were over

come by changing the detector from a scanned single point system to a CCD array. This 

apparatus has been modified from a similar tomography set up [113]. The generation 

and detection follows the same principle as the scanning point-by-point experiment . 

The optical set up is illustrated in the diagram of Figure 5.13 and in the photograph 

of figure 5.14(b). The number of translation stages is reduced in this system with only 

two required . One is used to shift the ZnTe detector crystal in front of the lens and 

the other is to shift the timing delay of the pump beam. 

Zn Te 
detector 

Broad probe beam 

Figure 5.13 Emitter, lens and detector stage set up for CCD terahertz imaging system. 

Figure 5.14(a) schematically illustrates the electro-optic imaging set up with a 

CCD camera. The laser is a 1-kHz repetition rate amplified Ti: sapphire laser, capable 

of generating 100 fs pulses with energy of 700 µJ. The laser beam is split into a pump 

beam and a probe beam; both beams are expanded to 2.5 cm diameter and collimated. 

Through a 3 mm thick <100> ZnTe emitter, the pump beam generates terahertz 

pulses via optical rectification. The 2D THz image formed on the ZnTe electro-optic 

(EO) crystal is encoded onto the probe beam; a 4 mm thick <100> ZnTe with a 

effective aperture of 2 cm was used as an EO sensor. The image carried by the probe 

beam was focused onto a CCD camera. In this experiment, we define a laboratory 

coordinate system as follows: the axis of binary lenses was selected as the z axis, the 

x axis is parallel to the optical table and the y axis is perpendicular to the optical 

table. By scanning the time delay between the pump and probe beams and moving the 

binary lenses along the z axis, we are able to obtain the spatial and temporal terahertz 

distribution for each lens. 

Because a lock in amplifier can not be used to improve the signal to noise ratio 

with the CCD arrangement an alternative noise reduction technique was employed. By 
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gating the terahertz pulse with a chopper it is possible to determine the background 

signal which can then be removed from the signal received. This is achieved by placing 

a chopper in the path of the section of the laser beam before the terahertz emitter. 

Every time the laser beam is blanked by the chopper the signal received at the CCD 

is just that from the probe beam. This signal can then be subtracted from the signal 

when terahertz is present, reducing the influence of the laser noise in the measurements. 

Ti:Sapphire Laser 

Y. wave 
plate 

PBS 

THz ____. 

Emitter 

Optical delay line , 

Pump beam 
Chopper 

Probe beam 

(a) 

(b) 

z 
+-+ Pellicle 

CCD Detector 

Figure 5.14 Optical table component layout schematic (a) and photo of layout (b). 

This system has a much better spatial resolution than the scanning system, with 

a 175 µm pixel size over a 20 mm2 area, making it easier to identify a correct focus. 

At each of the planes in x, y a two dimensional reading of the terahertz pulse can be 
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obtained by shifting the delay of the pulse in the pump beam. From this the spectral 

content at each pixel can be determined by taking the FFT of this pulse. Scanning the 

detector crystal through z then allows for collection of a complete four dimensional data 

set. With this any plane in three dimensional space beyond the lens can be assessed 

for its terahertz intensity at a broad range of frequencies. 

Complete data sets were taken for each lens between 10 and 50 mm in front of the 

lens. From this any plane can be imaged, typically x-y and x-z slices are presented 

here, as illustrated in Figure 5.15. 

y 

/ 

(a) (b) 

Figure 5.15 Planes that can be imaged with CCD system (a) x-y planes and (b) x-z planes. 

5.6 INPUT BEAM 

The input beam was first characterized by removing the Fresnel lens. Figures 5.6 shows 

the free space beam intensity at frequencies in the range from 0 to 4 THz. As mentioned 

in the introductory chapters, it is still difficult to generate good, uniform sources of 

terahertz radiation. The two dimensional intensity plots show that the terahertz beam 

is far from uniform and that the point of maximum intensity at different frequencies 

shifts spatially. It is important to note the non-uniform distribution apparent in all of 

these plots which is then transferred to the intensity patterns when a lens is placed in the 

beam. The input beam spectrum is shown in Figure 5.6 (f), where it can be seen that 

the signal strength above 1.5 THz is quite weak. The inability to use lock in detection 

in the signal acquisition with a CCD reduces the signal to noise ratio compared to 

the point-by-point measurements which prevents the accurate determination of higher 

frequency terahertz information. 
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5.7 FOCAL LENGTH MEASUREMENTS 

The various lenses and zone plates were placed in the beam. The focal point as a 

function of frequency was determined first. At each z point the maximum intensity on 

the x, y plane at each frequency around 1 THz was extracted to give a plot showing how 

broadband terahertz radiation is focused at different distances from the lens, Figure 

5.17. Analysing the focal plane images of different frequencies this point of intensity 

lies within a constrained space in the centre of the x, y plane. Because of the drop 

off in power of the terahertz source at higher frequencies it was necessary to divide 

the focused intensity by the intensity profile of the free space beam to give a relative 

focusing representation. From these intensity maps the frequency of maximum intensity 

at each z point was extracted and plotted in the right hand figure of Figure 5.17. 

Each of the lenses show a linear trend in the shift in focal point with frequency 

which, as expected, is the same for each lens. The linearity and clarity of each of these 

plots is improved in the more complex lenses which have better focusing ability. As 

with the scanned results it is possible to compare this shift in focus with the calculated 

shift which compare very closely. The line on the right hand plots is the calculated 

focal distance for each frequency with a 30 cm distance between source and lens as 

derived in section 5.3. 

Looking in more detail, several observations can be made. It can be seen that 

the Al zone plate performs very poorly where, although there is a clear line of focal 

intensity that follows the same pattern as the other lenses, the intensity is not high and 

the differentiation between the intensity at the focus and at other regions beyond the 

lens is not great. The two level lens illustrates much clearer focusing ability than the 

zone plate, although it performs quite poorly around the design frequency of 1 THz 

with a significant drop in the intensity. The reason for this unexpected drop off in 

intensity is explained in the simulation chapter in section 6.4.2. Unlike the zone plate 

there is a clear distinction between the intensity at the focus and other regions. The 

four level lens shows what appears to be an area of high intensity over a large z range 

which in some regions appears to form a focus at two separate positions in z. This 

lens illustrates much improved focusing into the higher frequencies, something which 

is observed to be improved upon even more in the eight level lens. 

5.8 X-Z SCANS 

Analysing the x-z plane intensity pattern on a plane intersecting the focus (Figure 5.18) 

gives an indication of a lens's depth of focus. The depth of focus (DOF) is defined as 

the distance through which satisfactory focus can be maintained either side of a lens's 

focal point. It is generally accepted that this is between the region where the focal spot 

size remains less than v'2 times its smallest value. This distance is also related to the 
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Figure 5.17 Spectral intensity distribution (left) and maximum intensity (right) of broadband THz 
normalized to the free space intensity down the z axis of (a) an Al zone plate, (b) a 2 level, (c) a 4 
level (d) and an 8 level lens. 
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Rayleigh range, specifically meaning the DOF is twice the Rayleigh range [115] . 

z 

Figure 5.18 Plane being imaged x, z intensity map at 1 THz 

Analysing each of the lenses at 1 THz gives an indication of the tightness of the 

focus along the x, z plane which is shown in Figure 5.19. The non-uniformity of the 

free space beam can be seen propagated into all of the patterns in Figure 5.19 which 

are not symmetric. At locations around the focal point the FWHM was extracted to 

determine the Rayleigh range where the beam waist is increased by 1.4. The apparent 

poor focusing of the 2-level lens at this frequency meant there was little point extracting 

a DOF. However a value could be determined for the other three lenses. These values 

and the expected uncertainty in the measurement are shown in tabl'e 5.2 

Lens type DOF Error 

Zone plate 12.6 mm ±lmm 

4 level lens 5.2 mm ±0.5 mm 

8 level lens 2.64 mm ±0.25 mm 

Table 5 .2 Depth of focus for different lenses (Increased noise in lesser complexity lenses results in a 

larger measurement error) . 

As is characteristic of a Fresnel lens, each of the optics form a ringed radiation 

pattern, which converges to a focal point. These results illustrate how these patterns are 

less prominent with a multiple level diffractive optic where a tighter focus is obtained. 

In section 4.5 a DOF of 3.35 cm is determined for a zone plate. The 8-level DOF was 

measured to be 79% of this and the other lenses had a larger measured value. This will 

in part will be due to the diverging input beam, the non-Gaussian input and also the 

difficulty determining the measured value accurately due to noise. 
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Figure 5.19 Intensity plot at 1 THz along the x, z plane of (a) an Al zone plate (b) 2 level lens (c) 
4 level lens ( d) and 8 level lens. 
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5.9 X-Y SCANS 

An x, y scan at the measured focus (z = 27 mm) at the design frequency of 1 THz gives 

information about the relative focusing ability and focal plane intensity distribution of 

the different lenses. Intensity plots were analysed on the plane as in Figure 5.20. A 

range of different lenses were used in the testing so that a relative comparison could be 

attained to enable an assessment of the multi-level lenses. At each point in the focal 

plane at 25 mm from the lens the FFT was taken of the terahertz pulse from which 

the 1 THz intensity could be extracted. 

z 

Figure 5.20 Plane being imaged - x, y plane intensity at 1 THz focal length 

For an L-level binary lens the theoretical diffraction efficiency is 

'T/ = sinc2 (1/L) (5.4) 

The point at n = - 1 is defined as the main focal point with the focal length f = z_1 = 

r;/2>.. . The diffraction efficiency increases rapidly with the number of phase levels L 

[148], and the calculated diffraction efficiency theory versus L is shown in Table 5.3. 

For a binary lens with 1=8, the diffraction efficiency reaches 95% in contrast with a 

2-level lens with 41% efficiency. The Al zone plate would not be expected to have a very 

high efficiency. Half of the radiation is blocked from passing through the lens by the Al 

pattern. Coupling this and the limited amount of radiation in the first diffracted order, 

a theoretical maximum of under 10% of the radiation impacting on the lens would be 

expected to be measured at the focus. 
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Lens Expected efficiency 

Zone plate <10% 

2 level lens 41% 

4 level lens 81% 

8 level lens 95% 

Table 5.3 Theoretical lens diffraction efficiencies. 

The 1 THz focal plane image is shown for each lens in Figure 5.21. For each lens 

the plan view of the intensity map is shown illustrating the size and position of the 

focus, as well as an isometric view normalized to the maximum intensity of the 8-level 

lens to give an appreciation of the relative focusing ability of the different lenses. Both 

the zone plate and the 2 level lens illustrate low efficiency and a focal spot intensity 

only just larger than the noise. The 4-level and 8-level have a much increased focal 

spot intensity and a much reduced quantity of terahertz radiation in the plane around 

the focal peak than is evident in the basic structures. 

There are several issues that need to be taken into consideration when trying to 

measure the efficiency of the lenses. These issues will lead to a reduction in the intensity 

at the focus. Firstly, the terahertz beam incident on the lens will not pass through 

completely. The high refractive index of the silicon will result in a large reflectivity at 

each air silicon interface (30% for a bare air-Si interface). There will also be some losses 

due to the absorption in the silicon; measurements using a high resistivity wafer of about 

1000 Dem showed more than twice the transmission of an equivalent wafer of resistivity 

10 Dem. These reflection and absorption losses are on top of the losses incurred from 

the fabrication errors or complexity of the respective lenses. Because of this, a relative 

comparison of the different lenses is of most interest. What is of particular interest is 

the degree to which the more complex optics outperform their simpler counterparts. 

Because there is a significant difference in the structuring complexity of an eight level 

lens and a zone plate it needs to be ascertained if such a structure will yield significant 

benefits. 

From purely assessing the intensity maximum of each lens it is clear that the 

more complex multilevel lenses perform better. As the level number of the binary 

lens increases, a smaller focal area and sharper focused THz peak are observed. The 

two level lens performed very poorly as seen from the performance in the x, z plot 

(Figure 5.21(a)) where there is a little to no focusing in the 1 THz region. The reason 

for this is that the depth to which this was etched was not ideal as explained in the 

simulation section (section 6.4.2). The performance improvement of the eight level lens 

is significant displaying an improved intensity and a much tighter focus than the other 

optics. The relative peak intensities for each lens are shown in Table 5.4 
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Figure 5.21 Focal plane intensity plots at 1 THz for (a) an Al zone plate (b) a 2 level lens (c) a four 
level lens and (d) an 8 level lens. 
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Measured Theoretical 

Lens Relative peak intensity Relative peak intensity 

Zone plate 0.38 0.11 

2 level lens 0.2 0.42 

4 level lens 0.75 0.85 

8 level lens 1 1 

Table 5.4 Theoretical lens diffraction efficiencies. 

The theoretical relative peak intensity values, derived from the expected diffraction 

efficiency of the different lenses, give an indication of how the different structures 

should perform. Although there is a general upward trend in the peak intensity of the 

optics this trend does not follow the theoretical values. This can be explained through 

the design and fabrication incongruities, see section 6.4.2. The focal pattern of the 

zone plate shows that although the peak intensity is higher than expected, relative to 

the other lenses, the radiation is poorly focused. This indicates that this terahertz 

distribution is probably mostly noise. 

These results show the clear performance benefits obtained from creating multiple 

level lenses. It is possible to expend this fabrication technique to create a 16 level 

structure. However the expected performance enhancement is small as a theoretical 43 

gain in diffraction efficiency may be reduced through problems incurred with alignment 

of the multiple masks. However the significant improvement in the DOF of the more 

complex lenses from the result in section 5.8 may make a more complex structure 

desirable for certain applications. 

5.10 FREQUENCY CONTENT AT THE FOCAL PLANE 

The frequency content at the focal distance of 25 mm was also measured to show how 

well these devices could perform for spectroscopic and tomographic applications. At 

the focal point it would be expected that there was only significant frequency content 

in the region of 1 THz (ie; the Fresnel lens is expected to have a significant chromatic 

aberration). This can be exploited in applications such as tomography [113] however 

for a lens to be useful in this respect it needs to uniquely focus radiation of different 

frequencies at different distances. This was assessed at the focal plane by taking a cross 

section at the point of maximum intensity in y and looking at the frequency content 

across x as shown in the diagram of 5.22. 
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Figure 5.22 broadband focusing assessment at the 1 THz focal plane. 

Focal plane frequency spectra are shown in Figure 5.23. Again the performance 

trend follows the same pattern, with the 8 level lens containing a radiation intensity 

in a very narrow band compared to the other lenses. The 2 level lens and Al zone 

plate show a much higher intensity in the frequency band below 1 THz than do the 

4-level and 8-level lenses. The 8-level lens clearly shows the best performance, with 

the spectrum at the focal point (x=lO mm) having a FWHM of only 427 GHz. This is 

suitable for spectroscopic or tomographic terahertz applications, as has already been 

demonstrated with this lens [114]. 

5.11 COMPARISON OF FRESNEL LENSES WITH 
REFRACTIVE LENSES 

Currently any focusing of terahertz is performed using either reflective lenses or refrac

tive lenses made of polyethylene or silicon. It is of interest to compare the diffractive 

optic lenses that were fabricated with these existing refractive lenses. For this com

parison a four level lens with focal distance of 2.5 cm was compared to a biconvex 

polyethylene lens of focal distance 5 cm and biconvex silicon lens of focal distance 10 

cm. The Fresnel lens, polyethylene lens and silicon lens have the F # (focal distance 

/ lens diameter) of 0.83, 1 and 2.5 respectively. Figure 5.24 provides the THz ampli

tude distribution along a line across the focal center on the focal plane for each lens 

measured with the CCD terahertz system. 

On the focal plane of the Fresnel lens, a sharp THz focal point and a THz ring were 

formed (Figure 5.24). The focused THz distribution of the Fresnel lens is more sym

metric compared to that of the silicon or polyethylene lenses. This means the spherical 
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Figure 5.23 Frequency distribution at the x maximum on the focal plane of (a) an Al zone plate (b) 
a 2 level lens (c) a 4 level lens and (d) an 8 level lens. 
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aberration of the Fresnel lens is less than that of the silicon lens or polyethylene lens. 
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Figure 5.24 THz intensity distribution along a line across the focus center on the focal plane for all 

three lenses . (For clarity, the curves were vertically shifted). 

The THz pulse waveform and Fourier spectrum of the three lenses at the focal 

point were also obtained and are shown in Figure 5.25. As can be seen, the Fresnel lens 

focused THz waves more efficiently in the frequency range of 0.5 to 1.1 THz whereas 

the spectrum for the other lenses is almost identical to the source spectrum (Figure 

5.6(f)). 
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Figure 5.25 (a) THz waveforms and (b) Fourier spectra of 3 lenses at their focal point . (For clarity, 

the curves in (a) were vertically shifted). 
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This result suggests that the Fresnel lens could be used as a focused terahertz 

band pass filter. The focusing performance of the three lenses is compared at different 

terahertz frequencies and is shown in Figure 5.26. The theoretical minimum focus spot 

is [149] 

(5.5) 

where wo is the minimum focus radius, is the focus wavelength and F'# is the F-number 

of the lens . For convenience of comparison, the focal size is normalized by dividing by 

the F# number in Figure 5.26. The Ftesnel lens shows good focusing performance at 

frequencies from 0. 7 to 1.4 THz, and is comparable to the silicon lens at 1.4 THz. 
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Figure 5.26 Normalised spot size variation with terahertz frequency for diffractive and refractive 

lenses. 

5.12 SUMMARY 

The temporal and spatial THz distribution for an amplitude and a set of increasingly 

complex phase zone plate T-ray binary lenses were fully assessed. The eight level silicon 

binary lens performed best in all aspects of focusing. As the level number of the T-ray 

binary lens is increased, not only does the diffraction efficiency increase, but also the 

THz spatial distribution shows a tighter focus and a reduced loss of power into side 

lobes, giving a more comparable performance to conventional refractive THz lenses. 

The 8-level lens showed an order of magnitude increase in the intensity at the focus 

compared with a simple 2-level device. There is a linear relationship between frequency 

and focal distance for each lens which again is more clearly defined in the more complex 

structures. The multiple level lenses also show a more narrow band nature at the focal 

point making them more desirable for spectroscopy and tomography applications. 







Chapter 6 

LENS SIMULATIONS 

6.1 INTRODUCTION 

The complexity and time involved in creating different multilevel lens structures makes 

experimental optimisation a daunting task. Modeling enables the formulation of numer

ous different lenses and gives insight into the effects on different designs or fabrication 

issues that will affect the efficiency of these structures. Many of these structural changes 

may be hard to measure experimentally. Simulation can give a less ambiguous deter

mination of how the physical process can be improved to give minimum turn around to 

a better device. Analysing how deviating from different aspects of the microfabrication 

process can effect the efficiency of the structure is important. This highlights which 

processes need strict control and helps minimise the cost of fabrication by avoiding un

necessary accuracy in techniques that have little bearing on the efficiency. A detailed 

sensitivity analysis is provided in the following chapter. 

This Chapter first describes some of the techniques that are available to simulate 

diffraction problems. The accuracy and practical computing requirement of the Fraun

hofer approximation lends itself well to the simulation of these large complex structures. 

The formulation of this simulation technique is described in detail. Using this model 

the lens characteristics are investigated to show how structures of different complexity 

are expected to perform. These simulations are used to explain some of the results 

of the previous measurement chapters. The final section highlights some design issues 

and their effects on the efficiency and versatility of different designs including zone step 

positions, focal distances and effect of wafer sizes. This gives some information on the 

potential limits of application for diffractive optic terahertz lenses. 

6.2 OPTICAL DIFFRACTION ANALYSIS TECHNIQUES 

Diffraction occurs when a wave encounters an obstruction. Whether the obstacle be 

transparent or semi-transparent, certain regions of the wavefront will have their am

plitude or phase altered. Beyond the obstacle altered segments of the wavefront will 

interfere to form a diffraction pattern. The wave nature of electromagnetic radiation 
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means that these resultant wavelets will combine at every point in the region beyond 

the obstruction. The adjusted optical path lengths of certain wavelets may interfere 

with others either constructively or destructively depending on their phase at the given 

point. 

The Huygens-Fresnel Principle states that every unobstructed point of a wavefront, 

at a given instant, serves as a source of spherical secondary wavelets (with the same 

frequency as that of the primary wave) [150]. The amplitude of the optical field at any 

point beyond is the superposition of all these wavelets (considering their amplitudes 

and relative phases) 

The relative size of an obstruction or aperture to the wavelength will determine the 

wavefront shape at points beyond the structure. If the wavelength is large compared 

to a given diffracting feature, the waves will spread out at large angles from the region 

beyond it. As the waves propagate away from the feature they will tend to approximate 

a parabolic and then a more linear form. It is at these different points in space that 

different forms of scalar diffraction apply. 

6.2.1 Scalar vs Vector analysis 

There are a number of different techniques for analyzing optical diffraction. These can 

be divided into two classes, vector and scalar. A scalar technique does not take into 

account the field direction (where all fields are in the same direction). Comparatively 

vector analysis takes into account the direction of all fields. 

Scalar treatments include Huygens' Principle, Rayleigh-Sommerfeld theory, and 

the Kirchhoff formulation [151, 152]. Fraunhofer and Fresnel approximations are de

rived from the Kirchhoff model. Each of these theoretical models has strengths and 

weaknesses which lead them to be particularly suited to a range of different problems. 

The choice of which model is appropriate for a given problem is dependent on accuracy 

requirements and computational capability. 

It can be difficult to discern which scalar diffraction model is appropriate for a 

certain problem. In applying a diffraction model there are usually two main points 

to consider. First the fields exiting a diffracting object need to be obtained. The 

second step involves propagating those fields to the desired observation point. These 

are distinct and separate parts of the scalar diffraction models listed above. If the 

resulting diffraction pattern is at all inaccurate, it is difficult to determine how much 

of the error in the resulting fields is due to incorrect boundary fields and how much is 

the result of the propagation calculation. 

In any case, scalar theory calculations based on simple assumptions about boundary 

fields generally depart somewhat from experimental data. This is particularly true for 

cases when the diffracting aperture or features therein are not large compared to a 
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wavelength. Approximation of the boundary field distribution is at least partly to 

blame. 

Vector models are capable of obtaining more accurate solutions, particularly for 

near fields. Such treatments apply electromagnetic boundary conditions, derived from 

Maxwell's equations [1], to the diffracting aperture. The accuracy of boundary fields 

obtained in such a manner depends on the ability to solve the boundary condition 

equations. Again, for complicated diffracting objects, the calculation is often extremely 

difficult if not impossible. 

Vector solutions are more accurate while becoming computationally more complex. 

The spatial position of interest of a problem will determine which calculation method 

is the best to employ. This is determined by the size of the aperture or feature in

volved and the corresponding distance to the point of interest. Moving beyond a given 

structure to increasing distances in space we can assume the form of the wavefronts 

to move from circular to parabolic to planar in shape. It is important to delineate 

where sufficient accuracy can be obtained while minimising the computational power 

required. This is especially pertinent when considering large complex three dimensional 

structures that require large matrix complexity to accurately represent their form. The 

next sections provide a review of different vector and scalar models. 

6.2.2 Vector techniques 

Maxwell's equations describe the behavior of electromagnetic waves in all practical 

situations. They connect vector quantities applying to any point in a varying electric 

or magnetic field. Diffraction problems can be simulated in terms of these equations 

and boundary conditions, however simplifying approximations are required to allow 

the simulation of complex geometries. A number of vector numerical techniques are 

available for the solution of electromagnetic problems. Each numerical technique is 

well suited for the analysis of a particular type of problem. These techniques can be 

defined as integral or differential methods depending on whether they solve the integral 

or differential form of Maxwell's equations. 

6.2.2.1 Finite Difference Time Domain 

The FDTD (Finite Difference Time Domain) algorithm was first established by Yee as 

a three dimensional solution of Maxwell's curl equations [153]. 

8H 1 ~ 

8t 
--\JxE 

µ 
(6.1) 

8E 1 
8t 

-\JxH 
E 

(6.2) 
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In principle, a volume of space containing any object or collection of objects is sub

jected to an electromagnetic disturbance, FDTD then solves for the fields throughout 

the volume as a function of time. Application of FDTD requires that the diffracting 

structure and surrounding space are divided into two interleaving grids. One contains 

nodes where the electric field is solved and the other contains nodes where the magnetic 

field is solved. 

Figure 6.1 shows a 'Yee unit cell' in which the E and H field components are 

considered to be interlaced. The four E components surrounding the point ( i, j, k) 
trace out a clockwise path and therefore have some curl. The equations state that the 

Hy increases in response to a curl in this direction, with a constant of proportionality 

given by 1 / µ. This constant specifies the magnetic permeability at location ( i, j, k). 

Similarly the rate of change of the Es to the curl of the H components can be determined 

with a constant of proportionality of l/c 

iE, 

Figure 6.1 Yee cube illustrates the interaction of the electric and magnetic fields. 

FDTD calculations can provide significantly more accurate near fields than the 

approximations often encountered in scalar diffraction theory [154]. Given that the 

near fields produced by the FDTD computational method can be close approximations 

of Maxwell fields, all that should be required of a propagation model is that it retain 

the Maxwellian nature of those fields as they propagate away from the near zone. Any 

such propagation model should produce an accurate diffraction pattern from accurate 

fields on the surface of a diffracting aperture [155]. 

Accurate solutions require a grid spacing much smaller than the structure geom

etry. For the 3D simulation of the terahertz lens structures the grid size required is 

prohibitively large. Although this model can potentially provide very accurate solutions 

the problem is too large for current computing capabilities. 
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6.2.2.2 Finite Element analysis 

Similar to FDTD, the Finite Element Method (FEM) involves dividing the configura

tion into a number of small homogeneous pieces or elements [156]. The elements can 

be smaller in areas where geometric details exist or in highly conductive regions where 

there can be rapid changes in the fields. In each finite element, a simple variation of 

the field quantity is assumed. The corners of the elements are called nodes and it is 

at the nodes that the field quantities are determined. The major advantage that fi

nite element methods have over other electromagnetic modeling techniques is that the 

electrical and geometric properties of each element can be defined independently. This 

enables more efficient calculation by creating larger elements in relatively open regions 

and large numbers of small elements in regions of complex geometry. Calculation times 

are typically long and although more suited to lens simulation than FDTD this method 

is still too computationally intensive. 

6.2.2.3 Rigorous Coupled Wave Analysis 

Rigorous Coupled Wave Analysis (RCWA) is a differential method of solving Maxwell's 

equations for infinitely periodic structures. First developed for the solution of planar 

gratings [157] it has since been developed for the solution of surface relief gratings [158]. 

In RCWA the permittivity of the grating region is represented by a Fourier expansion. 

This allows the treatment of a wide class of gratings (planar or surface relief, lossy 

or lossless, single grove or multigroove) in a unified way. Non-rectangular gratings 

are constructed by making grating stacks in a staircase structure to approximate the 

profile. Obtaining good accuracy of such structures requires large numbers of layers 

which can become computationally intensive. This simulation method was used for 

grating simulation in this work with the use of the package GSolver [143]. 

6.2.3 Scalar techniques 

The analysis of structure defects in the simulation of these lenses demands the ability 

to create structures in three dimensions such that effects can be introduced to a three 

dimensional structure at different stages of fabrication. Because the matrix complexity 

required to create such a three dimensional structure is significant and the structure 

size is large, forms of vector analysis become computationally prohibitive. Hence a 

scalar method is required. Different scalar techniques are reviewed here before the 

Fresnel/Fraunhofer propagation method that was used is described. 

6.2.3.1 Geometric ray propagation 

Some simple optics problems can be solved with basic ray propagation. This simply 

involves analysing the refractive indicies and path distances to determine the direction 
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of beams through a set of media. At a very basic level this can predict the reflection 

and refraction of radiation as it passes through a structure using Snell's law, Fresnel 

reflection coefficients and trigonometric functions. 

According to Snell's law of reflection and refraction 

v· i (6.3) 

(6.4) 

where Vi is the incident angle, Vr is the reflected angle and ni and n2 are the refractive 

index of the two media as shown in Figure 6.2 

When a plane wave is incident on an interface between two media some of the 

beam can be reflected and some refracted. If the incident field is electrically polarised, 

Vz = Ez the reflected and refracted components are given by 

Re exp (-jk1sr) 

Teexp (-jk2st) 

Similarly, if the incident field is magnetically polarised, Vz 
refracted components are given by 

Rmexp (-jk1sr) 

Tmexp (-jk2st) 

(6.5) 

(6.6) 

Hz the reflected and 

(6.7) 

(6.8) 

where k is the absorption coefficient and R and T are the reflection and transmission 

coefficients [159]. 

Reflected 
y 

Refracted (transmitted) 

x 
k1 =m~ 

Incident 

Figure 6.2 Rays impacting an interface are reflected and/or transmitted according to Snell's law. 

Ray tracing is a widely applicable technique for modeling the propagation of light 

through an optical system, however ray tracing is not appropriate for all modeling 

tasks. Rays are incoherent in the sense that the path a ray takes during propagation 
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is not affected by the presence or absence of other rays and subsequently is not ideally 

suited for simulation of diffractive optics. However, this technique can be used in the 

lens design. 

6.2.3.2 Ray Matrices 

For many optical components a 2 x 2 ray matrix or ABCD matrix can be defined. The 

effect of the component on a ray can then be determined by multiplying this ABCD 

matrix with the ray vector[160]. The effect on rays of complex systems of multiple 

lenses can be evaluated by multiplying the ray matrix for each component together 

with the ray vector. 

A light ray can be defined by two co-ordinates, its position, x, and its slope() from 

the optical axis. For most optical components where the displacements and angles are 

small the system can be defined in terms of partial derivatives. 

Xo-ut (6.9) 

(6.10) 

These can then be written in matrix form 

[ 

X l [ OXout out OX in 

() ~ 
out <lx;n 

where 6f 0
•
11t is the spatial magnification and 6f8a_ut is the angular magnification. As with 

uXin u in 

other ray propagation methods ABCD matrices do not deal with the interaction of 

waves well and hence are ill suited for diffraction analysis. 

6.2.4 Fresnel and Fraunhofer propagation 

As previously mentioned the point at which a scalar diffraction propagation method 

becomes valid is where the wavefronts approximate a certain shape. Beyond the point 

where z > A where vector solutions should be used the Rayleigh Sommerfield solution 

becomes valid. At this point the wavefronts should be spherical in nature. Beyond this 

where the waves become parabolic in nature the Fresnel approximation should be used. 

Here 

3 k [ 2 2] 2 z > -
8 

(x2 - x1) + (y2 - Y1) 
7r max 

(6.11) 

where k = wn/c and the spatial limits are as shown in Figure 6.3. 

In the far field the wavefronts are approximately linear where the Fraunhofer ap-
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proximation becomes valid. At this point 

k [ 2 2] z > - (x2 - x1) + (y2 - Y1) 
27r max 

(6.12) 

A general guide to when Fraunhofer diffraction is applicable at an obstacle or aperture 

of greatest width a is when 

(6.13) 

Where R corresponds to the smallest distance to either the source illuminating the 

aperture or the point of interest beyond. 
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Figure 6.3 Coordinates of scalar model limit. 

z 

The feature sizes relative to the wavelength and the large distances beyond the 

lens that are the points of interest mean the Fraunhofer approximation is valid. The 

following derivation illustrates how the Fraunhofer approximation of far field intensity 

planes can be determined by calculating the phase profile after the lens and then 

propagating this to the plane of interest using a Fourier transform. 

6.2.5 Derivation of the Fraunhofer far field approximation 

In free space from Maxwell's Equations we have 

(6.14) 

In this equation 'ljJ can be a component of electric or magnetic field. If the radiation is 

monochromatic and coherent, then 

'l/;(x, y, z, t) = 'lj;(x, y, z, t)e-jwt ( 6.15) 

Substituting this into the differential wave equation yields Helmholtz's equation 
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(6.16) 

where w / k = c and k is the propagation number equal to 27r / >.. Consider propagation 

which is nearly parallel to the z axis giving 

'lf;(x, y, z, t) = fz(x, y)e-jwt (6.17) 

where fz(x, y) varies slowly with z. Substituting this into the Helmholtz equation yields 

jkz [8
2 

fz + 82 
fz + 82 

fz + 2 .k 8fz _ k2f] = -k2f jkz 
e 82x2 82y2 82 z2 J 8z z ze (6.18) 

This paraxial approximation neglects 0;/i since fz is assumed to vary very slowly with 

z. With this assumption we get the paraxial wave equation 

(6.19) 

The paraxial wave equation can be solved to yield the paraxial diffraction integral using 

the two-dimensional Fourier transform. 

Let Fz ( u, v) denote the two-dimensional Fourier transform of f z ( x, y) so that the 

Fourier transformed paraxial wave equation is 

(6.20) 

Rearranging this yields 

( 6.21) 

which can be directly integrated to give 

[ 
j21r2 ] 

Fz(u, v) = Fo(u, v)exp - -k-(u2 + v2)z (6.22) 

Since the two-dimensional inverse Fourier transform of exp[-j27r2(u2 + v2 )z/k] is 

1 [ .k ] 
h(x, y) = j>.z exp ~)x2 + y2

) (6.23) 

where>.= 27r/k. 

Taking the inverse Fourier transform of 6.22 gives the convolutional relationship that 

is the paraxial diffraction integral 
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1 1= 1= [jk ] fz(x,y)=7\ fo(xo,Yo)exp -
2 

((x-xo) 2 +(y-yo)2 dxodYo 
)AZ _

00 
_ 00 Z 

(6.24) 

This equation states that the field amplitudes at the plane at z are related to those at 

the plane z = 0 by a linear, shift-invariant filtering operation with an impulse response 

h(x, y). Whenever this equation is valid the point of observation is in the Fresnel region 

of diffraction. This is the point where z > (c-2! 772 ), where k is the wavenumber and E 

& 77 are spatial coordinates. The quadratic terms in the exponential of the diffraction 

integral can be expressed as 

exp[;~ ((x-xo) 2 +(y-y0 )
2

)] =exp[;~(x2 +y2)] x 

exp [-j: (xxo + YYo)] exp [;~ (x5 + Y5)] 

Which simplifies to 

1 1
00

1
00 

fz(x, y) = '). p ( ) Jo (xo, Yo) Pz (xo, Yo) x 
J z z x' y -()() -()() 

exp [-j27r (-j27r ( xxo:;. YYo])) dxody0 

(6.25) 

(6.26) 

where Pz(x, y) =exp [ ~(x2 + y 2
) J, which is a phase factor with unit modulus. Break

ing the paraxial diffraction integral down for propagating a field through a distance z 

in free space may be interpreted as a sequence of three operations 

1. Multiplication of fo(xo, Yo) by the phase factor Fo(xo, Yo) 

2. Calculation of the two dimensional Fourier transform with spatial-frequency vari

ables x/(z>.) and y/(z>.) 

3. Multiplication of the result by a further phase factor Pz(x, y) 

The field at the plane z = 0 can be assumed to be nonzero over a relatively small 

region determined by the diffracting structure in that plane. Considering a point at 

z which is sufficiently far the phase factor Pz(xo, Yo) ~ 1 over the entire region of the 
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(xo, Yo) plane in which fo(xo, Yo) is non-zero. Hence 

1 100100 fz(x, y) = .A p ( ) fo(xo,_Yo) x 
J z z x' y -oo -oo 

exp [-j27r (-j27r ( xxo z: YYo))] dxody0 (6.27) 

From this one can observe that fz(x, y) is just the two-dimensional Fourier trans

form of fo(xo, yo) except for a multiplicative phase factor which will not affect the 

intensity of the diffracted light. This is the Fraunhofer approximation and is valid for 

the region where z > 2k [(x2 - x1)2 + (Y2 - Y1)2] [161]. 
1f max 

6.2.6 Technique comparison 

With the exception of the original Huygens' Principle, all of the diffraction theories 

contain propagation models derived from Maxwell's equations. Propagation models in 

the scalar Rayleigh and Kirchhoff theories are based on the Helmholtz wave equation, 

which is obtained directly from Maxwell's curl equations. After application of Green's 

Theorem, the propagation models are derived. The scalar propagation models are then 

applied to each vector component of the boundary field. If the vector near fields adhere 

to Maxwell's equations, the component-by-component propagation of those fields em

ploying a method derived from the wave equation should, in theory, produce Maxwell 

far fields. 

The differences between scalar theories result from different aspects of the boundary 

fields employed in their respective propagation models. As a result, incorrectly speci

fied boundary fields can lead to different diffraction patterns from these scalar theories. 

Conversely, given the same accurate boundary values, these propagation models should 

produce the same diffraction pattern. So for many electromagnetic problems there are 

several simulation methods available the choice of which is determined by computa

tional ability. In this work Fresnel and Fraunhofer propagation methods were used 

because they provide relatively fast accurate solutions. 

6.3 IMPLEMENTATION OF FRESNEL/FRAUNHOFER 
PROPAGATION 

The code was developed in MATLAB, a matrix manipulation script language from 

Mathworks [146]. The multiple level lenses were built up in an array as they would 

be in the fabrication process. Through doing this, features such as surface distortion, 

depth control, mask alignment and step dimension could be investigated at different 

stages of the process. As each stage is exposed to different amounts of etching a more 
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accurate representation of the effect on focusing efficiency from a particular defect is 

obtained. 

The phase profile is determined by determining at each pixel the phase of the 

radiation of interest after passing through a distance of silicon and a distance of air, 

(6.28) 

where n is the refractive index, D is the thickness of the wafer and dis the etch depth 

at point (x, y). 

This is dependent on the thickness of the wafer, which in these simulations was set 

to 400 µm replicating the wafers used, and the depth etched at each location. An input 

beam is created in the form of a three dimensional Gaussian wave which is multiplied 

with the phase profile. From this the two dimensional Fourier transform can be used to 

determine the intensity profile at any position beyond the lens. From this the important 

details of the lens focusing ability can be extracted such as the focal distance, depth of 

focus and the full width half maximum. 

As highlighted in section 6.2.4 the Fresnel and Fraunhofer diffraction models can 

be applied at z values defined by equations 6.11 and 6.12 respectively. At a particular 

z value the appropriate propagation method is chosen depending on this formula which 

for a square lens simplifies to z < 2D2/ >.., where D is the lens diameter. The Fresnel 

approximation is obtained by convolving the Fourier Transform of the phase profile 

with the Fourier transform of the kernel and taking the inverse Fourier Transform of 

the result. The Fraunhofer approximation is obtained by multiplying the phase profile 

by a phase factor, taking the Fourier Transform and then multiplying by a further 

phase factor. A flow diagram of the code algorithm is shown in Figure 6.4 

The resolution of the structures simulated was varied depending on the nature of 

the effect being simulated. Where a variation in feature height was under investigation 

the matrix size need not be as large. Where any lateral feature dimension was under 

investigation as large a matrix as possible was used where a 4000 x 4000 matrix would 

require approximately 8 Gb of memory to run. Because there is a memory and process

ing time restriction some of the simulations have a degree of uncertainty introduced 

from pixelisation of the matrix. This is due to the inherent problem of simulating a 

round structure on a square grid. This becomes especially relevant when considering 

a change in the structure size that is smaller than the grid size. In trying to simulate 

a small change in the structure dimensions of a large object which is created on a grid 

it is desirable to use as large a matrix as possible. However decreasing the pixel size 

by half leads to an expansion of the matrix size by a factor of four. Because it is not 

feasible to create matrix sizes that would eliminate this problem the results of some 

simulations do not have perfectly smooth trends. 

To illustrate this problem a small grid is shown in figure 6.5. On this grid is drawn 
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Figure 6.4 Algorithm used for the simulation of lenses with Fresnel and Fraunhofer propagation 
methods. 
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a set of rings that are increased in size progressively in quarter pixel increments. The 

different coloured grid crosses illustrate how the structure is then built up as a matrix 

in MATLAB. 

Figure 6.5 Formation of a circular structure on a square grid. 

How the inability to create a grid that properly accounts for pixelisation errors can 

effect the trend of simulated results is illustrated with the following example. Figure 

6.6 illustrates a lateral change in dimension as in a lateral etching problem. This shows 

a sub-pixel size shift in the dimension of two step boundaries. The two boundaries 

are increased in size progressively by one quarter of a pixel and the area of each step 
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Figure 6.6 Distribution of pixels in a step as the boundaries are shifted in partial pixel increments. 
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measured. This area is determined by the number of pixels in each step. 

Analysing the number of elements in each zone it can be seen that even though 

there is a linear change in the dimensions of the structure there can be a nonlinear 

change in the elements in each zone as shown in Figure 6.7. In fact it can be seen 

that at one point in this example the number of elements in the outer zone decreases 

slightly. There is a clear upwards trend in the pixel numbers, however this is not a 

smooth trend. The result of this could be improved or worsened depending on the 

choice of matrix size and on whether a particular pixel size and structure dimension 

works out favorably or not. This example shows how the choice of the array size is 

important and how sub grid size effects can still be simulated with a degree of error. In 

the simulations where lateral effects of surface details were of interest as small a pixel 

size as possible was used. This gave a grid spacing of 5% of the smallest feature size. 
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Figure 6. 7 The effect of simulating a circular pattern on a square grid where a change in dimension 

is required can lead to error from the limited resolution available. 

6.4 SIMULATION OF IDEAL MULTIPLE LEVEL DIFFRACTIVE 
OPTICS 

This simulation technique was applied to the simulation of lenses for the determination 

of various structural effects. The lenses fabricated are simulated and compared to ideal 

structures which are then compared with the experimental data. A number of design 
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parameters are investigated to give an appreciation of the importance of lens sizes and 

other design parameters such as step dimensions. The following chapter provides a 

defect analysis showing the effects of processing variations on lens efficiency. 

6.4.1 2, 4, 8, 16 level Lens Comparison 

To illustrate the relative benefits of creating lenses with 2, 4, 8, and 16 levels a set of 

lenses were simulated as shown in Figure 6.8 which have total etch depths as shown 

in Table 6.1. These were like the lenses created and tested with a 30 mm diameter 

and a 25 mm focal length. To gauge the benefits of the different lenses as accurately 

as possible these structures were formed with the ideal etch depths and without the 

(a) (b) 

( c) (d) 

Figure 6.8 Ideal lens structures of increasing complexity (a) 2 level (b) 4 level (c) 8 level and (d) 16 
level. 
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addition of any simulated processing defects. The performance of these lenses was 

assessed over a range of frequencies from 0 - 2 THz. From this it is possible to see how 

the focal point varies at different frequencies, the intensity and position of second order 

maxima, the variation in the FWHM and DOF. 

Lens type L - 1 .\ ( ) 
---Y-7n-1) µm 

2 level lens 62 

4 level lens 93 

8 level lens 108.5 

16 level lens 116.2 

Table 6.1 Etch depths for ideal binary lenses . 

Figure 6.9 shows the relative intensity of the primary focus between 0 to 2 THz. 

The simulated results mirror the relative diffraction efficiency between lenses where it 

can be seen that there is only a very marginal gain (a maximum of 43) from creating 

a 16 level lens. The additional cost of taking fabrication to this level may not be worth 

while. 

The broadband intensity variation at positions between the lens and twice the 
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Figure 6.9 Intensity comparison in the primary focus (25 mm) between 1 - 2 THz for ideal 2, 4, 8 
and 16 level lenses. 
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focal length for each lens is shown in figure 6.10. The position of the primary focus 

which shifts with frequency according to the formula Zn = - 2(
1
f)n, n = ±1, ±2, ... has 

identical position for each lens as would be expected. The intensity of this varies both 

with frequency and lens complexity. The position of the radiation from the higher 

diffracted orders shifts away from the lens with increased lens complexity. Radiation is 

focused most efficiently at the design frequency of 1 THz. These results indicate that 

there is a 2 THz bandwidth over which the diffractive optic should enhance the signal 

strength at the focus above the background intensity. The relative focusing ability of 

each lens is dependent on the diffraction efficiency of each lens, which is increased with 

step complexity according to sinc2 (l/ L) where Lis the number of steps of the lens . 
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Figure 6.10 Spectral intensity distribution along the focal axis for 30 mm diameter lenses designed 
to have 25 mm focal length at f = 1 THz. Ideal lens structures of increasing complexity are compared 
(a) 2 level (b) 4 level (c) 8 level and (d) 16 level. 
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6.4.2 Discussion Against Experimental Results 

The structures that were fabricated and tested as described in chapters 3 - 5 were also 

simulated, their form being constructed as accurately as possible in MATLAB. These 

differ from the lenses simulated in the previous section in that they each had a total 

depth of 124 µm and a difference in depth between the inner and outer zone of 53. 
They also incorporate a linear blaze profile as per the mask design for these lenses. 

The simulated intensity between 0 - 1.4 THz is shown in Figure 6.11 for each lens with 

the measured result from the CCD measurements plotted to the right. Most noticible 

from these results is the fact that the primary focus remains in approximately the same 

position albeit with different intensity to the ideal structures simulated. However it is 

apparent that the intensity lost in the primary focus is instead focused into the higer 

diffractive orders. The simulated intensity map in this frequency region compares well 

with the measured results. 

The simulated intensity of the primary focus for each lens is extracted and plotted 

in Figure 6.12. The difference in this plot and that of the ideal lens is primarily due 

to the etch depths used. The broadband intensity variation seen here is similar to 

that of the result shown in the following sensitivity analysis chapter investigating etch 

depth (section 7.2). Because the Fresnel lens is an inherently narrow band device it is 

expected to perform best at a particular wavelength determined by the depth of the 

structure. This is illustrated well in this result where the deeper than optimal etch 

depths shift the frequency where each lens is expected to perform optimally to a lower 

frequency. Interestingly the 8 level lens has a similar predicted intensity at 1 THz to 

the ideal structure. As was observed in the measured results, the 2 level lens, which 

suffers most at 1 THz from having a 124 µm etch depth acts as a notch filter. The 

simulations actually indicate that this lens performed better than expected which may 

be due to non-uniform etching of the substrate. Such behavior forms another potential 

application for diffractive optic lenses. 

The measured and simulated 1 THz intensities are compared in table 6.2. These 

compare quite well although the simulated results indicate a higher relative efficiency 

of the 8 level lens than measured. It is expected that this is due to the resist removal 

and lithography problems that were present in the 8 level lens. From these results 

it would be expected that with lenses of these structural dimensions the 8 level lens 

should have had an additional 103 more power in the focus. This further highlights 

the problems in creating higher complexity optics indicating how a 16 level lens may 

yield little benefit. 
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Figure 6.11 Comparison of simulated and measured broadband results, (a) simulated 2 level (b) 

measured 2 level (c) simulated 4 level (d) measured 4 level (e) simulated 8 level and (f) measured 8 

level. 
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Figure 6.12 Expected performance in the primary focus between 1 - 2 THz for the 2, 4, 8 level lenses 

fabricated . 

Lens Relative measured peak intensity Relative simulated peak intensity 

2 level lens 0.2 0.01 

4 level lens 0.75 0.60 

8 level lens 1 1 

Table 6.2 Theoretical versus experimental lens diffraction efficiencies. 

6.4.3 Design issues 

As this process has been designed to be applicable to the formation of a wide range 

of terahertz lenses it is important to look at certain design issues to give a guideline 

of the expected performance. Lenses designed for different frequencies or focal lengths 

result in a diverse range of feature sizes and hence the number of zones that will fit on 

a set wafer size. This is investigated and some design methods that can be employed 

to help boost lens efficiency are given. 
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6.4.3.1 Focal length 

In an optics system there will generally be a restriction on the size of the lens. As 

far as a diffractive optic is concerned the size of the wafer, D, has a direct influence 

on the number of zones that can fit for a given focal distance, f. As the F number 

increases, where F# = f / D, for a fixed lens size the number of zones on the wafer goes 

down. This is because the required angle of diffraction is reduced and to achieve this 

the zone widths have to be greater. This leads to a drop off in efficiency and ultimately 

places a restriction on the viable focal distance of a Fresnel lens for a set lens size. 

To investigate this a range of lenses of equal area were simulated with focal distances 

between 25 and 225 mm, the results of which are shown in Figures 6.13, 6.14 and 6.15. 

These focal distances are based around the 125 mm lens that has been designed and 

constructed since the original lens set. Each lens was created on a 46 mm2 wafer as 

per this design. A Gaussian beam was propagated through this so the effect on focal 

intensity, DOF and FWHM from a changing NA could be investigated. 

Figure 6.13 shows how the focal spot intensity is at a maximum around where the 

lens has a F # of 1. Where the F # < 1 the intensity goes down as it becomes increasingly 

difficult to diffract the radiation to such a sharp angle. However it is easier to create 

high NA diffractive lenses than refractive lenses because of the large curvature that 

becomes necessary for a short focal length refractive lens. Where the F # > 1, the 
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Figure 6.13 Change in the focal point intensity from Fresnel lenses of different focal distance created 
on a fixed size wafer. 
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Figure 6.14 Change in the FWHM from Fresnel lenses of different focal distance created on a fixed 
size wafer. 
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Figure 6.15 Change in the DOF from Fresnel lenses of different focal distance created on a fixed 
size wafer. 
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intensity also goes down. As the focal length is increased the number of zones that can 

fit on the wafer goes down and as a result the focusing power of the lens which relies 

on the constructive interference of delayed wavefronts is reduced. The decrease in the 

intensity is coupled with a linear increase in the FWHM and a parabolic increase in the 

DOF as shown in Figures 6.14 and 6.15. This is due to the large size zone widths and 

the increasingly shallower diffraction angle. These two components mean the radiation 

from each zone is dispersed over a large z area. 

6.4.3.2 Step dimensions 

When designing a Fresnel lens the lateral dimension of each zone is easily determined 

with simple formulae such that the distance from each zone edge to the focus is a 

single wavelength different. Following the determination of the full zone widths the 

dimensions of the steps for each zone need to be calculated. 

The simplest method of delineating these steps is to construct a linear blaze such 

that each step in a given zone is the same width. Practically this is not optimal as a 

diffractive optic represents a compact version of a refractive lens which has a curved not 

faceted surface, as shown in Figure 6.16. Hence it is better to create the step widths 

such that they follow a curved profile. To analyse the benefit of curved profile zones 

the broadband focal intensity of an 8 level lens with a curved and linear profile are 

compared in Figure 6.17. 
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Figure 6.16 Step dimensions determine whether a linear or curved profile is approximated. 

A gain in efficiency of nearly 10% can be achieved by using a curved instead of a 

linear blazed profile. The difference in the step widths between the two designs is most 

noticable in the largest zones. Because of this, long focal length lenses will be more 

susceptible to efficiency degradation from a non-optimised zone blaze. 
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Figure 6.17 Comparison of the broadband focal intensity of an 8 level lens with a curved and linear 

step profile. 

6.4.3.3 Square vs round lens 

As the wafers on which the lenses are fabricated are square, it is of no additional expense 

and only marginally more difficult to fabricate zones across the whole wafer. The lens 

efficiency can then be boosted without making the wafer larger, expanding the beam to 

illuminate the whole square and to structure the lens to the corners. Clearly doing this 

some signal strength is lost and there is a trade off between improved quality and signal 

strength. These simulations show the benefits of using this for improved focusing. This 

fabrication enhancement was investigated using a lens with a focal distance of 125 mm. 

The structures used in the simulation are shown in Figure 6.18 and 6.19 for both a 

round and square design. 

It would be expected that through using a square lens which effectively is a trimmed 

larger wafer lens that similar benefits would be gained. Using a square design gives 

an improvement in all aspects of focusing with a 40% increase in the intensity. The 

difference in the peak intensity down the z axis is shown for each lens in Figure 6.20. 

The square lens has a reduced DOF and FWHM which is as expected with the smaller 

dimension of the extra partial zones . A · summary of the improvements achieved with 

this design modification are shown in table 6.3. 
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Figure 6.18 Round lens. 

Figure 6.19 Square lens. 

Lens Intensity (a. u.) DOF (mm) FWHM (µm) Smallest feature 

dimension (µm) 
Round lens 0.71 20 584 208 
Square lens 1 13.7 494 154 

Table 6.3 Comparison of round and square lens design focusing attributes. 
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Figure 6.20 Comparison of the intensity down the z axis for (a) a round lens and (b) a square lens. 

6.5 SUMMARY 

This chapter has introduced a simulation technique that can determine the broadband 

focusing ability of a three dimensional lens structure. This was achieved using Fraun

hoffer wave propagation using Fourier transforms of phase profiles to determine the 

intensity of radiation at points beyond the lens. Using this technique the prototype 

lenses tested were simulated which explains some of the intensity patterns observed. 

Several design issues were explored and their influence on the focusing ability presented 

to give an appreciation of how the efficiency of a lens can be maximised. This simula

tion technique is used in the following chapter to analyse how processing defects can 

affect lens efficiencies. 





Chapter 7 

SENSITIVITY ANALYSIS 

7.1 INTRODUCTION 

In conducting a sensitivity analysis it is important to determine whether the extent to 

which a particular processing defect may be present will have a marked influence on 

the efficiency of a lens. Because this process has been designed to work for a broad 

range of lens designs in the terahertz frequency band, a general set of bounds below 

which an aberration has become significant enough to drop the efficiency markedly is 

invaluable. This section explores the major defects that may be present in the multiple 

level fabrication technique. It is important to be aware of the point at which a defect 

from multiple level processing may negate the value in performing an additional level 

of complexity. This chapter aims to determine these bounds with emphasis placed on 

the fabrication of an eight level lens which yields a high efficiency gain for the level of 

processing complexity. 

There are many components to the fabrication process that can lead to a resulting 

drop off in efficiency. During the lithographic stages masks can be misaligned causing 

the formation of additional peaks and trenches. Reactive ion etching (RIE) can intro

duce a number of problems with issues involving etch depth control, surface roughness, 

lateral etching and non uniform etching. Clearly in setting an absolute bound for each 

of these, one is assuming that all other possible errors are not present. Realistically, 

when processing, the bounds need to be considerably tighter to take into consideration 

the combined effect of all inaccuracies. 

There are ways to mitigate the effects of processing defects. Through modification 

of the processing parameters to optimize for a certain defect, efficiencies can be opti

mised. It is also possible to practically eliminate some defects through analysis of the 

process and subsequently using adaptive mask design to compensate for the error. The 

process design revolves around trying to gain an optimal result where no particular 

stage of that process will be perfect. Through analyising the different errors it is possi

ble to determine which can be a cause of most performance degradation and which will 

be of little or no consequence. This is primarily with respect to the RIE process which 
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requires a compromise between etch rate, lateral etch control and surface roughness. 

Poor surface roughness can also have a secondary effect of making the later alignment 

stages difficult due to the light absorbing nature of a rough silicon surface. Some of the 

effects investigated are components of the machinery and as such the efficiency drop 

off would be the same in a lens of any complexity. Where relevant the effect of a defect 

on different complexity lenses is illustrated. 

The simulation methods described in Chapter 6 have been used to perform a series 

of sensitivity analyses. In these analyses the main determination of relative efficiency 

is performed with the peak intensity at the design frequency. The effects on the depth 

of focus, full width half maximum and focal spot position are not as pronounced. The 

effect of incorrect, and non-uniform etch depths is first investigated combined with a 

determination of how to maximize the efficiency when non-uniform etching is present. 

How lateral etching influences the lens profile and efficiency is then shown, illustrating 

how the order in which the levels are constructed is important. The final etching 

error investigated is the effect of surface roughness. Misalignment of masks during 

photolithography is another potential source of error which is discussed in the final 

section. 

7.2 ETCH DEPTH 

The functionality of the lenses revolves around manipulating the phase of waves passing 

through them. Through exploiting the fact that electromagnetic radiation travels at 

different speeds in different media one can change the exiting phases through structuring 

the lens surface. In the design of a Fresnel lens it is desirable to create a well defined 

phase shift profile in the surface. The differing phases and the placement of the etched 

features create the diffracting structure that in this case focuses radiation to a point. 

In the case of a Fresnel lens the ideal structure has a perfect blaze with a 1f phase shift 

at the zone edges instead of a stepped relief. In this fashion the exiting phase of the 

radiation at any point in the optic is such that it will interfere constructively at the 

focus. The path length of the radiation from successive zones to the focus is delayed 

by an additional wavelength from the zone next closest to the centre. 

The process detailed in Chapter 3 describes the binary fabrication process used. 

This technique approximates the ideal blazed structure using a series of steps. The 

number of steps used is dependent on the required efficiency and the structuring com

plexity attainable with the fabrication equipment. It is therefore important to analyse 

how different complexity optics react to variations in etch depth. Fluctuations in etch 

rate can lead to incorrect etch depths. Although depths can be monitored and etch 

rates maintained the corresponding expense of these tasks can also be great. These 

simulations give insight into the accuracy that may be required for different complexity 

structures. They also show the optimal etch depth for a given complexity and illustrate 
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the relative sensitivity to incorrect etch depths of the respective structures. 

The initial set of lenses used a full 7r phase shift or 124 µm as the etch depth for 

each lens complexity. The simulation results illustrate the relative expected efficiency 

of different lens complexity for a range of etch depths from 0 to 2 times the 7r phase 

shift, and the results are shown in Figure 7.1 for 2-, 4-, and 8-level lenses of 30 mm 

diameter and 25 mm focal length operating at 1 THz. 
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Figure 7.1 Optimal etch depth and the tolerance to etch depth error varies with lens complexity. 

These simulations show that lenses of different complexity have different ideal etch 

depths for maximum intensity. The maximum depth dmax, of an ideal or non-stepped 

blaze would be 

.A 
dmax = (n _ l) (7.1) 

where n corresponds to the refractive index, which for silicon at 1 THz is 3.42, meaning 

a 124 µm total depth is required for a perfect blaze. For a binary optic with L levels 

the optimal etch depth relates to a fraction of this depth according to 

L-1 .A 
dmax(L) = -r;- (n _ l) (7.2) 

These optimal etch depths are highlighted in table 7.1 alongside the optimal etch depths 
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extracted from the Fraunhofer simulations. The stepped representation of a blaze is 

illustrated in Figure 7.2. 

. ... , 
d.~ Ideal blaze i ····1 

.... I 

Figure 7.2 Total depth of a stepped approximation is a fraction of an ideal blaze. 

Lens type L-1 ,\ ( ) 
---Y-(n-i) µm Fraunhoffer approximation (µm) 

2 level lens 62 62 

4 level lens 93 92.4 

8 level lens 108.5 107.3 

Table 7.1 Optimal etch depths for binary lenses of different complexity 

The expected relative maximum efficiency of the different lenses is extracted from 

Figure 7.1 in Table 7.2. This table explains the differing intensity values of the ex

perimental structures well. All the etched structures had a total etch depth of 124 

µm and comparing this to the simulated data it can be seen that this non ideal depth 

becomes less critical for the 4 and 8 level structures. The projected drop-off in intensity 

is shown in Table 7.2. The relatively poor experimental performance of the 2 level lens 

is explained by this result in that it would hardly be expected to work at all. The 

fact that the etching is non uniform across the wafer and this depth corresponds to the 

centre depth only will account for the non-zero performance of the 2-level lens. 

Lens type theoretical maximum efficiency expected efficiency of structure 

with 124 µm total depth 

2 level lens 41 0 

4 level lens 81 55 

8 level lens 95 89 

Table 7.2 Expected efficiency of a structure etched to 124 µm. 

Figure 7.1 also shows how the tolerance to etch depth variation becomes higher for 

more complex structures. The drop in intensity from the theoretical maximum for each 

optic from a range of incorrect etch depths is shown in Table 7.3. Here the effect of a 

±5, ±10 and ±20 µm etch depth error can be seen and it is clear that the efficiency for 

the 8-level lens is much less sensitive to etch depth errors than the others. For example 
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a ±lOµm etch depth error, corresponding to an etch rate error of approximately 10% 

results in less than 3% drop in efficiency. 

Lens type ±5µm ±lOµm ±20µm 

2 level lens 1.6% 6.2% 23.2% 

4 level lens 0.9% 3.5% 13.5% 

8 level lens 0.7% 2.7% 10.5% 

Table 7.3 Tolerance to incorrect etch depth indicating percentage drop from maximum efficiency. 

With the current etch equipment the only practical method of obtaining etch depths 

is through determining an etch rate and from that etching for the required time. This 

still enables a structure to be etched to over 100 µm with accuracy to within a micron. 

More technical methods are available such as laser depth monitoring that could enable 

etching to the exact required depth, however this is probably an unnecessary expense. 

Looking at the intensity plots for each different complexity lens it can be seen that 

when aiming for the correct etch depth, straying either side of that etch depth by even 

several microns will not have a marked effect on the efficiency of the optic. For the 

fabrication process outlined in Chapter 3 the etch depth could be controlled to within 

a micron, and so the expected efficiency reduction is less than 1% for all lenses. 

7.3 ETCH UNIFORMITY 

The etch rate across a reactive ion etcher electrode is not uniform. This is due to 

the plasma chemistry where different concentrations of reactive species are available 

in different areas of the electrode. The plasma density will be higher at points closer 

to the RF power coil or heating source which in part accounts for the increased etch 

rate at the periphery of the wafer. This is also due to the loading of the sample at 

the centre resulting in a relative increase in the ions available at the edges [162]. This 

effect is often described as macro-loading and will also be influenced by the reaction of 

species with the electrode. The greater concentration of species leads to an increased 

etch rate which results in a non-uniform etch rate with an outward slope. Increased 

diffusion of the reactive species in the plasma can be achieved by operating at lower 

pressures leading to greater uniformity. 

For a diffractive optic lens a non uniform etch rate will lower the efficiency as 

the diffraction efficiency will become progressively worse as the depth becomes more 

skewed. Some etch chemistries may be more susceptible than others to this effect as the 

etch process is a part-chemical, part-physical process. In determining an etch process 

for a particular purpose the parameters are changed to alter the prominence of a certain 

etch component. The chemistry used in the lens fabrication was particularly structured 
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to give a high etch rate while attempting to preserve straight sidewalls, smooth surfaces 

and resist integrity. 

Irrespective of the lens complexity this effect will be detrimental. It is of interest 

to analyse the effects of non-uniform etching on lenses of different complexities. As less 

complex lenses are less tolerant to errors in etch depth control, this so called bulls-eye 

effect should drop the efficiency in these structures more. 

The effect of a worsening bullseye etch problem is shown in figures 7.3 and 7.4. For 

these simulations the centre zone was kept at the optimum etch depth for the respective 

lenses, Table 7.1, with the centre to edge depth varied from 0 to 35% of this value. As 

the problem worsens the etch depths at the outer regions become significantly skewed 

from the ideal value and the energy gets focused into the second order maxima. This 

is illustrated in Figure 7.3 which shows the effect of an etch depth differential of up to 

35% between the outer and inner zone for an 8-level lens. At a 35% differential there 

is 18% of the radiation focused into the second order maximum, whereas for an ideal 

structure this is zero. 

Figure 7.4 shows the effects on lenses of lesser complexity where the normalised 

intensity maxima at the focal point are compared. This figure shows how the more 

complex lenses have a higher tolerance to the bullseye effect. Using this etcher a 

difference of up to 26% between the centre and the edge has been observed over a 45 

mm2 sample where a loss in efficiency of almost 10% can be expected. All lenses have 

a similar drop off in intensity once edge to centre disparity becomes large. 
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Figure 7 .3 The effect on efficiency of non-uniform etching at positions beyond an 8 level lens . 
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Figure 7.4 Comparison of the bullseye effect at the focal point of a 2-, 4-, and 8- level lens. 
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Because this effect is something that is inherent in the etch process it is not possible 

to avoid. However it is possible to optimise the structure taking into consideration this 

effect. As the etch rate has been observed to vary by 26% from the centre to the outside 

it is no longer sensible to etch to the optimum target depth of 108 µm at the centre 

for an 8-level lens. The centre target depth needs to be less than this with the depth 

of 108 µm being at some mid-point between the center and the outer ring. Through 

taking the measured etch slope and shifting the etch depth through a range of values 

the optimum etch target can be determined. Figure 7.5 shows the effects of changing 

the etch depth at the centre or edge zone on the lens efficiency when there is a bullseye 

effect with a differential in the etch depths between centre and outside set at 26%. This 

was the difference measured using the etching process descried in chapter 3. The depths 

required for a 2-, 4-, and 8-level lens to obtain maximum efficiency in the presence of 

this effect are shown in Table 7.4. With this stuctural compensation efficiency gains 

shown in Table 7.5 are attained. 

By using these etch depths the efficiency is maximised and the etch depth re

quirements are lowered. Each lens has a centre target depth of nearly 15% less than 

that required to etch to the theoretical depth. The efficiency gain from using these 

depths is 5, 7 and 8% for the 2-, 4-, and 8-level lens respectively. This results in an 

expected reduction in efficiency of only 2% for an 8-level lens in the presence of 26% 

etch non-uniformity. The effects on the FWHM and DOF were also studied however 

no measureable changes were apparent. 
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Figure 7.5 Optimised etch depths of binary lenses when a bullseye effect with a 26% differential 

between inner and outer zone is present in etching for (a) a 2 level lens (b) a 4 level lens and (c) an 8 

level lens. 
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Lens type inner zone depth (µm) outer zone depth (µm) 

2 level lens 54.1 68.1 

4 level lens 80.7 101.7 

8 level lens 93.7 118.1 

Table 7 .4 Etch depth requirements at inner and outer zone for optimal efficiency in the presence of 

a 26% inner to outer etch differential. 

Lens type Efficiency gain Efficiency loss 

from modified etch depth from ideal structure 

2 level lens 5.3% 4% 

4 level lens 7% 3% 

8 level lens 8% 2% 

Table 7.5 Efficiency gain achieved by choosing an etch depth that compensates for the bullseye effect. 

7.4 LATERAL ETCHING 

The majority of etching processes have a desired preferential etch direction. Etch condi

tions are created such that etching ensues at the maximum rate in the direction wanted 

whist minimizing any other etching. This is important for maintaining structural di

mensions and for minimizing unwanted sidewall profiles. However there is always some 

inherent etching in the unwanted directions. In the case of binary optic lens fabrication 

unwanted lateral etching can cause two different problems. 

Firstly, if features are over etched in the lateral dimension, when subsequent lithog

raphy stages are performed the mask alignment becomes more difficult. Also the unde

sired structure sizes can cause problems during photolithography where light may then 

enter areas that it would not otherwise, causing resulting reflections and exposure that 

will reduce the resolution achievable. This is effectively an additional problem resulting 

in a secondary form of efficiency loss. 

The main problem from lateral etching however is the fact that the structure is 

altered. This not only leads to the broadening of feature dimensions but can also lead 

to the formation of unwanted structure features. This section aims to highlight how two 

different forms of binary optic fabrication are effected by lateral etching. Observing 

Figure 7.6 it is possible to see how the order in which a multilevel etch process is 

conducted significantly changes the effect on the structure from lateral etching. 
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PROCESS A PROCESS B 

STAGE 1 STAGE 1 

SILICON 

SILICON 

r I I 

Figure 7.6 Lateral etching effect on structure of different ordered binary processing techniques illus

trating deviation from the mask at each stage of the process. 

For a given process there will be an etch rate in the lateral dimension as there is 

in the vertical direction. This means the duration of an etch determines the degree of 

lateral etching in each stage of etching. The way the resist lies on a laterally etched 

structure during later stages of the process can correct lateral errors of previous stages. 

Observing the structural change it can be seen that the process where the small features 

are etched first leads to a structure that although better preserves the overall profile has 

a larger lateral change overall. To delineate these two processes consider the process 

where the large etch is performed first to be Process A and the process where the 

fine features are etched first as Process B (Figure 7.6). As far as the lithography and 

etching are concerned there are benefits in each method that could benefit a certain 

set of fabrication equipment or prove preferential for certain feature sizes. Performing 
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the longest etch first can be beneficial if the overall depth is high while etching fine 

features into a deep resist/silicon trench can also be an issue. 

These structures were both simulated with differing degrees of lateral etching so the 

degree to which the efficiency of the respective structures is effected could be observed. 

This was performed over a range of lateral etching from 0 to 35 µm. 

Simulations of lateral etching and the effect on the focal point intensity for both 

processes are shown in Figure 7.7 for an 8-level lens etched to 108 µm (no bull's eye 

effect). The most significant observation of the results from this simulation is how high 

the tolerance to lateral etching is for both processes. Process A loses approximately 

103 efficiency for every 0.5 lateral etch rate/vertical etch ratio. Comparatively Process 

B will only loose about 2.53 for the equivalent lateral etch ratio. The reason for the 

better performance of process B is due to the self preserving nature of the stepped 

structure in the presence of lateral etching. This result indicates that significant lateral 

etching can take place without markedly impairing the efficiency of the structure. This 

ignores any secondary effects from the unwanted etching such as lithography issues 

which may exacerbate the problem. The magnitude of such secondary effects would be 

difficult to quantify. 
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Figure 7. 7 Effect of lateral etching on efficiency of Process A and Process B. 

Clearly process B is more tolerant to the effects oflateral etching and if this process-
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ing defect was significant in a given process then this scheme of multi-level fabrication 

is preferable. However, most reactive ion etching processes should not have lateral 

etching of this magnitude, so either scheme should perform suitably. The issue could 

be circumvented by using a mask which accommodated for the lateral etching. Such a 

mask would require smaller band features than the ideal design as, seeing that SU8 is 

a negative resist , this will create larger lateral dimension features. 

7.5 SURFACE ROUGHNESS 

There are several mechanisms in which surface roughness can occur in reactive ion 

etching. Firstly the randomness of the etch process can lead to roughness where cer

tain areas etch slightly faster than others. This can then propagate further as the etch 

continues because uneven surfaces can form areas of increased reactivity through their 

increased surface area. This is probably the lesser of the contributing factors to rough

ness. The most prominent problem arises from micromasking. This can arise from two 

distinct contributing factors . Firstly material can be sputtered from the resist etch 

mask or from the electrode onto the surface of the etched area. This material can be 

hard to remove and can even adhere to the surface after it settles to form micro masks. 

Oxygen introduced to the etch mixture to form SixOyF z compounds for lateral etch 

prevention can also result in the oxidation of the silicon on the surface. The current 

process has been designed to reduce the effect of this as much as possible however it 

is another cause of surface roughness that needs to be considered. Figure 7.8 shows 

how surface roughness features can form randomly on the surface. These have been 

observed to grow up to 20 µmin height forming larger pyramidal structures. 

Figure 7.8 Typical formation of surface roughness is from micromasks which can form at any time 

during the etch in random locations. 
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When investigating what is a tolerable surface roughness, one must first consider 

the wavelength of the radiation under consideration. A feature that is less than one 

tenth of the size of the wavelength should be virtually invisible to the radiation. How

ever discontinuities of this order will still change the depths and hence the outgo

ing phase of the wavefronts passing through the lens. This may not be as simple as 

analysing the structure with localized incorrect etch depths. The nature of the silicon 

pillars are such that they will form an artificial dielectric at the interface between sili

con and air. Hence the out going phase error of the wavefront at a given point may be 

determined from the effective dielectric of silicon and air of a certain ratio. 

In this analysis a pixel size of 50 µm was chosen and this pixel size determines 

the size of the micromasks. This size was selected as it is larger than one tenth of 

the wavelength under consideration and is therefore a significant visible feature to this 

radiation. When constructing the structure to be simulated the levels were built up 

as they would be in the binary fabrication process so the correct degree of roughness 

would be introduced on each step of the lens. At each stage roughness can be added at 

a set coverage level with the height set to be a proportion of the height of that stage 

where the height of each introduced roughness feature has a uniform distribution. An 

example of the centre zone of a lens simulated with roughness coverage of 12.53 and a 

max height of 203 of the etch depth is shown in Figure 7.9, where it can be seen that 

the outer zones are considerably rougher as would be the case in practice. 

The prominent effect of micromasking results in a roughness that can arise with 

several characteristics. The two components of interest are the height of the micro

masked pillars and the sparseness of these structures on the surface. A pillar that is 

formed at the beginning of an etch process will tend to remain even if a piece of mate

rial that had caused the original masking is removed. This is because they then form 

ready oxidation sites where silicon oxide which has a higher selectivity than silicon in 

Figure 7.9 Centre zone of an 8 level lens simulated with randomly located roughness of 20% of the 
etch height with a 12.5% coverage. 
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this etch process, will continue to act as a mask. 

A range of simulations were performed to vary the coverage area of the roughness 

and the height of the features. Figure 7.10 shows the comparison between lenses with 

12.5, 25 and 50% coverage with a total height of features having a uniform distribution 

between 0 to 30% of the total structure etch depth. The nature of the binary process 

where areas of the lens are covered by photoresist at different times means that the 

roughness features with maximum height can only be observed in the bottom most 

step. 

The height of the roughness has a stronger influence on lens efiiciency than does 

the surface coverage. For a lens designed for 1 THz, surface roughness must be greater 

than 20 µm high before the lens efficiency is reduced by 10%. These trends extracted 

from the plothave an error of ±1.5%. The detrimental. effects of surface roughness are 

minimised by the fact that only a small fraction of the lens is exposed to the full duration 

of etching. Typical experimental surface roughness pillars are much smaller than this, 

measuring under half a micron in the process developed in this work, indicating that 

for lenses of this dimension the surface roughness should have a negligible effect on the 

efficiency. 
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Figure 7 .10 Simulated effect of surface roughness with maximum height 0-:303 of the total etch 
depth on the efficiency of an 8 level binary lens with different surface coverage of 12.53, 253 and 503 . 



7.6 MISALIGNMENT 159 

7.6 MISALIGNMENT 

A common problem arising from photolithography is mask misalignment , particularly 

in multiple level processing. Many lithographic processes can align structures with 

an exceptional degree of accuracy. This particular process is made more difficult in 

that the alignment needs to be performed through semi-transparent resist up to 100 

µm thick. This can lead to paraxial errors where the mask may appear to be aligned 

correctly when it is not. Observational errors can also arise from the direction of the 

light illuminating the structure or surface distortions on the planarised surface. This 

set of simulations illustrates the shifting of a single layer out of alignment by varying 

degrees. To gain an appreciation of the severity of this processing defect the second 

mask was shifted in a diagonal path as shown in Figure 7.11. The degree of this shift 

was varied between 0 to 0.5 times the width of the smallest feature to observe the effect 

on the focal point intensity and size. These are plotted in Figure 7.12. 

Figure 7.11 Centre zone of an 8 level lens simulated with a diagonally misaligned second stage mask. 

The maximum focus intensity was lowered in a linear fashion by 10% for every shift 

in the mask by 0.25 of the smallest feature size. The FWHM increases with a parabolic 

relationship getting progressively worse with misalignment, indicating a blurring of the 

focal spot. However this did not turn out to be very significant, where an increase 

of only 5% can be seen in Figure 7.12(b) for a misalignment error half that of the 

smallest feature. From these results it can be summarised that the Fresnel structures 

are quite tolerant to even quite large misalignment. Because the misalignment error 

present is fixed and dependent on the lithography alignment system used and not the 

mask dimensions, this problem becomes more of a concern with lens designs of small 

focal length or higher frequency where the feature sizes are smaller. 
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(b) 

Figure 7.12 (a) Intensity degradation and (b) FWHM degradation caused by diagonal misalignment 
of the second stage mask of an 8 level lens. 
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The micromachining technology used to create the Fresnel structures for this 

project enabled alignment to within several microns with the smallest feature sizes 

of 88 µm. This fractional misalignment which was evident would have an insignificant 

effect ( <33) on the focusing ability of the lenses. 

7.7 SUMMARY 

The main fabrication issues that can arise during of a multiple level fabrication process 

for silicon terahertz lenses have been investigated. There is a high tolerance to most 

defects and the precise microfabrication technologies available should, for the most 

part, mean that little efficiency is lost using this technique. It is possible that each of 

these defects could drop the efficiency by up to 203 however and the combined drop 

in efficiency would be significant. Careful process design and monitoring should enable 

a lens of any complexity to remain within 103 of its theoretical maximum efficiency. 

These results illustrate the general bounds to keep within to minimise efficiency loss in 

a terahertz diffractive optic. 





Chapter 8 

CONCLUSIONS AND DIRECTIONS FOR FUTURE 
RESEARCH 

8.1 INTRODUCTION 

This work has detailed the complete process of designing, fabricating and testing a 

new technology for creating multiple level diffractive optics for terahertz frequencies. 

The field of diffractive optics is not new, however, their use in this frequency range 

between 100 GHz to 10 THz has had little investigation. Because of the wavelengths 

of the radiation a unique fabrication process had to be designed and refined. This was 

developed to a point where lenses with eight levels could be created with high yield. 

Using this process a set of two, four and eight level lenses were constructed for testing 

so the benefits of this complex multiple level process could be assessed. 

There are several different methods of terahertz generation and detection that 

enable the production of continuous wave or pulsed broadband terahertz radiation. To 

assess the functionality and focusing ability of the lenses the author collaborated with 

two institutions to enable access to the two different terahertz sources. Continuous wave 

testing was conducted at the Johan Wolfgang Gothe Universitat in Frankfurt, Germany 

and assessment of the lenses in a broadband pulsed terahertz set up was performed at 

Rensselaer Polytechnic Institute in Troy, New York. Although both of these systems 

are currently at the forefront of their field they are still under development and the 

quality of the radiation attained for lens measurements was therefore limited. 

Simulations were conducted using Fraunhofer wave propagation to assist in the 

explanation of the measured results. These simulations were also used to give a detailed 

analysis on how sensitive the lenses would be to errors in fabrication. This provided 

valuable information to aid in the design of lenses with maximum efficiency for future 

terahertz applications. 

The major original contributions of this work are therefore: 

• Development of a deep multi-level microfabrication applicable to the formation 

of high diffraction efficiency terahertz optics. 
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e Integration of diffractive optics into a continuous wave terahertz system. 

• Integration of diffractive optics into a pulsed wave terahertz system. 

• Simulation of terahertz diffractive optics to determine methodologies for efficiency 

optimisation. 

• Sensitivity analysis of fabrication defects on diffractive optic performance. 

This chapter summarises the findings from the fabrication, testing and simulations 

and highlights future work and applications that can follow from this work, some of 

which is already research in progress. 

8.1.1 Fabrication 

The microfabrication process developed to fabricate multiple level diffractive optic Fres

nel lenses consists of many steps each of which can influence the others to the detriment 

of the final product. Because of the interrelated processes and the potential for several 

aspects to contribute to a certain detrimental effect, determining a high quality repeat

able process for terahertz lens fabrication involved unraveling the web of results and 

resolving the best ways to correct all problems. The final process described is suitable 

for the production of a broad range of devices in the terahertz frequency band of a 

large range of focal lengths. 

Etch surface roughness was causing many problems, predominantly with alignment 

during lithography. The size and spiked formation of the roughness formed during etch

ing was light trapping in nature giving it a black non reflective appearance. As optical 

alignment is critical to the success of a multiple level process, the surface quality needed 

to be improved. It was identified that the cause of the roughness was a combination of 

Nichrome sputtering from the etch mask and from oxide micromasking from the etch 

chemistry. The Nichrome etch mask was initially used due to the requirement of a 

strong etch mask for etching deep trenches. Development of a multiple spin photore

sist deposition process enabled very thick layers of SU-8 to be used for the deep etch 

steps. To reduce the oxide micromasking of the surface CHF3 was introduced into the 

etch chemistry. The result enabled structuring to over 120 µm with sub-micron surface 

roughness. 

Fine feature resolution proved to be difficult when attempting to develop small 

dimension rings into the already deeply etched trenches. Unwanted resist structures 

were being resolved into areas which should have been clear. It was determined that 

the imperfections in the resist planarisation and edge bead were the main cause for 

these areas getting exposure. Because of the required pre-exposure bake process where 

the resist reflows it is difficult to fully control or correct for this. The solution required 

modifying the order in which the stages were completed such that the features became 
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progressively larger as the processing continued from stage to stage. The elimination 

of the Nichrome etch mask and the ability to use SU-8 to etch to any of the required 

etch depths gave the flexibility to make this transition. Multiple spins of SU-8 were 

required to gain a thick enough etch mask to perform the final and deepest etches. 

Resist integrity during the cryogenic etch process could not be maintained when 

feature sizes became large. For the lenses that were investigated in the course of 

this work this was not a significant problem. However, it could be if this process 

was extended to construct lenses with a considerably longer focal length or if the 

process were to be used to create specific optics for lower terahertz frequencies into 

the gigahertz frequency band. There is alternative etching equipment that could be 

applied for the formation of these devices utilizing a room temperature boch process 

where the differences in thermal expansion between the organic etch mask and the 

silicon would be minimal. As the lenses are square it was found to be desirable to have 

rings structured right to the corners. This avoids the larger corner areas of photoresist 

cracking and then shifting to cover the outer rings, during etching. 

8.1.2 Testing 

A set of four different lenses were fabricated consisting of a 2-, 4- and 8-level binary 

lens and an aluminium zone plate. These all had a 30 mm diameter and a design focal 

length of 25 mm. 

A continuous wave terahertz set up was arranged to test the functionality of the 

diffractive optic structures. Through the use of an antireflection grating etched on one 

side of a silicon wafer it was possible to obtain transmission of over 80%. The lenses 

were fabricated on high resistivity wafers which proved to be invaluable as wafers of 

1000 D.cm absorbed half as much energy as the 10 n.cm material. 

A four level lens was used to focus energy from a 3 cm collimated beam which was 

then recollimated with a polyethylene lens. An image of the focal pattern in several 

different planes could be produced by scanning an aperture between the lenses. From 

this experiment a FHWM of 570±10 µm was measured compared to the theoretically 

expected value of a zone plate of 865 µm. The depth of focus was read to be 34 mm 

which compares to the theoretical value of 33.5 cm. This experiment was repeated using 

two four level binary lenses where a slightly larger FWHM was measured of 640±10 

µm. It is expected that such an arrangement would perform as a narrow band filter in 

a broadband system. 

Two separate pulsed systems were used to get a determination of the operational 

performance over a broad range of frequencies. A high power scanned system was set 

up enabling one dimensional scans in front of the lens and a second system with a 

CCD array detector was used which gave better details where spatial resolution was 

a factor. With the pulsed set ups it was possible to detect the radiation beyond the 
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lens without the bias of a second lens as with the continuous wave results. Broadband 

measurements were taken for a two, four and eight level lens and an aluminium zone 

plate. 

A linear relationship between frequency and focal length was observed although 

the measured focal distance was slightly longer than the design. This can be attributed 

to the close proximity of the source not forming a collinear beam. The more complex 

the lens the tighter and more intense a focus achieved. Also more complex lenses 

illustrated a considerably narrower band frequency content at a given focal point. The 

performance gains achieved from processing a high complexity multiple level lens are 

very apparent and they out perform the simple two level lens and the zone plate in all 

aspects of focusing. 

A comparison was made between the T-ray binary lens and two refractive lenses 

made from silicon and polyethylene. The binary lens had a more symmetric focus 

at 1 THz indicating a lower spherical aberration. The refractive lenses displayed a 

focused spectrum intensity similar to the input spectral content however the binary 

lens proved to more effectively focus radiation between 0.5 to 1 THz with a marked 

increase in intensity. 

8.1.3 Simulations 

Simulations conducted using Fraunhofer wave propagation illustrate the performance 

characteristics that could be expected from the lenses fabricated and help determine 

of the effects of processing defects. 

Analysing the effect of etch depth on lenses of different complexity illustrated that 

a complete 7r phase shift is not desirable for maximum efficiency. Optimally it is better 

to etch to a total depth of n - 1/n times the depth of a perfect blaze when making a 

staircase approximation. A curved or parabolic approximation to this blaze will give 

better efficiency than a linear approximation. There is an inherent bullseye effect in 

a reactive ion etcher where the middle of the sample which has less access to reactive 

species in the plasma. Because of this it is necessary to modify the etch depth to 

account for this. 

Analyses were performed on the main error forming components of the fabrication 

process. These being, mask miss-alignment, lateral etching, surface roughness and 

the previously mentioned etch depth variation. Because of the size of the structures 

being fabricated and the quality that the developed microfabrication process provides, 

it is apparent that aside from the bulls-eye effect the structures should be only mildly 

affected by the manufacturing defects. 
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8.2 OUTLOOK FOR TERAHERTZ DIFFRACTIVE OPTICS 

The application of this work in future devices is very promising. There are a number 

of systems that could benefit from the use of diffractive optics in the form of gratings, 

lenses or elements for beam shaping. Development of a tomography system using the 

lenses developed is currently underway. For this project a new set of lenses have been 

developed with longer focal lengths at 125 and 250 mm. The longer focal lengths of 

these lenses require considerably larger feature sizes which demanded the formulation 

of a room temperature etch process to avoid SU-8 cracking. This section details some 

proposals for immediate applications of the technology and details the tomography 

work recently conducted. 

8.2.1 Arbitrary Beam Formation 

The fabrication process described in this work can be easily applied to the formation of 

arbitrary diffractive optic elements. The benefits of creating multiple level structures 

have been illustrated in the testing results of Chapter 5. The next logical extension of 

this work is to incorporate the fabrication technology with holographic mask designs 

to create unique focal patterns. This can include the formation of multiple foci either 

in a single plane beyond the lens or at different distances away from the lens as in the 

diagram of Figure 8 .1. 

• 

• 
- __ ._-----

Terahertz beam DOE Multiple foci 

Figure 8.1 Diffractive optics can be used to form points of intensity at multiple points. 

A common application of diffractive optics is the formation of lenslet arrays as in 

Figure 8.2. This is basically a method of creating a grid of multiple foci at a single 

plane beyond the lens. This is useful in applications where multiple samples need to 

be assessed enabling measurements to be taken in parallel. Such a system would only 

demand a small focal length meaning the size of the rings could be reduced. This is 

important to fit as many lenslets as possible into the array. The number of lenses that 

can be put in an array is dependent on the number of zones to get the level of efficiency, 

and the size of the input beam and detector array available. The extent to which the 

beam can be expanded is dependent on the size of the detector array, the nominal 

frequency of interest and the power in the terahertz beam to get sufficient signal to 

noise. 
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Figure 8.2 Lens arrays enable sample analysis to be performed in parallel greatly improving mea
surement speed. 

Terahertz diffractive optics could also be designed to create focal lines and contours 

as in the mask and computed intensity pattern of Figure 8.3 [163]. Not only can this 

be used to customise the focal plane pattern but could be used as a beam correction 

mechanism. There is potential to use customised diffractive optics to correct abbera

tions in beam patterns which result from antenna emission shapes that are otherwise 

difficult to correct. 

(a) (b) 

Figure 8.3 diffractive optic mask design (a) and the calculated focused pattern (b) [162]. 
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8.2.2 Diffractive mirrors 

A further extension of creating lenses with unique beam formation is to use this tech

nology to make reflective diffractive optic mirrors. It would be possible to create these 

as off axis mirrors with careful lens design taking full advantage of the multi level 

fabrication technique. It is possible that such a design could couple the task of beam 

focusing with beam distortion correction if a non Gaussian input beam was being ob

tained from an antenna. As such a device would be working in reflection mode the 

losses from absorption and back reflection normally seen in transmission through a 

silicon wafer would not be present. Following fabrication in silicon a metal layer could 

be evaporated onto the surface of the mirror to increase the reflectivity. 

A new mask would need to be created that is basically a skewed version of the 

current mask. It would look like the current lens when viewed at a 45 degree angle. 

This means the lens structure will be physically larger requiring larger wafer processing 

if the same size beam is to be used. 

There are several processing issues that would need to be resolved. These would 

revolve around the fact that the structure will need to be etched much deeper. This 

is because the phase change is not achieved in the silicon but in air. Because of this 

the depth needs to be the wavelength on a 45 degree angle requiring an etch depth 

of nearly double the transmissive lens at 212 µm This may require the use of a high 

density plasma etcher which is more suited to extremely deep micromachining. Because 

the photo resist can be spun on to a large range of depths well beyond that used in 

the fabrication of the lenses in this project there should be little difficulty in using the 

same photolithography process. It may require the adjustment of some of the process 

timings to account for the thicker layers. 

Considering the low absorbance that was measured in an SU-8 film it is possible 

that lenses could be made from the photoresist or other similar polymer. This could 

be achieved by making silicon molds and creating an imprint of these structures by 

planarising with a polymer. Candidates for the lens material are SU8 which seems to 

have a reasonably low loss and also Teflon. Again the problem with the construction 

of such a device is in the increased etch depth that is needed. The lift off procedure 

that was developed to remove the resist using a sacrificial oxide layer was used in an 

experiment to see if large areas of resist could be lifted off and it proved successful. 

The benefits in using these materials lie in the fact that once the mold is made the 

fabrication of a lens is potentially very cheap. Also the refractive index of the material 

is much less so for all that the fabrication is harder, the end product should work better 

with a higher transmission of radiation for focusing. To create a converging lens the 

steps would have to slope in the opposite direction so, when lifted off, the polymer lens 

would be of the correct form. 
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8.2.3 Terahertz tomography 

Conventional tomography measurements are made by rotating the sample or rotating 

detectors around the sample. In many cases this may not be practical eg. when the 

sample can not be moved. The linear shift in focus with frequency of the terahertz lens 

enables tomographic images to be taken using a single projection. A binary lens will 

perform as a conventional lens satisfying the lens law concerning a non infinite object 

and its image through a lens, 

1 1 1 
-+ - =
z z' fv 

(8.1) 

where z is the distance between the object and the lens, z' is the distance from the 

image to the lens and fv is the focal length for a given frequency. Hence if the image 

plane is fixed in front of the lens, as in Figure 8.4, different planes behind the lens 

will form an image at a frequency determined by their distance from the lens. In 

a continuing collaboration with Rensselaer Polytechnic Institute this application has 

been investigated using the eight level lens tested in Chapter 5 [114] . 
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Figure 8.4 A fixed lens and detector exploit the chromatic aberation of a Fresnel lens to take single 

shot tomographic images of objects. 

Current expansion of this concept demands the development of a longer focal length 

lens to enable the imaging of larger areas and objects. Two lenses under investigation 

include a 125 mm and a 250 mm focal length lens. Construction of these embraces the 

same technology described in this work with an altered etching process to enable the 

etching with large features without SU-8 cracking. The redesigned lenses have been 

further optimized from the prototype lens set with a higher efficiency rounded step 
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blaze incorporated into the mask design. The three masks required for each lens design 

were made and are compared to the 25 mm lens in Table 8.1. 

Focal length 25 mm 125 mm 250 mm 

Lens diameter 30mm 45 mm 45mm 

Number of zones 14 6 3 

Smallest feature width 88.6 µm 150 µm 300 µm 

Largest feature width 3.46 mm 6.03 mm 8.53 mm 

Table 8.1 Photolithographic mask statistics. 

The new masks were created with zones to the corners so that the full area of each 

wafer is utilised. This meant that the 125 and 250 mm focal length lens have have an 

additional 6 and 3 zones extending to the corners. The longer focal lengths demand 

larger feature sizes that push the limits of the reactive ion etch process. The feature 

sizes become of a size that, when cryogenically cooled during etching, tend to crack 

due to the difference in thermal expansion of the SU-8 photoresist and the silicon. For 

these structures to be fabricated in the Oxford Plasmalab etcher a high temperature 

process had to be used to eliminate the thermal expansion problem that had resulted 

in large areas of SU-8 cracking. An oxygen reduced process at 273 K was used as shown 

in Table 8.2. 

SF 6 fl.ow rate 60 seem 

CHF 3 fl.ow rate 20 seem 

02 fl.ow rate 5 seem 

Chamber pressure during etching 0.1 Torr 

RF power 150 w 
Etch temperature 273 K 

Etch rate 0.3 µm/min 

Table 8.2 High temperature Reactive Ion Etch conditions for deep etching. 

The surface roughness was increased slightly compared to the cryogenic process 

although remained at an acceptable level. A completed 8-level, 125 mm focal length 

lens is shown in figure 8. 5. 
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Figure 8.5 Photograph of a 45 mm2
, 8-level, 125 mm focal length lens. 

Figure 8.6 SEM image showing outer zones of an 8-level, 125 mm focal length lens. 

8.3 SUMMARY 

This thesis has successfully demonstrated how diffractive optics can be integrated into 

terahertz systems and applications. A fabrication process has been described which 

can be used to make high diffraction efficiency multiple level diffractive optics. The 

functionality of these were demonstrated with the production and analysis of a set 

of gratings and Fresnel lenses. Results from this and the design and sensitivity pa

rameters were assessed with scalar Fresnel and Fraunhofer propagation theory. From 
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this, fabrication tolerances have been determined that provide bounds for maintaining 

high performance efficiencies. This technology has generated interest from a number of 

international terahertz research institutions and is the subject of further and ongoing 

research. 





Appendix A 

MASK GENERATION CODE 

11 Script to generate circular mask using rectangles 

#include <iostream.h> 

#include <fstream.h> 

#include <math.h> 

#include <dos.h> 

long round5(double input); 

int main( void ) { 

ofstream out("d:lthesislmaskldata.pg"); 

out<<"$" Fresnel mask pattern" <<end!; 

long objects=O; 

const long x_centre = 255500; const long y_centre = 255500; 

const long x_centre-4 = 255500; const long y_centre-4 = 145500; 

const long x_centre_8 = 145500; const long y_centre_8 = 255500; 

int n; 

long a_ic_centre(lO] ={ 295550 ,215500,295550 ,215500 ,295550,215500,185500, 105500 ,295550 ,215500}; 

long a_y _centre[l OJ={ 295550,295550,105500, 105500,185500,195040 ,215500 ,215500 ,215500 ,215500}; 

11 center points +-40000pg units 

long outer_radius = 49640; 11 the outer radius of the circle 

long rect_thick(20J = {1160,1195, 1240,1285,1340, 1405,1485, 1580,1705, 1870,2105,24 75,3200, 7645}; 

11 small dimension of rectangles in um 

long gap_thick(20] = {1160,1195,1240,1285,1340,1405,1485, 1580,1705,1870,2105,24 75,3200, 7645}; 

11 small dimension of gaps 

long recLthick-4(40] = {580,580,600,600,620,620,645,645,670,670, 705, 705, 7 45, 7 45, 790, 790,855,855,935,935, 

1055,1055,1240,1240,1600,1600,3825,3825}; 

long gap_thick-4( 40] = { 580,580,595,595,620,620,640,640,670,670, 700, 700, 7 40, 7 40, 790, 790 ,850,850,935,935, 

1050' 1050'1235, 1235, 1600'1600 ,3820 ,3820}; 

long recLthick_8(80] = { 290 ,290 ,290,290,300,300 ,300 ,300 ,310 ,310,310 ,310 ,320 ,320 ,325,325 ,335 ,335 ,335,335, 

350 ,350 ,355 ,355 ,370 ,370,375,375 ,395 ,395 ,395 ,395 ,425 ,425 ,430,430 ,4 70,4 70 ,4 70 ,4 70 ,525,525 ,530 ,530 ,620' 

620,620,620,800,800,800,800,1910,1910,1915,1915}; 

long gap_thick_8 [80] = { 290 ,290 ,290,290 ,295 ,295 ,300 ,300 ,310 ,310 ,310 ,310 ,320 ,320,320,320 ,335 ,335 ,335 ,335, 

350,350,350,350,370,370,370,370,395,395,395,395,425,425,425,425,465,465,465,465,525,525,525,525,615, 

615,620,620,800,800,800,800,1910,l910,1910,1910}; 

const int complexity = 8; 
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int num..segs = pow( 2, complexity ); // number of rects for circle 

double sector__angle = 2.0 * M_FI / num..segs; 

out<< end!<<"\" antirefiection grating" <<end!<< end!; 

long g_centre_x=94400; 

long g_centre_y=lOOOOO; 

/ / pg unit length of 12000 length giving total length 

/ / just under 26mm with starting hight of 94325 pg units 

for(j = O; j < 433; ++j) { 

for( int i = O; i < 9; ++i) { 

} 

out < < "X" < < g_centre_x 

< < "Y" < < g_centre_y 

<< "H" << 11375 

<< "W" << 120 

<<"A"<<O 

<< ";" 
<<end!; 

g_centre_y=g_centre_y+ 11375; 

++objects; 

} 

g_centre_x=g_centre_x+ 240; 

g_centre_y= 100000; 

out<<"\" 1st mask" <<end!<< end!; 

int band=O; 

while( band < 20 ) { / / loop through bands 

/ / determine length of rectangles from radius and number of segments 

long recUeng = round5(2.0*sin( sector_angle / 2.0) * (outer_radius)); 

double centre_radius = outer_radius - rect_thick[band]/2.0; // multiply by 5 to change to u inches 

/ / calculate each rectangle 

for( int i = O; i < num..segs; i++ ) { 

} 

long centre_x = round5(cos( i*sector_angle )*centre_radius + x_centre); 

long centre_y = round5(sin( i*sector_angle )*centre_radius + y_centre); 

long angle = i*sector_angle*1800.0/M_PI + 0.5; 

boo! swap = false; 

while( angle >= 900 ) { 

angle -= 900; swap = !swap; 

out < < "X" < < centre_x 

< < "Y" < < centre_y 

} 

< < "H" < < (swap ? rect_thick[band] : recUeng) 

< < "W" < < (swap ? recUeng : rect_thick[band]) 

<<"A"<< angle 

<< ";" 
<<end!; 

++objects; 

objects=objects++; 

outer _radius=outer _radius-rect_thick(band]-gap_thick[band]; 



++band; 

} 

out < < endl < < "\" 2nd mask " < < endl < < endl; 

band=O; 

outer..radius = 49640; 11 the outer radius of the circle 

while( band < 40 ) { I I loop through bands 

} 

I I determine length of rectangles from radius and number of segments 

long rect.Jeng = round5(2.0*sin( sector_angle I 2.0) * (outer_radius)); 

double centre..radius = outer..radius - recLthick-4(band]l2.0; 

I I calculate each rectangle 

for( int i = O; i < num__segs; i++ ) { 

} 

long centre..x = round5(cos( i*sector_angle )*centre..radius + x_centre-4); 

long centre_y = round5(sin( i*sector_angle )*centre..radius + y_centre-4); 

long angle = i*sector_angle*1800.0IM_FI + 0.5; 

boo! swap = false; 

while( angle >= 900 ) { 

angle-= 900; 

swap = !swap; 

} 

out<< "X" << centre..x 

< < "Y" < < centre_y 

< < "H" < < (swap ? rect_thick-4(band] : rect.Jeng) 

< < "W" < < (swap ? recUeng : rect_thick-4(band]) 

<<"A" <<angle 

<< '';" 
<<end!; 

++objects; 

objects=objects++; 

outer ..radius=outer ..radius-gap_thick-4[band]-recLthick-4[band]; 

++band; 

out<< end!<<"\" 3rd mask" <<end!<< end!; 

band=O; 

outer..radius = 49640; 11 the outer radius of the circle 

while( band < 80 ) { I I loop through bands 

I I determine length of rectangles from radius and number of segments 

long recUeng = round5(2.0*sin( sector_angle I 2.0) * (outer_radius)); 

double centre..radius = outer..radius - recLthick_8[band]l2.0; 

I I calculate each rectangle 

for( int i = O; i < num__segs; i++ ) { 

long centre..x = round5(cos( i*sector_angle )*centre_radius + x_centre_8); 

long centre_y = round5(sin( i*sector_angle )*centre_radius + y_centre_8); 

long angle = i*sector_angle*1800.0IM_FI + 0.5; 

boo! swap = false; 

while( angle >= 900 ) { 

angle -= 900; 

177 
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} 

} 

} 

swap = !swap; 

} 

out < < "X" < < centre..x 

< < "Y" < < centre_y 

<< "H" <<(swap? recLthick_8(band] : rect_leng) 

< < "W" < < (swap ? rectJeng : rect_thick_8(band]) 

<<"A" <<angle 

<< ";" 
<< endl; 

++objects; 

objects=objects++; 

outer _radius=outer _radi us-gap_thick_8(band]-rect_thick_8(band]; 

++band; 

out<<"$" << endl; 

cout <<"objects:"<< objects<< endl; 

delay( 3000); 

out.close(); 

return O; 

long round5( double input) { 

double temp=input/5+0.5; 

return staticcast<long>(temp)*5; } 
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