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ABSTRACT 

The terahertz (THz) frequency domain, located at the frontier of radio 

and light, is the last unexplored region of the electromagnetic spectrum. As 

technology becomes available, THz systems are finding applications to 

fields ranging all the way from astronomical and atmospheric remote 

sensing to space telecommunications, medical imaging, and security. In 

Astronomy the THz and far infrared (IR) portion of the electromagnetic 

spectrum (k = 300 to 10 (xm) may hold the answers to countless questions 

regarding the origin and evolution of the Universe, galaxy, star and planet 

formation. Over the past decade, advances in telescope and detector 

technology have for the first time made this regime available to astronomers. 

Near THz frequencies, metallic hollow waveguide structures become so 

small, (tj^ically much less than a millimeter), that conventional machining 

becomes extremely difficult, and in many cases, nearly impossible. Laser 

induced, micro-chemical etching is a promising new technology that can be 

used to fabricate three dimensional structures many millimeters across with 

micrometer accuracy. Laser micromachining of silicon possesses a 

significant edge over more conventional techniques. It does not require the 
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use of masks and is not confined to crystal planes. A non-contact process, it 

eliminates tool wear and vibration problems associated with classical milling 

machines. At the University of Arizona we have constructed the first such 

laser micromachining system optimized for the fabrication of THz and far IR 

waveguide and quasi-optical components. The system can machine 

structures up to 50 mm in diameter, down to a few microns accuracy in a 

few minutes and with a remarkable surface finish. A variety of THz devices 

have been fabricated using this technique, their design, fabrication, assembly 

and theoretical performance is described in the chapters that follow. 
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CHAPTER 1 

INTRODUCTION 

Until recently, the principal application of terahertz technology has 

been in astronomical and atmospheric remote sensing (Pickett, 1999) where 

key molecules like OH and CO have strong emission lines. Terahertz waves 

have also been used to provide aircraft guidance through zero visibility 

weather where infrared imaging systems are blind. More recently, terahertz 

spectroscopy has been shown as a powerful diagnostic of early cancerous 

epithelial tissue like those involved in skin, breast, prostate, and lung cancer, 

where conventional medical imaging lacks sensitivity (Knobloch, 2001). 

The terahertz time of flight method has been used for tomography (Hunsche, 
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1998) and in particular to map early stage tooth decay (Amone 1999) where 

X-rays or visual inspection only reveal the problem at a relatively late stage. 

If decay can be detected early enough, it may be possible to stop the process 

without the need for drilling! Terahertz rays can also be used in cosmetology 

where their high sensitivity to water content can be used in clinical trials to 

characterize the performance of skin moisturizers. In the pharmaceutical 

industry, real time terahertz spectroscopy can be used in the drug discovery 

process to complement Raman spectroscopy. In the present climate of 

heightened uncertainty, much effort is going into researching the possible 

uses of terahertz imaging and spectroscopy for security purposes. The ability 

of terahertz waves to penetrate through clothing and common packaging like 

paper, cardboard or fabric, together with its ability to discriminate and 

identify various molecular species like explosives, chemical or bio agents 

makes them an ideal candidate for airport screening and postal inspection. 

The laser chemical etching method described herein boasts many advantages 

over conventional fabrication techniques that make it a well suited tool for 

the fabrication of waveguides and quasi-optical devices of use at THz 

frequencies. 
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1.1 Astronomical Motivation 

Laser micro-fabrication technology is expected to become an essential 

tool for THz and far IR astronomy in three distinct areas: Laser 

micromachining, along with replication methods, that will be discussed 

briefly later on, provides the capability to quickly manufacture large 

numbers of devices that can then be used in large format arrays to 

advantageously replace existing single pixel receivers. The increased 

efficiency that will result from using arrays instead of single pixel receiver, 

in turn makes, scientifically desirable, full sky surveys, in the THz domain, 

tractable. Laser micro fabrication will also allow the fabrication of 

waveguide and quasi-optical devices designed to operate at the frontier of 

radio and infrared astronomy which may well be impossible to manufacture 

otherwise. Finally, the computer controlled nature of laser micromachining 

makes it easy to integrate proven building blocks to replace otherwise 

complex instruments like interferometers. Integrated interferometers, built 

on a chip, promise to be both, more efficient and more robust than their 

conventional counterparts, making them ideally suited for space 

interferometry missions. 
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1.2 Motivation for Laser Micro Chemical Etching 

As the frequency of operation goes up from the GHz domain into the 

THz domain, the wavelength of the light and the dimensions of the devices 

become increasingly small. Terahertz waveguide devices have minute 

features that render them difficult and costly to fabricate using conventional 

machining, yet their complex three-dimensional character does not lend 

itself easily to photolithographic processes. Laser micro-machining 

possesses a significant edge over conventional techniques. It does not 

require the use of masks, and is not confined to any given crystal plane. A 

non-contact process, laser micro-machining eliminates tool wear and 

vibration. Processing silicon in chlorine ambient eliminates hard to remove 

particulate residues. The molten silicon reacts with the chlorine to form 

volatile silicon chlorides, which are removed to form the desired features in 

the substrate. Similar laser induced chemical etching processes with chlorine 

have also been demonstrated for other materials of optical interest like III-V 

compounds, in particular Gallium Arsenide GaAs, (Takai et al, 1984) 

Indium Phosphide InP (Matz et al, 1997) and Indium Antimonide InSb 

(Takai et al, 1988). The chemical activation on which this process is based 
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minimizes the etching energy requirement and therefore reduces the 

potential for cracking. In most cases the etch depth is only limited by the 

motion range of the vertical stages and the overall etch time. The laser 

micro-machining process can be entirely computer controlled and thus 

allows even complex GHz designs to be scaled to THz frequencies. The 

system allows fast prototyping: small structures take only a few minutes to 

fabricate, while the largest structures, such as relatively low frequency 

corrugated feedhom may take up to a few hours of machining time. 

Generally, the complexity of the structure has little impact on process time; 

in practice, only the size and volume of the region to be etched have a 

significant effect. As a consequence, laser chemical processes are attractive 

tools not only for fabricating THz and far infrared devices but also for 

prototyping and repair of Micro Electro Mechanical Systems (MEMS) and 

other electronic or photonic devices. 
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1.3 Laser Chemical Etching of Silicon with Chlorine 

Laser processes generally fall in one of two categories: conventional 

and chemical laser processing. Conventional laser processing is performed 

in an inert environment and takes place without significant changes to the 

chemical makeup of the materials processed. In laser chemical processing 

however, laser light is used to activate, enhance or passivate a chemical 

reaction. Laser chemical processes can be classified in two groups: thermal 

(photothermal or pyrolitic) and photochemical (non-thermal or photolytic), 

Often both mechanisms contribute to the final reaction. In photochemical 

processes, reaction times are shorter than the thermalization time of the laser 

excitation energy (non-thermal). The opposite is true of thermal processes 

like the one described herein where the thermalization time is short 

compared to the reaction time. The laser in this framework is used as a 

highly confined heat source. In our approach, a few Watts of laser power, is 

focused on a silicon wafer, in a low pressure chlorine ambient. When the 

laser fiuence O approaches the melting fiuence Om it causes localized 

melting of silicon and volatile silicon chlorides are formed (see figure 1.1). 
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direction of scan 

Figure 1.1: Laser Chemical Etching Principle. The focused spot of a laser is scanned 

across a silicon wafer. As the laser fluence causes localized surface melting, volatile 

silicon chlorides are formed which prevent debris formation and redeposition. The 

chemical activation reduces the energy requirements and minimizes the potential 

for damage of this process compared to conventional processes (Bloomstein, 1996). 
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The creation of siHcon chlorides, that are highly volatile under partial 

vacuum, prevents redeposition or the formation of debris. The chemical 

activation of the process yields energy requirements considerably lower than 

those of alternative technologies like conventional laser ablation, electro-

discharge machining or diamond turning which rely purely on thermal or 

mechanical energy (Bloomstein 1996). In this regime (pyrolithic), the etch 

rates are generally independent of laser fluence as shown in figure 1,2. Three 

factors combine to yield this effect. At the onset of melting the reflectivity of 

silicon increases like a step flmction, severely reducing the ability of the 

laser to deposit energy on the substrate. The etching process is also slowed 

by the latent heat of melting. Finally, in some experimental environments, as 

the reaction accelerates, mass transport can become a limiting factor. While 

a weak etch dependence on laser fluence limits the maximum practical etch 

rate attainable, it also allows, the precise removal of material shavings to 

create three dimensional structures. Non reentrant structures, of arbitrary 

shape, are generated by scarming the focused laser beam along a pre-defmed 

path, thus peeling off silicon, layer by layer, until the desired shape is 

obtained. 
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CHAPTER 2 

LASER MICROMACHINING SYSTEM 

2.1 General Overview 

The purpose of this system is to focus and steer several Watts of light 

onto a micron-sized spot at the surface of a hot silicon wafer in low pressure 

chlorine ambient. The design that was adopted for this instrument is based 

on laser direct write systems. A high power Argon-Ion laser is used as the 

light source. The focused laser spot is moved across the silicon wafer by 

steering the collimated laser beam telecentrically onto a scanning lens using 

galvo-mirrors. An acousto-optical crystal is used as a modulator to prevent 

depositing of energy in regions that need not be etched. The silicon wafer is 
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held in a stainless steel vacuum reaction vessel pressured to a few hundred 

Torr of chlorine gas and heated using an infrared source that shines into the 

reaction vessel on the backside of the wafer. 

The diffraction limited beam waist diameter when focused on the 

silicon is 2 0)0 ~ 6|a,m. The Numerical Aperture (NA) of the system is 0.1, 

causing a beam taper angle of 6° and an achievable aspect ratio of ~10:1. 

However, in the 50 jim focal region (Rayleigh range) of the laser, vertical 

walls with extremely high aspect ratios can be achieved. The generic 

scanning lens currently limits the available scaiming range to a 4 x 4 mm 

area, but precision XYZ stages allow the stitching together of structures up 

to 50 mm in diameter. In this region, up to 5 W of laser power can be steered 

at speeds up to ~10 cm/s at the surface of the silicon. The backside heating 

system allows the processing of silicon wafers at temperatures ranging from 

room temperature to ~300°C. 

The following sections discuss the different elements of the system, 

their individual operation and characteristics and their effect on system 

performance. 
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2.2 Optical Design 

A 3 mm diameter beam emerges from the Argon-Ion laser. Two high 

reflectivity, low scratch/dig dielectric mirrors are used to steer the beam 

through a computer controlled electro-mechanical shutter to an acousto-

optical modulator. The un-diffracted beam is subsequently fed to a 5.6x 

Keplerian telescope used as a beam expander. A small fraction of the first 

order (Bragg) diffracted beam passes through a high optical density (0D=3) 

reflective neutral density filter to a fast silicon detector used to monitor the 

proper alignment of the acousto optic modulator while the rest of the 

diffracted beam is brought to a beam dump. The 17 mm diameter collimated 

laser beam produced by the beam expander is brought up to an optics shelf 

using two additional high reflectivity low scratch/dig dielectric mirrors. On 

the optics shelf, the beam goes though a X wave-plate to control its 

polarization so that less than 1% of the laser power is lost when the beam 

goes through a 45° beam-splitter used to pick-up light for the Charge 

Coupled Device (CCD) observation system. A X, wave-plate, its fast axis 

45° to the polarization direction of the beam, is used to transform the beam 

polarization from linear to circular before it enters the galvo-mirror 
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assembly. There the beam is bounced off two computer controlled galvo-

mirrors which steer it telecentrically onto the scanning lens. The converging 

beam penetrates into the chlorine chamber through a fused silica window 

before focusing on the silicon substrate where the etching occurs. Below the 

silicon substrate, the output of a quartz light bulb is collimated using a fast 

parabolic mirror and introduced in the chamber through a thin Sapphire 

window. This uniform IR illumination on the back side of the silicon wafer 

is used to heat the substrate to the appropriate process temperature. See 

Figure 2.1 and Table 2.1 for a schematic of the optical system and a list of 

parts. The following sub-sections present in some detail the function, 

performance and effects of individual optical components. 
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CCD camera 
and objective 

A/4 waveplate 

A/2 waveplate iaivo mirror 1 
Filter 

Beam Splitter 

Galvo mirror 2 
Beam Expander 

Scan Lens 

c::3 AO modulator 
Reaction 
Chamber Electronic Shutter 

Argon-Ion Laser 

Parabolic 
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XYZ Motion Stages 

Figure 2.1: Laser cliemical etching system schematic. The laser beam passes 

through an electro-mechanical shutter and acousto-optic modulator before it is 

expanded to a 16mm diameter collimated beam. The collimated beam is 

telecentrically steered onto a scanning lens by a commercial X-Y galvo-mirror 

scanner. After being focused by the scan lens, the laser beam passes through a fused 

silica window into a stainless steel reaction chamber containing the silicon substrate. 

The beam comes to a focus on the surface of the silicon sample being etched. 
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Figure 2.2: Close-up of the micromachining hood. On the right side the Argon-Ion 

laser beam can be seen going through the electro-mechanical shutter, the acousto-

optical modulator and the beam expander assembly. The beam is then elevated to 

the optical shelf through a periscope system and brought to the galvo-mirror (top-

left). On the left side the open vapor cell is visible. It is mounted on an IR heater and 

XYZ motion stages. The plexiglass covers on the optical table have been partially 

removed to provide a better view of the acousto-optical modulator and beam 

expander assembly. 
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Optical 

Element 

Diameter 

(mm) 

Focal 

length 

Coating Surface 

finish 

Polish 

Accuracy 

M1,M2 5 N/A R(1  s ide )  15-5 >-/10 

AO 3 N/A AR (2 sides) 20-10 ^20 

LI 5 10mm AR (2 sides) 20-10 m  

L2 18 56mm AR (2 sides) 60-40 m  

M3,M4 25.4 N/A R (1 side) 15-5 

WPl 25.4 N/A AR (2 sides) 10-5 ?i/10 

BSl 50.8 N/A AR (2 sides) 15-5 A,/10 

WP2 25.4 N/A AR (2 sides) 10-5 x/io 

GMl 38.1x25.4 N/A R(1  s ide )  15-5 m o  

GM2 43.2x30.5 N/A R(1  s ide )  15-5 xno 

L3 25.4 75mm AR (2 sides) 20-10 m 

W1 152.4 N/A AR (top side) 40-20 X / 5  

Table 2-1 Optical Elements Basic Characteristics 



2.2.1 Argon-Ion Laser 

Most laser direct writing system used for micro-fabrication feature 

continuous wave (cw) Ar^ and Kr^ lasers. Ion lasers typically have good 

spatial coherence that allows tight focusing and yields good beam profile 

and stable beam pointing, which in turn makes specific and repeatable 

positioning possible. The availability of high output powers and of a variety 

of laser lines from the visible to the near UV makes them particularly 

desirable for micromachining applications. Ion lasers unfortunately are 

expensive and bulky, have low efficiency (typically 0.1 %) and limited 

lifetime (2000 hours for newer ceramic laser heads). Over the course of this 

project, three different Argon-Ion lasers of increasing sophistication, power 

and reliability were used. The laser that is currently used is a Coherent Sabre 

25 W Argon-Ion sealed laser with dual Brewster windows. The laser 

operation is entirely computer controlled via serial communications. The 

Sabre has a water-cooled shutter. An intra-cavity variable aperture allows 

control of the beam mode quality. In this application, the aperture is reduced 

to 3 mm to produce a reasonably clean TEMQO beam. Single line operation is 

achieved by inserting a prism into the cavity and adjusting the angle of the 

highly reflective cavity mirror. In this setup the laser is adjusted to produce 
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single line A, = 488 nm radiation. While the laser is rated at 25 W in multi

line, multi-mode operation, only ~8 W of power is available in TEMoo single 

line mode at A, = 488 nm. In practice, roughly 3.5 W of laser power is 

actually required on the sample; with the system's measured optical 

throughput close to 50% laser powers greater than 7 W are seldom used. 

2.2.2 Beam Modulation 

The Vincent Associates Uniblitz LS3T2 shutter used in this system 

has 0.5 ms open to close (close to open) time; assuming 4 cm/s scanning 

speed this would translate into a 20 fxm edge blur where the shutter is 

opened or closed. Clearly this is not good enough for defining shapes. In 

theory, the galvo-mirror scanner system that is used to steer the beam 

(detailed in Section 2.2.5) is precise and fast enough to be used to accurately 

define shapes. In practice however, inertia causes fast traveling mirrors to 

slow down and dwell at the end of scan lines before changing direction. This 

excessive dwell causes over-etching at the edges of micro-machined 

structures (see figure 2.3). Also, in some cases like corrugated feedhoms, 

deep disconnected regions have to be etched (see Figure 2.4). 
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Figure 2.3: Scanning electron microscope images of pyramidal 500 x 500 ^m wide 

160 ^m deep trench. The top image shows a structure fabricated without acousto-

optical beam modulation. The bottom image presents the same structure fabricated 

using the scanning scheme described in Section 2.2.2. Over-etched regions are 

clearly visible in the top image and completely gone in the bottom one. 
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Figure 2.4: Scanning electron microscope images of laser micromachined 1.5 THz 

corrugated feedhorns. Top: a device fabricated without acousto-optical beam 

modulation. Bottom: a similar device fabricated using the scanning scheme 

described in Section 2.2.2. The bottom channel visible that connects corrugations in 

the top image is gone in the bottom picture. Surface finish improvements between 

the two shots result from improved vacuum system and reduced contamination. 
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In order to solve both those problems, an acousto-optical modulator is 

used to quickly (~5 |xs) switch the beam on and off. The galvo-mirrors are 

scanned over a region slightly more extended than the structure to be 

machined. The beam is turned off while the galvo mirrors are accelerating or 

decelerating and when scanning back and forth between disconnected 

regions. In this scheme, the galvo-mirrors have a constant speed over the 

actual etch area and no etching occurs when scanning between disconnected 

trenches. The acousto-optical modulator is used to turn the beam on only 

when the galvo mirrors are scanning the region which needs etching, and to 

turn the beam off when the laser spot is traveling between isolated etch 

regions or in over-scan regions (See figure 2.5). The size of the over-scan 

region that is required to ensure constant laser spot speed across the silicon 

is determined empirically and depends primarily on scan speed and etch 

pattern size. A 100 }xm over-scan region on each side of the structure was 

found to work well with scan speeds around 4 cm/s. In practice, the size of 

laser micromachined structures can vary greatly, from just a few microns to 

several hundred microns from one location to another. It is also sometimes 

desirable to adjust the scanning speed to obtain different etch rates or surface 

finish. 
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Figure 2.5: Laser micromachining scanning scheme: Gaivo-mirrors scan a region 

slightly more extended (100 |im on either sides) than the pattern to be etched. The 

acousto-optical modulator lets laser light through only when the gaivo-mirrors are 

scanning at constant speed over the pattern. 
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Synchronization problems resulting from the acceleration and 

deceleration of the galvo-mirrors may cause ghosting; to prevent this 

ghosting effect, etching is limited to one scan direction (see figure 2.6). 

Scanning a region more extended than the structure to be etched, and 

allowing etching to happen only when galvo-mirrors are moving in one 

direction significantly reduces the throughput of this system. Without any 

kind of optimization, the throughput resulting from this shuttering scheme is 

at least a factor of 2 less than would be expected from a system where the 

galvo-mirrors alone could be trusted to provide constant speed scanning. 

Better calibration of galvo-mirror motion would probably allow a variety of 

optimization schemes to be devised that may close the throughput gap 

between those two methods. 

The acousto optic crystal is used in the Bragg regime. As ~1 W of f = 

110 MHz Radio Frequency (RF) power is applied to a piezoelectric 

transducer attached to an anti-reflection (AR) coated block of crystalline 

TeOi, acoustic waves are sent through the crystal. The spacing of the 

acoustic waves in the crystal is given by Vs/f. Here, Vs is the speed of sound 

in the crystal. 
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Figure 2.6: Oscilloscope trace of the acousto-optical modulator and X galvo-mirror 

control signals. The galvo-mirror control signal trace is the triangular wave and the 

AO modulator is the square wave. The modulator only passes light when a TTL low 

signal is applied. Etching will happen only during a fraction of the galvo-mirror 

motion in one direction. The duty cycle of the AO modulator is low; the time 

necessary to remove a given volume is increased compared to other schemes. 
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The minimum switching time is given by the time it takes the 

acoustic to cross the entire laser beam: DA^s- Adding to this switching time 

is a delay between the application of the field and the beginning of the 

modulation caused by the finite distance that separates the locations of the 

laser beam and the piezoelectric actuator. Experimentally the time between 

application of RP power and > 90% extinction was measured to be 10 |xs 

(See figure 2.7). The index of refraction change An resulting from the 

acoustic wave is proportional to the amount of RP power applied. 

Where 5 is proportional to the square root of the acoustic intensity. 

When the light field is incoming at the Bragg angle Fresnel reflections off of 

multiple adjacent planes add in phase. Light incident at the Bragg angle 

essentially sees a multi-layer interferometric "coating" and is reflected 

completely into the first order of the grating. 
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The Bragg angle 0d is given by; 

m  •  X  
sm6^ = 

2  •  n  •  X .  s 

Where, m is the diffraction order (m=l) and the wavelength of the 

acoustic wave. The amount of light deflected into the first order mode is 

proportional to Fresnel reflections and therefore to the index change and to 

the amount of RP power applied to the crystal. 

The throughput of this particular crystal at A, = 532 nm and its 

diffraction efficiency were measured to be respectively 95% and 89%. Thus, 

in theory when full power is applied to the crystal, only 11% of the incoming 

power is delivered to the silicon. In practice the static extinction ratio 

X = 488 nm was measured just above -80%, resulting in ~ 1.5 W of power 

being delivered when the shutter is closed and the laser is set at 7 W. Tests 

were conducted, where up to 2 W of laser power was focused on the silicon 

without any visible etching before deciding to implement this shutter 

scheme. It is possible but more complicated to use the first order beam to 

deliver power to the silicon. That latter method provides a much better 

extinction ratio 2000/1 but lower throughput -80% and uncertain wave-front 

quality. 
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Both the electro-mechanical shutter and the acousto-optical 

modulators used in this system are rated for laser powers up to 5 W/mm^. 

A 15 W, 3 mm diameter laser beam should produce no more than 4 W/mm^ 

on the shutter. In single line operation at X, = 488 nm the maximum output 

power of the Coherent Sabre is ~9 W. In practice, laser powers higher than 

7 W are seldom used. 



42 

Figure 2.7: Oscilloscope traces of the acousto-optical modulator control signal (top) 

and of the output of a silicon detector (see Figure 2.8) measuring the intensity of the 

first order diffracted beam. One horizontal division represents 10 ^s. There is a 5 fis 

lag between the application of the control signal and the beginning of the switching 

which represents the time the sound waves take to travel to the illuminated region of 

the crystal. It takes another 5 jis for the sound waves to propagate across the laser 

beam. Assuming a scanning speed of 4 cm/s and a 2 ^m/pixel sampling, the resulting 

blur will be on the order of 0.4 ^m or only 1/5 of a pixel. 
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Figure 2.8: Close-up view of the shuttering and beam expansion system. The laser 

beam is bounced off two dielectric relay mirrors, passes through an electro

mechanical shutter and through the acousto-optic crystal used as a ultra fast shutter 

before going through the beam expander. To achieve maximum AO efficiency the 

laser is operated single line at A, = 488 nm and the AO crystal is mounted on XZ6 

motion stages. The diffracted beam is attenuated with a neutral density filter, its 

amplitude measured with a silicon detector to track modulator performance. 
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2.2.3 Beam Expander 

The beam expander design is a simple Keplerian telescope in which 

the 3mm diameter collimated laser beam is focused by a 5mm diameter 

(4.5mm usable) achromat, with focal length f = 10 mm. The focus of this 

lens is made to coincide with the focus of a 19mm diameter (17.1mm 

usable), f = 56 mm focal length lens. The system provides 5.6x beam 

expansion; as a result the output beam is ~17mm in diameter. The f = 10 mm 

lens is mounted on a motion stage moved by a micrometer; precise beam 

collimation is obtained using a shear plate (see Figure 2.8 on the previous 

page). 

Some concerns were raised early on over using a Keplerian rather 

than a Galilean design. At high enough power, the Keplerian design's 

internal focus can create an electric field strong enough to cause localized 

atmospheric breakdown. Breakdown is expected to happen in air anytime 

irradiance reaches 10^-10'° W/cm^ (Ready, 2001). The peak irradiance at the 

focus of a f# = 3 lens at X. = 488 nm with 7W of laser power is no more than 

5.10' W/cm^ it is thus clear that a Galilean design is not required in this 

regime. 
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2.2.4 Beam Splitter and Beam Shift 

In order to observe the laser micromachined structures and to focus 

the laser beam at the surface of the silicon, a beam splitter is used allow a 

CCD camera to look into the laser light path. As a result of the beam going 

through the beam-splitter, the transmitted beam will be shifted by an amount 

D given by the equation below: 

D = J ) 
\ V « -SIN 0 I 

Where t is the thickness of the beam-splitter n is the index of 

refraction in the beam-splitter and 0 is the angle of the beam with respect to 

the normal of the beam-splitter. Here t = 9mm, neK? = 1 -52 and 0 = 45 ° 

which result in a D = 3.0 mm shift. 

2.2.5 Polarization Control 

There are two wave-plates in the system. A half wave plate and a 

quarter wave plate. The half wave plate is used to control the polarization of 

the beam to minimize the reflection losses at the beam splitter. The quarter 

wave-plate serves a double purpose in this system. It prevents feedback into 

the laser and yields uniform deposition of energy on sloped surfaces. With 
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its fast axis 45° to the direction of the linearly polarized incoming beam it 

introduces a circular polarization. As some of the beam reflects off molten 

silicon, the direction of the circular polarization is changed such that after 

passing through the quarter wave plate a second time the polarization of the 

emergent linearly beam is at 90° from the polarization direction of laser 

beam and does not feedback into the laser. Also, the Fresnel reflection losses 

of a linearly polarized beam on a sloped substrate vary according to the 

orientation of the polarization to the slope of the material. Circular 

polarization results in a more homogeneous deposition of energy on the 

substrate. 

Both Newport® waveplates are fabricated out of quartz, and designed 

to work at both 488 and 512 nm. These waveplates are anti reflection coated 

on both sides to minimize reflection losses over that region of wavelength. 

Proper alignment of both waveplates is done by monitoring the reflections 

off the beamsplitter with a precise laser power-meter. 
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2.2.6 Scanning System 

A two axis galvo-mirror system is used to steer the collimated laser 

beam telecentrically onto an achromatic doublet to scan the focused spot on 

the silicon wafer. The galvo-mirror system is manufactured by GSI 

Lumonics® and it has two dielectric mirrors optimized for the 488-514 nm 

Argon-Ion laser lines. The first mirror moves around an axis 15° off the 

vertical and bends the light beam 90° to the left and 30° (2x15) upward. The 

beam then reflects off the second galvo-mirror that revolves around an axis 

parallel to the light initially incoming into galvo system and bends the light 

90° down, vertically onto the scanning lens (see Figures 2.1 and 2.2). The 

midpoint between the two galvo-mirrors is located 75 mm away from the 

scanning lens (after unfolding the beam) resulting in an essentially 

telecentric system. 

The scanning lens is a precision laser grade optimized AR coated 

achromatic doublet, 25.4 mm in diameter with a focal length of 75mm. The 

collimated beam diameter is 17 mm; the usable size of the scanning lens is 

22 mm (90% of 25.4 mm). Structures up to 5 mm across, can therefore, in 

theory, be fabricated without vignetting. 
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In practice however, aberrations, electronics and computer power 

limit the actual machining field of view to a 4x4nim region. 

The galvo-mirrors are capable of up to 30° of optical scanning, which 

is roughly ten times more than the ~3° required to scan the entire 4x4nim 

etching field. Beam steering accuracy is on the order of a micro radian 

which translates into a position accuracy of 0.075 |xm on the machined 

piece. In practice, the output (0-5V) of a 12 bit Digital to Analog (D/A) 

converter drives an adjustable gain differential amplifier (which makes the 

signal less sensitive to noise) that matches the voltage range of the D/A 

board to the range of voltages necessary to move the mirror ± 1.5°. The 

resulting pointing precision at the surface of the silicon is then about 1 (im. 
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2.2.7 Chamber Window and Focus Shift 

In its path to the silicon substrate, the converging beam that emerges 

from the scanning lens goes through the chamber window. The window is 

made of fused silica, it is 152.4 mm in diameter, 9.525 mm thick, and 

polished flat to X,/10 on both sides. The side of the window facing the 

scanning lens is AR-coated; the side facing into the chamber and therefore 

regularly exposed to chlorine gas is left bare. 

The window will cause the beam to come to focus farther than it 

would otherwise. The telecentric beam steering that results from the galvo-

mirrors being located roughly a distance f away from the scanning lens 

results in the chief ray of the laser beam staying generally normal to the 

window. 
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In this telecentric regime, the window introduces only minimal 

aberrations and the focus shift is easily calculated using the following 

equation 

d = 1 
n  

Where d is the focus shift in air, n the index of refraction of the 

window, and t the thickness of the widow. In particular here, nfused silica = 1 -46 

and t = 9.525 mm therefore the focus shift d = 3 mm. 

2.2.8 Focus Characteristics 

Typical half waist size for a focused Gaussian beam is given by the 

equation below. Here using A, s 0.488 |j,m, f = 75 mm, D = 17 mm hence the 

focus spot diameter 2a)o can be estimated to be 5.5 ^m. 

A ' X ' f  

T t - D  

The depth of focus (DOF) of a Gaussian beam is given by the 

equation below. Using the same values as above, the depth of focus is 

expected to be -25 |j,m. 
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In practice, the focus is tracked using the CCD camera and the 

position of the Z motion stages which is updated every ten planes, (roughly 

every 10 ^m of etch). 

t I 'D^ 

The converging beam has a half opening angle ©beam defined by the 

following equation. In the geometrical optics limit, 0beam is roughly (f/#)'^ 

Here we can expect Gbeam = 6° 

= ^tan 
^  2 - A  ^  

• flair 

As a result of this opening angle, structures with very high aspect 

ratios such as vertical walls will show signs of tapering with an angle of 

about 6°. Vertical structures less than 25 p,m in height can however be 

fabricated due to the depth of focus of the Gaussian beam. In practice, 

structures with very high aspect ratio are hard to fabricate using this 

technology because of reflections of side walls and heat transport problems. 
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2.2.9 CCD Observation system 

The observation CCD camera used is a Sony XC-55 camera with 

646x485 pixels, l\xm square pixels. Its objective is a 75 mm f/# 1.4 lens with 

adjustable focus and diaphragm. In practice, the focus of the objective is set 

at infinity. The 75mm objective provides Ix magnification when used 

together with the f = 75 mm scanning lens. One pixel on the camera image 

therefore represents 7 |^m on the silicon. The field of view of the camera is 

4.5 X 3.4 mm. This configuration allows both the observation of the largest 

structures that can be fabricated and precise focusing of the laser beam. The 

field stop of this imaging system is located at the quarter wave waveplate 

resulting in a slightly vignetted field of view. Partial vignetting is easily 

corrected by using a flat-field in the post processing of the image. Images of 

micromachined structures are sometimes hard to interpret. Moving the 

structure of interest a few millimeters away from the center of the image 

using the XY motion stages and then centering it back with the galvo-

mirrors offers a perspective view that is often more interesting. 

The camera is fitted with two filters. A low pass (orange) filter 

prevents reflected laser light from focusing at the surface of the CCD, and 
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potentially damaging central pixels. An hot mirror filters the thermal 

radiation from the parabolic heater (see Section 2.2.10 below) and from the 

heated silicon which would saturate the image otherwise. 

2.2.10 Infrared Parabolic Heater 

At low temperature, the amount of laser power required to induce 

chemical etching can lead to micro-cracking along sidewalls. Crack 

formation results mostly from cooling stresses which are more pronounced 

at comers and edges because of point effects (Bloomstein, 1996). In order to 

reduce cracking, it is then necessary to lower thermal gradients. The amount 

of energy that must be deposited by the laser to induce chemical etching and 

its associated thermal gradients can be reduced by heating the substrate. At 

temperatures above 300°C, high background etching rates compete with 

laser induced etching rates. In practice the substrate is heated to 100-140°C 

using a uniform infrared illumination system. The light from a quartz light 

bulb, collimated by a two inch parabolic reflector, enters the chamber 

through a 2 mm thick flat sapphire window before striking the back side of 

the silicon wafer. The temperature of the wafer is measured near the edge of 

the front side of the wafer with a type K thermocouple. The temperature at 
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any given point on a circular wafer heated by uniform IR illumination can be 

predicted theoretically (Bentini, 1984). 

2.2.11 System Throughput 

Reflectivity and transmission coefficients were provided by the 

manufacturers for most of the optical components in this system (see table 

2.2). The transmissivity (T = 1 - R) of the uncoated side of the chlorine 

chamber window can be estimated using Fresnel's equation: 

For the interface between a fiised silica window and chlorine gas 

under 100 Torr vacuum: ni = 1.46, n2 = 1, R = 3.5% and T = 96.5 %. The 

throughput of the system can then be calculated (see Table 2.2 on next page) 

and 73% of the incoming laser light is expected to be transmitted to the 

silicon. In practice, the measured system throughput is closer to 50%. As a 

result, 7 W of laser power is needed to deliver 3.5 W of laser power to the 

substrate. 
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Optical Element 1®' surface 
transmission 

2°^ surface 
transmission 

Total transmission 

Mirror 1 (Ml) > 99% N/A > 99% 

Mirror 2 (M2) > 99% N/A > 99% 

AO Crystal (AO) 98.5% 98.5% 97% 

Lens 1 (LI) > 98% > 98% > 96% 

Lens 2 (L2) > 98% > 98% > 96% 

Mirror 3 (M3) > 99% N/A > 99% 

Mirror 4 (M4) > 99% N/A > 99% 

Waveplate 1 (WPl) > 98.5% > 98.5% > 97% 

Beamsplitter (BSl) > 99.25% > 99.25% > 98.5% 

Waveplate 2 (WP2) > 98.5% > 98.5% > 97% 

Galvo-mirror 1 (GMl) > 99% N/A > 99% 

Galvo-mirror 2 (GM2) > 99% N/A > 99% 

Scanning Lens (L3) > 98% > 98% > 96% 

Chamber Window (Wl) > 98% > 96.5%** > 94.6% 

Complete Sytem > 70.8% 

Table 2-2 Optical throughput of optical elements and system as a whole. 
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2.3 Gas and Vacuum System 

Figure 2.9 shows the Steward Observatory system. The chlorine and 

nitrogen gas cylinders and the Welch® vacuum pump are stored in the gas 

cabinet on the right. The central hood houses the laser, reaction chamber, 

and optics. The diaphragm vacuum pump and chlorine scrubbers are 

contained in the small gas cabinet on the left. 

2.3.1 Reaction Chamber 

The 316 stainless steel reaction chamber has two windows: a 6 inch 

diameter, optical quality, fused silica window on top, and a 2 inch polished 

sapphire window on the bottom. Both windows are sandwiched between two 

Vitton™ 0-rings. The inside 0-ring acts as a vacuum/chlorine seal, the 

outside one spreads the load of the retaining ring over the circumference of 

the window and thus prevents the formation of pressure points that may lead 

to stress and cracking. 
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Figure 2.9: Steward Observatory laser micromachining system. The large blue 

cabinet on the right side houses the chlorine and nitrogen gas cylinders and a 

computer controlled pneumatic gas delivery and vacuum system. The chlorine 

scrubbers sit in the small blue hood on the left side. The large black hood in the 

middle houses the laser machining system. All three are connected to a vented 

smoke stack for safety. 
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The chamber has two VCR ports, for the input and output of chlorine 

gas, and a welded mini-conflat flange used as a thermocouple pass-through. 

A 316 stainless steel access door is used to access samples in the chamber. 

The door is bolted against a Vitton 0-ring, and fitted with a stainless steel 

vacuum valve that can be connected to a light turbo vacuum pump for initial 

pump down. 

The substrate is placed on a 316 stainless steel tray which is held in 

place vertically by Teflon™ runners bolted to the chamber side-walls, and 

horizontally by removable Teflon^'^ bumpers. The chamber is mounted on 

XYZ motion stages that are used for focusing and stitching. Flexible, 

stainless steel braided, Teflon''^^ hoses are therefore used connect the 

chamber to the chorine distribution system. The ends of the Teflon™ hoses 

are connected to two vacuum gauges. A capacitance diaphragm transducer is 

used to measure chlorine and nitrogen partial pressures. A convection 

transducer allows monitoring of the chamber during the evacuation process. 

Neither device is rated for high temperatures; they are therefore both 

mounted at a distance from the chamber. 
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2.3.2 Chlorine Supply and Piping 

For safety reasons, only minimal amounts of chlorine gas are stored in 

the system. A number 4 cylinder, fitted with a flow restricting orifice is 

used. The flow restricting orifice limits the rate at which chlorine may be 

accidentally released such that it will be diluted to non hazardous levels by 

the forced air in the vented cabinets. 

Chlorine gas can react with water vapor in the air and form 

hydrochloric acid that will corrode most materials like stainless steel and 

Vitton™ that are normally acceptable for use with dry chlorine gas. It is 

therefore critical to be able to evacuate and purge the regulator and the rest 

of the lines before and after laser micromachining. The chlorine regulator is 

therefore hooked up to the cylinder via a cross tee purge assembly (see 

Figure 2.20 below). 

Figure 2.10: Chlorine cylinder, cross tee purge and chlorine regulator. 
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All the gas lines in this system are % inch, electro-polished, 316 

stainless steel. Computer controlled, solenoid activated, pneumatic valves 

with redundant manual valves control the flow of chlorine and nitrogen in 

the system. All valves default to the closed position. The status of the vented 

smoke stack is constantly monitored by the laser micromachining computer 

(see figure 2.11 below) and interlocked such that no pneumatic valve may be 

open unless air is flowing in the stack. Pressure relief valves placed across 

the chlorine and nitrogen supply lines prevent accidentally over-pressuring 

the chamber. 

I 
Figure 2.11: Vent-Alert exhaust stack monitoring device 

2.3.3 Vacuum system 

Even low level contamination in the chamber can affect the quality of 

the laser chemical etching process. To aid in the initial pump down process. 
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a turbo pump is directly connected to the chamber for. A Welch oil pump 

that was also used for pumping down the whole system is now used to purge 

the distribution system before and after use. The output of both pumps is left 

un-scrubbed, therefore they are only used to evacuate air or nitrogen. Both 

pumps are physically disconnected from the system before chlorine is 

introduced and neither one of them is computer controlled. 

A diaphragm dry pump (see Figure 2.11 on next page) placed in the 

scrubbing cabinet is used to purge the system of silicon tetra-chlorides and 

of the remaining chlorine gas at the end of the run. The output of this pump 

is connected to sodium thiosulfate gas scrubbers which transform the 

chlorine gas into sulfuric acid and salt which can then be neutralized and 

disposed. This pump is computer controlled to accelerate the purge process. 

Figure 2.12 Scrubbing cabinet: diaphragm vacuum pump, and sodium thiosulfate 

scrubbers. 
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2.4 Electronics and Control System 

The laser micromachining computer needs to control over 20 different 

devices. This is done through two or three layers of electronics (see Figure 

2.13). In general, devices are connected to control electronics that provide 

signal conditioning and isolation between the devices and the computer. The 

control electronics are connected to the computer using three dedicated bus 

level boards and two serial ports. 

The CCD is interfaced using a Sony® control box that feeds an 

Imagenation® PX510 PCI frame grabber. A Computer Boards®, 12 Bits, 

4 channels, 250 kHz sampling rate self clocked synchronous D/A ISA board 

is used to generate the galvo-mirror and acousto-optical modulator control 

signals. 

The 0-5 Volt galvo-mirror signal output by the D/A board is 

attenuated in order to match the voltage range required to steer the galvo-

mirrors over a 4x4 mm region. A differential amplifier with unit gain is then 

used to feed the galvo-mirrors servo control through a twisted wire pair with 

minimum noise. The 0-5 Volt acousto-optical modulator signal output by the 

board is buffered using a high slew rate instrument op-amp and impedance 

matched to the acousto-optical crystal RF driver. Matching the output 
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impedance of the instrument amplifier to the input impedance (50 Ohm) of 

the 110 MHz, IW RF mixer is critical to prevent reflection losses from 

reducing the amount of power delivered to the piezo-electric actuator; 

thereby reducing the crystal's diffraction efficiency. 

A Computer Boards®, 16 Bits A/D and digital I/O PCI board is used 

to monitor system temperature and pressure and control the IR heater, 

electro-mechanical shutter, fiber illuminator, diaphragm vacuum pump and 

the many solenoid activated pneumatic valves. All these devices, with the 

exception of electro-mechanical shutter are 11OV AC powered. The digital 

outputs of the PCI board are therefore all buffered using opto-isolators and 

the llOV AC power is introduced using individually fused electro

mechanical relays. 

The Coherent® Sabre laser and the Kensington® motion stages are 

controlled using the computer's serial ports: COMl and COM2 respectively. 
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Figure 2.13: Laser micromachining system electronics diagram 
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2.5 Software 

The laser micromachining software is written in Microsoft® C++ for 

Windows NT™. The Windows'^'^ platform was chosen because of the ready 

availability of device drivers and function libraries that made 

communicating with bus level boards and serial ports relatively easy. Figure 

2.14 below illustrates the hardware interfacing scheme adopted. 

coherent 
Laser 

Controller 

Sony 
CCD Control 
Electronics 

Kensington 
Motion Stage 

Controller 

Computer Boards 
A/D and Digital 

I/O Board 

Computer Boards 
D/A Simultaneous 
Timed out Board 

Imagenation 
PX Library 

Computer Boards 
Universal Library 

MarshallSoft 
Windows Serial 

Communication Library 

Laser Micromachining 

Figure 2.14: Laser micromachining software hardware interfacing scheme. 
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The software architecture was driven by the need to monitor and 

control more than twenty different devices, some of them in real time. The 

program can be divided into three major components (classes), the display 

(class), the machiner (class), and the status monitor (class). All three 

components run on their own thread, and each one of them uses multiple 

aggregated classes to divide up the work into logical parts. Typically these 

classes are associated with real devices, see Figure 2.15 below. 

Display 

Controller 

CCD 
Gas 

Monitor 
Pressure 
Gauge 

Thermostat Laser Object Galvometer XYZ Stage 

Machiner 
Status 

Monitor 

DIOport 

Figure 2.15: Organization chart of the laser micromachining software 

All the communications pass through the controller. Action requests 

are passed up to the controller by the various components and forwarded 

down to the appropriate device class by the controller. The major advantage 
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of this method is that when a particular piece of hardware must be replaced 

only the low level code that directly controls it needs to be re-written. The 

change is essentially transparent to the rest of the program. 

2.5.1 Etching Modes and Etching Files 

At present the laser micromachining software offers five etching 

modes, each with an associated file format that allows the program to 

distinguish between them and read the necessary information. Etch files are 

recognized by their .LMC extension. LMC files start with a keyword that 

indicates the type of etch to be performed. The basic type keywords are 

PIASTERX, RASTERY, REVOLUTION, VECTOR and SCRIPT. 

Depending on the keyword, the file is parsed differently and different 

scanning modes are used. What follows is a description of each type. 

RASTER, RASTERX, RASTERY: 

RASTER and RASTERX are two different keywords for the same 

scanning scheme described before in section 2.2. RASTERY is identical to 

RASTERX except the X and Y scanning axis are swapped. The first field 

below the etch mode keyword is a rotation angle in radians which allows to 

arbitrarily rotate the scan axis around the center of the field. For example. 
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setting the rotation angle to %I2 in RASTER or RASTERX mode is 

equivalent to setting it to 0 in RASTERY mode. The next field is the number 

of planes, which tells the program how deep the structure will be etched. The 

number of planes is followed by a data table that describes the patterns to be 

etched. Each row starts with the number of segments that have to be etched 

and is followed by pairs of starting and ending X coordinates. When no etch 

is required for a few scan lines, the row will start with a 0 followed by the 

number of lines to be skipped. Below is an example of what a RASTERX 

etch file may look like. 

LMC File Example: RASTERX 

RASTERX 
0 
50 
0 250 
1 400 1600 
2 300 700 900 1100 
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REVOLUTION: 

In this mode, the laser spot is steered along circular path of increasing 

or decreasing radius around an arbitrary center. This mode is particularly 

useful for making micro lenses, zone plates or any other kind of circularly 

symmetric structures. The first field below the etch mode keyword is the 

number of planes which tells the program how deep a structure will be 

etched. The next two fields are the X and Y axis offset, in that order. This 

offset tells the distance from the center of the field (1000, 1000) to the center 

of the pattern. Below the X and Y axis offsets is a list of pairs. The first and 

second numbers in each pair are the inner and outer radius (in pixel units) 

between which etching will occur. Below is an example of a REVOLUTION 

file for a spherical concave structure centered on the middle of the field. 

LMC File Example: REVOLUTION 

i 

. , J 

REVOLUTION | 
50 j 
0 i 
0 i 
0 50 ! 
0 49 j 
0 49 i 
0 48 ^ 
0 47 I 
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VECTOR: 

In this mode, the laser beam follows segments defined by their end 

points. Following the mode keyword is the number of planes or how many 

times the pattern will be repeated, next is a list of X, Y pairs that the galvo-

mirrors will connect. The following example (on next page) is a 50 planes 

deep, 1000 pixel on the side, square centered on the origin. 

LMC File Example: VECTOR 

i i 
1 
1 % 
I 

: 1, 

VECTOR 
50 
500 500 
500 1500 
1500 1500 
1500 500 
500 500 
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SCRIPT: 

Scripting does not add a new etching method per say but rather allows 

the automatic processing of one or more LMC files. The SCRIPT mode can 

access most controls normally available to the user from the graphical user 

interface. Below is an example that shows the power of script files. 

LMC File Example: SCRIPT 

SCRIPT 
# This is a sample script 
for power 6.0 10.0 1 

laserpower power 
for rate 0.5 3.5 1 

setScanRate rate 
machine sqrlOOxlOOxlO.lmc 
incXpos 1000 

end 
incXpos -4000 
incYpos 1000 

end 
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2.5.2 System Control and User Interface 

The menu driven graphical user interface allows the user to perform 

all the steps required to setup and shutdown the system. With the system 

ready to etch, pull-down menus and pop-up windows like the one displayed 

in Figure 2.16 can be used to set the process parameters. In the window that 

is visible here the, user can input absolute motion stages position, galvo-

mirror scanning speed, substrate temperature and laser power. A status bar 

on the left side of the screen allows the user to monitor various useful 

parameters like substrate temperature or chlorine pressure in near real time. 

The blue arrows in the bottom left comer of the window are used to move 

the motion stages and galvo-mirror motions in increments of 1 to 10,000 

^m. Pull-down menus, organized according to the type of device they 

control, are available from the top line. A status line at the bottom of the 

window displays the time and results of the last request. Finally, the central 

window is used to give an idea of the layout of the structure that was 

selected before the etching starts; it is then constantly updated to show the 

progress of the etching process and can be used when the etching stops to 

display a CCD image of finished structures. 
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Current Object: hybridZOQO 

Stage X postion: 0.0 

Stage Y postion: -70000.0 
Stage Z postion: 0.0 

Temperature: -0 

Pressure: 0 

Vent Alert: OK 

HIeater: OFF 

Layer: 0 of 101 
Scan Speed: 4.00 

Laser Status: ON 7.000 

||f*; XY stages r Gatvometers 

Message: 10:01:54: Ready 

Figure 2.16: Screen shot of the laser micromachining software graphical user 

interface. 
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2.5.3 Real Time Control 

The laser induced chemical etching process relies heavily on 

dependable galvo-mirror position and speed as well as precise and accurate 

timing of the acousto-optical modulator. Scanning and modulation control 

must therefore be done in real time. As Windows NT™ is not a real time 

operating system, the real time burden of this process is shifted to the D/A 

board. Therefore D/A operation is given priority over all other software 

fimctions like temperature control or screen refresh. 

The D/A board is a self clocked D/A high speed board with a FIFO 

(First In First Out) memory buffer. A list of output values is stored in the 

FIFO buffer and the timed output is started at a pre-set output rate. When the 

buffer is half empty, a system interrupt is triggered causing the LMC 

program to make another batch of values available to the board. When the 

new data is ready, the program triggers a new system interrupt signifying to 

the board that it is ready for a Direct Memory Access (DMA) cycle. The 

process repeats until all output values have been reported and the complete 

structure has been etched or until the user elects to pause or abort. 
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2.6 LCE System Operation 

Before operation, the reaction chamber is heated to 100°C for a few 

hours and evacuated using a turbo pump directly connected to the chamber 

loading door. Achieving a good vacuum (10"^ Torr or better) in the reaction 

chamber before filling it with chlorine is imperative, as even low level 

contamination has a dramatic impact on the finish of laser micromachined 

structures. The adjacent stainless steel gas lines and chlorine regulator 

assembly are evacuated separately using a Welch® oil pump. Otherwise the 

small quantity of water vapor present in the gas lines or in the chlorine 

regulator would react with chlorine to form hydrochloric acid. Over time this 

acid will damage most materials including those compatible with dry 

chlorine gas like 316 stainless steel and Vitton™. To reduce contamination 

further, the system is kept under vacuum between micro-fabrication runs. 

When the system has been properly evacuated, the reaction chamber 

is then filled with 99.9% pure (research grade) chlorine gas to -200 Torr and 

closed off The chlorine lines are then purged with nitrogen, and the excess 

chlorine gas is scrubbed before laser micromachining begins. In the 

scrubbers, sodium thiosulfate in aqueous solution reacts with the chlorine 
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gas to form sulfuric acid and salt (NaCl), which can later be neutralized and 

safely disposed. While the laser micromachining is going on the substrate 

temperature is maintained at 120°C and nitrogen gas is flowing through the 

scrubbers to prevent precipitates from clogging the bubblers. Generally, after 

2 hours of etching, and with only ~10% of the chlorine used, the remaining 

chlorine gas and silicon chlorides are pumped out of the chamber using a 

small, dry, diaphragm vacuum pump and scrubbed. The chamber is purged 

with nitrogen and evacuated using the diaphragm pump at least twice before 

it is deemed safe to open and retrieve the wafer. 

The operating parameters used to produce the vast majority of the 

structures presented in this dissertation were as follows: substrate 

temperature of ~120°C, chlorine pressure 200 Torr, laser power on the 

silicon 3.5 W, scanning speed 4 cm/s with 2 (j,m sampling and spot size 

2 ©o = 6 (im,. Using these parameters, 1 )j,m deep layers were etched at a rate 

of 0.27 mm^/hr, consistent with previous MIT Lincoln Laboratories 

findings (Bloomstein, 1996). Measurements obtained in collaboration 

with Lincoln Laboratories, indicate surface finish of laser micromachined 

parts -0.1 fxm r.m.s. 
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In some cases, the surface roughness can be improved to better than 

25 nm r.m.s. using isotropic wet etches. Different etching parameters such as 

lower laser power, higher scanning speed, higher wafer temperature and 

chlorine pressure can also yield better surface roughness albeit generally at 

the expense of the etch rate. Scanning the laser in a chlorine free ambient 

can be used to improve surface finish by annealing the substrate's surface. A 

defocused beam (X < 500 nm) can be used to create chlorine radicals above 

the substrate and induce a somewhat localized semi-isotropic etch that can 

also be used to improve processed surface finish. 
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CHAPTER 3 

THZ FEEDHORN ARRAYS 

3.1 Astronomical Motivation 

The advent of large format spectroscopic imaging cameras in the far-

infrared (FIR) will fundamentally change the way astronomy is performed in 

this wavelength regime. While the possibility of such instruments has been 

discussed for more than two decades (Gillespie, 1979), only recently have 

advances in mixer technology, device fabrication, signal processing, 

telescope design and micromachining made the construction of such 

instruments technically and economically feasible. 
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In the wavelength regime between 300 and 60 ^im there are a number 

of atomic and molecular emission lines that are key diagnostics probes of the 

Inter-Stellar Medium (ISM). These include transitions of [C II], [N II], [O I], 

HD, OH, CO, H2O and H2D^. In Giant Molecular Clouds (GMC), evolved 

stellar envelopes, and planetary nebulae, these emission lines can be 

extended over many arc minutes and possess complicated line profiles that 

can only be disentangled using high resolution (R > 10^) spectroscopy. 

Observations of these lines are crucial to understanding the chemistry and 

energy balance of the ISM. It is the cooling provided by these lines that 

regulates the collapse of molecular clouds cores into stars and traces the 

formation of molecules in evolved stars that ultimately replenish the ISM. 

Due to the hot (T > 1000 K) and dense («H > lO'^ cm'^) conditions expected 

in many proto-planetary disks, emission lines in the FIR must also play a 

pivotal role in cooling and molding young planetary systems. In order to 

separate the emission of the disks from that of the ever present molecular 

outflows and probe velocity fields, instruments incorporating both high 

spectral resolution and imaging are required. 
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The only instruments capable of realistically providing the required 

spectral resolution and spatial coverage for these studies are large 

heterodyne array receivers. Unfortunately, none exists. Fortunately, recent 

breakthroughs in detector technology, local oscillators (LO), amplifier 

technology, backend spectrometers and micromachining now make the 

construction of those heterodyne array receivers possible. 

Terahertz heterodyne receiver technology has progressed considerably 

in the past decade. Up to 1 THz, most receivers use niobium based 

Superconductor-Isolator-Superconductor (SIS) mixers. In the future, SIS 

mixers will likely be used up to 1.2 THz with an upper limit of about 1.4 

THz due to film losses and junction gap frequency (energy gap) for known 

superconducting materials. Shottky diode mixers are presently employed at 

frequencies above 1 THz (Gaidis, 2000). Hot Electron Bolometer (HEB) 

mixers which have lower noise characteristics and require less Local 

Oscillator (LO) power are now available in the frequency range above 1 

THz (Wyss, 1999). The HEB mixer consists of a narrow, thin 

superconducting micro-bridge contacted with thick normal films. The 

simplicity of HEB construction minimizes the device to device performance 

variations often observed with more complicated SIS junctions and makes 
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them ideal candidates for use in large format array receivers. HEB mixers 

use the heating of electrons at the superconducting temperature Tc to 

accomplish the mixing. The resistance oscillates at the Intermediate 

Frequency (IF) due to the combined LO and signal power. The conversion 

efficiency is typically good (-8 to -10 dB) and there is no capacitance (unlike 

SIS devices) and no gap frequency limit. Thus, coupling to broadband planar 

antennas or waveguide structures is feasible to 10 THz or higher. 

HEB have been successfully used in both quasi-optical and waveguide 

mixer mounts. When waveguide and quasi-optical mixers are made at the 

same frequency with comparable mixing devices, laboratory measurements 

show waveguide mixers outperform quasi-optical mixers both electrically 

and optically (Kooi 1998 and Walker, 1992). This occurs for two reasons: 1) 

because waveguides have intrinsically lower loss than the microstrip 

structures used in planar designs, and 2) because waveguide feedhoms can 

couple to the fundamental Gaussian mode with 98% efficiency compared to 

89% efficiency of dielectric planar antennas (Goldsmith, 1998). 

At wavelength shorter than 400 ^im (800 GHz), rectangular 

waveguide structures, feedhoms and back-shorts become extremely difficult 

to fabricate using conventional machining techniques. The rest of this 
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chapter explores the use of laser micromachining to fabricate the waveguide, 

feedhom and backshort arrays necessary for the manufacture of large format 

heterodyne array receivers. The devices presented are designed for 

operations at two particularly useful FIR frequencies bands centered on 

1.5 and 5 THz. 

The 1.5 THz (X, = 200 }im) region is important because it benefits 

from an atmospheric window which makes it accessible to ground based 

observations. South Pole site testing suggests that the 200 ^m wavelength 

atmospheric window has a median winter transparency on the order of 10%. 

The atomic and molecular transitions accessible in this region (see Table 3.1 

below) are important diagnostics of a variety of astronomical phenomena 

including planetary atmospheres, star-forming regions, young stellar objects 

(YSO), circum-stellar envelopes, planetary nebulae, starburst galaxies and 

molecular clouds. 

Spectral Line Frequency (THz) Wavelength (|xm) 

H2O - 221 —>2i2 1.66 180 
[NIIl 1.461 205 
H2D'^ 1.370 218 

CO-J- 13 -^12 1.497 200 
CO-J= 12^ 11 1.382 217 

Table 3.1: Astronomically important lines in the 1.5 THz atmospheric window. 
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The 5 THz (X, 60 |xm) region of the spectrum, on the other hand, is 

only accessible from stratospheric platforms and from space. The 

Stratospheric Observatory For Infrared Astronomy (SOFIA), a Boeing 747 

jet fitted with a 2.5 meter infrared telescope, slated to begin flight operations 

in 2004, is one such platform. A number of proposed high altitude balloon 

borne experiments and space missions will also have the ability to observe in 

that frequency range. The 4.75 THz [O I] ^Pi->2 line is a critical probe of 

energetic Photo Dissociation regions (FDR), H II regions, proto-planetary 

disks and molecular clouds. 

The ability to fabricate 1.5 and 5 THz, waveguides, feedhoms and 

backshorts is a key step towards realizing the scientific potential of THz 

region. 
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3.2 Feedhorns and Backshorts 

Feedhoms are basically flared out waveguides. Their role is to create a 

homogeneous wave-front with a larger aperture and better directivity than a 

waveguide (Kraus, 2002). Horn antennas have been around for a long time, 

in fact Kraus mentions in his book "Antennas for All Applications" that 

Chandra Bose used them as early as 1897. As a result a large and ever 

increasing number of horn designs exists. Both rectangular of circular 

waveguides can energize or be fed by feedhoms. 

3.2.1 Corrugated Horns 

Corrugated feedhoms can be thought of as flared sections of 

cormgated waveguides. The period of the cormgations is generally small 

compared to the wavelength, and their depth typically a quarter of 

wavelength. A wave that enters the cormgation goes along a % wave path, 

reflects on the metallic wall where it picks up a V2 wave phase shift and then 

propagates another % wave long path back resulting in an overall 2n phase 

shift. As a consequence, the propagating field "sees" an infinite reactance 

boundary rather than a metallic wall (Goldsmith, 1998). The E field is 

therefore reduced to very low levels at the horn walls regardless of 
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polarization (Kraus, 2002). The radiation pattern is symmetric, tapered at the 

edges and insensitive to polarization making it ideally suited for coupling 

with a telescope beam. As the frequency is varied however, the surface 

reactance will change, thus limiting the useful bandwidth of the device to 

roughly 30%. Corrugated feedhoms can provide up to 99% coupling to the 

fundamental Gaussian mode when Q = 0.644 a (Goldsmith, 1998). Where to 

is the beam radius at the horn aperture of radius a. In practice the beam waist 

is not located at the aperture of the horn. Rather, its waist radius COQ and 

position z are given by: 

q)Q _ 0.644 z 1 

« 7(1 + 0.172 Ri, 1 + 5.81;3"^ 

Rh is the radius of curvature of the wavefront and p is the edge phase 

error in radians defined by: 

Z R ,  

Figure 3.1 on the next page shows two close up scanning electron 

microscope images of a laser micromachined, 1.5 THz corrugated feedhom, 

complete with rectangular to circular waveguide transition and mode 

launching section. 
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Figure 3.1 Scanning electron microscope images of laser micromachined 1.5 THz 

(X, = 200 ^m) split block corrugated horn. 
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3.2.2 Smooth Walled Horns 

At high frequency (above ~3 GHz) corrugations become so small that 

the corrugated feedhoms described above are nearly impossible to fabricate, 

even using laser micromachining. Circular, smooth walled, cylindrical or 

conical horns can and have been used when the diminishing size of 

corrugation makes corrugated feedhoms impractical, albeit with 

performance losses. 

The distribution of the propagated fields in the horn can be solved for 

a given excitation mode using the boundary conditions set by the assumption 

that the metallic horn walls are perfect conductors, and therefore the 

tangential component of the electric field at the walls must be zero. When 

energized by the dominant TEn mode of a circular waveguide the electric 

field that propagates through smooth walled horns is transverse, but unlike 

the field in corrugated feedhoms, not azimuthally symmetric (Goldsmith, 

1998). As a result, the emerging beam is astigmatic and does not couple as 

well with a Gaussian beam. The coupling efficiency of circular smooth 

walled homs is polarization dependant and less than cormgated homs (89% 

rather than 99% for cormgated homs). 
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Numerous schemes have been devised to improve the performance of 

smooth walled horns (Potter, 1963 and Pickett, 1984). The dual mode 

feedhom is probably the most common enhanced derivative of the simple 

cylindrical and conical horns. The dual mode horn takes advantage of the 

different field distributions that exist in the two lowest circular waveguide 

modes TEu and TMu modes. For y-polarized excitation the TMn field is 

strongest along the y axis, whereas the TEu field is distributed more evenly 

(Johansson, 1993). Launching TEu and TMn modes with the appropriate 

amplitude and phase into a conical horn will result in a mixed mode 

characterized by improved polarization purity and increased Gaussian beam 

coupling efficiency. 

Energizing the horn with the proper mix of TEu and TMn modes is 

done with mode launcher which usually takes the form of a taper or step in 

the circular single mode waveguide. A phasing section is then used to bring 

the two modes into phase at the base of the conical horn (Goldsmith, 1998). 

Figure 3.2 on next page is an example of a 5 THz (A, = 60 fxm) laser 

micromachined "Potter" feedhom complete with single mode circular 

waveguide, mode generator, phasing section, and conical horn. 



Figure 3.2 Scanning electron microscope image of a laser micromachined 5 THz 

(X, = 60 (im) split block "Potter" feedhorn horn. 
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3.2.3 Backshort 

In order to improve the coupling efficiency of field probes and mixing 

devices, waveguides are commonly terminated with tunable backshorts. In 

its simplest implementation a backshort is a closed-in % wave long section 

of waveguide. An electromagnetic wave entering the backshort goes through 

a wave section of waveguide before reflecting on the metal wall, thereby 

incurring a Vi wave phase shift; it then propagates back to its starting point, 

along the same % wave long waveguide section. The resulting In phase shift 

causes a standing wave in the waveguide which can be taken advantage of 

by placing the mixer at the beginning of the backshort where it "sees" 

constructive interference. Tunable backshorts typically incorporate a 

movable end reflector that allows adjusting the actual path length for various 

wavelengths. In practice tunable backshort are extremely difficult to 

fabricate at high frequency (>800 GHz), where they are therefore replaced 

by fixed length backshorts. The ability to control precisely the length of the 

backshort waveguide section becomes critical. Figure 3.3 shows just such a 

laser micromachined silicon backshort. The long shallow groove is used to 

hold the mixer in place in the waveguide. The shorter, deeper rectangular 

section is the actual backshort. 



Figure 3.3: Scanning electron microscope of a laser micromachined 1.5 THz (X, = 20 

^m) rectangular backshort cavity. 
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3.3 Array design 

As shown in the previous sections, all the waveguide components 

required for fabricating arrays can be laser micro-machined out of silicon 

and assembled into an integrated package. Array designs and fabrication 

schemes can be readily scaled for use at frequencies between 0.5 and at least 

5THz. 

Figures 3.4 and 3.5 on the following pages illustrate the way a 4x4, 

fixed backshort, waveguide mixer, focal plane array could be implemented 

on platforms like the AST/RO telescope at the South Pole or SOFIA. The 

focal plane array consists of three main building blocks: a horn block, a 

bolometer block, and a backshort block, two of which are laser 

micromachined. The following sections deal in more details with all three 

major building blocks of the array. 

This relatively straightforward design will pave the way for more 

complex instruments like the proposed Large Binocular Telescope (LBT) 

100 pixel, MegaCAM instrument (Groppi, 2001). The MegaCAM design 

combines ten, 1x10 810 GHz linear feedhom arrays to create a 100 pixel 

THz camera. 
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Focal Plane Array Assembly Diagram 

Feedhorn Block 

Bolometer Array Block 

Backshort Block 

Corrugated feedhorn with 
'waveguide transition 

to full-height rectangular 
waveguide 

- Wire bonding pads 

- Niobium micrcbridge bolometer 
on 1 ^m thick silicon membranes 

IF output transmission line 

Backstiort Pedestals 

Figure 3.4: Assembly drawing of a 4x4 array mixer block using laser 

micromachined horn and backshort blocks. 



Transparent 4x4 Array 

IF/DC wire bond 4x4 Eu:ono:cr Vvafer 

4x4 Bolomoicr Wafer 
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3.3.1 Horn Block 

The hom block is assembled from four laser micromachined 1x4 

corrugated feedhom arrays (see figure 3.6). Each linear array is formed by 

bonding two gold plated, silicon wafer in which mirror images of the 

corrugated or "Potter" feedhoms have been laser micromachined. Alignment 

between the two halves of a linear hom array is guaranteed by posts and 

corresponding laser etched holes in each split block half. Assembly of the 

package is done with an infrared microscope and micromanipulator system 

designed originally for flip chip bonding. Each hom is manufactured with a 

circular to rectangular transition to match the input impedance of the HEB. 

Figure 3.7 on the following page shows three laser micromachined 1.5 THz 

(A- = 200 |im) cormgated feedhoms complete with circular to rectangular 

transition. The three cormgated homs shown are part of a 1 x 5 split block 

feedhom array spaced to widely to fit in a single scanning electron 

microscope image. The inter-hom (center to center) distance is set to 2 fk or 

3 coo to provide efficient Gaussian beam illumination and limit crosstalk. 

Figure 3.8 is an optical microscope image of 2 elements of a proof of 

concept 5 THz (A, = 60 )j,m), 1x10 "Potter" hom array designed for SOFIA. 
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Figure 3.6 SEM image of three 1.5 THz = 200 (im) corrugated feedhorns, 

micromachined as part of a one by five element split block array (the wide spacing 

between horns did not permit to fit all five elements into one SEM picture). 



97 

.4224 mm 

Figure 3.7: Optical microscope image of two elements of a laser micromachined split 

block, one by ten, 5 THz (X = 60 fim) "Potter" horn array. The spacing between 

horns is to large to fit the remaining eight horns in the picture. 
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3.3.2 Bolometer Block 

At high frequencies (> 650 GHz), it becomes nearly impossible to 

manually mount detectors across small waveguide structures. An alternative 

approach is to fabricate the mixing elements on ~ 1 )xm thick silicon nitride 

membranes which are subsequently integrated with the horn structure. To 

date this approach has been used successfully with SIS junctions up to 

frequencies of 850 GHz (Kooi, 1998). Identically, HEB mixing devices can 

be fabricated on a thin membrane lying across a window formed by etching 

a pyramidal hole from the backside of the supporting wafer (see Figure 3.8). 

3.3.3 Backshort Block 

The fixed rectangular backshort is laser micro-machined (Section 

3.2.3, Figure 3.3) on a pyramidal structure designed to fit the cavity behind 

the bolometer block membrane. The pyramidal structure can be laser 

micromachined or otherwise made by wet-etching silicon through a SiN 

mask evaporated on the wafer (Rebeiz, 1987). The backshort wafer is gold 

plated and fitted to the bolometer block. With this design the array 

performance can be optimized in the laboratory using backshort blocks of 

various depth before final assembly (see fig;ure.3.8). 



99 

Cross-section of Mixer Mount 

IF/Blas 

lOOcmSI 

Waveguide 
Backshort Bokxnettr A I 

Block I 
Backshort •- *" 
Bkwk 

Figure 3.8: Exploded view of an individual array mixer assembly. The mixer is 

assembled from three major building blocks: a corrugated feedhorn block, a silicon 

nitride membrane bolometer block and a backshort block. 



100 

CHAPTER 4 

FAR INFRARED SPATIAL FILTERS 

4.1 Introduction 

Two major space missions, DARWIN and TPF, are being planned by 

the European Space Agency and NASA respectively, to search for Earth-like 

extra-solar planets around nearby stars. Both missions will likely use 

interferometric coronography in the thermal infrared (6 to 20 ^m), where the 

contrast between the two objects is most favorable. Large ground based 

interferometric projects, like the Keck Interferometer, the Very Large 

Telescope Interferometer (VLTI) and the Large Binocular Telescope (LBT) 

will also feature nulling modes. Ground based nullers can be used to search 
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for bright, Jupiter-like, extra-solar planets, study star formation regions, exo-

zodiacal clouds and examine the broad line regions of Active Galactic 

Nuclei (AGN). 

Nulling interferometry allows the study of relatively faint structures 

and even possibly planets in close proximity to bright stars. A typical 300K 

Earth-like planet is expected to be ~10^ times fainter than its parent star. 

Unless special care is taken, light from the planet will be washed out in the 

stellar light. Nulling interferometry was first proposed as a means to search 

for extra solar planets over twenty years ago (Bracewell, 1979) but was not 

successfully implemented until very recently (Hinz, 1999). In the nulling 

scheme, the optical path difference between the two arms of the 

interferometer is arranged such that the light from the bright, unresolved 

stellar source interferes destructively while the light from nearby objects 

interferes constructively. With the central object considerably attenuated the 

faint nearby source becomes visible. 

In order to properly cancel out the stellar light, and allow observation 

of the nearby fainter source, high rejection ratios are required. The rejection 

ratios needed to allow observing sources whose brightness may differ by six 

orders of magnitude or more, are tremendous, and in turn dictate drastic 
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constraints on the optics. The achievable null depth is affected by both phase 

and amplitude errors. Phase errors may stem from residual Optical Path 

Difference (OPD) errors, pointing errors, optical aberrations, imperfect 

polishing of the optical surfaces and dust particles. Amplitude defects on the 

other hand can be caused by inhomogeneous coatings, dust scattering, or in 

the case of space-borne mirrors, meteorite impacts (Mennesson, 2002). 

High spatial frequency defects have been shown to be efficiently 

corrected by spatial filtering (Ollivier, 1997). The use of spatial filtering 

considerably relaxes the optical constraints required to achieve a given null 

depth. Pinholes and single-mode optical fibers have been used as spatial 

filters in the near infrared. When available, fibers have an understandable 

edge over pinholes. 

The fundamental LPoi or HEn mode of a step index, single mode, 

fiber can be written as a Bessel function in the core, and a Hankel transform 

in the cladding (Neumann, 1988). Under some conditions (Jeunhomme, 

1990) this fundamental mode can be considered Gaussian. Indeed, with the 

proper choice of waveguide dimensions and materials the field overlap 

integral of the LPoi mode with a Gaussian may exceed 99.5% over a small 

range of normalized frequencies V. The actual coupling efficiency to a 
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telescope beam is somewhat less: 81% for an unobstructed aperture, 70% for 

an aperture with a central obscuration one fifth of the pupil in diameter 

(Ruilier, 1998). In practice, the efficiency is somewhat lower still when 

Fresnel losses are taken into account. The waist size coo of the LPoi mode 

scales nearly linearly with wavelength. The Airy radius at the focal plane of 

the telescope also scales directly with wavelength. As a result, the coupling 

efficiency is nearly achromatic over the bandpass of the fiber (Ruilier, 

1999). In single-mode operation a fiber must propagate the fiindamental 

mode but not higher order modes. The first leaky mode that can be excited 

by the impinging field is LPy, its cutoff wavelength A,c is half that of the 

LPoi mode. As the first non propagated mode, LPn will also be the least 

attenuated of all high order modes. The single mode bandwidth is therefore 

set by the cutoff wavelengths of the LPoi and LPn modes and 2 Xc. To 

provide adequate modal filtering the total attenuation of leaky modes must 

exceed that of the guided fundamental mode by a factor of 10^. At A-=4.2iim, 

the minimum silver halide fiber length required to provide this level of 

attenuation between the LPoi and the LPn mode is ~2cm (Wallner, 2002). 
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While single-mode fibers work well as spatial filters in the visible and 

near infi-ared, their use becomes problematic in the mid and far infi-ared. 

Silica glass can be used to X ~ 2 |im, sodalime Mentzel and Desag B270 and 

Coming B1664 can be used to A, ~ 4|j,m with decreasing throughput. High 

index of refraction chalcogenide glasses like Ge2S3 (n=2.8) and As2Se3 

(n=2.7) may be used to allow operation up to 10 and 12 (xm respectively 

(Laurent, 2000). The fabrication of chalcogenide fibers however is proving 

to be a serious challenge, and it is unclear whether present fiber technology 

can be extended to wavelengths above 12 fxm. As the wavelength rises into 

the far infrared, the growing filter length (required to provide adequate 

modal filtering) combined with increasingly lossy materials reduces the 

usefulness of single-mode fibers as spatial filters. 

A metallic hollow waveguide device can be designed to act as an 

efficient spatial filter. Indeed, a very similar 2 THz (X = 200 |im) device, 

designed for a different purpose, micromachined at MIT Lincoln Laboratory 

was successfully assembled and tested at Steward Observatory (Walker, 

1997). More recently a 5 THz spatial filter designed specifically with this 

application in mind was fabricated using laser micromachining (Drouet 

d'Aubigny, 2002). The device consists of two back to back feedhoms tied 
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together with a small section of circular waveguide (see Figure 4.1 on the 

next page). As discussed earlier in Chapter 3, the feedhoms provide very 

efficient coupling to incoming telescope beams. The short waveguide 

segment between the two horns provides impressive modal filtering. The 

following sections illustrate the design, fabrication, theoretical performance 

and limitations of such a device. 
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Figure 4.1 Scliematic of a lioiiow metallic waveguide spatial filter device. Light from 

one telescope is focused at the input of a dual electric mode feedhorn. The feedhorn 

couples very efficiently (98%) to a Gaussian beam. The light then propagates 

through a single mode circular waveguide section that propagates the fundamental 

mode but attenuates all higher order modes. Spatially filtered light exits the device 

through the output feedhorn. 
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4.2 Spatial Filter Theoretical Performance and Limitations 

High order mode rejection in both, hollow metallic, and dielectric 

waveguides, results from the relatively high extinction of the leaky modes 

compared to the propagated mode or modes. A basic understanding of those 

loss mechanisms is useful to appreciate the performance and limitations of a 

hollow waveguide spatial filter. The attenuation of propagated and leaky 

modes is presented in section 4.2.1 and 4.2.2 respectively. Section 4.2.3 

compares the losses for ideally smooth and finite surface quality 

waveguides. Finally, section 4.2.4 relates the carried mode attenuation to 

device design frequency. 

4.2.1 Propagated Mode Losses 

The attenuation of propagated modes in a waveguide is caused by 

either conductor loss or dielectric loss. With air or vacuum as a dielectric, 

only conductor losses need to be taken into account. A perturbation 

approach can be used to calculate the attenuation caused by good albeit 

imperfect conductors, and estimating the power lost to Ohmic losses (Pi) per 

unit length of waveguide (Pozar, 1998). 
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Rs, is the resistance of the guide material given below, |y^| is the 

absolute value of the electric current at a point on the waveguide interface of 

position (a,0), and a is the radius of the waveguide. 

Here, co is the angular frequency of the harmonic field. jJo is the 

permeability of free space and a is the conductivity of the waveguide 

material. Values of the conductivity of some select metals often used in 

waveguides are presented in the table below. 

Material Conductivity (S/m) at 20°C 

Gold 4.098 10' 

Copper 5.813 10^ 

Chromium 3.846 10^ 

Aluminum 3.816 10' 

Table 4-1 Conductivity of selected metals used for waveguides 

J.  a.dcj) 
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The attenuation constant ttc is given by the ratio of the power lost per 

unit length to the total power Po carried by the guide. 

The total power Po flowing in the waveguide for the mode of interest 

is: 

Where E and H are the electric and magnetic fields at a point of 

polar position (p,0), and f is a unit vector along the direction of 

propagation. In a circular waveguide, solutions to the field equations are of 

two kinds: Transverse Electric (TE) and Transverse Magnetic (TM); 

Transverse Electromagnetic waves are not propagated. Both TE and TM 

solutions can be written as Bessel functions. The boundary conditions 

imposed by conducting walls result in discrete TE and TM solutions (modes) 

characterized by their eigen values p'n,m and pn,m respectively. Values of 

p'n,m and pn,m for the nine lowest order TE and TM modes are presented in 

the two tables on the next page 
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m P'n,l P'n,2 P'n,3 

0 3.832 7.016 10.174 

1 1.841 5.331 8.536 

2 3.054 6.706 9.970 

Table 4-2 Values of p'n,ni for the lower TE modes of a circular waveguide (Pozar, 

1998) 

M Pn,l Pn,2 Pn,3 

0 2.405 5.520 8.654 

1 3.832 7.016 10.174 

2 5.135 8.417 11.620 

Table 4-3 Values of pn,m for the lower TM modes of a circular waveguide (Pozar, 

1998) 
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The cutoff frequency fcn,m and wavelength A-Cn,m for TE and TM 

modes are given respectively by: 

Where a is the waveguide radius, and )j, and e are the permeability and 

permittivity respectively of the dielectric inside the waveguide, in this case 

free space. The cutoff wavenumbers kc and the propagation constant p can 

also be defined as function of p'n,ni and pn,m the eigen TE and TM mode 

values. 

and 



112 

The field attenuation constant ag can be evaluated for particular 

modes, and simplifies to: 

R. 

akrjp 
V 

[ N p / m ]  

Where r| is the impedance of free space 

In practice, the attenuation (A) resulting from Ohmic propagation 

losses along a distance L of waveguide is given by: 

A =-20 Log, .{e-"-')  
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4.2.2 Leaky Mode Attenuation 

Waveguide modes excited at a wavelengths above their cutoff (X, > Xc) 

are not propagated by the waveguide. The power in those modes is not 

transmitted along the guide. The input impedance met by the so called leaky 

modes is a pure reactance. As a consequence, the field strength associated 

with leaky modes decays exponentially from the point of excitation. The 

electric field amplitude EQ at a distance z from the excitation point is given 

Where aL is the leaky mode attenuation constant and is given by 

(Moreno 1948): 

The power attenuation (A) of leaky modes along a distance L of 

waveguide is given by: 

by: 

E = E^e""-' 

 ̂= -20 Log, 
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4.2.3 High Order Mode Rejection 

Modal filtering is based on the relatively high extinction of the leaky 

modes compared to the propagated mode or modes. Increasing order modes 

have decreasing critical wavelengths. Hence, there must be a range of 

wavelengths in which power in the fundamental TEn is carried by the 

waveguide with minimum losses, while power in all higher order modes 

diminishes exponentially from the point of excitation. As critical wavelength 

differences between modes increase, so do differential attenuations. 

Consequently the comparison of the fundamental TEn mode with the next 

higher mode TMoi gives a lever on worst case modal rejection level. Using 

the expressions for the cutoff wavelength Xc and the values of pn^m and p'n.m 

presented before, it is easy to show that the attenuation at of the two lowest 

modes TEn and TMoi, in the leaky regime are given by the following 

equations for an air filled waveguide: 
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Figure 4.2 on next pages shown the attenuation of the TEn and TMoi 

modes along a 1 wavelength long section of a 7 |xm diameter circular 

waveguide, designed for operation at A,=10|im. The cutoff wavelengths of 

the TEii and TMoi are 12 and 9 [xm respectively. The extinction difference 

between propagated and leaky mode is obvious -100 dB. Figure 4.3 shows 

both the differential attenuation between the TEn and TMoi modes and the 

losses in the TEn mode for the same waveguide. The requirement for a 10^ 

(60dB) relative mode attenuation places a lower bound on the useful 

wavelength range at X=925 fim. If the device throughput is set to 96% 

(0.2 dB), the resulting upper bound on the useful range is A,=11.25 fim. The 

fractional bandwidth of such a device is about 20%. The slopes of the 

relative attenuation and the TEn attenuation curves are so steep that relaxing 

the throughput and modal selectivity constraints would at the most extend 

the fractional bandwidth to -25%. Improved relative attenuation can be 

achieved with a reduced bandwidth, albeit with the penalty of reduced 

throughput and vice-versa. Lengthening the waveguide segment increases 

the achievable relative attenuation over a given bandpass but at the expense 

of throughput. 
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Figure 4.2 Attenuation of the TEn and TMoi modes in dB per wave length for a 

circular waveguide designed to operate at a center wavelength of 10 ^m. The top 

curve is the attenuation of the TMoi mode, the bottom one TEn. The TM mode is 

not propagated for X > 9^m. 
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Figure 4.3 Differential attenuation of TEn and TMoi modes in a 10 }im long circular 

waveguide (purple curve) attenuation of TEn mode (blue curve). Differential 

attenuation greater than 10^ is achieved over a 20% bandpass with 96% 

throughput. 
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4.2.4 Attenuation in Waveguides with Surface Imperfections 

The attenuation of propagated modes in a waveguide is caused by 

Ohmic losses in the conductor; it is therefore proportional to the length of 

the path current must travel. The minute skin depth that is characteristic of 

high frequency fields (~13nm in gold at A, = 10 |j,m) causes Ohmic losses to 

be very sensitive to surface imperfections (Harvey, 1963). Attenuations have 

been measured experimentally for surface roughness equal to 0.5, 1 and 2 

skin depths and shown to increase by a factor of 1.2, 1.6, and 1.8 

respectively compared to an ideally smooth waveguide (Morgan, 1948). 

Figure 4.4 on next page illustrate those results. Far IR waveguides need a 

very good surface finish to maximize throughput. The surface roughness of 

laser micromachined structures can be as low as 25 nm. At A, = 10 fxm the 

skin depth in gold is -13 nm. The actual Ohmic losses are therefore 

expected to exceed those predicted for an ideally smooth waveguide by 

factor of 1.8. The throughput of the one wavelength long section of a 7 fxm 

diameter circular waveguide described in this section would then be reduced 

from 96% to 93%. 
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Figure 4.4 Actual propagation losses vary as a function of the ratio of surface 

roughness a to the skin depth 5$. At X^lO^m, the skin depth of the electric field in 

gold is 13 nm. The r.m.s. surface roughness of laser micromachined silicon is 25 nm. 

As a consequence, the actual propagation ac loss will be ~1.8 times the theoretical 

loss a (Harvey 1963), 
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4.2.5 Attenuation Wavelength Scaling 

As laser micromachining or other micro-fabrication methods are used 

to fabricate scaled down versions of proven microwave designs for use in 

the far IR, it is useful to understand how Ohmic losses scale with 

wavelength. Figure 4.5 on next page shows the attenuation of the TEH mode 

resulting from the propagation down a one wavelength long segment of 

circular waveguide for four wavelengths X, = 1, 10, 100, 1000 (xm. 

This demonstrates that a fictitious microwave device designed for use 

at X, = 1 mm with associated losses on the order of 0.2 dB if scaled to work at 

X = I iim would have 20 dB of loss or a dismal 1% throughput. It can be 

shown that the attenuation coefficient ac scales with the square root of 

frequency. The attenuation is then inversely proportional to wavelength (See 

figure 4.6). 

1 
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The sizeable loss scaling with frequency provides a fundamental limit 

on the maximum frequency for which a useful device may be fabricated. 

Step index optical fibers should be used in the near infrared where they are 

available and perform well. Hollow waveguides however do have an 

advantage in the far IR. 
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Figure 4.5 Propagation losses in dB per wave length of circular waveguide as a 

function of normalized frequency for devices with center wavelength X, = 1,10,100, 

1000 fim. Loss decreases with increasing wavelength. 



123 

tt 

10 

i 

t 

1 10 100 1000 

Wavelength in iim 

Figure 4.6 Normalized propagation losses as a function of wavelength with unit loss 

at X=lmm. For example if the conductive losses are 0.2 dB for a device that uses ten 

wave lengths of waveguide at X = 1mm, the same design scaled to work at >, = lOfim 

would have 2 dB loss. 
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4.2.6 Coupling Efficiency 

Circular waveguides can provide very high mode rejection; their 

output pattern however is a poor match to the field distribution at the focus 

of a telescope. As shown in Chapter 3, feedhoms are widely used in the 

microwave domain to efficiently couple waveguides to Gaussian beams. A 

relatively easy to manufacture dual mode feedhom (Potter, 1963) can be 

used. The output of the horn couples very efficiently to a Gaussian (98%), 

has very low side lobes (-25 dB) and is essentially independent of 

polarization. Figure 4.7 on next page shows the simulated output of such a 

horn designed for this application. A 2 THz back to back feedhom device 

was fabricated and tested to investigate replication techniques (Walker, 

1997) an SEM picture of the device and a measurement of its far field 

pattern are shown in figure 4.8. The somewhat crude experimental setup of 

the antenna range explains the boxy look of the field outline. 
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Legend 

— Phi(newhom_0)(E)_0 

—- Phi(newhorn_90)(E)_0 

Figure 4.7 HP-HFSS Computed Emergent Beam (E and H planes). The beam 

couples very efficiently to the fundamental Gaussian mode (98%), has very low side 

lobe, (<2S dB) and is polarization insensitive to 20 dB. 
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A spatial filter essentially applies a Gaussian weight to the pupil 

function. The coupling efficiency of a Gaussian beam to a telescope beam is 

somewhat less: 81% for an unobstructed aperture, 70% for an aperture with 

a central obscuration one fifth of the pupil in diameter (Ruilier, 1998) The 

output of a dual mode "Potter" horn like the one proposed here may be 

considered Gaussian at the 2% level. Overall coupling is then expected in 

the neighborhood of 79% for an unobstructed aperture and 68% for the 

central obscuration assumed above. A more precise estimation of the 

coupling efficiency requires a numerical evaluation the field overlap integral 

of the particular telescope Airy function and the feedhom emergent field 

pattern. 
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Figure 4.8 Top: 2 THz (A, = 150 fim) back to back corrugated feedhorns (UV Epoxy 

replica). Bottom: measured beam pattern of back to back feedhorn pictured above. 
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4.2.7 Sensitivity to Shift and Tilt Errors 

Shift and tilt errors in the arms of a nulling interferometer can 

introduce phase and intensity imbalances that will result in increased stellar 

leaks. Both the step index optical fibers and the back to back feedhoms that 

may be used have Gaussian beams. Gaussian beam coupling losses due to 

shifts and tilts have been extensively studied (Kogelnik 1964 ; Joyce, 1974). 

The loss Tis due to a small shift when no shift or gap are present can be 

approximated by: 

Where s is the amount of shift and cOd is the spot size of the beam. The 

loss r|T caused by a small angular misalignment 0 is given by: 

Gd the beam divergence angle is a ftinction of the wavelength X and for 

small angles cOe the effective spot size and is given by 

r ] T = e  
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The comparison of the losses due to shifts and tilts yields a 

remarkable result: angular and shift tolerances are mutually exclusive 

(Neumann, 1988). This property is known as the Uncertainty Principle for 

single mode fibers (Marcuse, 1977). For example, a large spot size results in 

a large shift tolerance but a small tilt tolerance. On the contrary, a small spot 

size results in a small shift tolerance but a large tilt tolerance. Figure 4.9, on 

the next page shows the allowable shift error As in |j,m as a function of 

allowable tilt error A0 in units of Airy disk (A,/D) resulting in 10"^ level flux 

imbalance at X^=10 jim. The numerical aperture of a single mode fiber is set 

by the index of refraction of the core and cladding materials. In the far 

infrared, the limited selection of available materials sets the numerical 

aperture. The acceptance angle of a feedhom however is set by its geometry. 

The horn design can be optimized to match the instrument error budget. 
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Figure 4.9 Allowable shift error As in |j.m as a function of allowable tilt error A6 in 

units of Airy disk (X,/D) resulting in 10'^ level flux imbalance at X,=10 fim. The 

feedhorn geometry sets acceptance angle and allowable AG. The error budget can be 

optimally balanced. 
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4.3 Spatial Filter Design and Fabrication 

The hollow waveguide spatial filter is implemented with back to back 

dual mode "Potter" feedhoms tied together by a short, single mode circular 

waveguide. The feedhom provide efficient coupling to the telescope beam 

and the single mode waveguide provides modal rejection. In practice, both 

parts of the device contribute to the spatial filtering. Figure 4.10 on the next 

page shows the outline and the dimensions of a A, = 60 |im. Two cylindrical 

phasing sections are visible on both sides of the central waveguide. The 

phasing sections help reduce side-lobe levels and polarization dependence. 

Figure 4.11 is a three dimensional rendering of a split block implementation 

of the back to back feedhom spatial filter described above. Hollowed out and 

gold coated conical feedhoms, phasing section and circular waveguide are 

visible. SEM images of two 5 THz (60 jim) laser micromachined devices are 

presented in figure 4.12 and 4.13. The device in Figure 4.13 is gold coated. 

Alignment marks that will be used to align the split block before bonding are 

visible on both sides of the horns. 
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Figure 4.10 Outline of a 5 THz (X,=60(im) back to back feedhorn design. The 

structure is rotationally symmetric. Ail dimensions are in microns. 
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Figure 4.11 3-D AutoCAD rendering of split block back to back feedhorn spatial 

filter. This image shows the gold coated conical feedhorns, matching networks and 

circular waveguide section etched in a block of silicon diced on both sides to open 

the horns. 
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Figure 4.12 SEM top view of a 5 THz (k =60 |a.m) back to back "Potter" feedhorns 

for use as a spatial filter before dicing and gold deposition. The laser 

micromachined conical feedhorns, matching networks and the short waveguide 

section are clearly visible. Silicon walls visible at the end of both horns will be 

removed. 
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Figure 4.13 SEM perspective view of a gold plated, 5 THz, back to back feedhorn, 

spatial filter device. The silicon wafer has been diced to open the horns. Reticules 

used for alignment during the bonding process are clearly visible on both sides of 

the device. 
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CHAPTER 5 

APPLICATIONS TO INTERFEROMETRY 

Laser micromachined devices have many potential applications to 

heterodyne interferometry, both space and ground based. A sub-millimeter 

heterodyne interferometer receiver for the Large Binocular Telescope (LBT) 

currently being built on Mt Graham has been proposed (Drouet d'Aubigny et 

al, 2000). The LBT instrument is designed to coherently combine the signal 

from two 8.4 m telescopes and then down convert it to a frequency where it 

can be easily amplified and processed. Laser micromachined waveguide 

components' intrinsic low-loss and design flexibility make them nearly ideal 

candidates for such an instrument 
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The Large Binocular Telescope (LBT) will consist of two, 8.417 

meter diameter, spin-cast, optical quality primary mirrors on a common 

azimuth-elevation mount. The center-to-center distance between the 

primaries is 14.417 m. The LBT is being constructed on a site known to 

have relatively low atmospheric opacity at submillimeter wavelengths (Mt. 

Graham, Arizona). In this chapter, the proposed 350 |im interferometric 

heterodyne receiver system for the LBT and its expected performance is 

described in detail. The optical quality of the primaries and their size will 

give the LBT a light gathering power more than twice that of existing 

submillimeter-wave telescopes. At present, the Caltech Submillimeter 

Observatory (CSO), the James Clerk Maxwell Telescope (JCMT), and more 

recently the Heinrich Hertz Telescope (HHT) provide the largest apertures 

for observing at these wavelengths. Unfortunately, due to small scale errors 

in their optical surfaces (typically 15 |j,m r.m.s.), the performance of these 

telescopes drops off significantly at 450 and 350 |j,m; the wavelengths 

associated with the highest lying atmospheric windows. The LBT with its 

two optical quality mirrors will be well suited for probing these atmospheric 

windows. Atmospheric opacity measurements routinely taken from the HHT 

located only a few hundred meters from the LBT site indicate the 450 and 
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350 |j,m atmospheric windows are available -25 days a year (1225 GHZ < 0.06). 

The 350 |a,m heterodyne array receiver that is proposed for the LBT will 

have 20 times the light gathering capability of existing instruments operating 

at this wavelength. The large field of view ~2' and angular resolution 2" x 

6" provided by such a focal plane array on the LBT would complement the 

capabilities of the Sub Millimeter Array (SMA) and of the Atacama Large 

Millimiter Array (ALMA). 
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5.1 Theoretical Performance 

5.1.1 Aperture Illumination Concepts 

In optical and infrared instruments, the wavelength of the radiation is 

almost always vanishingly small compared to the size of the optical 

components. In this limit, the effects of finite wavelength can be largely 

ignored and geometrical optics methods can be used. However, at far-

infrared and submillimeter wavelengths this assumption breaks down and a 

more complex formalism must be used to design 'optical' systems that 

efficiently convey light from place to place. The theory of Gaussian beam 

propagation is well suited for this task. Indeed, most coherent detector 

systems at submillimeter (and millimeter) wavelengths employ single-mode 

devices, such as feedhoms, that produce beams that are very nearly Gaussian 

in form (Goldsmith 1998). Therefore, when designing a submillimeter 

receiver system, like the one described here, it is assumed that the aperture 

plane will have a Gaussian amplitude distribution. Defining the optimum 

weighting of the amplitude distribution required some further study. 

Traditionnally in radio astronomy this is quantified in terms of an edge taper. 

The edge taper (often expressed in dB) is simply the ratio of received (or 
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transmitted) power at the edge of the aperture to the power at the aperture 

center. For example, an edge taper of 10 dB means the power at the edge of 

the aperture is 10% of the on axis value. The larger the edge taper, the less 

stray light or spill-over radiation will find its way into the signal path. In 

general, large edge tapers will also reduce the side-lobe level. However, by 

increasing the edge taper you effectively 'throw-away' collecting area and 

broaden the main lobe of the telescope's diffraction pattern. At millimeter 

and submillimeter wavelengths an edge taper of between 10-15 dB is 

generally chosen as a compromise between these effects. 

For the LBT the situation is different than for a standard 

submillimeter telescope. First, there are two apertures whose received power 

must be coherently combined and secondly, the apertures are of optical 

quality that is essentially perfect all the way to the edge at submillimeter 

wavelength. Therefore, one would like to use the least possible edge taper is 

preferred. Below, the effects of various edge tapers on the LBT's 

performance at 350 |a.m are discussed. 

5.1.2 Effects of Pupil Edge Taper 

To study the theoretical performance of the LBT interferometer at 

350|j,m and the effect of Gaussian illumination on the beam patterns we used 
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Wolfram Research® Mathematica™ to create a LBT diffraction model. The 

following section details how the model was setup and the results for various 

edge taper values. 

Edge taper is defined as minus 10 times the base 10 logarithm of the 

system edge to center illumination ratio. For Gaussian illumination the 

irradiance O as a function of distance fi-om the center is of the following 

form: 

$(/?) = Exp 

where 

V crV 

2 2 2 
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For a N dB edge taper we then have: 

N = -\QLog,, 
V <5 y 
^ center ^ 

Therefore: 

10 a  =  p - .  
'7V-ln(10) 

The complex amplitude distribution of the electric field at the primary 

mirror can then be written as: 

A  =  A ^ - e  

The LBT apertures are defined as cylinder functions of diameter D = 

8.417 m with their centers separated by d = 14.417 m. The two apertures are 

then weighted by the complex amplitude distribution of the electric field as 

shown in the previous equation. This yields the LBT total complex 

amplitude distribution (see Figure 5.1): 
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Figure 5.1: LBT normalized Gaussian illumination functions. For comparison 

purposes, the top picture shows uniform LBT illumination (0 dB edge taper) while 

the bottom picture shows 10 dB edge taper Gaussian illumination. 
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At the focal plane of an aplanatic system of focal length fo the 

complex amplitude of the electric field can be written (Mansuripur 1995): 

In practice, all lengths are normalized to number of wavelength at 350 

|j,m. In computing the PSF a Fast Fourier Transform (FFT) was used. The 

complex amplitude function Ao was scaled appropriately and padded with 

zeros. This PSF is expressed in unit of wavelength at the focal plane. In 

order to transform it into a beam pattern on the sky it was projected 

backwards through the system. In practice, it was found that at X, = 350fim 

one wavelength at the focal plane is equal to 0.57 seconds of arc on the sky. 

Normalized results for 0, 5, 10 and 15 dB edge taper are shown on figure 5.2 

and figure 5.3. 

{ x , y )  =  i - f o -  F o u r i e r  {  [ a ^ , ) }  

Where 

The point spread function (PSF) of this system is then given by 

PSF = /o • I Fourier {, o-J} f 
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BtM P«tt«n>s f»r IS it «49« t«ptc LBT 

tsr. 3-I> vi«v 

f i r  cut Alouy AAJBI 

I-IJ -IS -J1 -7 -4 7 12 15 19 19 -15 -11 -7 7 11 IS 19 

Figure 5.2 Example of PSF for 15 dB edge taper LBT Gaussian illumination. Top 

left; representation of 15 dB primary mirror Gaussian illumination (x and y axis are 

in meters). Top right: 3-D rendering of normalized system PSF (x and y axis are in 

arc seconds). Bottom: cuts along the interferometer major (left) and minor (right) 

axis (dimensions are in arc seconds). The Full Width at Half Maximum (FWHM) is 

measured to be roughly 2" x 6". Total main beam footprint (airy disk) about 
\ 

3" X 11". 
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Figure 5.3: Comparison of beam pattern side-lobe levels along minor (top) and 

major (bottom) axis for various edge taper values (between 0 and 15 dB). Along the 

minor axis, the interferometer behaves almost exactly as a single dish antenna 8.4m 

in diameter: As edge taper increases (— 0 dB 5 dB 10 dB —15 dB), the 

main beam grovv's and the side-lobe levels drop off. Along the major axis however, 

the main beam and first side-lobe are mostly independent of edge taper. 

Interestingly the second side lobe levels actually increase as a function of edge taper. 
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5.2 Optical Design 

Visible and infrared astronomers can only observe at night and into 

the twilight hours. As a consequence, weather permitting; the proposed sub-

millimeter instrument will be guaranteed daytime scheduling. To take 

advantage of this opportunity, switching from the night time visible or IR 

instrument to our sub-millimeter beam combiner must be quick and easy. 

This design is accomplished by rotating both LBT tertiary mirrors such that 

the light is directed toward a dedicated sub-millimeter station near the back 

of the telescope. To maximize operational time and reduce cost, a 

mechanical 4K cryocooler will be used for the receiver cryostat. (Serabyn, 

1995) 

The LBT adaptive optics secondary mirrors will be able to adjust 

quickly for small path differences in the optical system hence, in this simple 

preliminary design delay lines were not included. The adaptive secondaries, 

however, lack sufficient swing to chop the beam. Ttherefore two 

synchronized chopping mirrors (one in each telescope arm) were included in 

this design. The mirrors are placed in the collimated beam between two off-

axis parabolic mirrors in a fashion similar to that proposed in 1995 by 

Serabyn for the Caltech Sub-millimeter Observatory (CSO). Two other main 
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design goals are to re-image the telescopes focal planes to the sub-millimeter 

beam combiner station change the focal ratio from the LBT's f/# = 15 to the 

HHT's f/# = 13.8 (to facilitate instrument design portability) while 

minimizing aberrations and taking advantage of the LBT's large field of 

view. Zemax™ designs are showed in figures 5.4 and 5.5 

The whole system is designed around a coma canceling crossed 

paraboloid pair (Serabyn 1995). Angles between incident and reflected chief 

rays at the parabolic mirrors have been reduced as much as possible to 

minimize aberrations. This serves to limit any one optical element from 

causing shadow on the wide gaussian beam. The angle between incident and 

reflected chief rays on the first and second parabolic mirrors are respectively 

6.8° and 18.6°. In each arm, the light from the LET tertiary mirror comes to 

a focus before impinging on the first off-axis parabola (focal length f = 

1.694 m, off axis by X = 0.201 m) that collimates the beam before sending it 

to the chopper mirror. The chopper mirror redirects the light toward a second 

off-axis parabolic mirror (f = 1.499, X = 0.4912 m) which focuses the beam 

with the appropriate f/# at a matching lens in the cryostat. 
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Figure 5.4: Zemax ray trace of the complete LBT beam combiner optical system. 

Star light is reflected up from the two 8.4m parabolic primary mirrors towards the 

adaptive optics Gregorian secondary mirrors. The beam is then directed down 

towards the tertiary mirror. The tertiary mirror rotates into individual telescope 

axis to allow easy switching between night time visible and IR instruments and the 

sub-millimeter beam combiner. 
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Figure 5.5 Relay optics and beam combiner. This Zemax ray trace shows the f/#=15 

beam emerging from the left telescope Gregorian focus (bottom, left). An off-axis 

parabolic mirror (bottom, right) is used to collimate the light before redirecting it 

towards the chopping mirror (middle, left). The beam coming out of the chopping 

mirror is finally re-focused inside the cryostat (through a fold flat) by a second off-

axis parabolic mirror that gives it the desired f/#=13.8 
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The optical train as shown will cause the fields from the two telescope 

to overlap only on one horizontal line. In practice, a vertical, 4 mirror, K 

mirror system will be introduced in one arm for large path difference 

adjustment, and a 3 mirror, K mirror system in the other arm will cause an 

image parity difference that will enable complete field matching. 

Several metrology techniques are being investigated to maintain equal 

optical paths in the system. Because the mirrors are fairly small (~0.3m) one 

possible alternative is to have them polished to optical tolerances and use a 

laser metrology system. Another method currently investigated involves 

using a second very powerful lower frequency LO. 
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5.3 Mixer Design 

The LBT mixer is designed to coherently combine the signals from 

the two 8.4 m telescopes and then down convert it to a frequency where it 

can be easily amplified and processed. Laser micromachined waveguides 

devices will be used because of their high throughput, reliability and design 

flexibility. Waveguide components used in the mixer design are shown in 

Figure 5.6. Two opposing corrugated or smooth walled feedhoms intercept 

the Gaussian beams from the telescopes. As mentioned earlier in Chapter 4 

this type of feedhom is a single-mode device and has a Gaussian beam 

coupling efficiency of 98% (Johansson, 1995). From the horns, the signals 

travel through a full-height, rectangular waveguide to a magic T hybrid 

junction. A magic T is a 4-port waveguide junction that can be configured 

for a variety of applications in particular, it can be used as 50/50 coherent 

beam combiner, introducing 0° or 180° phase shift depending on its 

configuration. Magic Ts are described in more detail in Section 5.4.1, either 

configuration can serve as beam combiner for heterodyne spectroscopy on 

the LBT, one for classical and the other for nulling interferometry. A third 

corrugated feedhom and a waveguide directional coupler inject the local 
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oscillator signal required for mixing into the combined output of the magic 

T. A 4-section quarter-wave transformer is then used to reduce the 

waveguide impedance to a value required by the mixing device. The mixing 

device will most likely be a NbTiN SIS junction (<lTHz) or a diffusion 

cooled hot electron bolometer (HEB) above 1 Thz. There is a small (A,g/4) 

backshort cavity behind the SIS junction. The intermediate frequency (IF) 

output of the junction is matched to 50Q and made available for 

amplification on an SMA connector on the mixer's output. A 4-wire DC bias 

is provided to the junction through the matching network. An external 

electromagnet (not shown in Figure 5.6) provides the magnetic field 

necessary to suppress the noise associated with the Josephson Effect. 

In the past, the small size and high accuracy required to fabricate a 

beam combining mixer, like the one described above, would have made it 

intractable. However, laser micromachining now allows the fabrication of 

THz. With the mixer block design optimized, the field-of-view of the LBT is 

wide enough to support an 10x1 stacked linear array of mixers (see 

Figure 5.7). 
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Figure 5.6: 3-D AutoCAD rendering of an integrated interferometer and mixer split 

block design. The telescope beams and Local Oscillator (LO), are coupled into the 

device using conical feedhorns. Single mode rectangular waveguides propagate the 

beams to tvt^o magic T power combiners to coherently combine the telescope beams 

and mix in the LO. The resulting signal is detected using a hot electron bolometer. 
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Figure 5.7: -D AutoCAD rendering of a 5 element linear array of integrated 

interferometers. Laser micromachined split blocks are assembled to form integrated 

interferometers, which can then be stacked to form a linear interferometric array. 



156 

5.4 Laser Micromachined Interferometric Devices 

Laser micromachined devices are key to fabricating the proposed LBT 

sub-millimeter interferometer as well as proposed ALMA, South Pole and 

even space mission instruments. The LBT mixer is designed to coherently 

combine the signal from two telescopes and then beat it against a local 

oscillator to a frequency where it can be amplified and processed. A 

conceptual design for the mixer was shown in Section 5.3, Figures 5.6 

and 5.7. 

One or more power divider and/or directional coupler are at the heart 

of every one of the proposed devices. Power dividers and directional 

couplers are passive waveguide components that are used for splitting or 

sampling a beam. A wide variety of such devices were invented for the 

microwave regime at the MIT Radiation Laboratory in the 1940s. The 

designs were improved upon over the following decades (Pozar, 1998), but 

ultimately, limitations in waveguide manufacturing restricted the highest 

frequency of those devices. In the following section, designs which lend 

themselves to laser micromachining are explored. 
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5.4.1 Magic T Nulling Beam Combiner. 

The magic T is a four-port waveguide network in which an incident 

signal on any one port divides between two output ports with the remaining 

port being isolated. The magic T has been used primarily at microwave 

frequencies in a number of applications, including coherent power 

combining and balanced mixers. Figure 5.8 is a schematic of a basic 

waveguide magic T. If the E-arm (Port 3) is match terminated, then signals 

incident at Ports 1 and 2 will be isolated from each other and combine 

equally in phase at Port 4 (Rizzi, 1988). This configuration of a magic T can 

be used to coherently combine the local oscillator power from 2 or more 

independent sources or as the heart of a coherent beam combiner for an 

interferometric receiver. 

As a proof-of-concept, we have used the laser micromachining system 

to fabricate a waveguide magic T at -1.2 THz. An SEM photograph of the 

structure is shown in Figure 5.9. The aspect ratio of the walls is quite high 

and the surface finish appears almost optical in quality. It should be noted 

that the magic T structure shown in Figure 5.9 took only 4 minutes to 

fabricate. 



Ports 

E arm 

Coplanar 

\ 

H arm 
Port 1 

Figure 5.8: Schematic of magic T structure. 



Figure 5.9: S£M image of a laser micromachined magic T designed to operate at 

1.2 THz 
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While match terminating the E arm (Port 3) of the magic T results in 

the signals injected into Ports 1 and 2 being isolated from each other and 

combining in phase at Port 4, it is possible to use the magic T in a different 

configuration. When a matched load is applied to the H arm (Port 4) rather 

than to the E arm (Port 3), the signals traveling through Port 1 and 2 are also 

isolated and again add equally to generate the output on Port 3 but this time 

180° out of phase (Rizzi, 1988). The remarkable degree of isolation 

illustrated on figure 5.10 between the two input ports (>60dB) makes a 

device of this type very well suited for nulling interferometry. Nulling 

interferometry is of particular interest in the detection of planets. Planets are 

relatively cool and faint nearby companions to stars. In fact, even when 

observed at the wavelength of minimum (>15)im) contrast, stars still 

outshine planets by a factor of 10^. In nulling interferometry, the optical path 

difference is adjusted so that light from an unresolved star interferes 

destructively while the light from the planet adds constructively, thereby 

reducing the contrast between the two. 
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Clearly even small stellar leaks may raise the confusion limit to 

unacceptable levels. The magic T with its predicted 60 dB of isolation 

between ports could potentially yield the null depth required. Figure 5-11 

and 5-12 are wire-frame rendering of the HP-HFSS modeled device. 
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Legend 

— S[(P 1 M 1),(P 1 M 1)](mtee_30_sht20_t_ffs_ 

~ S[(P 1 M 1),(P 2 M 1)](mtee_30_sht20_t_ffs_ 

S[(P 1 M 1),(P 3 M 1)](mtee_30_sht20_t_ffs_ 

si(P 1 M 1),(P 4 M 1)](mtee_30_sht20_t_ffs_ 

Figure 5.10: HP-HFSS Numerical Simulation of the performance of the magic T 

nulling beam combiner presented in figure 5-11 and 5-12 on the next pages. The 

green curve at the bottom shows the remarkable 60 dB isolation between the two 

input arms. 
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10 pm Magic Tee 
with horns and circular to 
rectangular waveguide transitions 

Potter Horn 

Input 

Transition 

Figure 5.11 HP-HFSS wireframe rendering of a magic T nulling beam combiner. 

The incoming beams from the telescope are coupled into the device using the conical 

feedhorns visible on either side of the structure. 
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Input 

Tee 

Figure 5.12: HFSS wireframe rendering of the central section of a magic T nulling 

beam combiner. As a test beam is input as shown, the field amplitude is split equally 

between the two open arms of the magic T with a 180 degree phase difference. The 

fourth arm is terminated with an impedance matched load. 
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5.4.2 Directional Beam Coupler. 

Directional beam couplers are four port devices like the one 

represented in figure 5-13. The power incident at the input Port (1) couples 

to the through Port (2) and the coupled Port (3) but not to the isolated Port 

(4). Likewise, power incident at Port 2 couples with Port 1 and 4 but not 3. 

Port 1 and 4 are decoupled and by symmetry so are 2 and 3 (Pozar, 1998). 

The fraction of input power that couples to Port 3 is called the device 

coupling (C) and the leakage of power from the input port to the isolated 

Port 4 is called the device Isolation (I). Last, the device Directivity (D) is the 

ratio of the power carried to the coupled and isolated port and is given by: 

D  =  I - C  [ d B ]  

The device Isolation and Directivity of an ideal device are infinite so 

an ideal beam coupler is completely defined by its coupling factor C. In 

practice, the characteristics of a directional coupler are achieved by bringing 

two waveguides in close proximity to each other and opening one or more 

holes in the wall that separates them. As an EM wave propagates through the 

directional coupler, some fraction of the energy in one waveguide leaks 

through one or more holes into the common wall between the two 

waveguides. The size and spacing of holes allows designs to optimize the 
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device coupling from 0 to 100%. Adding additional holes increases the 

number of degrees of freedom of the design and allows to increase the 

bandwidth of the device. Figure 5.14 shows the performance of a 3 THz 

device shown in Figure 5.13 simulated using HP-HFSS. This particular 

device is designed to be used as a beam sampler. One percent of the power 

input into Port 1 is extracted at Port 3 while 99% continues into the through 

port. The predicted port isolation for this device is remarkably low, 

remaining greater than 35 dB over the 20% bandwidth of the device. As 

mentioned previously, directional couplers can be designed to provide 

device coupling anywhere between 0 and 100%. In particular, directional 

couplers can be design to provide equal power division which is the subject 

of Section 5.4.3on Branch-line Quadrature Hyrid Junctions. 
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Input (Port 1) 

Figure 5.13: HP-HFSS wire-frame rendering of a directional coupler. This device 

can be used as a coherent beam sampler. As light input into Port 1 propagates a 

fraction of it will leak into the parallel waveguide. The amount of light that is 

diverted away can be engineered from 0-100%. The bandwidth of the device is 

increased by the number of holes in the wall between the two waveguides. 
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Legend 

—- S[(P 1 M 1),(P 2 M 1)](dircoup_ffs_2) 
— S[(P 1 M 1),(P 3 M 1)](dircoup_ffs_2) 
— S[(P 1 M 1),(P 4 M 1)](dircoup_ffs_2) 
— S[(P 2 M 1),(P 3 M 1)](dircoup_ffs_2) 

\ 

Figure 5.14: HP-HFSS Numerical simulation of the performance of a 3 THz 

directional coupler illustrated in Figure 5.13. This particular device is designed to be 

used as a beam sampler. The red curve, (second one from the top of the graph) 

shows that 1% (-20 dB) of the power input into the device is removed and output on 

the second output port. Port isolation remains greater than 35 dB over the 20% 

bandwidth of the device. 
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5.4.3 Branchline Quadrature Hybrid Junctions. 

Hybrid Junctions are a special case of directional couplers in which 

the power is split equally (3 dB coupling factor) and the phase difference 

between the two output ports is 90°, hence the name Quadrature Hybrid. In a 

Branch-line Hybrid Junction, as is the case in a directional coupler, when an 

EM wave goes through the coupler some fraction of the energy in one 

waveguide leaks through holes (branch lines) into the other waveguide. The 

spacing and design of the branch lines is such that as the field passes through 

the multiple holes it adds up in phase. As with directional couplers, adding 

extra branch lines adds further degrees of freedom that can be used to 

increase bandwidth. A hybrid junction based on the WR-10 75-110 GHz 

band ALMA design (Srikanth, 2001) is illustrated in Figure 5.15 on next 

page. Branchline couplers have a high degree of symmetry. Any one of the 

four ports can be used as the input port, output ports are then on the opposite 

side of the junction and the remaining port, on the same side as the input 

port is isolated with an impedance matched load. 



170 

With the port convention of figure 5.15, power entering Port 1 is 

evenly divided between output ports 2 and 3 with a 90° phase difference, no 

power is coupled to Port 4( see Figure 5.16). We have fabricated scaled 

prototype hybrid couplers at a number of frequencies between A,=350(j.m and 

A,=35 |j,m (see figure 5.17). 



171 

.006" 

Input (Port 1) Input (Port 1) 

.0009"! 

.0016" 
1 1 1 

.003l\^ 

1 1 
1 1 
1 1 
1 1 

'.0005" 

Ports Ports 

1 2 
>• 

4 

— ' 

3 
• 

Figure 5.15: Schematic of a Branch-line Quadrature Hybrid junction and 

wireframe 3-D model of the same device designed for operation at 3 THz 
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— S[(P 1 M 1),(P 1 M 1)l(hybrid_lTs_4) 

~ S[(P 1 M 1).(P 2 M 1)l(hybrid_ffs_4) 

S[(P 1 M 1).(P 3 M 1)l(hybrid_ffs_4) 

— S[(P 1 M 1).(P 4 M 1)l(hybrid_frs_4) 

Figure 5.16: HP-HFSS Numerical Simulation of the performance of a hybrid power 

combiner working as a beam splitter. This simulation shows very uniform 3dB 

power splitting and good isolation (>20dB) over a 20% bandwidth centered around 

3THz. 



Figure 5.17: SEM of a laser micromachined of a proof of concept hybrid power 

combiner designed for operation at 810 GHz. 
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5.4.4 Impedance Matched Termination. 

Impedance matching is critical in minimizing the degree of unwanted 

reflection inside a device. All the interferometric and mixing devices 

mentioned before: magic T, directional couplers and Quadrature Hybrid 

Branch-line Junctions need matched terminations to insure proper port 

isolation. There are a number of ways to fabricate such a termination. One 

way that is well suited to laser micromachining is to end a waveguide with a 

continuously tapered section like the one shown on Figure 5.18. The shape 

and dimensions of the termination can be varied to provide a variety of 

impedance values, degree of isolation and bandwidth. 

In practice, before assembly of the split blocks the laser 

micromachined tapering waveguide section is left uncoated, such that raw 

silicon is exposed. Then low resistivity silicon termination presented in 

Figure 5.18 was modeled (Drouet d'Aubigny, 2001) using HP-HFSS The 

termination was found to provide better than 30 dB attenuation over a 100 

GHz bandwidth at 810 GHz, see Figure 5.19. 
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Such a termination can easily be laser micromachined, however care 

must be taken when gold coating the waveguide not to coat the matched 

termination. For this purpose, an e-beam evaporator is used. An example of 

such a device at 1.5 THz is shown in Section 5.4.4 the next section on laser 

micromachined integrated interferometers. 
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Figure 5.18: Wire-frame drawing of a impedance matched load designed for 

operation at 810 GHz. The structure can easily be laser micromachined out of low 

resistivity silicon by etching away a wedge into the substrate and leaving it 

uncoated. 
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Figure 5.19 HP-HFSS Numerical Simulation of an impedance matclied load 

designed for operation at 810 GHz. The modeled device provides greater than 30 dB 

of isolation over a 15% bandwidth centered on the design wavelength. 
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5.4.5 Laser Micromachined Integrated Interferometer. 

Astronomical interferometers tend to be very complex and as a result 

very lossy and often unreliable systems. Optical trains with more than 

twenty optical elements providing functions like intensity monitoring, fringe 

tracking, Optical Path Difference (OPD) compensation etc are common. 

Every optical element adds a degree of complexity to the whole system, as it 

must be constantly aligned, monitored and controlled. Each element also 

causes small losses which add up to large losses for the whole system. In 

fact, most of the precious light entering a conventional astronomical 

interferometer is wasted. To reduce optical losses and increase system 

reliability, a number of groups in the US and Europe are successfully 

developing integrated interferometers using techniques developed for optical 

networking in the near infrared (Malbet, 1999 and Kern, 2001). In the far 

infrared, bulk absorption rises so fast that the dielectric waveguide approach 

that is successfully used in the near infrared is unlikely to be applicable 

(Laurent, 2000). 

In the previous chapters and sections, it has been demonstrated that 

laser micromachining can be used to fabricate the essential building blocks 

of an interferometer. Due to the technology's computer controlled nature, it 
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should be, and indeed has proven to be, reasonably straightforward to 

fabricate a proof of concept interferometer that integrates those building 

blocks into a useful device. A schematic of this device is presented on 

Figure 5.20. Two interfering telescope beams are brought into the device 

through two opposed vertical corrugated horns. The outputs from the horns 

are impedance matched to half-height single mode rectangular waveguides 

and channeled to the inputs Ports 2 and 3 of a Quadrature Hybrid Branchline 

Coupler. The hybrid coupler coherently combines the inputs of Ports 2 and 3 

into Port 1 which feeds a third corrugated feedhom aimed at a detector. Port 

4 of the hybrid is terminated with a impedance matched load. In practice, 

before assembling the two halves of this split block, the hollowed out 

waveguides are gold plated (see Figure 5.21). The impedance matched 

termination tied to Port 4 is realized by leaving a tapered rectangular silicon 

waveguide section uncoated. With the ability to simply drop in place the 

building blocks of an interferometer onto one chip, complex, yet reliable and 

efficient interferometers can be fabricated. Figure 5.22 shows two SEM 

images of a laser micromachined 1.5 THz integrated interferometer 

following the design illustrated in Figures 5.20 and 5.21. 
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Figure 5.20: 3D AutoCAD rendering of a proof of concept in-guide, 2-beam, 

coherent beam combiner. The two interfering beams are brought into the device 

through the two nearly vertical corrugated horns. The outputs from the horns are 

matched to half-height waveguides and channeled to the inputs ports 2 and 3 of a 

hybrid branchline coupler. The hybrid coupler coherently combines the inputs of 

ports 2 and 3 into port 1 which feeds a third corrugated feedhorn aimed at a 

detector. Port 4 of the hybrid is terminated with a impedance matched load. 
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Figure 5.21: 3-D AutoCAD rendering of split block design of a proof of concept 

integrated interferometer. Light from the two telescopes is introduced in the 

interferometer using corrugated feedhorns, combined in a hybrid junction and 

output through a third corrugated feedhorn for detection. Hollowed out waveguides 

are shown gold plated. Port 4 of the hybrid coupler is an impedance matched 

termination realized by leaving a tapered rectangular silicon waveguide section left 

uncoated. 



Figure 5.22: SEM images of a laser micromachined proof of concept 1.5 THz 

integrated interferometer. 
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5.5 Summary 

The possibility of constructing a 350 ^im heterodyne array receiver for 

the LBT has been investigated. To make the most efficient use of the 

telescope and the site, the array will be optimized for operation in the 

350 |j,m atmospheric window. The resulting diffraction pattern from each 

pixel will have a 2 x 6 arc second FWHM main beam containing -50% of 

the received power. Approximately 90% of the power is contained within 

the central 10 arc seconds. In combination with the LBT, the array would 

have -20 times the light gathering power of the best existing receivers 

operating at 350^m. The wide field imaging potential of the LBT system 

would make it an excellent complement to the capabilities of the SMA and 

ALMA. 

Each element of the array receiver would contain an efficient, 

micromachined, coherent beam combiner implemented in waveguide. Laser 

micromachining will allow even complex interferometer systems to be 

fabricated on a chip. Integrated interferometers hold the promise of being 

more efficient and more reliable than their conventional counterparts. 
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CHAPTER 6 

FUTURE DIRECTIONS 

Before attempting to chart a path for this technology, it is essential to 

understand its present performance and limitations in both absolute and 

relative terms. The principal parameters of interest are; precision, accuracy, 

repeatability, finish quality and process speed. The overall size and type of 

features that can be fabricated are also important factors. Finally, system and 

operation costs, reliability and environmental impact are key considerations 

for a practical tool. The system precision or resolution is determined by how 

tightly laser light can be focused on the substrate and how finely the focus 

position can be controlled. Resolution dictates the size of the smallest 
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features that can be fabricated and hence how high frequency devices can be 

fabricated. The accuracy of micromachined pieces is set by the degree of 

control of the process; high accuracy is necessary to correctly fabricate 

devices matching the optimized design. Repeatability is essential for the 

fabrication of large format arrays and in general for applications requiring 

many of a kind structures; repeatability stems from process control and 

accuracy. As explained in Chapter 4, the optical losses in metallic 

waveguide devices vary according to wall conductivity and surface finish. In 

the fabrication of high frequency devices, infinitely high resolution would be 

of no use if the surface roughness yielded a vanishingly small optical 

throughput. On the other end, process speed or etching rate, limits how large 

a structure can be practically machined, and therefore how low frequency a 

device can be fashioned. The overall size constraints may hinder the 

fabrication of low frequency structures and limit how complex an integrated 

optical system may be fabricated. The aspect ratio of the fabricated features 

and the non re-entrant nature of laser micromachined surfaces also restrict 

the kind of designs that can be manufactured using this technology. Finally, 

cost, reliability and environmental impact are obvious factors that need to be 

addressed if the technology is to be implemented beyond the laboratory. 
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6.1 Present System Performance and Limitations 

The present research system is capable of etching 10:1 aspect 

ratio, 3D structures in silicon, with 6 micron horizontal and 1 micron vertical 

resolution. Surface roughness as low 25 nm r.m.s. and etch rates as high as 

0.3 mm^ per hour can be achieved with this technology. The size of the 

smallest feature that can be etched is directly related (slightly smaller) to the 

size of the focused spot on the silicon. The vertical profile accuracy of 

fabricated structures is determined by the exactness of the a-priori 

knowledge of the etch process. The horizontal accuracy relies on the 

calibration of the galvo-mirrors and optical system to the precision motion 

stages. The vertical precision is limited by how shallow a layer of silicon can 

be shaved with each pass of the laser. The quality of the vacuum in the 

reaction chamber and the level of contamination have been shown to 

drastically affect both the quality and the reliability of the process. 
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6.2 Next Generation Laser Chemical Etcher Design 

The proposed next generation laser chemical etcher system design 

builds upon experience with the present system. The proposed system uses 

the same laser induced chemical reaction and scanning mechanism but is 

designed to dramatically improve the process resolution and accuracy while 

maintaining high etch rates and a relatively simple, low risk design. As 

illustrated in the system schematic diagram (Figure 6.1), the proposed laser 

etcher features a single Q-switched 1064nm laser engine to alternatively 

generate a high power laser beam at 355nm or a lower power 266 nm laser 

beam. Each beam is carried by dedicated optical trains. The produced beam 

is scanned using small, flexure mounted, galvo-mirrors driven by digital 

programmable controllers. Focusing is produced using a high NA 

Schwarzchild reflective objective. The objective will ultimately be set in a 

Mirau configuration to allow in-situ interferometric microscopy providing 

near real time metrology and thus closing the etching loop. 

The photo-dissociation of chlorine molecules into active chlorine 

radicals is more efficient in the UV than at visible wavelengths (Kullmer, 

1988). UV light also more readily generates electron hole pairs in silicon 
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(Mogyorosi, 1988). Electron hole pairs play an important role in the 

chemisorption of chlorine radicals which in turn controls the photolytic etch 

rate (Sytov, 1992). The result of increased chlorine radicals concentration 

and electron hole pair formation is to boost the photolytic etch rate. As a 

result, in the non-thermal regime, higher and more linear, etch rates can be 

expected in the UV than at visible wavelengths. Different chlorine pressure 

and laser fluences may be used to maintain or adjust etch rates. A benefit of 

UV radiation is the ability to finely control the laser induced etch rate. With 

visible wavelength lasers, the etching is nearly strictly photo-thermal and a 

quasi binary process (Kullmer, 1987). In the UV however the photochemical 

effects described above allow the user to finely tune etch rates and possibly 

improve vertical resolution (see Chapter 1, Figure 1.2). 
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Figure 6.1: High NA, dual wavelength laser system with near real time metrology. 
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6.2.1 Dual wavelength UV laser optical train 

In order to achieve submicron resolution, it is necessary to use a laser 

capable of delivering significant power with as small a wavelength as 

possible. As the focused beam spot size on the silicon wafer is reduced by a 

factor of ten or more to submicron sizes, the etch rates will decrease by a 

factor of a hundred. The machining time of structures like waveguides since 

their size will scale as the required feature size decreases will remain 

unaffected. However in the case of deep trenches that are of interest to the 

semiconductor industry, processes that take a few minutes today could 

become unacceptably long. 

A 20W, 1064nm Q-switched laser engine can be used to produce 1IW 

at 532 nm, 6W at 355nm and up to 1 W at 266nm at repetition rates greater 

than 80 kHz. Interchangeable frequency conversion modules provide 

wavelength flexibility, enabling the user to simply change the laser output 

between 1064nm, 532nm, 355nm and 266nm. Reliable Q-switched, air 

cooled, diode pumped, table top laser are available for prices that are 

competitive with the Argon-Ion laser currently used in the present system. 

The high power levels offered by this technology at 532 or 355 nm 

can be taken advantage of to etch large volumes using an appropriately 
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defocused beam providing the required power density and yielding high etch 

rates. With the bulk of the material already removed, a tilt mirror can be 

introduced to redirect the output of the 1064 nm laser to pump the quadruple 

harmonic generator module and produce a 266 nm laser beam. With the help 

of the proposed near real time metrology the 266 nm beam can be used to 

refine the coarse etch or to etch new submicron features. This approach is 

poised to yield both high etch rates and small feature sizes. 

Due to the different wavelength light propagated, each optical train 

requires a dedicated acousto-optic, AR coated, Si02 crystal, A./4 wave plates 

and beam expander. The two electro-mechanical shutters represented on the 

schematic could conceivably be replaced by a single water cooled shutter in 

the 1066nm beam however there seems to be little cost advantage to this 

solution. 

6.2.2 High Numerical Aperture Scanning Objective 

Using a 266nm UV laser instead of an Argon-Ion laser alone, only 

leads to a factor of two, reduction in diffraction limited spot size of a system. 

To achieve a tenfold resolution enhancement or greater, the numerical 

aperture of the focused beam must be increased by a factor of five or more 

(NA = 0.5 or greater). To provide a working distance large enough to 
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accommodate the Mirau beam splitter and the vapor cell sapphire window 

while maintaining high NA, the diameter of the objective will have to be 

large. The scanning lens design must work over a wide range of wavelengths 

to be useful at the laser wavelengths and in the visible for the metrology. 

The design proposed for the next generation laser chemical etcher objective 

is based on a commercially available (Ealing Inc®.) Schwarzchild, two 

mirror design. The actual objective will be optimized by taking the effects of 

the beam splitter and of the vapor cell window into account. 

6.2.3 Near Real Time Metrology 

White light interferometry is a well established technique for quickly 

determining three dimensional surface shapes. It allows highly accurate 

measurements to be made over relatively large areas in a short time. White 

light interferometry is based on the detection of the fringes created by two 

interfering polychromatic wave fronts. The surface of a sample is 

illuminated with a "white" light source and brought into focus. Light from 

the source is divided using a beam splitter. A portion of the beam is directed 

to the sample surface while the other is directed to a reference surface. The 

reflected beams are then re-combined forming a fringe pattern that is 

captured by a CCD. At each point, the fringe visibility is highest when the 
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optical path is zero. By translating the sample and the reference surface with 

respect to each other, the fringe pattern can be observed at every point in the 

image. It is then possible to construct a three dimensional image of the 

sample. Figure 6.2 is an interferometric microscope image of a laser 

micromachined structure obtained with an ADE Phaseshift® MicroXAM''''^ 

standalone commercial instrument. The proposed next generation laser 

etcher would incorporate a near real time metrology system based on white 

light interferometry. As mentioned earlier in Section 6.1, the accuracy of the 

vertical profile of fabricated structures is determined by the exactness of a-

priori knowledge of the etch process. The depth information obtained with 

the interferometric microscope can be used to close the etching loop. This 

closed loop operation will yield not only more accurate structures but also 

dramatically reduce development times when new materials or different etch 

conditions are to be investigated. 

In practice, it appears interferometric microscopy may be integrated in 

a laser chemical etcher in a number of different ways. The method illustrated 

in the next generation laser chemical etcher schematic (Figure 6.2) is the 

most popular method in high NA stand alone interferometric microscopes. 

The scanning objective is turned into a Mirau interferometer which is piezo-
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electrically driven vertically on a flexure stage to adjust paths length and 

determine the height of every point in the field of view. Mirau objectives 

however have a limited working distance that may limit the usefulness of 

this method if the numerical aperture is to be raised above NA=0.5. Other 

schemes that would use the reaction chamber window as a beam splitter and 

thus considerably increase the usefulness of this technique for in-situ 

metrology although more complex to implement may be considered. 

Incidentally, two of the three leading companies in the field of 

interferometric microscopy: Veeco, formerly WYKO and ADE Phaseshift 

are located in Tucson, AZ and both companies have expressed interest in 

working on this project, providing turnkey illumination system, vertical 

scanning control and software. 
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Figure 6.2; Interferometric microscope image of a laser micromachined 5 THz dual 

mode feedhorn. Interferometric microscopy provides a three dimensional image of a 

sample that can be used for studying and determining the accuracy of etched 

profiles and measuring surface roughness finish as well as XY dimensional 

accuracy. 
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6.2.4 Improved Scanning and Acousto-Optical Modulation 

Galvo-mirrors are used to accurately steer the focused laser beam at 

the surface of the silicon at high speed (several centimeters per second). 

Conventional galvo-mirror systems used for laser beam steering are driven 

by controllers specifically tuned for the scanning rate, range and scanning 

method (vector or raster) of a particular application. At high scan speeds 

mirror inertia causes the mirror to briefly lag at the extreme positions of the 

scan. In this application, this brief lag can cause localized over etching. The 

performance of roller bearing galvo-mirrors is also knov/n to severely 

degrade with age, especially in high duty cycle systems. 

Galvo-mirror technology has matured since the early days of this 

project. Several manufacturers now offer PC-Board level controllers with 

digital notch filters that can be adjusted on the fly. These scanning systems 

can be reconfigured and optimized for various angular scanning ranges and 

scanning speeds, thus allowing the same system to be used to efficiently 

produce structures of various sizes using a variety of laser spot sizes and 

their associated scan rates. The lag problem caused by mirror inertia can be 

reduced using smaller mirrors and therefore a smaller beam. The proposed 

next generation system has a reduced beam diameter of 11 mm compared to 
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16 mm in the present system. To correct the problem further, a fast acting 

(microsecond switch time) SiOa acousto-optical crystal will be used to 

modulate the beam. Combined with a slight over-scan this approach will 

allow a very uniform energy deposition. Flexures are progressively replacing 

ball bearings in high end galvo-mirrors greatly extending their useful life 

and reliability. Other technological improvements that would be too lengthy 

to describe here have also increased the scanning speed and accuracy by a 

great deal. 

6.2.5 Contamination Reduction 

Laser induced chemical etching is very sensitive to the quality of the 

vacuum that can be attained before the vapor cell is filled with chlorine gas. 

Even low level contamination can noticeably affect the sharpness of 

micromachined fme structures. Byproducts of the reaction of chlorine gas 

with contaminants have been observed to slowly coat the walls and windows 

of the reaction vessel with residue, reducing the reliability and requiring 

regular disassembly and cleaning of the vapor cell 

It is possible that the hot wafer may cause turbulence in the chlorine 

atmosphere that would interfere with the proposed metrology system. 

Depending on the magnitude of the actual effect it may prove necessary to 
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obtain a vacuum in the chamber before the interferometric measurement can 

be done. Comphcated structures will likely require a number of 

measurements before the desired shape is realized to a satisfying degree of 

precision. It then becomes critical to be able to realize a sufficient vacuum in 

a short amount of time. To achieve those goals a corrosive gas resistant, oil 

free turbo pump will be mounted in close proximity to a load locked vapor 

cell. The load lock essentially isolates the vapor cell from the outside world. 

Both the oil free pump and the load locked cell will keep the level of 

external contaminants to a minimum. The ability to quickly pump down the 

chamber to a good vacuum that's afforded by having turbo pump in close 

proximity to the chamber should reduce pump-down time from several hours 

to a few minutes. 
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6.3 Replication Process 

A replication process was developed and tested which allows multiple 

copies to be molded from a laser milled master (Walker et al 1997). After 

fluoridating the milled surface of the master, it is filled with 

polydimethylsiloxane (PDMS) to form a mold. A low viscosity polymer 

precursor is then flowed over the mold and cured to form the copy and the 

mold is recovered to be used for further copies. The copy is sputter coated 

with 0.3 |j.m of gold and the two halves assembled using UV curable epoxy. 

A 2 THz laser micromachined back to back feedhom device was replicated 

using this process and its beam characteristics measured. The replicated 

device showed a Gaussian antenna pattern to the precision permitted by the 

experimental setup. This technique is of particular promise for large format 

arrays, where etch time could become prohibitive if every single device had 

to be laser micromachined individually. 
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6.4 Mixing Laser Chemical Etching with Other Technologies 

The proposed next generation etching system is expected to 

significantly improve upon the current design and yield considerably 

enhanced performance. Experience with the first generation system suggests 

however, that after a new capability becomes available, new projects 

invariably require: higher resolution and etch rates and/or structure sizes. 

With the current technology, a factor of five increase in resolution may still 

be possible, albeit at tremendous cost using deep UV laser and NA~1 optics. 

The resulting etch rate would be severely reduced (roughly 2500 times 

slower than the present system). To some extent, in this regime laser 

micromachining looses its edge and "raison d'etre" over other methods like 

focused ion beams. On the other hand, increasing etch rates to allow the 

fabrication of large structures requires a decreased resolution together with 

an increase in laser power. In this regime, again, the benefits of laser 

micromachining over other technologies like electroforming or diamond 

milling fade away. In most of the devices we have fabricated, only small 

regions require the maximum resolution of the system. As a consequence, it 

is possible to imagine schemes where a variety of techniques are used to 
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manufacture a device. For example, the small and complex part of a low 

frequency feedhom matching network and backshort cavity could be laser 

micromachined and fitted to a large electroformed conical horn section. On 

the other end of the spectrum, the quasi two-dimensional structure of a high 

frequency hybrid power couplers could be fabricated using microlithography 

and then fitted with feedhoms using laser micromachining. 
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