
Durham E-Theses

Lithography in three dimensions using

computer-generated holograms

Maiden, Andrew

How to cite:

Maiden, Andrew (2005) Lithography in three dimensions using computer-generated holograms, Durham
theses, Durham University. Available at Durham E-Theses Online: http://etheses.dur.ac.uk/2721/

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-pro�t purposes provided that:

• a full bibliographic reference is made to the original source

• a link is made to the metadata record in Durham E-Theses

• the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support O�ce, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

http://etheses.dur.ac.uk

http://www.dur.ac.uk
http://etheses.dur.ac.uk/2721/
 http://etheses.dur.ac.uk/2721/ 
http://etheses.dur.ac.uk/policies/
http://etheses.dur.ac.uk


L i t h o g r a p h y i n T h r e e D imens ions 
us ing C o m p u t e r - G e n e r a t e d 

H o l o g r a m s 

A n d r e w M a i d e n 

A copyright of this thesis rests 
with the author. No quotation 
from it should be published 
without his prior written consent 
and information derived from it 
should be acknowledged. 

A Thesis presented for the degree of 

Doctor of Philosophy 

Centre for Electronic Systems 

School of Engineering 

University of Durham 

England 

September 2005 



L i t h o g r a p h y i n T h r e e D imens ions us ing 
C o m p u t e r - G e n e r a t e d H o l o g r a m s 

A n d r e w M a i d e n 

A b s t r a c t 

As electronic systems become ever more compl icated, so the requirement for com­

plex interconnect ion between systems increases. Th is is t rue at al l levels f rom the 

chip metal l isat ion itself, th rough the first die-level packaging to the Pr in ted C i rcu i t 

Board ( P C B ) . As the p i tch of interconnects reduces and the w i d t h of the ind iv idua l 

tracks falls to the sub-micron level, current l i thographic processes continue to con­

fine these tracks to a 2-dimensional surface on which space is becoming more and 

more of a p remium. 

Some progress has been made to address th is l im i t a t i on by using three-dimensional ly 

s t ructured photo l i thographic masks, which are manufactured to mate as closely as 

possible w i t h the surface on to which the image is to be projected. However, such 

an approach is in t r ins ica l ly complex and l im i ted to simple enclosure shapes tha t 

make the method practicable. I n add i t ion , i t is d i f f icul t to achieve accurate al ign­

ment and the narrow l inewidths tha t w i l l be required in fu ture systems. A l te rnat ive 

approaches have used lasers to wr i te d i rect ly on to a photo l i thographic mater ia l de­

posited on the surface of the structure. Th is method is very successful, but suffers 

f rom low th roughpu t due to the need to scan the whole surface to be exposed. 

Th is thesis concerns the development of a novel l i thographic method for the 



creation of electronic c i rcu i t ry over non-planar surfaces and w i t h i n volumes using 

Computer-Generated Holograms ( C G H ) . The technique is developed in such a way 

as to allow the imaging onto a sui tably prepared substrate of features whose size 

is of the same order as tha t used in the w r i t i ng of the holographic mask, thus 

prov id ing a comparat ive replacement to a standard photo l i thographic mask used in 

the product ion of PCBs and Integrated Circui ts ( ICs) . 
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C h a p t e r 1 

I n t r o d u c t i o n 

[ 醫 ๅHE AIM OF this thesis is to investigate the possibility of using Computer-

Ju Generated Holograms^ or CGH, for the l i thographic pat tern ing of features 

onto non-planar or 3֊dimensional substrates. A C G H is produced using models of 

the propagat ion of l ight to simulate the complex-valued interference pat te rn result­

ing in a specified plane f rom a 2- or 3֊dimensional object i l luminated w i t h a coherent 

l ight source. Th is array of complex numbers is then processed into a format suitable 

for w r i t i ng on a conventional p lo t t i ng device, or in to a format which is physical ly 

realisable using a relat ively simple product ion process, and p lo t ted out . Upon i l ­

lumina t ion of the resul t ing mask, the or ig inal 3-dimensional object f rom which the 

C G H was calculated is recreated as a l ight intensi ty d is t r ibu t ion , in much the same 

way as popular ar t is t ic holograms generated using a photographic process reproduce 

apparent ly 3֊dimensional scenes. 

The idea under consideration in this document is tha t the d i f f ract ion pa t te rn 

tha t is necessary to successfully recreate an image of c i rcu i t ry on a 3֊dimensional 

substrate can be calculated using a suitable model of l ight propagat ion. Further, 

tha t this difFraction pa t te rn can subsequently be used to produce a C G H using 
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a simple p roduc t ion process tha t is able upon i l l umina t ion using a coherent l ight 

source to recreate an image of the required c i rcui t ry . Final ly, tha t th is image can be 

of a qua l i ty h igh enough to carry out the conventional steps of photo- l i thography in 

order to reproduce the required pat te rn on the substrate. 

Three fur ther supposit ions have resulted dur ing the 3֊dimensional Interconnect 

(3DI) project . F i rst ly , tha t the resolut ion necessary in the C G H is of the same order 

as tha t of the features being imaged; tracks on a P C B of 20μτη w i d t h are therefore to 

be imaged using a C G H sampled at พ 20μπι. The ramif icat ions of th is assumption 

w i l l become clear dur ing the course of this thesis. Secondly, tha t the substrate to be 

imaged is qui te large and involve var iat ions in depth up to several centimetres, such 

as a 3-dimensional P C B , as opposed to very smal l w i t h equally small depth var ia­

t ions such as a si l icon wafer. The methods presented here may be applicable at these 

smaller scales, bu t other effective methods already exist at th is level whereas no real 

alternatives are available for l i thography on grossly non-planar surfaces. Final ly, at 

the outset of the 3 D I project , l i thography w i t h i n volumes was stated as one of the 

in i t ia l aims. W i t h the understanding tha t one must walk before being able to r un , 

th is a im has been left to the ' fu ture work ' section of the thesis and l i thography on 

non-planar surfaces has been the p r imary concern of the research carried out to date. 

The 3 D I project has been funded by the EPSRC through the E P P I C (Electronic 

and Photonics Packaging and In terconnect ) Faraday partnership. The research has 

been undertaken j o i n t l y w i t h the Department of Electronic Engineering at the U n i ­

versity of Sheffield. The work was spl i t between the holographic mask design and 

test ing carried out in D u r h a m and the substrate preparat ion, imaging and process­

ing carr ied out in Sheffield. 



լ. Introduction 

I n add i t ion t o the academic partners, several indust r ia l sponsors have collabo­

rated i n the pro ject . G S P K Ci rcu i ts [2], a Knaresborough-based electronic design 

and manufacture company, have assisted in the pract ical side of the project th rough­

out and have par t - funded the research th rough a C A S E (Cooperat ive Awards i n 

Science and Engineering) studentship. Xaar L t d [3], Hol t ron ic Technologies SA [4] 

and Rohm and Haas Mater ia ls [5] have provided some indust r ia l steering to the 

project as wel l as assisting w i t h the supply of mater ials and general know-how. 

The remainder of this chapter introduces the various aspects of the project and 

provides fur ther mot iva t ion for the use of C G H as a l i thographic too l . I hope 

you enjoy the ideas presented here and tha t I have included enough diagrams and 

references and have wr i t t en in such a style tha t these ideas come across clearly and 

their development is not too dry. So here goes,.! 

1.1 Thesis S t r u c t u r e 

The thesis is spl i t in to three ma in parts. The first par t covers the relevant back­

ground, the necessary theoret ical f ramework and results f rom conventional Com­

puter Generated Holograms. Th is chapter introduces conventional holography and 

provides an histor ical overview of C G H . Chapter 2 provides the necessary mathe­

mat ica l f ramework for fu ture chapters and chapter 3 gives a comprehensive look at 

conventional C G H and assesses their su i tab i l i ty for use i n l i thography. Final ly , chap­

ter 4 gives an І І 

images using C G H . 

The second, and most impor tan t par t of the thesis (chapters 5-8) covers the 

f ramework tha t has been developed which has made i t possible to create c i rcu i t ry 
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over non-planar surfaces by deconstruct ing the necessary image into single l ine com­

ponents. Chapter 5 examines how a single line can be imaged in space. Chapter 6 

looks at the various forms tha t a C G H tha t images a single l ine can take. Chapter 7 

investigates how the results for a single l ine can be expanded to include mul t ip le line 

segments. Final ly, chapter 8 expands the results f rom the previous three chapters 

to include 3֊dimensional line-segments. 

The final pa r t of the thesis detai ls possible appl icat ions of C G H l i thography and 

what fur ther work is needed to move the developed methodology f rom the research 

lab in to reality. Chapter 9 looks in detai l at the use of C G H l i thography to create 

a conical spiral antenna. Chapter 10 covers two other possible appl icat ions of the 

technology, required fu ture work and concludes the thesis w i t h an assessment of 

what has been achieved. 

The appendices provide l ists of mathemat ica l results derived throughout th is 

thesis (Append ix A ) , a l ist of published mater ia l result ing f rom the 3 D I project 

(Append ix B) and a l ist of the Ma t l ab routines used to compute C G H patterns and 

to generate many of the figures (Append ix C) . 

1.2 C C D C a m e r a Se tup 

I n order to capture physical results f rom holographic masks, a C C D camera setup 

has been used extensively. F igure 1.1 shows the arrangement. A custom Ma t lab 

graphical user interface has been developed to interface w i t h the camera and the 

motorised stages, enabl ing precise posi t ioning of the camera and accurate ti les im ­

ages to be obtained; the interface is shown in figure 1.2. 
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stage Goptrol ler HeNe laser 

beam expansion CCD (x^y^z) stages 
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Figure 1.1: C C D measurement apparatus 
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Figure 1.2: C C D measurement software 
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This system allows precision placement of the C C D w i t h i n a volume of d imen­

sions X, y, г = 25cm X 25cm X 50cm. Two C C D have been used in this setup, the 

first has a p ixel spacing of 8.3/ im in bo th direct ions and a 5.3 X 4 m m area, the 

second covers the same area and has a 4.65/ im pixel spacing. The software allows 

t i led images to be created at a given mask-image plane separation such tha t da ta 

can be generated for an area larger than tha t of the C C D , In add i t ion i t is possible 

using the software interface to produce real t ime cross-section plots th rough the C C D 

image, enabl ing the exposure condit ions to be cal ibrated etc... 
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1.3 L i t h o g r a p h y , H o l o g r a p h y a n d C o m p u t e r G e n ­

era ted H o l o g r a p h y 

The a im of th is section is to provide a brief background to the techniques tha t fo rm 

the t i t le of this thesis. The h is tory of l i thography and its use in c i rcui t manufacture 

are out l ined in Section 1.3.1, Section 1.3,2 details the development of conventional 

Holography and some of i ts current uses and Section 1.3.3 covers Computer Gener­

ated Holography. 

1 . 3 . 1 L i t h o g r a p h y 

Lithography n. The process of p r in t i ng f rom a flat meta l , former ly stone, surface 

treated so as to repel the ink except where i t is required for p r in t ing . 

- ORIGIN f rom Greek lithos 'stone'. 

1.3.1.1 A B r i e f H i s t o r y o f L i t h o g r a p h y 

T h e t e r m L i thography or ig inal ly appl ied t o a fo rm of p r in t i ng conceived i n 1798 

by a play^vright named Alois Senefelder as a way of produc ing copies of his plays. 

In i t ia l ly , Senefelder drew images i n wax on a l imestone block (hence litho meaning 

stone). Upon apply ing a layer of acid to the block, he found tha t d i rect ly beneath 

the waXj the stone was protected f rom the etching effect of the acid, a relief of the 

or ig inal image was therefore created and could be used for p r in t ing . 

I n 1925, El l is Bassist [6] patented a p/ iotol i thographic process for the etching of 

copper plates used by the p r in t ing industry. The photo l i thographic method involved 

the coat ing of the copper plates w i t h a photosensit ive substance. The coated plates 
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were i l luminated th rough a mask consisting of clear and opaque regions, selectively 

exposing the photosensit ive layer. The unexposed areas of coat ing were then re­

moved f rom the plate by spraying i t w i t h water and the remain ing areas of coat ing 

left to d ry and harden. The plate could then be etched, leaving a posit ive image of 

the or ig inal mask in relief. 

Bassist's method was used among other th ings to p r in t large advert isment posters 

for the fledgling cinema industry- bu t not to produce electronics. I n the early par t 

of the 20th century, several a t tempts had been made to produce c i rcu i t ry cheaply 

and reliably, bu t i t was not un t i l the 1930'ร tha t Paul Eisler [7] adapted p r in t ing 

techniques he had first used as a technical edi tor in V ienna to develop the first 

Pr in ted C i rcu i t Board ( P C B ) . His process used conventional screen pr in t ing pro­

cesses to selectively deposit acid-resistant ink onto a substrate consisting of a sheet 

of v iny l covered paper on which had been glued a t h i n layer of copper fo i l . The 

copper not covered by the ink was then etched away i n an acid ba th , leaving the 

required c i rcui t pa t te rn . Unfor tunately, Eisler's early a t tempts to gain support for 

his idea were turned down. The dubious reason given was tha t the exist ing method 

of manufactur ing c i rcu i t ry employed teams of women to connect electronic com­

ponents together w i t h lengths of wire and these women were "cheaper and more 

flexible". Du r i ng the Second Wor l d War , Eisler's PCBs began to be employed ex­

tensively t o produce cheap, robust radio sets for Amer ican troops, bu t i t was not 

un t i l the 1950ร that pr in ted c i rcui t technology was fu l ly comercialised. B y th is t ime, 

the photo l i thographic process pioneered by Bassist had been adapted for use in P C B 

manufacture, al lowing the deposit ion of much finer features and consequently higher 

density c i rcui t boards. 

Today, th is manufactur ing process remains essentially unal tered; figure 1.3 shows 
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a modern pr in ted c i rcui t system. The system i n the figure is i n use at G S P K Circui ts , 

one of the sponsoring companies behind the 3 D I project . 

Figure 1.3: G S P K ' ร 
РС^̂ З Ргоср*^^' Si յ՜ Ղ Տ 6 1 ՝ 

Mask Wr i te r ; b. Devel-
орег;с, A l ignment Sys­

tem 

Patterns are supplied to the laser mask wr i te r in the Gerber or G D S I I fo rmat , 

more of wh ich in chapter 3; the wr i te r is capable of produc ing features of 25μ7η 

w i t h a m i n i m u m spacing of 5μτη. Masks are produced on a photosensit ive film up 

t o 75cm^ which is wound onto a d r u m inside the wr i ter . The d r u m rotates and a 

scanned laser beam is used to selectively expose the film- for the large holographic 

masks tha t have been made dur ing the 3 D I project , th is process takes around five 

minutes. The wr i te r feeds d i rect ly in to the developer where the exposed film is de­

veloped and fixed; the mask is then ready for use. 

The substrate panel onto which the mask pa t te rn is to be imaged arrives at the 

al ignment system pre-dr i l led, pre-plated w i t h copper and covered in a UV-sensit ive 

film which is laminated d i rect ly onto the surface of the board. I n the four corners of 

the substrate are al ignment holes whose locat ion match tha t of four features pr in ted 

on the photomask. The board is fed in to the al ignment system and an automated 

al ignment process carr ied out in which cameras are used to line up the fiducial marks 
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on the substrate w i t h those on the mask. The mask is placed in the aligner emulsion 

side down to ensure no d i f f ract ion takes place over the depth of the film (giv ing an 

idea of the problems faced in imaging 3֊dimensional substrates). The mask is then 

vacuum-f ixed to the board and exposed using a u v arc- lamp. 

The exposed substrate is next fed into a developer which removes those regions 

of the laminate film tha t were i l luminated by the arc- lamp. Next , acid is used to 

etch away the regions of the panel not st i l l covered w i t h film, leaving the required 

pat te rn in the remain ing copper. Final ly, a fur ther chemical process removes the 

film layer. 

I t is wo r th mak ing a d is t inc t ion here between two scales of photol i thography. 

O n the sub-micron scale, photo l i thographic methods are used i n the fabr icat ion of 

semiconductors. A t th is level, the realisable m i n i m u m feature size is constrained by 

the effects of d i f f rac t ion and there is a constant dr ive t o relax th is l im i ta t i on . O n 

the 10,s of micron scale, l i thographic methods are used in the fabr icat ion of PCBs. 

Less str ingent requirements on resolut ion and feature size means tha t inevi tably, 

innovat ion at the P C B level lags behind tha t at the semiconductor scale- indeed, the 

essential P C B process has changed l i t t l e in the seventy years since Eisler produced 

his first pro to type. I t is th is larger scale tha t is p r imar i l y covered in th is thesis; the 

smallest feature sized realised on any of the masks used dur ing the course of th is 

research has been 5/xm. Considerat ion of the appl icat ion to 3D sub-micron scale 

substrates of the methods detai led in the fol lowing chapters is dealt w i t h i n chapter 

10. 
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Figure 1.4: Resolut ion enhancement techniques. ( A ) ; feature to be realised, (B ) ; 
l ine biasing, (C) ; serifs, (D ) ; assist features 

.3 .1.2 L i t h o g r a p h y o n N o n - P l a n a r Su r faces 

Several methods of realising l i thography on non-p!anar surfaces exist for smal l sub­

strate depths. For sub-micron semi-conductor l i thography, Resolut ion Enhancement 

Techniques (RETs) can be used to l im i t the effects of d i f f ract ion on the image qual i ty 

at the target substrate [8] and these methods have been appl ied to a 3֊dimeiisional 

substrate used in an Ink jet pr in thead (see section 10.1.1 and [9]). R E T s involve the 

shaping of features on a l i thographic mask to account to some extent for diffrac­

t i on , or in some cases the add i t ion of extra, unimaged (sub-wavelength) features to 

compensate for difFractive effects; some of the techniques are i l lust rated i n figure 

1.4. 3֊dimensional sub-micron l i thography has also been achieved using elastomer 

'stamps' able to mate d i rect ly w i t h the target 3D substrate [10]. The stamps them­

selves can be created using conventional methods, such as e֊beam wr i t i ng and are 

used to transfer an ink d i rect ly onto the surface of the 3֊dimensional substrate. 

These technologies are al l a imed at nanometer-scale eiectronics and as such do not 

apply to grossly non-planar substrates where the substrate may be several centime­

tres deep. I n this area, exist ing methods include direct wr i te [11], [12], where a laser 

is used to etch away copper f rom a pre-metal ised surface, and the direct p r in t i ng 

of conductive tracks onto the 3֊dimensional surface [13]. C i rcu i t r y has also been 

created using flexible, 2-dimensional and conventional ly etched substrates tha t are 

bent in to shape around a former [14]. However, there is current ly no method of 
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imaging onto grossly non-planar surfaces using a method as versatile, as cheap and 

as quick as a conventional photo l i thographic mask. 

The key a im of th is thesis is then: to investigate whether Computer-Generated 

Holograms can be used in place of s tandard photomasks to image features onto 

these grossly non-planar surfaces where the substrate may range in depth up to 

several centimetres. I t is not current ly an a im of the 3 D I research to replace the 

exist ing techniques detai led above i n the imaging of nano-scale features onto almost-

flat substrates. Indeed, in some ways, the methods detai led over the course of th is 

thesis can be seen as an extension of the 'assist-features* R E T technique i l lust rated 

i n figure 1.4D. I n what way th is is the case w i l l become clear dur ing chapter 5. 

1.3.1.3 E l e c t r o - D e p o s i t a b l e P h o t o r e s i s t s 

I n order to carry out a photo- l i thographic process on a non-planar surface, i t is 

necessary to first un i fo rmly coat the surface w i t h a photo-sensit ive layer. Th is is 

a s t ra ight forward procedure when using conventional substrates; the film layer can 

s imply be laminated or spun onto the P C B panel or semiconductor wafer. However, 

neither of these methods is suitable for deposit ing a un i fo rm coat ing onto non-planar 

surfaces- the laminate film wiU not conform correct ly w i t h the substrate and spin­

n ing photoresist onto such a substrate leaves some areas w i t h th ick coatings and 

some areas w i t h no coat ing at a l l . I t is possible to spray-coat a non-planar surface, 

bu t this method is somewhat coarse and has good results only over a smal l range of 

substrate depths. One solut ion to these problems is to use an Electro-depositable 

photoresist, or E D P R , to coat non-planar surfaces. 

EDPRs were in i t ia l ly developed for use w i t h PCBs [15], bu t are also finding uses 
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+ 

Figure 1.5: The electro-
deposit ion of photoresist 

i n the creat ion of M E M s devices and packaging appl icat ions [16]. EDPRs consist of 

a l iqu id suspension of micelles, to each of wh ich is associated a charge and contained 

w i t h i n each of which are the ingredients of the photoresist. The charge can be either 

posit ive or negative and the photoresist can be either posit ive- or negative-acting. 

Under the influence of an electric field 5 0 0 y / c m ) the micelles are a t t rac ted to­

ward the oppositely charged electrode as i l lus t rated in figure 1.5. W h e n they arrive, 

they loose their charge and disintegrate, leaving the photoresist attached to the elec­

t rode. As the photoresist coats the electrode i t rap id ly forms an insulat ing layer, 

preventing fur ther deposit ion and enabl ing very accurate control over the photore­

sist thickness regardless of the substrate topology. 

Photoresists manufactured by R o h m and Haas Electronic Mater ia ls have been 

used at Sheffield Univers i ty throughout th is project to coat substrates for subsequent 

exposure using C G H . B o t h negative- and posit ive-act ing resists have been used 

successfully, w i t h a typ ica l thickness of Äะ; 5μτη being appl ied to the 3֊dimensional 

surfaces considered. 
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1.3.2 Ho lography 

Holography n. A method of produc ing a three-dimensional image of an object 

by recording on a photographic plate or film the pa t te rn of interference formed by 

a spl i t laser beam and then i l l um ina t ing the pa t te rn either w i t h a laser or w i t h 

ord inary l ight . 

" ORIGIN f rom Greek holo 'whole ' and graph ' image'. 

1.3.2.1 A B r i e f H i s t o r y o f H o l o g r a p h y 

The field of Holography has i ts genesis i n 1948 w i t h the publ icat ion by Dennis Ga­

bor of work on an 'electron interference microscope' [17]֊ a device a t tempt ing to 

overcome the l im i ted resolving power of electron microscopes caused by the spher­

ical aberrat ion present in their electron lenses. His method involved captur ing on 

photographic film the interference pa t te rn between a reference wave and the wave-

front t ransmi t ted by an object placed in i ts pa th . A l t hough bearing no resemblance 

to the or ig inal object, this photograph captured in i ts fr inge pa t te rn in fo rmat ion 

about bo th the ampl i tude and phase of the object wavefront, such tha t when cor­

rect ly i l luminated an image of the object i n space could be produced. His idea was 

to capture the interference pa t te rn caused by an object using an electron source 

and to then recreate an image of th is object using an opt ical source, thus replacing 

electron lenses w i t h their more precise opt ica l equivalents. I n his or ig inal paper, 

Gabor notes the fact t ha t the photographs he was producing 'const i tuted records of 

three-dimensional as well as of plane objects '- the first ment ion of the 3-dimensional 

proper ty for which the field of holography is best known. 

The usefulness of Gabor 'ร method was l im i ted by a requirement for a h igh ly 

transmissive object and the unavai lab i l i ty of a h igh-qual i ty coherent l ight source at 
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the t ime. W i t h the invent ion of the laser in the 1960'ร, interest i n Gabor 'ร Holograms 

(as they became known) was rekindled, especially in the work of E, Le i th and J. 

บpatn ieks at the Universi ty of Michigan. I t was this team tha t eventually adapted 

the techniques of holography to 3֊dimensional photography [18]. Le i th and บ p a t ­

nieks refined the method of Gabor to e l iminate the need for a transmissive object 

and to spat ia l ly separate the real and v i r t ua l images formed on reconstruct ion of a 

Hologram. B y passing the wavefront i l l um ina t ing an object th rough a diffuser, thei r 

technique d is t r ibu ted l ight f rom each point on the object more or less equally onto 

every region of the holographic recording. A n y fragment of a hologram recorded in 

this way is therefore capable of reproducing the or ig inal scene, albeit at a reduced 

resolut ion. 

Figure 1.6 shows three possible geometries for the recording of Holograms. F ig ­

ure 1,6a is the or ig inal concept of Gabor i n which a transmissive object is placed 

in the pa th of a coherent plane wave. The object is assumed to have a h igh av­

erage level of t ransmi t tance, resul t ing in a h igh level of the i l l umina t ing wavefront 

propagat ing th rough to the recording medium. I n add i t ion , the variat ions about the 

average of the object t ransmit tance create a d i f f racted wavefront tha t also reaches 

the photographic film. These two waves interfere. I f i t is assumed tha t these two 

wavefronts can be represented by the complex scalar fields A and a for the plane 

and d i f f racted waves respectively, then the intensi ty incident on the film is given by 

ƒ = ւճ + αΡ 

(1-1) 

= | А р + Л*а + Ла* + |а|2 

I f this intensi ty is fa i th fu l ly recorded, such tha t the t ransmi t tance of the film is 

propor t iona l to equat ion 1.1， and the developed transparency is then i l luminated 

f rom beh ind by a coherent plane wave, the wavefront t ransmi t ted by the Hologram 

contains a component propor t iona l to the di f f racted wave and a component pro-
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por t iona l t o i ts conjugate. W h e n viewed facing the source of the plane wave, th is 

corresponds to a v i r t ua l image of the or ig inal object appearing behind the plane 

of the Hologram and a real image appearing in f ront . The on֊axis nature of the 

recording process means t ha t these two images overlap. The hologram of figure 

1.6b overcomes the problem of overlapping images by using an alternate recording 

geometry [19]. Here, the reference wave is passed th rough a pr ism such tha t i t forms 

an angle w i t h the photographic plate and w i t h the wavefront f rom the transmissive 

object. T h e hologram is then replayed using an on-axis reference beam, causing 

the image of the object to shi f t f rom the opt ical axis by an angle equal to t ha t 

formed between the reference beam and the photographic plate dur ing the exposure 

process. I f th is angle is chosen judiciously, the reconstructed image w i l l be spat ial ly 

d ist inct f rom the 's t ra ight - th rough ' l ight and the tw in image present in equat ion 

1.1. I n a similar way, the recording geometry of figure 1.6c can be used to record a 

hologram of a 3-dimensional object [18]. The object is now assumed to be reflective 

and a mi r ro r is now used to create a reference beam f rom the source i l l umina t ing 

the object. Aga in , by choosing the angle formed between the reference beam and 

the photographic plate carefully, the reconstructed object can be made spat ia l ly 

separate f rom the reconstructed reference beam. 

As an aside, i t is wo r th ment ion ing the Rainbow Hologram [20]. Since they are 

used for the creat ion of ar t is t ic display pieces, i t is th is var iety of Hologram for 

wh ich the field of holography is best known. T h e advantage of the Rainbow Holo­

gram tha t suits i t to display purposes is its capabi l i ty of fo rming a viewable image 

under wh i te l igh t ing, rather than th rough the use of a coherent, monochromat ic 

source such as a laser. Th is is achieved by first creat ing a conventional Hologram of 

the type shown in figure 1.6c. Th is Hologram is then replayed th rough a narrow slit 

and the result ing wavefront combined w i t h a spherically diverging reference beam 

on a second photographic film to create a second Hologram. W h e n this Hologram is 
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Figure 1.6: Three types of Holographic Recording Geometries 
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i l luminated f rom behind by a whi te l ight source, the various wavelengths present i n 

the i l l umina t ion fo rm a number of images of the or ig inal scene as i f i t were viewed 

th rough the sl i t used dur ing the recording phase. I f the whi te l ight source is also 

spherically diverging, these images are spat ia l ly separated and the viewer sees an 

image of the or ig inal object whose size and colour depend on which imaged slit he 

looks th rough. I n the next section several less well known, but perhaps more useful 

appl ications of Holography are out l ined. 

1.3.2.2 T h e Uses o f C o n v e n t i o n a l H o l o g r a p h y 

A n overview of the m o d e m uses of holography can be found in [21], a brief summary 

is given here:-

• Microscopy The or ig ina l work of Gabor continues th rough the use of hologra­

phy to realise h igh resolut ion images w i t h a large depth of field. 

• Holographic Interferometry Exposing a holographic p late t o a dynamic scene 

at several different t imes leads to a reconstructed image tha t contains the sum 

of the wavefronts f rom each exposure. These wavefronts interfere in the usual 

way, leading to an image tha t captures the dynamic behavior of the or ig inal 

scene. 

• Imaging through Distortions A hologram can be used in order to create a 

clear image of an object when the wavefront resul t ing f rom tha t object passes 

th rough a d is to r t ing med ium. 

• Data Storage There are several features of holograms tha t suggest them as 

candidates for a new data-storage device. In fo rmat ion stored in a hologram is 

diffuse i n the sense tha t a single image po in t is recorded on a relat ively large 
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area of the hologram, th is makes a holographic memory robust to dust etc... 

I n addi t ion, the 3֊dimensional nature of a holographic reconstruct ion means 

tha t h igh volume storage densities can be achieved. See for example [22]. 

• Neural Networks A hologram can be used to encode the weights i n a neural 

network. A n input to the network is provided by a Spat ial L ight Modu la to r 

(SLM) , such as a micro-mi r ror array. Th is inpu t is passed through the holo­

gram containing the network weights and the resul t ing d is t r ibu t ion captured 

on a detector. The advantage of th is technique is tha t a large number of 

weights can be recorded w i t h i n the hologram. 

• Holographic Lithography [23] Using a hologram as a l i thographic mask offers 

several benefits over a conventional system: the hologram is able to realise a 

Numerical Aper tu re ( N A ) close to uni ty, the requirement for complex optics 

is reduced, the size of the image field is not constrained by opt ical abberations 

and the d is t r ibu ted nature of the holographic mask means i t is tolerant to dust 

and imaging errors. 

The use of holography as a l i thographic t oo l has been pioneered by the Swiss 

company Holtronics SA [4]; their system is p r imar i l y used for the imaging of large 

substrates such as T h i n F i l m Transistor screens [24]. The process is as follows [25]: 

F i rs t , a master substrate is created using a direct laser-write process. A To ta l Inter­

nal Reflection ( T I R ) hologram is then made using th is master; details of th is variety 

of hologram make interest ing reading and can be found in [26]. The hologram is 

w r i t t en using the same machine as is later used for the purpose of exposure. Th is 

device contains a scanned laser conf igurat ion tha t scans the hologram i n a raster 

pa t te rn ensuring an equal mean l ight intensi ty results at every on the mask- such 

a scanned system may well prove useful i n the exposure of the computer-generated 

masks considered in th is thesis. A fur ther po in t of interest here is tha t features 

on the master substrate contr ibute only to a smal l area of the hologram, since the 
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d i s t a n c e b e t w e e n t h e p h o t o g r a p h i c p l a t e a n d t h e s u b s t r a t e is k e p t s m a l l - t h i s p o i n t 

w i l l be e x p l a i n e d i n g r e a t e r d e t a i l i n c h a p t e r 2 . T h e resu l t is t h a t i t is poss ib le t o 

use a scanned laser s y s t e m t o r e - i m a g e t h e p a t t e r n o n t h e m a s t e r s u b s t r a t e w i t h o u t 

a n y loss i n r e s o l u t i o n . 

H a v i n g exposed a n d d e v e l o p e d t h e h o l o g r a p h i c m a s k , t h e p rocess is r e p e a t e d i n 

reverse t o rec rea te a n i m a g e o f t h e o r i g i n a l m a s t e r s u b s t r a t e o n a p h o t o - r e s i s t - c o a t e d 

b l a n k s u b s t r a t e a n d a c o n v e n t i o n a l l i t h o g r a p h i c process ensues. 

I t m a y b e poss ib le t o e x t e n d t h e H o l t r o n i c s S A m e t h o d t o i m a g e 3֊dimensional 

s u b s t r a t e s u s i n g c o n v e n t i o n a l H o l o g r a m s i n p l ace o f t h e i r C G H e q u i v a l e n t . T h e t w o 

m a j o r d r a w b a c k s t o t h i s a p p r o a c h are t h a t i t r equ i res t h e c r e a t i o n o f a n a c c u r a t e 

3֊dimensional m a s t e r s u b s t r a t e f r o m w h i c h t h e T I R h o l o g r a m c a n be exposed a n d 

t h a t t h e a l i g n m e n t a n d e x p o s u r e o f t h e subsequen t b l a n k s u b s t r a t e s m u s t rec rea te 

e x a c t l y t hose c o n d i t i o n s p resen t w h e n t h e h o l o g r a p h i c m a s k was c r e a t e d . U s i n g 

C G H e l i m i n a t e s t h e need f o r a 3 - d i m e n s i o n a l m a s t e r s u b s t r a t e a n d t h e a l i g n m e n t 

t a s k is eased s i g n i f i c a n t l y because t h e prec ise g e o m e t r y o f t h e l i g h t d i s t r i b u t i o n 

c r e a t e d b y t h e C G H m a s k is k n o w n a priori 

1.3.3 C o m p u t e r Generated Ho log raphy 

1.3.3.1 A B r i e f H i s t o r y of C o m p u t e r Generated Ho lography 

I n 1967 , A . L o h m a n n a n d D . P a r i s [27] d e s c r i b e d a m e t h o d f o r r e c r e a t i n g t h e h o l o ­

g r a p h i c e f fec t u s i n g a c o m p u t e r - g e n e r a t e d d i f f r a c t i o n p a t t e r n r e p r o d u c e d o n a p l o t ­

t e r . T h i s e n a b l e d t h e m t o c rea te a C o m p u t e r - G e n e r a t e d H o l o g r a m , o r C G H , o f a n y 

2 - d i m e n s i o n a l o b j e c t r e p r e s e n t a b l e b y a c o m p u t e r a n d t o rec rea te t h i s i m a g e i n t h e 
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f o c a l p l a n e o f a lens. T h e i r s e t u p r e q u i r e d t w o s teps: 

1 . C a l c u l a t i o n o f t h e d i f f r a c t i o n p a t t e r n o f t h e r e q u i r e d i m a g e 

2. C o n v e r s i o n o f t h i s g e n e r a l l y c o m p l e x - v a l u e d t r a n s f o r m i n t o a f o r m a t s u i t a b l e 

f o r p r i n t i n g 

i t is these s teps o f c a l c u l a t i o n a n d r e p r e s e n t a t i o n t h a t w i l l a lso ca tago r i se t h e p r o b ­

l ems t o be s o l v e d i n t h i s thes is . 

T h e first s t ep i n t h e process c a n be r e l a t i v e l y s t r a i g h t f o r w a r d i f t h e g e o m e t r y o f 

t h e i m a g i n g s y s t e m is j u d i c i o u s l y chosen (see s e c t i o n 2.4 a n d fig 2 .10 ) . P r o b l e m s 

ar ise w h e n 3֊dimensional images are r e q u i r e d , w h e n t h e r e a re r e s t r i c t i v e c o n s t r a i n t s 

p l a c e d o n t h e p r o x i m i t y o f t h e i m a g e t o t h e C G H (see s e c t i o n 2.3.2) a n d w h e n t h e 

i m a g e r e q u i r e d is l a rge a n d o f a h i g h r e s o l u t i o n , i n w h i c h case t h e c o m p u t a t i o n a l t a s k 

i n v o l v e d c a n b e e x t r e m e l y t i m e c o n s u m i n g . T h e ef fec t o f c o m p u t i n g t h e d i f f r a c t i o n 

p a t t e r n over a finite g r i d o f s a m p l e p o i n t s a n d a t a l i m i t e d n u m b e r o f q u a n t i s a t i o n 

levels m u s t a lso be cons ide red , as o p p o s e d t o t h e c o n v e n t i o n a l H o l o g r a m w h e r e t h e 

d i f f r a c t i o n p a t t e r n is t o a l l i n t e n t a n d p u r p o s e s c o n t i n u o u s . Issues w i t h s a m p l i n g 

ar ise t h r o u g h o u t t h i s thes is , espec ia l l y see s e c t i o n 2.3.2 a n d c h a p t e r s 5 a n d 6, 

T h e second s tep i n t h e process addresses t h e p r o b l e m o f r e p r e s e n t i n g a g e n e r a l l y 

c o m p l e x a r r a y o f n u m b e r s ( i .e c o n t a i n i n g b o t h phase a n d a m p l i t u d e ) o n a t r a n s ­

p a r e n c y o r p h o t o g r a p h i c film. T h i s issue is p r i m a r i l y cove red i n c h a p t e r 3. 

T h e o r i g i n a l C G H o f L o h m a n n a n d P a r i s is d e t a i l e d i n s e c t i o n 3 . 2 . 1 . O t h e r s ig ­

n i f i c a n t m i l e s t o n e s i n t h e field i n c l u d e t h e i n v e n t i o n o f t h e K i n o f o r m b y L e s e m a n d 

H i r s c h i n 1969 [28] a n d t h e R O A C H b y C h u et al i n 1973 [29] , d e t a i l s o f w h i c h c a n 
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be f o u n d i n sec t ions 3 .3 .1 a n d 3.2.2 respec t i ve l y . 

I n 1972, d ' A u r i a et al [зо] used p h o t o l i t h o g r a p h i c t e c h n i q u e s t o c rea te t h i n film 

lenses. T h e i r m e t h o d g e n e r a t e d phase s h i f t s across t h e C G H p l a n e b y v a r y i n g t h e 

t h i ckness o f a t r a n s p a r e n t m a t e r i a l w i t h a h i g h r e f r a c t i v e i n d e x . T h i s i n v o l v e d suc­

cessive exposu res a n d e t c h i n g s o f a s i l i c o n w a f e r t o c rea te a su r face o f t h e c o r r e c t 

p ro f i l e , a n d s u b s e q u e n t l y u s i n g t h i s wa fe r as a m o u l d t o c rea te p l a s t i c e q u i v a l e n t s 

w i t h t h e c o r r e c t o p t i c a l p r o p e r t i e s . A v a r i a n t o n t h i s p r o c e d u r e has been used here 

t o c rea te a phase m a s k w i t h t w o poss ib le phase levels ( sec t i on 3 . 3 . 4 ) . A n E B e a m 

m a c h i n e was first used t o c rea te a C G H i n 1985 [31] . 

A n E B e a m m a c h i n e a t She f f ie ld U n i v e r s i t y has b e e n a v a i l a b l e f o r use d u r i n g t h i s 

p r o j e c t a n d a tes t E B e a m m a s k has b e e n w r i t t e n (see s e c t i o n 3 .5 .2 ) . A l t h o u g h t h e 

s u b m i c r o n f e a t u r e sizes o f w h i c h such m a c h i n e s a re c a p a b l e have n o t been necessary 

u p t o t h i s p o i n t , c h a p t e r 10 suggests t h a t f u t u r e w o r k c o u l d be c a r r i e d o u t a t t h i s 

scale. M a s k s used i n t h i s thes is have also b e e n p l o t t e d o n a laser p r i n t e r (a c o n v e n i e n t 

r a p i d - p r o t o t y p i n g t o o l ) , a n d u s i n g a laser p l o t t e r . T h e resu l t s o f b o t h o f these 

m e t h o d s have a lso b e e n p h o t o - r e d u c e d t o rea l ise h i g h e r r e s o l u t i o n m a s k s . 

1,3.3.2 The uses of Compu te r Generated Ho lography 

C o m p u t e r G e n e r a t e d H o l o g r a m s have f o u n d a n u m b e r o f a p p l i c a t i o n s i n t h e r e a l 

w o r l d ; a n o v e r v i e w is g i v e n he re . 

• Spatial Filtering[S2] A S p a t i a l F i l t e r a l t e r s t h e Spatial Frequency c o n t e n t o f 

a n i m a g e (see s e c t i o n 2 .3 .1 fo r d e t a i l s o n S p a t i a l F r e q u e n c y ) . T h i s is a k i n 

t o filters des igned t o m o d i f y t h e f r e q u e n c y c o n t e n t o f t i m e - d o m a i n s igna ls - a 

c o m p u t e r g e n e r a t e d s p a t i a l filter is e q u i v a l e n t t o a d i g i t a l t i m e - d o m a i n filter. 
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A n o v e r v i e w o f t h e uses o f such filters c a n be f o u n d i n [32]. 

3D Displays T h e first s u g g e s t i o n o f C G H as a m e a n s o f 3֊dimensional d i s p l a y 

c a n be f o u n d i n [33] a n d da tes as f a r b a c k as 1968. A p p l i c a t i o n o f C G H t o 

d i sp l ays r e m a i n s a key a rea o f research , see f o r e x a m p l e [34] , [35] . 

C u r r e n t l y , t h e h i g h - r e s o l u t i o n a n d consequen t h i g h d a t a t h r o u g h p u t r e q u i r e d 

fo r a t r u e r e a l - t i m e 3֊dimensional d i s p l a y u s i n g C G H m e a n s t h a t a v i a b l e 

s y s t e m has n o t ye t b e e n d e v e l o p e d . I n a d d i t i o n , t h e need f o r cohe ren t i l l u m i ­

n a t i o n i m p l i e s t h a t such a d i s p l a y w o u l d n o t o p e r a t e i n c o l o u r o r u n d e r w h i t e 

l i g h t c o n d i t i o n s . Neve r the less , as c o m p u t i n g p o w e r , t o g e t h e r w i t h t h e reso lu ­

t i o n o f c o n v e n t i o n a l o u t p u t dev ices , c o n t i n u e t o inc rease, so t h e p o s s i b i l i t y o f 

h o l o g r a p h i c d i s p l a y s comes c loser t o r ea l i t y . 

Optical Testing [36] C o m p u t e r - G e n e r a t e d H o l o g r a m s c a n be used t o tes t t h e 

a c c u r a c y o f a s p h e r i c a l sur faces i n o p t i c a l sys tems . C o n v e n t i o n a l l y , t e s t i n g o f 

a s p h e r i c a l o p t i c a l c o m p o n e n t s c a n be expens i ve , s ince t h e p r o c e d u r e invo lves 

t h e use o f so -ca l l ed n u l l o p t i c s t h a t t r a n s f o r m t h e a s p h e r i c a l w a v e f r o n t p r o ­

d u c e d b y t h e e l e m e n t i n t o a s p h e r i c a l o r p l a n e wave f o r c o m p a r i s o n w i t h a 

s p h e r i c a l o r p l a n e re fe rence . T h e s e n u l l - o p t i c s a re d i f f i c u l t a n d expens ive t o 

p r o d u c e . U s i n g a C G H , t h e w a v e f r o n t f r o m a n a s p h e r i c a l e l emen t c a n be c o m ­

p a r e d d i r e c t l y w i t h a s p h e r i c a l o r p l a n e re fe rence wave . T h i s is a c c o m p l i s h e d 

b y c o m p u t i n g t h e i n t e r f e rence p a t t e r n o f t h e re fe rence wave a n d t h e i dea l as­

p h e r i c a l wave a t s o m e p l a n e w i t h i n a d e f i n e d o p t i c a l s y s t e m . T h i s p a t t e r n is 

t h e n p l o t t e d a n d p l a c e d i n t h e o p t i c a l s y s t e m a t t h e l o c a t i o n f o r w h i c h i t was 

c o m p u t e d ; t h e w a v e f r o n t i n c i d e n t o n t h e C G H p l a n e s h o u l d t h e n m a t c h t h e 

C G H p a t t e r n i tse l f . T h e m o i r é p a t t e r n t h a t r esu l t s f r o m i naccu rac ies i n t h e 

a s p h e r i c a l su r face u n d e r t es t c a n b e used t o d e t e r m i n e t h e t y p e o f a b b e r a t i o n 

p resen t . 
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C h a p t e r 2 

C G H Fundamen ta l s 

f 丽 ļ H l s C H A P T E R DEVELOPS t h e t h e o r y o f d i f f r a c t i v e l i g h t p r o p a g a t i o n r e q u i r e d 

丄 fo r t h e subsequen t c h a p t e r s , A s u i t a b l e m o d e l fo r l i g h t p r o p a g a t i o n is deve l ­

o p e d i n sec t ions 2 .1 a n d 2.2. I n s e c t i o n 2.3 t h e d e v e l o p e d t h e o r y is used t o i n t r o d u c e 

t h e c o n c e p t o f s p a t i a l f r e q u e n c y a n d e x a m i n e t h e s a m p l i n g c r i t e r i a f o r C G H . F i n a l l y , 

s e c t i o n 2.4 desc r ibes f o u r poss ib le g e o m e t r i e s f o r t h e c a l c u l a t i o n o f C G H p a t t e r n s 

f r o m t h e d i f f r a c t i o n m o d e l . 

2.1 M o d e l l i n g D i f f r a c t i o n 

I n o r d e r t o c o m p u t e a r e p r e s e n t a t i o n o f t h e i n t e r f e r e n c e p a t t e r n i n t h e C G H p l a n e 

r e s u l t i n g f r o m a n a r b i t r a r y o b j e c t i n space, t h e a s s u m p t i o n is m a d e t h a t each p o i n t 

o n t h e su r face o f t h e o b j e c t ac ts as a n i n f i n i t e l y s m a l l p o i n t sou rce o f m o n o c h r o m a t i c 

l i g h t o f w a v e l e n g t h A. T h e m e d i u m t h r o u g h w h i c h t h e l i g h t p r o p a g a t e s is a s s u m e d 

t o b e : 

1 . i s o t r o p i c 

2 . s p a c e - i n v a r i a n t 
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3. l i n e a r 

4 . n o n - m a g n e t i c 

5. t i m e - i n v a r i a n t 

A s s u m p t i o n s 1-4 l ead t o t h e c o n c l u s i o n t h a t each c o m p o n e n t o f t h e e lec t r i c a n d 

m a g n e t i c fields o b e y t h e same sca la r wave e q u a t i o n . T h i s i m p l i e s t h a t t h e elec­

t r o m a g n e t i c d i s t u r b a n c e a t a p o i n t i n space c a n be m o d e l l e d as a s ing le c o m p l e x 

f u n c t i o n o f t i m e a n d p o s i t i o n : 

[ / ( Р , І ) = Л ( Р ) ๙ + ^ ( ^ ) 

w h e r e V is t h e wave v e l o c i t y , A{P) is t h e a m p l i t u d e o f t h e d i s t u r b a n c e a t р a n d ф 

represents t h e phase o f t h e d i s t u r b a n c e a t a p o i n t i n space р a t t i m e zero . F o r a 

m o n o c h r o m a t i c d i s t u r b a n c e i n a m e d i u m o b e y i n g t h e a s s u m p t i o n s above , t h e second 

e x p o n e n t i a l i n e q u a t i o n 2 .1 is c o n s t a n t fo r a g i v e n p o s i t i o n р a t a n y t i m e t. T h e 

t i m e d e p e n d e n c e o f t h e d i s t u r b a n c e c a n t h e n be i g n o r e d a n d t h e exp ress ion c a n be 

s i m p l i f i e d t o leave: 

U{P) = A{P)๙'^^^^ (2 .2) 

T h e r e f o r e a t a n y p o i n t i n space, t h e d i s t u r b a n c e r e s u l t i n g f r o m a m o n o c h r o m a t i c 

w a v e f r o n t c a n b e m o d e l l e d b y a s ing le c o m p l e x field. 

S ince a l i n e a r p r o p a g a t i n g m e d i u m has been a s s u m e d , t h e p r o p a g a t i o n o f l i g h t 

f r o m a s ing le p o i n t source is n o w cons ide red , w i t h t h e v i e w t o s u p e r i m p o s i n g t h e 

d i s t r i b u t i o n s r e s u l t i n g f r o m each p o i n t o f a m o r e c o m p l e x o b j e c t l a t e r . A n i s o t r o p i c 

p r o p a g a t i o n m e d i u m r e s t r i c t s t h e f o r m o f t h e w a v e f r o n t g e n e r a t e d b y a p o i n t source 

t o s p h e r i c a l s y m m e t r y , t h e c o m p l e x field m o d e l l i n g t h i s d i s t u r b a n c e is t h e r e f o r e a 

f u n c t i o n o n l y o f t h e d i s t a n c e b e t w e e n t h e source a n d t h e p o i n t р b e i n g cons ide red , 
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T h e phase a t Р a d i s t a n c e Гр f r o m t h e source is g i v e n by : 

, / 、 ― 27ГГР I 
ф{гр) = ֊֊֊ + ՚ 

giv ing 

บ{Р) = А(Р 

w h e r e б is t h e i n i t i a l phase o f t h e source . I t r e m a i n s n o w t o express A{P) i n t e r m s 

o f Г р . I n [37] , i t is s h o w n t h a t r e a r r a n g i n g t h e sca lar wave e q u a t i o n i n t o p o l a r coo r ­

d i n a t e s i m p l i e s t h a t for a d i v e r g i n g s p h e r i c a l w a v e , t h e a m p l i t u d e o f t h e w a v e f r o n t 

a t a p o i n t i n space is i nve rse l y p r o p o r t i o n a l t o t h e d i s t a n c e Гр o f t h a t p o i n t f r o m 

t h e source . T h e d i s t u r b a n c e a t t h i s d i s t a n c e c a n t h e n be m o d e l l e d b y : 

U{rp) 
A 

r / 

o r 

Гр 
(2-3) 

w h e r e บ{0) = ^ ๙ e represents t h e i n i t i a l s t a t e o f t h e source . 

F i g u r e 2 . 1 : L i g n t p r o p ­
a g a t i o n f r o m a p o i n t 

source source t o a p l a n e 

U s i n g t h i s m o d e l t h e c o m p l e x d i s t r i b u t i o n i n a p l a n e whose o r i g i n is a d i s t a n c e 

z f r o m a p o i n t source a n d whose n o r m a l is i n t h e d i r e c t i o n o f t h e v e c t o r c o n n e c t i n g 

t h e o r i g i n t o t h e source c a n be f o u n d b y d e t e r m i n i n g t h e d i s t a n c e o f each p o i n t ( x , y ) 
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i n t h e p l a n e f r o m t h e source , as s h o w n i n figure 2 . 1 . T h i s d i s t a n c e is g i v e n by : 

r { x , y) = v ^ 2 + 2/̂  + ^2 (2.4) 

I n s e r t i n g 2.4 i n t o 2.3 def ines t h e c o m p l e x d i s t r i b u t i o n H ( x , y ) caused b y t h e p o i n t 

source : 

ไІЇЙЇ (շ 히 
T h e i n t e r f e r e n c e p a t t e r n i n t h e p l a n e ( x , y ) r e s u l t i n g f r o m a gene ra l o b j e c t i n 

space is t h e n f o u n d b y c a l c u l a t i n g e q u a t i o n 2.5 f o r each p o i n t o f t h e o b j e c t a n d , 

u s i n g t h e a s s u m p t i o n s o f a s p a c e - i n v a r i a n t m e d i u m , s u m m i n g t h e resu l t s : 

ศ f e w ™ ( շ 히 

W h e r e t h e c o n v e n t i o n has b e e n used t h a t t h e c o o r d i n a t e s o f t h e o b j e c t space are 

I t s h o u l d be n o t e d here t h a t t h e r e a s o n i n g f o l l o w e d i n t h i s s e c t i o n is a p p r o p r i a t e 

f o r t h e c a l c u l a t i o n o f a d i f f r a c t i o n p a t t e r n f r o m a n i m a g i n a r y o b j e c t i n space c o n ­

s i s t i n g o f i d e a l p o i n t sources. H o w e v e r , t h i s s t r a i g h t f o r w a r d a p p r o a c h is n o t d i r e c t l y 

a p p l i c a b l e t o t h e p r o b l e m o f c a l c u l a t i n g t h e i m a g e r e s u l t i n g f r o m a C G H . T h i s is 

because i n r e a l i t y a C G H cons is ts o f a n a r r a y o f finite-sized a p e r t u r e s i n a n o p a q u e 

screen, a n d i t is n o t t r u e t h a t these a p e r t u r e s a c t as p o i n t sources i d e n t i c a l t o equa ­

t i o n 2.3. F o r e x a m p l e , such a m o d e l w o u l d p r e d i c t t h a t s p h e r i c a l waves w o u l d be 

e m i t t e d f r o m each p o i n t w i t h i n t h e a p e r t u r e s o f t h e h o l o g r a m , f o r m i n g a d i f f r a c t i o n 

p a t t e r n b o t h i n f r o n t o f a n d b e h i n d a C G H i l l u m i n a t e d f r o m one s ide. T o dea l w i t h 

t h i s d i sc repancy , G r e e n ' s T h e o r e m [38] is used t o p r o d u c e a s o l u t i o n t o t h e sca la r 

wave e q u a t i o n f o r a n a p e r t u r e i l l u m i n a t e d b y a p l a n e wave . T h e resu l t is t h a t t h e 

d i f f r a c t i o n ef fect caused b y a C G H a t a p o i n t i n space ρ c a n be f o u n d b y p o p u l a t i n g 
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each o f i t s a p e r t u r e s w i t h p o i n t sources t h a t e m i t s l i g h t l y m o d i f i e d s p h e r i c a l waves , 

n a m e l y : 

UiP) = (2 .7 ) 

w h e r e θ is t h e ang le f o r m e d b e t w e e n t h e n o r m a l t o t h e a p e r t u r e a n d t h e p o i n t p . 

T h e inverse o f e q u a t i o n 2.6 fo r t h e case o f a n i m a g e p l a n e a d i s t a n c e ζ f r o m t h e 

C G H is t h e n : 

w h e r e t h e f a c t t h a t COS θ — ^ has been used t o s i m p l i f y t h e exp ress ion a n d t h e s i g n 

o f t h e phase o f t h e e x p o n e n t has c h a n g e d t o re f lec t t h e change i n d i r e c t i o n o f p r o p ­

a g a t i o n o f t h e w a v e f r o n t . N o t e t h a t o n l y m u l t i p l i c a t i v e c o n s t a n t s n o w d i s t i n g u i s h 

t h i s f o r m u l a t i o n f r o m t h a t o b t a i n e d w i t h t h e m o r e s i m p l i s t i c r e a s o n i n g used above . 

T h e i m p l i c a t i o n is t h a t u s i n g t h e s i m p l e d i í T r a c t i o n m o d e l , t h e i m a g e f o r m e d b y a 

C G H c a n b e s i m u l a t e d w i t h t h e e x p e c t a t i o n t h a t i f t h e s a m p l e s p a c i n g used is s u f f i ­

c i e n t l y s m a l l (see s e c t i o n 2 .3 ) , t h e s i m u l a t e d r esu l t d i f f e r s o n l y u p t o a m u l t i p l i c a t i v e 

c o n s t a n t f r o m t h e a c t u a l i m a g e p r o d u c e d b y t h e i d e a l p h y s i c a l C G H ( i .e : a f u l l y 

c o m p l e x , n o n - q u a n t i s e d , p o i n t o r i e n t a t e d C G H ! ) . 
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2.2 T h e Fresnel A p p r o x i m a t i o n 

For a gene ra l o b j e c t , e q u a t i o n 2.6 c a n n o t be so l ved a n a l y t i c a l l y a n d m u s t be so l ved 

n u m e r i c a l l y , w h i c h c a n b e e x t r e m e l y t i m e - c o n s u m i n g . T h e q u e s t i o n t h e n ar ises as 

t o w h e t h e r t h e p r o b l e m a t i c s q u a r e - r o o t t e r m s c a n be s i m p l i f i e d , a n d i f so, u n d e r 

w h a t c o n d i t i o n s does t h i s s i m p l i f i c a t i o n p r o d u c e a c c u r a t e resu l ts? 

T h e b i n o m i a l e x p a n s i o n o f t h e exp ress ion > / l + 0 c a n be d e r i v e d eas i l y as [39]:-

(2-9) 

U s i n g t h e b i n o m i a l e x p a n s i o n t o a p p r o x i m a t e t h e squa re r o o t t e r m gives:-

τ{χ֊ξ,ν֊η) = ζ 1 + 
ն ։ 一 ξ、 

+ 
1 ( y - ๆ ' x - e 

ๆ շ 

+ 
y - ๆ 

ζ . + 

(2-10) 

A p p r o x i m a t i n g t h e s q u a r e - r o o t t e r m a p p e a r i n g i n t h e d e n o m i n a t o r o f e q u a t i o n 

2.5 b y o n l y t h e first t e r m {z) i n e q u a t i o n 2 ,10 is a c c e p t a b l e p r o v i d e d ^ -\r y՝ 

H o w e v e r , t h e t e r m a p p e a r i n g i n t h e e x p o n e n t o f e q u a t i o n 2.5 is m o r e sens i t i ve t o 

v a r i a t i o n s i n r， s ince i t is m u l t i p l i e d b y t h e f a c t o r Ψ, w h i c h i n gene ra l is v e r y l a rge^ . 

T o s i g n i f i c a n t l y s i m p l i f y h a n d l i n g o f t h e p r o p a g a t i o n e q u a t i o n w h i l s t m a i n t a i n i n g a 

g o o d degree o f accu racy , t h e first t w o t e r m s i n t h e b i n o m i a l e x p a n s i o n a re r e t a i n e d 

f o r t h e o c c u r r e n c e o f r i n t h e e x p o n e n t ( f o r m o r e d e t a i l s o n t h e ef fect o f t h i s a p ­

p r o x i m a t i o n , see s e c t i o n 2 .2 .1 ) . U s i n g these a p p r o x i m a t i o n s , t h e exp ress ion f o r t h e 

d i f f r a c t i o n p a t t e r n f o r m e d b y a n o b j e c t บ ( ξ , τ / ) i n t h e p l a n e (ξ,77) o n t o a p a r a l l e l 

p l a n e a d i s t a n c e ζ a w a y is: 

๙– 
(2 .11) 

^for the U V i l luminat ion used for experimental work in this t h e s i s , ^ = 1.72 X l O 7 

31 



շ. C G H Fundamenta ls 

T h i s is a form o f t h e Fresnel Diffraction Formula o r FDF. T h i s r esu l t c a n be a p p l i e d 

t o a n o b j e c t n o t c o n f i n e d t o a s ing le p a r a l l e l p l a n e b y b r e a k i n g t h e o b j e c t i n t o a 

n u m b e r o f p lanes f o r m i n g a v o l u m e a n d s u m m i n g t h e r esu l t s f r o m each p l a n e , i.e: 

H { x , y ) = J ― ƒ ƒ f / ( ξ , η, ζ)๙^^^^՜^^՛^^^–՛^^") ΑηΑξΑζ (2 .12) 

T h e t e r m і ๙ λ c a n u s u a l l y be d r o p p e d i n e q u a t i o n 2 .11 s ince i t is c o n s t a n t . I t c a n 

a lso be d r o p p e d i n e q u a t i o n 2.12 i f t h e o b j e c t is p r e - m u l t i p l i e d a p p r o p r i a t e l y , ( i .e t h e 

a m p l i t u d e o f each s l ice o f t h e i m a g e v o l u m e is m u l t i p l i e d b y a f a c t o r p r o p o r t i o n a l 

t o z). 

U s i n g t h e F D F t o c a l c u l a t e t h e d i s t r i b u t i o n r e s u l t i n g f r o m a p o i n t source is 

s t r a i g h t f o r w a r d : 

H { x , y ) = / Γ й ( е , ฬ e ^ ^ ( ( ^ ֊ ^ ) ' + f ø - ^ ) ๆ . ๘ ξ . ^ 7 7 

ゾ一oo J —oo (2 .13) 

w h e r e η) is t h e D i r a c d e l t a f u n c t i o n d e f i n e d b y 

ƒ ƒ δ{ξ-α.η֊ b)m. η).άξ.άη 二 / ( α , b) 

T h e d e l t a f u n c t i o n is t h e r e f o r e a n i n f i n i t e l y n a r r o w , i n f i n i t e l y i n tense pu lse o f u n i t 

a rea . 
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T h e inverse r e l a t i o n s h i p c a l c u l a t i n g บ{ξ, η) f r o m y) is a lso s i m p l e : 

J-oo J — OO 

= г г ๙ f-^^+'^'^-^^M+y^).dx.dy 
J-๐๐ J-oo (2 14) 

= e-Jx-M'พ) Г Г (j¥M+yr^).dx.dy 

J — ๐๐ J —oo 

= δ{ξ,ๆ) 

W h e r e a g a i n t h e m u l t i p l i c a t i v e c o n s t a n t s o f e q u a t i o n s 2.8 a n d 2 .11 h a v e b e e n d r o p p e d . 

F o r c a l c u l a t i o n o f t h e d i f f r a c t i o n p a t t e r n r e s u l t i n g f r o m a gene ra l o b j e c t , t h e 

F D F c a n be r e a r r a n g e d i n t o a m o r e s u i t a b l e f o r m : 

Я ( х , у ) - e ^ ' é ( - ' + y ' ) Г Г บ(ξ^ η)ժՒΛe+r,')e՜^"ŕΛ-^^yr^)җ,dη (2 .15) 

J — oo J — oo 

I n m o s t cases, i t is t h e a m p l i t u d e o f t h e o b j e c t d i s t r i b u t i o n t h a t is o f i n t e res t ( t h i s is 

c e r t a i n l y t r u e o f h o l o g r a p h i c l i t h o g r a p h y ) a n d so t h e q u a d r a t i c phase f a c t o r a p p e a r ­

i n g i ns i de t h e i n t e g r a l o f e q u a t i o n 2.15 c a n be i g n o r e d . T h e d i s t r i b u t i o n H ( x , y ) is 

t h e n seen t o be t h e 2֊dimensional F o u r i e r T r a n s f o r m o f t h e a m p l i t u d e d i s t r i b u t i o n i n 

t h e o b j e c t p l a n e , m u l t i p l i e d b y a n a d d i t i o n a l phase f a c t o r . I n cases w h e r e t h e o b j e c t 

phase is i m p o r t a n t , t h e o b j e c t d i s t r i b u t i o n c a n b e p r e - m u l t i p l i e d b y t h e a p p r o p r i a t e 

phase f u n c t i o n , t h e F o u r i e r T r a n s f o r m c a r r i e d o u t , a n d t h e resu l t p o s t - m u l t i p l i e d 

b y t h e second phase f a c t o r . F o r C o m p u t e r - G e n e r a t e d H o l o g r a p h y , t h i s r e s u l t is c r u ­

c i a l , as i t a l l ows t h e Fas t F o u r i e r T r a n s f o r m ( F F T ) a l g o r i t h m t o be used t o e v a l u a t e 

d i f f r a c t i o n p a t t e r n s , m a k i n g r e l a t i v e l y l a r g e , h i g h r e s o l u t i o n images c o m p u t a t i o n a l l y 

feas ib le . Fo r c a l c u l a t i o n o f t h e o b j e c t i n t h e p l a n e ( ξ , η) r e s u l t i n g f r o m a C G H t h e 

resu l t is: 

[ ƒ ( ξ , 7 յ ) = e - ^ Ā « ^ W ) Γ Γ Н{х,у)е''^г(^'^У^)е'¥Л^^֊^У^^) ,dx.dy (2 .16) 

J-oo J — oo 
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i n t h i s case, t h e C G H m u s t be p r e - m u l t i p l i e d b y t h e q u a d r a t i c phase f a c t o r w i t h i n 

t h e i n t e g r a l a n d i t is t h e p o s t - m u l t i p l i c a t i o n t h a t c a n u s u a l l y be i g n o r e d . 

2.2.1 V a l i d i t y of the Fresnel A p p r o x i m a t i o n 

I n c o n v e n t i o n a l l i t h o g r a p h y , d i f f r a c t i o n e f fec ts a re m i n i m i s e d b y p l a c i n g t h e p h o ­

t o g r a p h i c m a s k as c lose as poss ib le t o t h e su r face t o be p a t t e r n e d . I n t h e case o f 

3 - d i m e n s i o n a l l i t h o g r a p h y , t h e c o n s t r a i n t s o n t h e m i n i m u m s e p a r a t i o n caused b y 

t h e t o p o l o g y o f t h e s u b s t r a t e c a n be a l l e v i a t e d b y t h e use o f h o l o g r a p h i c m a s k s ; 

however , p r a c t i c a l issues s u c h as a l i g n m e n t (see c h a p t e r 9 ) a n d c o m p a c t n e s s m e a n 

t h a t i t is s t i l l des i r ab le t o p o s i t i o n t h e m a s k c lose t o t h e s u b s t r a t e . I t is t h e r e ­

fo re necessary t o ensu re t h a t t h e m a s k - s u b s t r a t e d i s tances used c o m p l y w i t h t h e 

a s s u m p t i o n s used i n d e r i v i n g t h e F D F . Fo r a g e n e r a l o b j e c t , a su f f i c i en t c o n d i t i o n 

f o r t h i s i s t h a t t h e h i g h e r o r d e r t e r m s o f t h e B i n o m i a l e x p a n s i o n used t o a r r i v e a t 

t h e Fresne l f o r m u l a a re s m a l l e n o u g h such t h a t t h e i r i n c l u s i o n has a n e g l i g i b l e e f fec t 

o n t h e phase f u n c t i o n . T h i s w i l l b e t h e case p r o v i d e d 

― 0' + {y ― УУ 

4 ճ \ 

ノ 〉 〉 [ { x - 0 ' + {y֊v)f 
(2-17) 

4 λ 

F o r a n o b j e c t i l l u m i n a t e d b y p l a n e m o n o c h r o m a t i c l i g h t a t 6 3 3 n m b o u n d e d b y a 

0 . 5 c m r e c t a n g u l a r s u p p o r t a n d C G H o f d i m e n s i o n s 0 . 5 c m ^ , t h i s g ives ζ 》 1 0 c m . 

D i s t a n c e s o f t h i s m a g n i t u d e are s i m p l y n o t feas ib le f o r use i n a l i t h o g r a p h i c process-

t o p r o p e r l y a l i g n a n d m a i n t a i n a m a s k - s u b s t r a t e s e p a r a t i o n o f t h e o r d e r o f I m w o u l d 

be v e r y d i f f i c u l t , n o t t o m e n t i o n c u m b e r s o m e ! F o r t u n a t e l y , t h e ana l ys i s a b o v e is 

o v e r l y s t r i n g e n t because t h e phase e x p o n e n t i a l a p p e a r s as p a r t o f a n i n t e g r a l exp res ­

s i o n . I f t h e c o n t r i b u t i o n t o t h e i n t e g r a l o f t h e t h i r d t e r m i n t h e B i n o m i a l e x p a n s i o n 

o f e q u a t i o n 2.10 is s m a l l w h e n t h e l e f t h a n d s ide o f t h e first p a r t o f e q u a t i o n 2 .17 
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is l a rge , t h e f a c t t h a t t h i s t e r m i n t r o d u c e s l a r g e phase v a r i a t i o n s is o f n o conse­

quence . T o see t h i s w i t h o u t h a v i n g t o reso r t t o a S t a t i o n a r y Phase a p p r o x i m a t i o n , 

e x a m i n e figures 2,2 a n d 2.3. H e r e , t h e F D F has b e e n t a k e n i n ye t a n o t h e r f o r m a t -

t h a t o f a c o n v o l u t i o n o f a n o b j e c t d i s t r i b u t i o n w i t h a q u a d r a t i c phase e x p o n e n t i a l 

( t o see t h a t t h i s is v a l i d , re fer t o e q u a t i o n 2 .11 ) . I n figure 2,2 t h e o b j e c t is t a k e n 

as a l - d i m e n s i o n a l t o p - h a t f u n c t i o n . I t c a n be seen t h a t t h e r a p i d o s c i l l a t i o n s a t 

t h e e x t r e m i t i e s o f t h e q u a d r a t i c phase f u n c t i o n a d d l i t t l e t o t h e m a g n i t u d e o f t h e 

r e s u l t i n g c o n v o l u t i o n . I t is o n l y as t h e t o p - h a t p r o f i l e i n t e r c e p t s t h e m a i n l o b e 

o f t h e q u a d r a t i c phase e x p o n e n t i a l t h a t a s i g n i f i c a n t change i n t h e F D F occu rs . 

T h e r e f o r e , i t is poss ib le t o say w i t h some a c c u r a c y t h a t t h e F D F is s p a c e - l i m i t e d , 

even w h e n t h e o b j e c t f r o m w h i c h t h e d i f f r a c t i o n p a t t e r n ar ises is a lso s p a c e - l i m i t e d . 

T h e e x t e n t o f t h i s m a i n l o b e is g i v e n b y 2 \ / А г , t h u s t h e d i f f r a c t i o n p a t t e r n i n t h e 

C G H x֊direct ion r e s u l t i n g f r o m a t o p - h a t o b j e c t i n t h e ξ - d i r e c t i o n e x t e n d s o n l y t o 

I t is t h e r e f o r e a su f f i c i en t c o n d i t i o n o n t h e a c c u r a c y o f t h e F D F 

t h a t e q u a t i o n 2.17 h o l d s o n l y f o r those X a n d y t h a t f a l l w i t h i n t h i s l i m i t e d r e g i o n o f 

space. T h i s is i n a g r e e m e n t w i t h t h e ana l ys i s i n [40] a p a r t f r o m t h e fac t t h a t severa l 

o f t h e h i g h e r - f r e q u e n c y o s c i l l a t i o n s a re i n c l u d e d i n t h e w i n d o w f r o m w h i c h t h e m a i n 

p a r t o f t h e c o n v o l u t i o n is d e e m e d t o have r e s u l t e d , g i v i n g i n t h i s case a n e x t e n s i o n 

o f t h e t o p - h a t o b j e c t o f H o w e v e r , b a r i n g i n m i n d t h a t t h e e v e n t u a l 

a i m here is t o d e t e r m i n e t h e e f fec ts o f d i f f r a c t i o n o n a l i t h o g r a p h i c i m a g i n g s y s t e m , 

t h e t i g h t e r l i m i t is m o r e a p p l i c a b l e s ince t h e response o f t h e p h o t o r e s i s t is s u c h t h a t 

o n l y r e l a t i v e l y i n tense l i g h t r esu l t s i n f ea tu res o n t h e s u b s t r a t e . 

I n figure 2 .4 , t h e F D F has b e e n c a l c u l a t e d fo r a r ange o f d i s tances f r o m a 1.2 X 

1 . 2 m m square a p e r t u r e a n d c o m p a r e d w i t h t h e r esu l t s r e c o r d e d u s i n g a ccd c a m e r a . 

T h e ccd used h a d a l e n g t h o f 8 m m a l o n g t h e ax i s p l o t t e d i n t h e figure; t h i s g ives 

z 》 5 . 6 c m a c c o r d i n g t o e q u a t i o n 2,17. H o w e v e r , t h e p l o t s are seen t o be i n g o o d 

ag reemen t a t d i s tances w e l l b e l o w t h i s d i s t a n c e . I n figure 2.5 , t h e d i f f r a c t i o n p a t t e r n 
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f r o m a n a p e r t u r e i n a n o p a q u e screen, b o u n d e d b y a 0 . 5 c m s u p p o r t , was r e c o r d e d 

u s i n g a c c d a n d б З З п ш laser i l l u m i n a t i o n a t a n o b j e c t - c c d s e p a r a t i o n o f 2 c m - w e l l 

w i t h i n t h e l i m i t i m p o s e d u p o n t h e F D F b y e q u a t i o n 2.17. T h e r esu l t is seen t o be 

i n g o o d a g r e e m e n t w i t h t h a t p r e d i c t e d b y t h e F D F w i t h i n t h e r e g i o n o f s i g n i f i c a n t 

i n t e n s i t y d e f i n e d above . 

T h e c o n c l u s i o n f r o m t h i s ana l ys i s is t h a t t h e F D F is a c c u r a t e even a t v e r y s m a l l 

d i s tances . I n l a t e r c h a p t e r s , t h e m i n i m u m m a s k - s u b s t r a t e d i s t a n c e f o r a H o l o g r a p h i c 

L i t h o g r a p h y s y s t e m w i l l be s h o w n t o be l i m i t e d t o a g r e a t e r e x t e n t b y t h e ef fects 

o f s a m p l i n g t h e C G H o n t h e i m a g e i t c rea tes ; f o r n o w , i t is suf f ice t o say t h a t eve ry 

C G H p a t t e r n p r o d u c e d d u r i n g t h i s research has o p e r a t e d w e l l i n s i d e t h e F resne l 

r e g i o n . 

2.3 Spa t ia l F requency a n d S a m p l i n g 

2.3.1 Spat ia l Frequency 

I n s e c t i o n 2.2 i t was s h o w n t h a t t h e d i f f r a c t i o n p h e n o m e n o n b e t w e e n t w o p a r a l l e l 

p l a n e s c a n b e m o d e l l e d b y a m o d i f i e d F o u r i e r T r a n s f o r m a n d i n c h a p t e r 1.3 t h e use 

o f C G H as s p a t i a l filters was i n t r o d u c e d . T h e s e d iscuss ions suggest t h a t t h e r e is a n 

a n a l o g i n t h e s p a t i a l d i m e n s i o n s t o f r e q u e n c y i n t h e t i m e d o m a i n a n d also t h a t , i n 

t h e s a m e w a y t h a t a s q u a r e w a v e i n t h e t i m e d o m a i n c a n b e b u i l t u p f r o m a n u m b e r 

o f s inuso ids , a n o b j e c t i n space c a n be t h o u g h t o f as c o n s i s t i n g o f severa l m e m b e r s 

o f t h i s f r e q u e n c y - a n a l o g f a m i l y . I n t h e s p a t i a l d o m a i n , t h e a n a l o g t o t h e s i n u s o i d is 

c h a r a c t e r i s e d b y t h e e x p o n e n t i a l t e r m a p p e a r i n g i n e q u a t i o n 2.15:֊ 
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F i g u r e 2 .2 : T h e F D F as a c o n v o l u t i o n : a, F D F ; b， q u a d r a t i c phase f u n c t i o n ( rea l 

p a r t ) ; c, r e c t a n g l e ' o b j e c t ' 

F i g u r e 2.3: T h e F D F o f a r e c t a n g ฟ a r f e a t u r e , s h o w i n g t h e l o c a l i s a t i o n o f t h e i n t e g r a l 
i n space 

37 



շ . C G H F u n d a m e n t a l s 
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2 displacement (mm) 

Simulated diffraction intensity 

Actual diffraction intensity 

recorded using a CCD 

displacement (mm) 

Figure 2.4: C C D captures of the d i f f ract ion f rom a square aperture and the dif frac­

t i on pa t te rn predicted by the Fresnel Approx ima t ion 

Simulated diffraction pattern intensity 
Actual diffraction pattern intensity 

recorded using a CCD 

Figure 2.5: The F D F di f f ract ion pa t te rn f rom a let ter A object and a C C D capture 

of the actual pa t te rn 
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A spatial frequency of ( / r , f y ) 二 (0, 0) represents a constant ampl i tude across the 

{ξ, η) plane- a ' D C term. A spat ia l frequency of ( / x , f y ) 二 (α, ծ) corresponds to 

a d is t r ibu t ion in the {ξ, η) plane where points of equal phase satisfy the ident i ty 

αξ -\֊ όη — с Oľ η = + į which is evident ly a straight l ine. Th is fo rmula t ion 

Figure 2.6: The fo rm taken in the (Ҫ, η) 

plane by the spat ia l frequency (a,b) 

suggests a change of variables, w i t h the ro ta t ion of the {ξ, η) axes th rough an angle 

θ as defined in figure 2.6. Th is then gives the fo rm of the spat ia l frequency (a, b) i n 

the (ξ， η) plane as:-

^֊j27t{aՀ+bη) ― ^-j2π{aη' COS θ-α4' s in θ-\-όη' s in Θ-\-αξ' s in Θ) 

_ -з2ҡๆ'(α cos ö + ծ s in Θ) 
(2-18) 

The spat ia l frequency (a,b) is therefore a sinusoidal phase var ia t ion in the rf-

direct ion, where f rom figure 2.6, the rf axis points in the d i rect ion defined as 

θ = tan—i ( l ) . The frequency of the sinusoidal var ia t ion can be derived f rom equa­

t ion 2.18 and figure 2.6 as 

f = " L i c o s e = V^^T^ 
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Figure 2.7 shows the d is t r ibu t ion in the space domain resul t ing f rom various com­

ponents i n the spat ia l frequency domain. 

fx=2. fy=2 fx=5. fy=0 

Figure 2.7: The plane waves pat terns result ing f rom a range of spatial frequency 
components 

A C G H then can be understood as a complex spat ia l filter, selectively at tenuat­

ing and al ter ing the phase of the i l l umina t ing beam such tha t the spatial frequency 

components present in the image plane fo rm the desired object. 

F igure 2.8 demonstrates the effect of simple low-pass and high-pass filters on 

the spat ia l domain. A low-pass filter in the spat ial frequency domain is effectively 

a disc tha t excludes those par ts o f the domain outside of a circular region centred 

on the or ig in , a high-pass filter is the inverse- excluding those parts of the domain 

inside an or ig in centred disc. I n the figure, the size of these discs is increased f rom 

left to r ight and the result ing object d is t r ibu t ion is shown. I t is apparent tha t the 

high-pass filter reproduces the edges of an object well , whereas the fill of the object 

is gradual ly decreased. The low-pass filter has the effect of b lu r r i ng the edges of the 

object. Since a C G H must be of finite size and the bandw id th of a b inary object 

d is t r ibu t ion is inf in i te, the effect of the low-pass filter is impor tan t in determin ing 

the accuracy of the image a C G H produces, th is point w i l l be returned to in the 

fo l lowing section. 

The final concept to be int roduced in th is section is t ha t of local spatial frequency. 
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Low Pass Filtering 

High Pass Filtering 

Figure 2.8: The effect of low and high pass filtering on a simple object 

I n [41]， the local spat ia l frequency content of a signal g{x^ y) = a(x , y)e^^^^՝y) is 

defined as 

These values provide an approx imat ion t o the spat ia l frequency associated w i t h a 

par t icu lar region of g{x, y). Th is means tha t in the spat ia l frequency domain, the 

spat ial frequency ( / c , f y ) is approx imate ly responsible for reconstruct ing the region 

of the image for wh ich { f i x , f l y ) = ( / x , fy)- For example, for the one-dimensional 

funct ion g{x) = e-^Ã^^j which crops up frequent ly dur ing the rest of th is thesis, 

the local spat ia l frequency at X is fla: ― f ļ . Therefore, g{x) Աէ X = a consists 

approx imate ly of the spat ia l frequency き 

2.3.2 Sampl ing 

A t some po in t du r ing the creat ion of a C G H , i t becomes necessary to sample a 

continuous d is t r ibu t ion at discrete locations. I t may be t ha t an object d is t r ibu t ion 

is sampled to enable an F F T to be carr ied out i n the calculat ion of i ts d i f f ract ion 

pa t te rn , or i t may be tha t the F D F can be calculated analyt ica l ly and sampl ing of 
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the C G H is required in order t ha t i t be represented by a computer and pr inted on 

some fo rm of ou tpu t device. I t is therefore impor tan t to consider the effect t ha t th is 

sampling has on the image formed by a C G H . 

To introduce the sampl ing phenomena, i t is instruct ive first to review a fur ther 

l im i t i ng factor in the creat ion of a C G H - the l im i t on i ts dimensions. To see the 

effect of th is l im i t , begin w i t h the binary, 1-dimensional object บ(ξ); the spat ial 

frequency spectrum of this object is of inf in i te extent due to the discontinuit ies 

present at i ts edges. I f the phase of the object is ignored, then the resul t ing C G H 

is the product of th is inf in i te spectrum and a quadrat ic phase te rm; i t is therefore 

not possible to perfect ly recreate the object using a C G H . The reconstructed image 

produced by a C G H of finite extent exhibi ts behaviour simi lar to t ha t of figure 2.8. 

Denot ing the band- l imi ted version of the object บ{ξ) as Uլ{ξ) and for a C G H size 

in the x-d i rect ion of L工, th is reconstruct ion is found as:-

է / լ ( 0 = ƒ H{x)rect (^-^^ e^Â^^e-^ë^^.à; 

= F [я(х)๙й^'] * F rect (̂ ―У (2.19) 

= บ(ξ) * sine ί — ξ^ 

Where * denotes the convolut ion operat ion. To quant i fy th is result somewhat, take 

บ(ζ) to be a top—hat funct ion centred on the or ig in and of w i d t h Լհ, The edges 

in ՍլԼՀ) are then created when the sine funct ion i n the convolut ion of equat ion 

2.19 passes over the steps in Ս{Հ). The extent of these edges is therefore p r imar i l y 

governed by the extent of the ma in lobe of this sine funct ion. Th is is i l lust rated i n 

figure 2.9. The w i d t h of the ma in lobe is found by equat ing i ts argument to 2π:-

^ = 2ᅲ' .：. = ֊ İ2.20) 

42 



շ . C G H F u n d a m e n t a l s 

sinc(ax) · rect(bx) 

Figure 2.9: Convolv ing a sine w i t h a rect 

The in f in i te ly sharp edges contained w i t h i n บ(ξ) have therefore been replaced by 

continuous and smooth edges of approximate extent พ. Luck i l y there is some cause 

for relief, since λ in equat ion 2.20 is of order 1 X 10—6. For a C G H of l c ш ^ imaging 

an object Im away and using a u v wavelength of 325nm, w = 65 / im. Therefore 

even w i t h smal l holograms imaging at large distances, the edges w i t h i n the image 

are reasonably sharp. 

Fol lowing on f rom the discussion above, the effect on the result ing image of 

sampl ing a continuous C G H d is t r ibu t ion can be found as follows for the single-

dimensional case. 

Սւտ{Հ) = ƒ H{x)comb (―) re๗ Í— ๙L^^-^jî'^^.dx 

(2-21) 

Where U LS (ξ) denotes the band l im i ted , sampled image d is t r ibu t ion and the comb 
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funct ion has been used to represent the sampl ing operat ion [42]. Sampl ing of the 

C G H has resulted in mul t ip le replicas of the or ig inal band l im i ted image being pro­

duced. These replicas are un i fo rmly spaced at an interval of ― and are of equal 

intensity. The impl ica t ion is tha t for a spat ia l ly d ist inct reconstruct ion of the or ig­

inal object d is t r ibut ion: -

կ + 2พ Xz , 
շ く d. ^^-22) 

Using exact ly the same argument, the same result can be derived for the sample 

spacing i n a sampled image d is t r ibu t ion to ensure tha t the mul t ip le copies of the 

d i f f ract ion pa t te rn tha t occur i n the C G H plane are spat ia l ly d is t inct . 

The condi t ion in equat ion 2.22 is sufficient t o ensure separation of the mul t ip le 

images resul t ing f rom a sampled C G H . However, al iasing effects may also occur i n 

the C G H itself- effectively l im i t i ng the size of the hologram for a given pixel spacing. 

Since, as out l ined above, the size of the C G H governs the accuracy of the result ing 

object reconstruct ion, a fur ther l i m i t must be imposed on the samp!e spacing i n the 

C G H such tha t i ts dimensions can be large enough to ensure an accurate image. 

The single-dimensional F D F of the object d is t r ibu t ion บ{ξ) is:-

H{x) = ๙ Ր บ{ξ)6-^"^^^.άξ (2.23) 

J-oo 

where the quadrat ic phase factor mu l t i p l y i ng the object has been ignored (more on 

th is la ter ) . The m a x i m u m spat ial frequency of the quadrat ic phase factor in equat ion 

2.23 can be approximated using the concept of local spat ia l frequency int roduced in 

the previous section:-

Ճ ( ^ ^ 2 ) = き (2.24) 
dx ν Аг ノ max 2λζ ՚ 

Where Lx is the extent of the object i n the x-d i rect ion. The m a x i m u m spat ia l 
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frequency present in the d is t r ibu t ion H{x) is then the sum of th is value and the 

max imum spat ia l frequency present in the Fourier Transform:-

'ηάξλ L, Հ 

ぃ 《 人 腦 (2.25) 

. , へ. ん + կ 
• · 2λζ 

The Whi t taker -Shannon Sampl ing Theorem [43] implies tha t , s imi lar ly to the t ime-

domain case, the in fo rmat ion contained in the C G H can only be completely recovered 

f rom i ts samples provided the sample spacing is at least twice the max imum spat ia l 

frequency present in the hologram, thus:-

丄 > ƒ 
o ^ r ム 腿 

獻 h (2.26) 

.·. dx < -֊—r-
Lx + Կ 

Equat ion 2.26 provides a suitable sampl ing theorem for the next chapter, where a 

random object phase is included in the object d is t r ibu t ion to flatten out i ts spat ial 

frequency spectrum. However, sampl ing of the Fresnel Transform is considerably 

more involved when the quadrat ic phase factor pre-mul t ip ly ing the in i t i a l object 

d is t r ibu t ion is factored in . I n [44], the Wigner D is t r i bu t i on is used to show tha t the 

Fresnel Transform may be sampled at a rate lower than tha t derived in equat ion 

2.26 and a perfect object reconstruct ion can s t i l l be achieved. In [45], non-un i form 

sampl ing is used to show tha t the number of samples of the Fresnel Transform tha t 

are reqmred for the perfect reconstruct ion of an object d is t r ibu t ion is ident ical to 

tha t of the Fourier case. A fu l l analysis of the intricacies of sampl ing the Fresnel 

Transform is not given here, since the sampl ing cr i ter ia offered by equat ion 2.26 

is sufficient for the C G H developed in subsequent chapters. I n chapter 5, fur ther 

details of the sampl ing of the Fresnel Transform of a top-hat feature are needed and 

are developed in context in tha t chapter. 
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2.4 O p t i c a l Geomet r ies for t h e C o m p u t a t i o n a n d 

I m a g i n g o f C G H 

The simplest category of C G H generates a 2֊dimensional image in the focal plane of 

a lens as shown in figure 2.10a. The lens in the figure has a t ransmi t tance funct ion 

given by e"-^^/K )， therefore immediate ly after the lens, the object d is t r ibu t ion 

บ(ξ) becomes L ( 0 二 บ{Հ)շ՜^Ս^^^"^՛^^^ and plugging th is in to the F D F to find the 

d is t r ibu t ion at the hologram plane gives:-

J —OG J-OO (Ո っ7) 

J —OO J —OO 

Therefore using th is geometry, the C G H and image planes are related by the Fourier 

Transform and the Inverse Fourier Transform modi f ied by a quadrat ic phase factor, 

where the spat ial frequencies are defined as 

- ' ignor ing ' the quadrat ic phase tha t appears in the F D F across the object d is t r ibu­

t i on , as has been the case several t imes i n th is chapter, is therefore ak in to placing 

an imaginary lens immediate ly in f ront of the object w i t h a focal length equal to 

the ob jec t -CGH separat ion. 

I n figure 2.10b, the image volume and C G H plane are related by the formula 

[33]： 

H{x,y) = J J J m ๆ^ (^'+^')+7(-«+^՛ ՛)) Αη.άξ.άζ (2.28) 

where ƒ is the focal length of the lens. Th is relat ionship is s imi lar to the F D F and 

was used i n [33] to produce 3֊dimensional images. I ts use i n the context of C G H 
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l i thography is l im i ted by the requirement for a lens in the opt ical setup, mak ing the 

exposure of large substrates impract ica l . 

I n figure 2.10c, the relat ionship is again a Fourier Transform modif ied by a 

quadrat ic phase. Th is is because for large z, e֊^λI^^ ^ 1. 'Large' z is defined as 

I n th is instance the spat ial frequencies of the Fourier Transform are given as 

f =^ f = 

Figure 2.10d shows the Fresnel type C G H conf igurat ion i n which the relat ionship 

between the image and C G H is as defined in equations 2.15 and 2.16. Th is geometry 

predominates throughout th is thesis since i t is most suited to use in 3D l i thography. 

F ina l l y in th is chapter, figure 2.11 gives an example of a simple Fresnel-type 

C G H of the type i l lust rated in figure 2.10d and a simulated representat ion of the 

image i t produces. The let ter 'A ' object was chosen as a test pa t te rn because i t 

contains a good m i x of edges and filled regions and is simple enough to fit on a 

small sample gr id . Th is object w i l l be used i n the next chapter to compare several 

varieties of C G H and to assess their su i tab i l i ty for use in l i thography. 

The parameters used for this example were: 

λ = 632.8 X 10—9m， ζ ==ะ 0.5m, dx = ΙΟμπι, щ = 512, կ 二 7 .5mm 

w i t h equal values also used for the y֊ and ?7"directions. These values put the C G H 
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3D image volume 

2D image plane 

2D Fourier CGH 

b 
3D Fourier CGH 

Far-Field CGH 

3D i m a ^ volume 

d 
Fresnel CGH 

Object CGH 

Figure 2.10: Opt ica l arrangements for four types of C G H 

nicely inside the sampl ing l im i ts described by equat ion 2.26. The C G H was gener­

ated using the 'H imag๙ program detai led i n the appendix and the simulated image 

was generated using the ' imageH' program. A random phase was introduced in to 

the in i t ia l image d is t r ibu t ion- the reasoning for which is provided in section 3.3.1. 

I n the fo l lowing chapter i t w i l l be demonstrated tha t i t is d i f f icul t to achieve an 

image as undis tor ted as the ideal case shown i n th is figure. Note tha t the image has 

been placed in the top- lef t quadrant of the image plane and the other 3 quadrants 

padded w i t h zeros. Th is is not necessary i f a perfect complex-valued C G H can be 

produced; however i n the next chapter several more realistic C G H representations 
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w i l l be examined in which the zero padding is required and so i t is for the purposes 

of comparison tha t the padding has been added to the object here. 

A 

di Щวlacerne ո I (mm) 
«-displacement (mm) 

Figure 2.11: A magni tude p lot of a simple Fourier Transform C G H and the image 
i t produces 
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C h a p t e r З 

P r o d u c i n g a C G H 

IN THE PREVIOUS chapter, i t was shown how the d i f f ract ion phenomenon between 

two paral lel planes a distance z apart can be model led using the F F T a lgor i thm. 

Th is allows the d i f f ract ion pa t te rn i n the C G H plane f rom a general object con­

tained in the image plane to be computed, and also the image formed by a given 

pa t te rn in the C G H plane to be s imulated. The extension of C G H to three d imen­

sions w i l l be considered in the fo l lowing chapters, in th is chapter the discussions 

assume tha t the d i f f ract ion pa t te rn in the C G H plane f rom a 2-dimensional object 

has been computed and ask the question: How can th is complex d is t r ibu t ion be 

realised physical ly given the l im i ta t ions of the available p r in t ing processes? 

Pr inters and photo-plot ters are generally restr icted to a b inary ou tpu t where ei­

ther opaque or transparent regions are recorded on a transparency or photographic 

film. Ideal ly a method of recording b o t h the phase and ampl i tude of the C G H dis­

t r i bu t i on is required, bu t th is is always going to be d i f f icu l t to achieve using only 

a conventional ou tpu t device. As an al ternat ive, the complex field can be approx­

imated by a simpli f ied d is t r ibu t ion , more readi ly p lo t ted out , which introduces a 

m i n i m u m amount of noise t o the resul t ing image. 
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Th is chapter covers the various exist ing techniques and a new method for the 

reproduct ion of Computer Generated Holograms and assesses the su i tab i l i ty of each 

for use i n produc ing l i thographic masks. Methods for creat ing a complex-valued 

C G H are detai led in section 3.2 and methods for creat ing a simpl i f ied version are 

covered in section 3.3. A comparison between the encoding schemes is given in 

section 3.4 and section 3.5 provides a br ief look at the available ou tpu t devices. 

3.1 E r r o r M e t r i c s 

I n order to compare the various encoding schemes detai led i n the foแowing sections, 

i t is necessary t o define a set of metr ics against which the su i tab i l i ty of each scheme 

as a means of l i thography can be measured. Here, three error measures have been 

used to assess the effectiveness of each of the encoding schemes detai led in this chap­

ter. 

3.1.1 T h e Sum of Squared E r r o r Measure 

The sum-of-squared-errorร (SSE) measure is defined as the sum of the squared dif­

ferences between the ideal and actual ampl i tudes of each image sample point [47]: 

յ^՝ջ^(Ս(ւ,յ)֊օ\Ս{է,յ)\)՛ (3.1) 

Where บ is the image formed by the candidate C G H , Û is the ideal image ampl i tude 

and і and j index each p ixe l in the hor izontal and vert ical direct ions respectively. 

The scaling factor с is chosen to normalise the error measure, since i t the relat ive 
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ampl i tudes of the ideal and actual images tha t is of importance, с is then found by-

sett ing i ts der ivat ive w i t h respect to J to zero:-

У = 2c Σ № j) ŕ ֊2Y^\U{^j)\Û{i,j) = о 

_τ:1พ{^,j)\û{i,j) ^^'^^ 

Th is metr ic gives an ind icat ion of how closely the image result ing f rom a C G H 

matches the ideal image- the error is zero i f the ra t io of intensit ies in the ideal and 

candidate images are equal throughout . B y tak ing the square-root of the SSE mea­

sure and d iv id ing by the to ta l number of image pixels, the result gives the average 

deviat ion of each pixel f rom i ts ideal value. Th is result does not therefore account 

for the efficiency of the C G H and for the m a x i m u m deviat ion from the ideal w i t h i n 

the image. 

ЗЛ.2 D i f f r ac t i on Ef f ic iency 

As a measure of efficiency, the D i f f rac t ion Eff iciency (DE) measure is defined in [47] 

as:-

where J and К are the to ta l number of pixels in the C G H X- and ^/-directions re­

spectively. I f al l of the l ight incident on a C G H is directed in to the reconstructed 

image, then tha t C G H is 100% efficient. A C G H tha t introduces noise in to the i m ­

age w i l l be less than 100% efficient, since some of the l ight incident upon the mask 

is directed in to the noise. The D E measure is impor tan t for the purposes of l i thog­

raphy as i t determines the length of exposure, or a l ternat ively the power density of 

the i l l um ina t ing laser beam tha t is required to successfully image the photoresist. I f 

the 3 D I process is t o be quick, robust and reasonably inexpensive, these two factors 
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need to be kept at a m i n i m u m - making a h igh D E a desirable feature of C G H if 

they are to be used for l i thography. 

3.1.3 Signal t o Noise Ra t i o 

Final ly, the Signal-to-noise rat io measure (SNR) is defined as: 

)uij,k)\' + mu,k)\' = 0)x\u{j,k)\1 
\max. 

\บԱհ)\'^{\ՍԱհ)? = Պ 
(3.4) 

For a binary-valued ideal object, the SNR therefore measures the rat io between the 

m i n i m u m intensi ty of the pixels t ha t fo rm the object and the m a x i m u m intensi ty 

of the pixels t ha t fo rm the background. Th is number determines the robustness of 

the representational method under test. A h igh SNR indicates tha t for a wide range 

of exposure t imes the imaged object w i l l match exact ly the ideal case. A n SNR 

value < 1 means tha t however careful ly the exposure of the substrate is control led, 

either areas of the object w i l l remain underexposed or areas of the background w i l l 

be exposed- a C G H w i t h an SNR this low is therefore unsuitable for masking a 

c i rcui t or wafer, since any errant features appearing on the substrate could r u i n the 

operat ion of the device. 

These three error measures w i l l be used in section 3.4 to compare the performance 

of the various representational methods int roduced i n the rest of th is chapter. 
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3.2 C r e a t i n g a C o m p l e x - V a l u e d C G H 

I n order t o wr i te a complex-valued C G H , b o t h the ampl i tude and phase of the 

computed ma t r i x must be captured. Cont ro l over the ampl i tude of a mask is gener­

al ly s t ra ight forward, i t could be encoded as t ransmitance variat ions on a black and 

whi te photographic film for example. Cap tu r ing the phase of a complex d is t r ibu t ion 

is more problemat ic, bu t can be achieved- for example by using a mater ia l w i t h a 

h igh refractive index deposited on the C G H in vary ing thicknesses [48]. Encoding 

bo th ampl i tude and phase is evident ly the most d i f f icul t result to achieve. Th is 

section addresses the representational problem direct ly, whi ls t section 3.3 exam­

ines methods of e l iminat ing either the phase or ampl i tude component of the C G H 

w i thou t overly d is tor t ing the result ing image. 

3.2.1 T h e De tou r Phase Ho log ram 

The field of Computer-Generated Holography began w i t h the Detour Phase C G H , 

developed in the late 60's by Lohmann, Paris and Brown [49] [27]. The Detour Phase 

C G H is a fu l ly complex C G H tha t is able to be reproduced using a b inary-output 

p lot ter . F igure 3.1 shows how a complex number is represented w i t h i n the Detour 

Phase C G H . 

T 

cA 

ο=φΤ/(2π) 
F igure 3.1: Encoding of the complex number using 

the Detour Phase method 
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A n off-axis l ight source is used to i l luminate the hologram, thus the phase of the 

incident plane wave varies across the C G H . I f the l ight source is placed central t o 

the y֊axis and is displaced relat ive to the or ig in along the X-axis, then the per iod 

of the beam in the x֊directioii is given by т = ^T֊^ where θ is the angle that the 

beam propagat ion vector makes w i t h the normal to the C G H . The C G H is then 

d iv ided into cells, each w i t h a w i d t h equal to τ and an a rb i t ra ry height (usually for 

convenience also chosen to be T ) - each cell represents a single sample po in t of the 

computed C G H d is t r ibu t ion . W i t h i n each cell an aperture is placed whose centre i n 

the x-d i rect ion is located at the point where the phase of the incident beam is equal 

t o the phase of the associated sample po in t i n the C G H . The height of the aperture 

i n the y-di rect ion is then set propor t iona l to the required ampl i tude of tha t sample 

point . 

A fu l l analysis of the image formed by such a hologram can be found i n [27]. How­

ever, there are several reasons why the Detour Phase representation is not suitable 

for a l i thographic process. F i rs t , for accurate contro l of the phase of each sample 

point , the w i d t h of the apertures must be smal l compared to the w i d t h of the cell; 

a Detour Phase C G H is therefore very inefficient, i n t ha t only a smal l p ropor t ion of 

the incident l ight is used to fo rm an image. For a l i thographic process, th is leads t o 

undesirably large exposure t imes. Second, the Detour Phase me thod does not make 

good use of the bandw id th available i n the C G H plane, i n other words, a very h igh 

mask resolut ion is required to produce a reasonable image resolut ion. No Detour 

Phase C G H have been constructed dur ing the course of the 3 D I research. 

3.2.2 T h e Roach 

The Referenceless On-Ax is Complex Hologram, or R O A C H , is an ingenious way of 

using a conventional photographic colour film to record a ful ly-complex C G H dis-
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t r i bu t i on . The technique was developed in 1973 and so is h istor ical ly s l ight ly out of 

place in th is section, i t being a natura l cont inuat ion to the K ino fo rm idea developed 

in 1969， bu t covered here in section 3.3.1. The acronym R O A C H derives f rom the 

fact tha t th is var iety of C G H does not require a reference beam to interfere w i t h the 

object wavefront to encode the required phase in fo rmat ion . Instead, the ampl i tude 

and phase of the object wavefront are captured d i rect ly in ampl i tude and phase 

variat ions in the C G H . Further details of the R O A C H method can be found in [29 . 

A colour photographic film consists of three layers, sensitive t o the red, green and 

blue parts of the visible spectrum respectively. I f a transparency developed f rom 

such a film is exposed using a red monochromat ic l ight source, i t is predominant ly 

the red layer of the transparency tha t attenuates the l ight , the other two layers being 

transmissive at th is wavelength. A n ampl i tude-only C G H can therefore be manu­

factured by exposing the colour film th rough a red filter to an image of the required 

intensi ty d is t r ibu t ion , and after development i l l um ina t ing the hologram w i t h a red 

l ight source. Th is is the first step in the creat ion of a R O A C H . 

A l though the green and blue layers of the film do not signif icant ly attenuate th is 

i l l umina t ing red l ight source, they do cause a phase shi f t , which is approximately 

propor t iona l to the density of the green and blue dyes present i n the film. Having en­

coded the ampl i tude d is t r ibu t ion as above, the next step i n construct ing a R O A C H 

is to expose the film th rough a blue or green filter to an image of the required C G H 

phase d is t r ibu t ion . I f the exposure t ime is proper ly control led, and the change i n 

density of the dye in the film varies approximately l inear ly w i t h exposure t ime, the 

phase in fo rmat ion can be encoded i n the green or blue layer. Development then 

leaves a C G H which presents a good approx imat ion to the required complex field 

upon i l l umina t ion by red l ight . 
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Disadvantages of the R O A C H technique are the d i f f icu l ty of contro l l ing the ex­

posure t imes for the ampl i tude and phase steps, unwanted phase-shifts in t roduced 

by the red ampl i tude layer of the film and unwanted ampl i tude variat ions in t ro­

duced by the green and blue layers. The R O A C H does however have the signif icant 

advantage of requi r ing no awkward al ignment of the phase and ampl i tude layers. I f 

each exposure is taken as a photograph of a computer screen display, al ignment is 

assured i f the camera and screen are kept s tat ionary between exposures, a relat ively 

s t ra ight forward task. 

No R O A C H C G H have been produced in the course of th is research. 

3.3 C r e a t i n g a S imp l i f i ed C G H 

This section reviews several methods for creat ing simpl i f ied C G H patterns more 

suitable for p r in t i ng or photo-p lo t t ing . 

3.3.1 T h e K i n o f o r m 

The idea of s impl i fy ing a C G H pat te rn first arose w i t h the development of the K i -

noform in 1969 [28]. The K ino fo rm has several advantages over the detour phase 

C G H detai led in section 3.2.1. I t produces no t w i n image, i ts d i f f ract ion efficiency 

is extremely h igh and i t is relat ively s t ra ight forward to reconstruct an image using 

the K ino fo rm. T h e K i n o f o r m also i l lustrates nicely how a C G H can be reduced to 

a funct ion of a single variable- in th is case the phase of the object wavefront. 
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To record a K ino fo rm, first the wavefront emanat ing f rom the object is calculated; 

the method was or ig inal ly appl ied to the Fourier- type C G H but is equally val id for 

the case of a Fresnel-type hologram. Next the ampl i tude of each pixel i n the com­

puted C G H d is t r ibu t ion is set to uni ty, leaving the phase of the wavefront as a single 

variable approx imat ion to the ideal hologram. F ina l ly the phase pa t te rn is recorded 

onto photographic film and an exposure and development process ident ical to tha t 

for the R O A C H (section 3.2.2) produces the required phase-shifts across the plate. 

B y ignor ing the ampl i tude in fo rmat ion in the di f f racted wavefront, the recording 

process is eased considerably, since black and whi te film can then be used and errors 

due to undesirable phase shifts t ha t occur in the R O A C H process can be el iminated. 

Evident ly, captur ing the phase of an object wavefront is an approx imat ion only 

i f tha t wavefront has a vary ing ampl i tude. For a constant ampl i tude d is t r ibu t ion 

i n the C G H plane, the k ino fo rm w i l l provide an exact object reconstruct ion- the 

nearer the ampl i tude d is t r ibu t ion is to th is ideal case, the less severe the error in 

the k ino fo rm becomes ( this is assuming tha t any quant isat ion of the phase pa t te rn 

is ignored). As has already been stated, i t is generally the case tha t the feature of 

interest i n the reconstructed image formed by a C G H is i ts intensi ty- the phase of 

the object can be thought of as a free variable tha t can be manipu la ted to ta i lor 

the pa t te rn recorded at the C G H plane. I n the case of the k ino form, th is would 

involve choosing an object phase func t ion such tha t the result ing C G H ampl i tude 

d is t r ibu t ion is approx imate ly constant. 

I n their or ig inal paper, Lesem and Hirsch used a random object phase d is t r ibu t ion 

to simulate the effect of placing a diffuser between object and hologram- the diffuser 

distorts the wavefront f rom the object by redirect ing the incident l ight in random 

directions. Figure 3.2 shows this effect for the single-dimensional case of a tophat 
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Figure 3.2: The 

ampl i tude of the 

Fourier Transform 

of a tophat funct ion 

w i t h (a) un i fo rm and 

(b) random phases 

funct ion, i t can be seen tha t the ampl i tude has been levelled out , result ing i n a C G H 

d is t r ibu t ion well sui ted to the K i n o f o r m process. 

Figure 3.3 shows a K ino fo rm generated using the object d is t r ibu t ion f rom figure 

2.11 mul t ip l ied by a random phase d is t r ibu t ion . Figure 3.3a shows the approxi­

mate ly constant ampl i tude d is t r ibu t ion of the calculated C G H , par t b of the figure 

shows the phase of the d i f f rac t ion pa t te rn tha t must be recorded to realise the k i " 

noform and figure 3.3c shows the simulated image result ing f r om this phase-only 

d is t r ibu t ion after the ampl i tude content has been set to uni ty. 

The flattening out of the ampl i tude spectrum is evident when figure 3.3a is com­

pared w i t h figure 2.11 in the previous chapter. The off-sett ing of the letter ' A ' tha t 

is necessary t o avoid interference of the reconstructed image w i t h any t w i n image 

or D C te rm present in the Detour Phase C G H (and other C G H representations, see 

below) is not required for the K i n o f o r m and images centred on the opt ical axis can 

be formed. The h igh d i f f ract ion efficiency and absence of a tw in image suggest tha t 

phase-only C G H are a good candidate for use i n l i thography; however, the K ino fo rm 

has disadvantages. I t is d i f f icul t using the photographic process detai led above to 

accurately capture the phase profi le of a computer-generated d i f f ract ion pat te rn ; 

errors i n the encoding of the phase pa t te rn lead to the in t roduc t ion of a D C t e r m 

tha t manifests itself as a br ight area centred on the opt ica l axis- less than ideal i f 
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x-displacement {mm) 

A 

K-displacement (mm) 

x-dīsplacement (mm) 

Figure 3.3: The ampl i tude (a) and phase profiles (b) of a K ino fo rm and the image 

i t produces (c) 

the image itself is i n th is region! F igure 3.4 shows the simulated effect of an error in 

the phase match ing of a K ino fo rm, where the phase has been 'under-exposed' such 

tha t i t ranges only between (0, | π ) rather t han (0 ,2ᅲ) as in figure 3.3. 

3.3.2 T h e Gerchberg-Saxton A l g o r i t h m 

3 .3 .2 .1 O p e r a t i o n o f t h e A l g o r i t h m 

I n section 3.3.1 i t was demonstrated tha t a random phase funct ion assigned to an 

object d is t r ibu t ion can be used to flatten out the ampl i tude par t of the resul t ing 

C G H pa t te rn , a l lowing the hologram to be approx imated by i ts phase par t alone. 
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error due to phase mismatch 

displacement (mm) 

Figure 3.4: The error resul t ing f rom phase 
mismatch in a K ino fo rm 

I n [28] the authors suggest t ha t a l ternat ive phase d is t r ibut ions across the object 

may be more effective at accomplishing th is task- bu t how should such a phase 

d is t r ibu t ion be determined? 

Object assigned a 
random phase 

Aexp{je} 
FFT 

Calculate error 

ą exp{j9} FŕT 
|า= һ+1 

Replace trial CGH 
amplitude with ideal 
amplitude a 

Aexp{je} 

Replace trial image 
amplitude with ideal 
amplitude A 

aexp{je} A exp{je} 

CGH Plane Image Plane 

Figure 3.5: Opera t ion of the Gerchberg-Saxton A l g o r i t h m 

The Gerchberg-Saxton a lgor i thm [50] is an i terat ive method tha t can be used 

to determine an object phase d is t r ibu t ion tha t flattens the ampl i tude profi le in the 

C G H . 
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The operat ion of the a lgor i thm for a Four ier- type C G H (see figure 2.10) is shown 

i n figure 3.5. The in i t ia l object in the image plane is first combined w i t h a random 

phase d is t r ibu t ion . Th is object is then passed th rough a Fourier Transform to reach 

the C G H plane. The phase of the result ing complex field is next combined w i t h 

the predefined ideal C G H ampl i tude d is t r ibu t ion and th is t r ia l C G H is passed back 

th rough an Inverse Fourier Transform to the image plane where the phase of the re­

sul t ing image is a candidate solut ion to the phase determinat ion problem. To assess 

i ts val idi ty, a measure of the error between the resul t ing t r i a l ampl i tude d is t r ibu t ion 

and the ideal object ampl i tude d is t r ibu t ion is taken; typ ica l ly th is is the SSE as 

defined in equat ion 3 .1 . Hav ing calculated the error, the result ing t r ia l ampl i tude 

is now dropped in favour of the predefined ideal object ampl i tude d is t r ibu t ion and 

the process repeats. I n th is way the hope is tha t the phases in the image and C G H 

planes wiU converge to a result i n which the error between the ideal and t r i a l am­

pl i tude d is t r ibut ions is smal l . 

The ideal ampl i tude d is t r ibut ions can be chosen at w i l l - Gerchberg and Sax-

t o n chose these d is t r ibut ions to match the intensi ty recordings of an object and i ts 

di f f racted wavefront i n order to find the phase profi le across the object. The authors 

demonstrated tha t when the object and d i f f ract ion planes are l inked by a Fourier 

Transform, each i te ra t ion of the a lgor i thm must either reduce the error (as defined i n 

equat ion 3.1) between the ideal and est imated intensi ty d is t r ibut ions or leave i t un ­

changed, therefore the relat ive phases determined by the a lgor i thm must converge to 

the actual relat ionship between the phases when the intensi ty recordings were made. 

A n example of the appl icat ion of the process is in X֊Ray crystal lography. The 

crystal essentially represents a phase grat ing to the X֊Ray source, meaning the ideal 
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object intensi ty d is t r ibu t ion is approx imate ly constant. A recording is made of the 

d i f f ract ion pa t te rn caused by the X-Rays in the far field such t ha t a Fourier Trans­

fo rm relat ionship exists between the object and d i f f ract ion planes. The Gerchberg-

Saxton a lgor i thm can then be implemented w i t h the ampl i tude d is t r ibu t ion A i n 

figure 3.5 constant and the ampl i tude d is t r ibu t ion a equal to the square-root of the 

intensi ty pa t te rn recorded in the d i f f ract ion plane. I n th is way the phase d is t r ibu­

t i on of the crystal ine object can be determined. 

App l i ca t ion of the Gerchberg-Saxton a lgor i thm to the Four ier- typ e C G H is de­

tai led in [51]. Here, the ampl i tude A is chosen as the square-root of the required 

object plane intensity and the ampl i tude a is chosen as a constant. I te ra t ion of 

the a lgor i thm eliminates variat ions in the ampl i tude of the C G H d is t r ibu t ion , the 

K i n o f o r m can then be used as an effective representational method . 

The argument set out in [50] showing tha t the SSE measure must reduce or stay 

the same w i t h each i te ra t ion of the GS a lgor i thm applies equally t o the Fresnel-type 

C G H , since the F D F only introduces phase-shifts to the Fourier t ransform of the 

object d is t r ibu t ion . Figure 3.6 shows the evolut ion of the least-squared error sum 

of the Gerchberg-Saxton a lgor i thm appl ied to the object used previously in figure 

2.11. Figure 3.7 shows the result ing phase grat ing and the s imulated image tha t i t 

produces; tha t th is image offers a signif icant improvement is demonstrated in section 

3.4. 

3.3.3 Tak ing the Real Pa r t 

The Gerchberg-Saxton a lgor i thm of the previous section can produce excellent re­

sults, however i t is l im i ted by the d i f f icu l ty of w r i t i ng mul t i - level phase C G H . The 
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500 

Figure 3.6: The 
evolut ion of the 
Least-Squared-
Er ro r i n the 
Gerchberg-
Saxton Algo­
r i t h m 

simplest way of t ransforming a complex d is t r ibu t ion into an ampl i tude only form 

is to take i ts real par t . Th is is essentially the process tha t is undertaken when a 

convent ional ho logram is recorded (see chapter 1.3). The effect on the resul t ing 

image when the real par t of the C G H of figure 2.11 is taken is shown in figure 3.8. 

The effect on the reconstructed image of tak ing the real par t can be calculated as 

follows, where again only the single dimensional case is considered, the extension 

to 2 dimensions being t r i v i a l . F i rs t , a random phase is incorporated in to the i m ­

age, so tha t the ampl i tude profi le of the resul t ing C G H is approx imate ly flat. The 

d is t r ibu t ion i n the C G H plane is then:-

H{x) ^ ժ^^^^๙ (3.5) 

where ф is the phase profi le result ing f rom the Fourier t ransform of the object w i t h 

i ts random phase and the quadrat ic phase t e rm arises f rom the def in i t ion of the 

F D F . The real par t of equat ion 3.5 is:-

Re{H{x)) = Hne{x) = - e ^ V Ã - ^ + Іе-^Фе-^і-.-' (3.6) 
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Figure 3.7: Results f rom the GS a lgor i thm 

The linear nature of the F D F means tha t tak ing the real par t as above results i n 

the required intensi ty d is t r ibu t ion in the image plane at hal f the ampl i tude of figure 

2.11 ( f rom the first t e r m in equat ion 3.6) w i t h the add i t ion of some 'noise' (result ing 

f rom the second te rm) . The question is then: what fo rm does th is addi t iona l noise 

take? 

I f the d is t r ibu t ion H j i e i n equat ion 3.6 is propagated backwards to —z, the image 

resฟt ing f rom the second par t of the equat ion is the Herm i t i an t w i n i of the or ig inal 

object d is t r ibu t ion , complete w i t h i ts random phase profi le. To uncover the fo rm 

that th is d is t r ibu t ion takes in the image plane at +z, th is t w i n image must be 

propagated forward again by +2z. The random phase of the real object result ing 

f rom the second te rm i n the equat ion ensures tha t i n the front image plane the 

result ing d is t r ibu t ion w i l l be reasonably wel l approximated by a constant ampl i tude 

rectangle (see section 3.2)֊ the dimensions of th is rectangle and i ts ampl i tude must 

therefore be determined. The bandw id th of the pa t te rn formed by the real image 

^That is, the original object rotated through π radians 
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can be found as:-

บ'(ξ) = ๙ ^ « ' г f / ( r ) e - ^ ՝ ' " 

т, ^ г ~ (3-7) 

where บ'{ζ) is the d is t r ibu t ion result ing at ֊\-z f r om the real image formed at —г, 

Լկ is the length in the ^-d i rect ion of the rectangle formed in the image plane and 

{2z) has replaced ζ i n the denominators of the exponents. Since the real image has 

been formed by the C G H , the bandw id th of the d i f f ract ion pa t te rn i t forms in the 

image plane must equal tha t of the C G H itself, therefore:-

+ Կ Կ + Lx 

4 λ ζ = 2Аг (3.8) 

ԼՀ ― 2Lx + ԼՀ 

Again , the same result can be appl ied to the η-di rect ion w i t h a suitable change 

of variables. Therefore i n tak ing the real par t of the ideal C G H d is t r ibu t ion , the 

result ing image contains an approximately constant-ampl i tude rectangle centred on 

the or ig in of the real image and of a size governed by equat ion 3.8. The mean 

ampl i tude of th is rectangle, normalised to the ampl i tude of the image formed by the 

ideal C G H , is given by: 

where с is the p ropor t ion of the or ig inal object t ha t is 1, i.e the number of pixels 

that are On ' . If, as is the case in figure 2.11， the in i t ia l object plane d is t r ibu t ion 

is padded w i t h zeros to ensure tha t the noisy patch in the reconstruct ion caused 

by the Hermet ian t w i n image is spat ia l ly separated f rom the t rue image, the object 

resul t ing is essentially ideal, apart f rom a ha lv ing of i ts ampl i tude. 

Since a real d is t r ibu t ion has bo th negative and posit ive values, i t is s t i l l a some­

what compl icated task to recreate the C G H physically. Section 3.3.4 details a 

method of achieving this, captur ing the fu l l range of real numbers J but in a simple 
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A 

x-dl9ptacerrant (mm) 

(a) C G H (b) resulting image 

Figure 3.8: Tak ing the Real par t of a d i f f ract ion pa t te rn and the result ing effect on 

the image 

representation a bias t e rm must first be added to the C G H to enable i ts p lo t t ing . 

I n [47], four bias funct ions are compared, namely: 

1. Я + = HRe + max {НRe) 

2. Я + = Я я . + | Я | 

3. Я + = Я я в ( Я я , > 0 ) 

4. I/+ = Иле + f + f , where с = 2 т а х | Я | 

The outcome of using the first three methods to encode the complex d is t r ibu t ion 

resul t ing f rom the object of figure 2.11 are detai led below. The final method arises 

as an analog to the d is t r ibu t ion captured in a physical ly recorded Hologram where 

a reference beam is used to interfere w i t h the wavefront f rom an object and was not 

investigated here. 

67 



3. P r o d u c i n g a C G H 

I n general, the result of adding a bias to н Re i n one dimension is: 

H+ ~ HRC + В 

.： U+iO = บ'(ξ) + 5 ๙ - ( - « ) ^ 
(3.10) 

for the nrst i t em in the l ist, в is a constant and can be removed f rom the integral . 

Th is then gives:-

υ+{ξ) = υ'{ξ) + Β ŕ ๙ Ä í - Í ) ^ 

v с x ( 3 .11) 

w i t h the equivalent result apply ing in the 7?֊direction. For i tems 2 and 3 in the l ist , 

the bias В can be broken down into the sum of a constant and spat ial ly vary ing 

component- В = Вис + ВАС- Therefore а square appearing in the centre of the 

image plane is a common characteristic of posit ive-only C G H . 

Figure 3.9 is a C C D capture of the image formed by a greyscale C G H calculated 

by tak ing the real par t of the ideal d is t r ibu t ion and adding a constant bias, whi ls t 

figures 3.10-3.12 show the 'Let ter A ' image resul t ing f rom each of the first three 

bias terms in the list above. The effectiveness of each of these methods is detai led 

in section 3.4， for now, i t is sufficient to say tha t the add i t ion of a bias to the real-

valued C G H introduces fur ther restr ict ions b o t h on the extent and the accuracy of 

the reconstructed image. 
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Figure 3.9: C C D 
capture of the i m ­
age formed by a 
greyscale C G H 
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Figure 3.10: Add ing a constant bias t o a real-valued C G H 

x-(Ssplacement [mm) x-diaplacemenl (mm) 

(a) C G H (b) resulting image 

Figure 3.11: Add ing a magni tude bias to a real-valued C G H 
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A 

x-cSsptaoement (mm) Ä-<Sspiaoement (mm) 

(a) C G H (b) resulting image 

F i g u r e 3 .12: S e t t i n g t h e n e g a t i v e p a r t o f a r e a l - v a l u e d C G H t o zero 
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3.3.4 T h e Greyscale, B inary -Phase C G H 

T h e p o s i t i v e r e a l - v a l u e d C G H c a n be f o u n d b y t a k i n g t h e rea l p a r t o f t h e c o m p l e x 

d i s t r i b u t i o n as i n s e c t i o n 3.3.3 a n d a d d i n g a b ias t e r m t o m a k e i t p o s i t i v e . U n f o r t u ­

n a t e l y , t h e a d d i t i o n o f t h i s b ias t e r m i n t r o d u c e s a D C of fset i n t h e r e s u l t i n g i m a g e 

as d e s c r i b e d i n t h e p r e v i o u s s e c t i o n , t h u s f o r o n - a x i s i m a g i n g t h e m e t h o d is less t h a n 

i d e a l . I n t h e c o n t e x t o f h o l o g r a p h i c l i t h o g r a p h y t h i s a d d i t i o n a l no ise is espec ia l l y 

p r o b l e m a t i c , espec ia l l y f o r t h e v a r i e t y o f C G H i n t r o d u c e d i n c h a p t e r 7. 

T h e a d d i t i o n o f a p h a s e - a l t e r i n g layer t o t h e v a r i a b l e a p e r t u r e C G H rep resen ta ­

t i o n e l i m i n a t e s t h e need fo r t h e a d d i t i o n o f a b i as t e r m t o t h e r e a l d i s t r i b u t i o n o f 

s e c t i o n 3 ,3 .3 , a l l o w i n g t h e e n t i r e r e a l ax i s t o b e r e p r e s e n t e d u s i n g a r e l a t i v e l y s i m p l e 

a n d a c c u r a t e c o n s t r u c t i o n m e t h o d . 

F i g u r e 3.13 shows h o w t h i s Greyscale, Binary Phase C G H is c o n s t r u c t e d . F i r s t 

t h e 2 5 x a m p l i t u d e a n d phase des igns a re p h o t o - r e d u c e d o n t o e m u l s i o n - c o a t e d glass 

p l a t e s . T h e p h o t o - r e d u c e d a m p l i t u d e m a s k is t h e n r e p r o d u c e d o n a c h r o m e - c o a t e d 

glass s l i de . T h i s s l ide is t h e n c o a t e d w i t h a l aye r o f P M M A ( p e r s p e x ) a n d p h o t o ­

res is t . T h e t h i c k n e s s է o f t h e P M M A laye r is g o v e r n e d b y i t s r e f r a c t i v e i n d e x , 

ท = 1.5:֊ 

t= J _ 、ᅲ 
2 ᅲ ( n ֊ l ) (3 .12) 

- A 

so f o r u v r a d i a t i o n , t h e p e r s p e x layer is b e t w e e n 3 2 5 n m — 4 0 5 n m t h i c k . 

T h e p h o t o - r e d u c e d phase des ign is n e x t a l i g n e d w i t h t h e P M M A - c o v e r e d s l ide , 

t h e s l ide e x p o s e d a n d t h e phase p a t t e r n t r a n s f e r r e d t o t h e p h o t o r e s i s t . T h e deve l ­

o p e d p h o t o - r e s i s t ac ts as a n e t c h m a s k f o r d r y e t c h i n g o f t h e P M M A u s i n g o x y g e n 
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p l a s m a a n d a f t e r s t r i p p i n g a w a y t h e p h o t o - r e s i s t t h a t r e m a i n s a f t e r t h e deve lop ­

i n g process , t h e phase i n f o r m a t i o n is e n c o d e d i n t o t h e P M M A layer . A c o m p l e t e d 

g reysca le , b i n a r y - p h a s e C G H g e n e r a t e d t o i m a g e a r e c t a n g u l a r f e a t u r e is s h o w n i n 

figure 3.14. 

Chrome Aperture PMMA 

Glass 

F i g u r e 3 .13 : S c h e m a t i c 

o f t h e G r e y s c a l e , B i n a r y 

P h a s e C G H 

F i g u r e 3.15 shows t h e ef fect t h a t t h e n u m b e r o f g rey - l eve l s e n c o d e d i n t h e 

g reysca le , b i n a r y phase C G H o f t h e l e t t e r 'A， o b j e c t has o n t h e t h e e r r o r m e t ­

r ics d e f i n e d above . T h e figure shows t h a t a b o v e ^ 10， t h e S S E a n d D E measures 

s h o w l i t t l e i m p r o v e m e n t . T h e S N R c o n t i n u e s t o i m p r o v e as t h e n u m b e r o f g r e y -

levels increases, h o w e v e r i t has a l r e a d y reached i=ะí 1000 w h e n t h e n u m b e r o f levels 

h i t s 10. 

A s t h e d y n a m i c r a n g e o f t h e g reysca le , b i n a r y phase C G H increases, t h e size o f 

t h e f ea tu res t h a t m u s t be w r i t t e n decreases. I f t h e n u m b e r o f g rey - leve ls is n， t h e 

sma l l es t f e a t u r e t h a t m u s t be w r i t t e n is g i v e n b y ( 1 ֊ w h e r e a = Ôx6y 
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F i g u r e 3 .14 : A G r e y s c a l e , B i n a r y Phase C G H 

is t h e a r e a o n t h e m a s k a t t r i b u t e d t o each p i x e l ; i t is t h e r e f o r e b e n e f i c i a l t o t h e 

a c c u r a t e p r o d u c t i o n o f t h e m a s k t h a t t h e n u m b e r o f g rey - leve ls is k e p t l o w . A 

sens ib le l i m i t o n t h e u p p e r b o u n d o f t h e n u m b e r o f g rey - leve ls is sugges ted b y t h e 

figure; d u r i n g t h e 3 D I p r o j e c t g reysca le , b i n a r y phase m a s k s have b e e n p r o d u c e d 

w i t h b e t w e e n 3 a n d 8 g r e y levels. 

F i g u r e 3.16 shows h o w t h e n u m b e r o f phase- leve ls eflFects t h e r e c o n s t r u c t i o n ac­

c u r a c y o f t h e C G H . H e r e , p e r f e c t e n c o d i n g o f t h e a m p l i t u d e p a r t o f t h e C G H is 

assumed a n d t h e n u m b e r o f q u a t i s a t i o n levels o f t h e phase p a r t is v a r i e d . A g a i n , 

t h e e r r o r is seen t o r educe r a p i d l y as t h e n u m b e r o f levels is i nc reased . I n t h e case 

o f phase, a c c u r a t e c o n t r o l o f t h e p r o d u c t i o n process f o r a l a r g e n u m b e r o f levels is 

d i f f i c u l t , s ince i t r e q u i r e s t h e fine c o n t r o l o f t h e t h i ckness o f t h e P M M A layer c o a t i n g 

t h e m a s k . A h i g h n u m b e r o f phase levels is t h e r e f o r e des i r ab le b u t t o some e x t e n t 

i m p r a c t i c a l ; a s ing le phase leve l has been used f o r t h e C G H i n t h i s thes is . 

A s a b r i e f as ide, i t is i n t e r e s t i n g t h a t t h e S N R p ro f i l es o f figures 3.15 a n d 3.16 
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(a) SSE and D E measures (b) SNR measure 

F i g u r e 3.15: T h e ef fec t o f t h e n u m b e r o f g r e y levels o n t h e e r r o r m e t r i c s c a l c u l a t e d 
u s i n g t h e l e t t e r ' A ' o b j e c t 

d o n o t e x h i b i t a cons i s ten t increase as t h e n u m b e r o f levels i n t h e C G H r ises. W h y 

t h i s s h o u l d be t h e case is u n c l e a r , i t m a y be t h a t t h e q u a n t i s a t i o n o f t h e d i f f r a c t i o n 

p a t t e r n t o spec i f i c va lues causes ' sp ikes ' o n d i f f e r e n t p i x e l s i n t h e r e s u l t i n g i m a g e . 

Because t h e S S E a n d D E are d e p e n d e n t o n e v e r y i m a g e p i x e l , these sp ikes w i l l n o t 

have a s i g n i f i c a n t e f fec t o n t h e i r v a l u e , w h i l s t c o n t r a s t , t h e S N R is d e p e n d e n t u p o n 

o n l y t w o p i xe l s , n a m e l y those c o r r e s p o n d i n g t o t h e m a x i m u m - v a l u e d b a c k g r o u n d 

a n d m i n i m u m - v a l u e d f o r e g r o u n d va lues , a n y sp ikes a re t h e r e f o r e l i k e l y t o have a 

n o t i c e a b l e ef fect o n t h i s m e t r i c . 

3.3.4.1 Us ing the GS A l g o r i t h m t o improve the Greyscale, B i n a r y Phase 

C G H 

T h e G e r s h b e r g - S a x t o n A l g o r i t h m c a n be used t o i m p r o v e t h e G r e y s c a l e , B i n a r y 

Phase C G H b y c a l c u l a t i n g a n o b j e c t phase p r o f i l e t h a t leads t o a C G H d i s t r i b u ­

t i o n t h a t is a p p r o x i m a t e l y r e a l - v a l u e d . T h i s is ach ieved b y r e p l a c i n g t h e n t h C G H 

d i s t r i b u t i o n an๙^^ w i t h ^^^^^i^^ท^^ท)) w h e r e ท is t h e r e q u i r e d n u m b e r o f g reysca le 

levels . F i g u r e 3.17 shows t h e e v o l u t i o n o f t h e S S E m e a s u r e as t h e G S A l g o r i t h m 

p roceeds . T h e t h r e e t races c o r r e s p o n d t o t h r e e d i f f e r e n t r a n d o m phases a p p l i e d t o 
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(a) SSE and D E measures (b) SNR measure 

F i g u r e 3.16: T h e e f fec t o f t h e n u m b e r o f phase levels o n t h e e r r o r m e t r i c s c a l c u l a t e d 
u s i n g t h e l e t t e r ' A ' o b j e c t 

t h e i n i t i a l i m a g e d i s t r i b u t i o n , s h o w i n g t h a t t h e success o f t h e a l g o r i t h m d e p e n d s t o 

some e x t e n t o n t h e i n i t i a l c o n d i t i o n s a p p l i e d . 

E v i d e n t l y , t h e i m p r o v e m e n t o f fe red b y t h e a l g o r i t h m is r e l a t i v e l y s m a l l , o f t h e 

o r d e r o f a f e w %. F u r t h e r m o d i f i c a t i o n o f t h e G S p r o c e d u r e m a y l ead t o a n i m ­

p r o v e m e n t over t h i s r e s u l t , b u t t h e r e a l " v a l u e d C G H is a l r e a d y g o o d e n o u g h t h a t 

t h i s i s n ' t r e a l l y necessary. 
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F i g u r e 3 .17: T h e G S a l g o r i t h m used t o i m p r o v e a r e a l - v a l u e d C G H 
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3. P roduc ing a C G H 

3.3.5 Th resho ld ing 

A r e a l - v a l u e d C G H c a n b e p r o d u c e d w i t h g r e a t e r ease t h a n a m u l t i - l e v e l phase o r 

c o m p l e x - v a l u e d h o l o g r a m , b u t i t is poss ib le t o r educe t h e m a s k c o m p l e x i t y s t i l l f u r ­

t h e r . T h e q u e s t i o n t h a t r e m a i n s is h o w fa r t h i s s i m p l i f i c a t i o n process c a n be t a k e n 

be fo re t h e d e g r a d a t i o n o f t h e r e s u l t i n g i m a g e becomes t o o g rea t? 

T h e s i m p l e s t m e t h o d o f r e d u c i n g a C G H f r o m a c o m p l e x - v a l u e d t o a b i n a r y 

a m p l i t u d e d i s t r i b u t i o n is as f o l l ows : 

1 . T a k e t h e R e a l p a r t o f t h e c o m p l e x field as o u t l i n e d i n s e c t i o n 3.3.3 t o p r o d u c e 

Н д е , 

2 . A d d a b ias t e r m t o Hfíe t o leave a p o s i t i v e - v a l u e d d i s t r i b u t i o n н + ， 

3. N o r m a l i s e H + t o leave t h e d i s t r i b u t i o n н w i t h va lues i n t h e r a n g e ( 0 - 1 ) . 

4 . T h r e s h o l d t h i s d i s t r i b u t i o n t o leave a b i n a r y v a l u e d C G H , H į į n a c c o r d i n g t o -

Hun^ { ^ (3 .13) 
0 พ 

w h e r e է is some v a l u e b e t w e e n 0 - 1 . 

T h e r e are t w o dec is ions t h a t m u s t be m a d e i n c a r r y i n g o u t t h i s p r o c e d u r e - n a m e l y 

w h a t b ias t o a d d t o Няе t o g ive H_|_ a n d w h a t v a l u e t o ass ign t . V a r i o u s b ias f u n c ­

t i o n s were c o n s i d e r e d i n t h e p r e v i o u s s e c t i o n - t h e resu l t s a f t e r t h e final t h r e s h o l d i n g 

o p e r a t i o n a re d e t a i l e d b e l o w . F o r a C G H w i t h a n a p p r o x i m a t e l y flat a m p l i t u d e 

d i s t r i b u t i o n , such as t h o s e t h a t r esu l t f r o m o b j e c t s m u l t i p l i e d b y a r a n d o m phase 

p r o f i l e , a v a l u e f o r է o f 0.5 is sens ib le ; howeve r i f t h e va lues o f н a re c o n c e n t r a t e d 

nea r 0 o r 1 , w h i c h m a y b e t h e case i f a r a n d o m phase p r o f i l e is n o t i n c l u d e d i n t h e 
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3. P roduc ing a C G H 

F i g u r e 3.18: a, T h e F o u r i e r T r a n s f o r m o f a r e a l - v a l u e d s i g n a l ; b, i t s t h r e s h o l d e d 
e q u i v a l e n t 

o b j e c t , i t m a y be t h a t a l owe r o r h i g h e r t h r e s h o l d w o ฬ d p r o d u c e a b e t t e r r e s u l t , t h i s 

is t a k e n i n t o a c c o u n t i n t h e a d a p t i v e t h r e s h o l d i n g t e c h n i q u e d e t a i l e d i n s e c t i o n 3.3.6. 

I t is d i f f i c u l t t o express t h e i m a g e f o r m e d b y t h r e s h o l d e d C G H a n a l y t i c a l l y , as w a s 

d o n e w i t h t h e r e a l - v a l u e d C G H p r e v i o u s l y . H o w e v e r , t h e gene ra l f ea tu res t h a t t h e 

r e c o n s t r u c t i o n w i l l t a k e c a n be d e s c r i b e d q u a l i t a t i v e l y . I f t h e C G H has b e e n c o r r e c t l y 

s a m p l e d , t h e n i t s t h r e s h o l d e d e q u i v a l e n t c a n be expressed as a F o u r i e r Series i n w h i c h 

t h e r e w i l l b e a D C t e r m d u e t o t h e p o s i t i v e - o n l y n a t u r e o f t h e p a t t e r n ( t h i s t e r m 

w o u l d d i s a p p e a r i f a b i n a r y phase d i s t r i b u t i o n were e m p l o y e d ) , a f u n d a m e n t a l t e r m 

e q u a l t o t h e r e a l d i s t r i b u t i o n f r o m w h i c h t h e t h r e s h o l d e d r e p r e s e n t a t i o n was d e r i v e d , 

a n d h i g h e r o r d e r t e r m s i n t r o d u c e d b y t h e s h a r p edges o f t h e b i n a r y d i s t r i b u t i o n . 

F i g u r e 3.18 i l l u s t r a t e s t h i s p o i n t . 
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3. P roduc ing a C G H 

T h e r e c o n s t r u c t e d i m a g e t h e r e f o r e i nc l udes t h e i m a g e f o r m e d b y t h e rea l pos ­

i t i v e C G H , p l u s h i g h e r - o r d e r t e r m s t h a t c o n t a i n h i g h s p a t i a l f requenc ies a n d t h a t 

t h e r e f o r e p r o d u c e speck le i n t h e i m a g e . 

F i g u r e s 3 .19-3 .21 s h o w t h e resu l t o f t h r e s h o l d i n g t h e C G H g e n e r a t e d f r o m t h e 

n o w - f a m i l i a r l e t t e r A o b j e c t w h e r e t h e v a r i o u s d i f f e r e n t b iases have b e e n used . 

A g a i n , a n ana l ys i s a n d c o m p a r i s o n o f these resu l t s is l e f t u n t i l s e c t i o n 3.4. F i g u r e 

3.22 is a C C D c a p t u r e o f t h e i m a g e f o r m e d b y a b i n a r y a m p l i t u d e m a s k c a l c u l a t e d 

u s i n g t h e c o n s t a n t - b i a s t h r e s h o l d i n g o p e r a t i o n . 

x-cisplacement (mm) 

(a) C G H 
：-displacement {rrm) 

(b) resulting image 

F i g u r e 3.19: T h r e s h o l d i n g a R e a l C G H w h e n t h e n e g a t i v e p a r t has b e e n set t o zero 

a n d t h e i m a g e t h a t r esu l t s 

3.3.5.1 A p p l y i n g t he GS A l g o r i t h m t o B i n a r y A m p l i t u d e C G H 

F i g u r e 3.23 i l l u s t r a t e s h o w t h e r a n d o m phase p r o f i l e ass igned i n i t i a l l y t o t h e o b j e c t 

d i s t r i b u t i o n a f fec ts t h e S N R o f t h e b i n a r y m a s k t h a t resu l t s . H e r e , a c o n s t a n t b ias 

was a d d e d t o t h e r e a l p a r t o f t h e C G H d i s t r i b u t i o n a n d t h e resu l t t h r e s h o l d e d . F r o m 

t h e figure i t is c lear t h a t some r a n d o m o b j e c t phase p ro f i l es p r o d u c e s m u c h b e t t e r 

m a s k s t h a n o t h e r s - cue t h e G S a l g o r i t h m . . . 
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3. P roduc ing a C G H 

«-di.3piaæiT-.enl (ΓΓ·ιη| 

(a) C G H (b) resulting image 

F i g u r e 3 .20: T h r e s h o l d i n g a R e a l C G H w h e n a m a g n i t u d e b i as has b e e n a d d e d a n d 

t h e i m a g e t h a t resu l t s 

T h e G e r c h b e r g - S a x t o n a l g o r i t h m has b e e n a d a p t e d t o p r o d u c e b i n a r y a m p l i t u d e 

C G H w i t h g o o d resu l t s [52] . T h e scheme o p e r a t e s i n a s i m i l a r m a n n e r t o t h a t 

i l l u s t r a t e d p r e v i o u s l y i n figure 3 .5 , w i t h m o d i f i c a t i o n as f o l l o w s : T h e r e a l p a r t o f 

t h e c a l c u l a t e d c o m p l e x d i s t r i b u t i o n is t a k e n a n d t h e C G H n o r m a l i s e d such t h a t i t s 

va lues f a l l i n t h e r a n g e 0 - 1 . T h i s is a c c o m p l i s h e d b y a d d i n g a c o n s t a n t b ias e q u a l 

t o t h e m i n i m u m a b s o l u t e v a l u e o f t h e r e a l - v a l u e d C G H . N e x t , t h e t h r e s h o l d i n g 

f u n c t i o n : -

GSn = H + i l ֊ H ) ( ^ > — ) ֊ я ( я < ^ ) , п < ՜շ 

HGSU = H > 0 .5, ท > ^ 

(3 .14) 

is a p p l i e d , w h e r e ท is t h e n u m b e r o f t h e c u r r e n t i t e r a t i o n , N is t h e t o t a l n u m b e r 

o f i t e r a t i o n s , Н is t h e n o r m a l i s e d , r e a l - v a l u e d C G H d i s t r i b u t i o n a n d Hcsn is t h e 

G e r s h b e r g - S a x t o n d i s t r i b u t i o n r e s u l t i n g a f t e r ท i t e r a t i o n s . S i m p l y a p p l y i n g a h a r d 

t h r e s h o l d ( i .e t h e second p a r t o f e q u a t i o n 3.14) does n o t p r o d u c e a r esu l t t h a t i m ­

proves over each i t e r a t i o n , o r i n d e e d whose e r r o r shows a n y r e d u c t i o n a t a l l . 
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3. P r o d u c i n g a C G H 

K-dieplacemeni (mm) 

(a) CGH 

X-displacement (mm) 

(b) resulting image 

F i g u r e 3 . 2 1 : T h r e s h o l d i n g a R e a l C G H w h e n a c o n s t a n t b i as has b e e n a d d e d a n d 
t h e i m a g e t h a t resu l t s 

X-displacement (mm) 

F i g u r e 3 .22: C C D c a p t u r e o f t h e 
i m a g e g e n e r a t e d b y t h e t h r e s h o l d ­
i n g m e t h o d w h e n a c o n s t a n t b ias 
has been a d d e d 

F i g u r e 3.24 shows t h e b i n a r y a m p l i t u d e C G H t h a t r esu l t s f r o m t h e a p p l i c a t i o n 

o f t h e a b o v e a l g o r i t h m , t o g e t h e r w i t h a s i m u l a t e d v e r s i o n o f t h e i m a g e i t p r o d u c e s . 

F i g u r e 3.25 is a C C D c a p t u r e o f t h e a c t u a l i m a g e p r o d u c e d b y t h e C G H i n figure 

3.7. T h e s i m u l a t e d a n d a c t u a l i m a g e s are i n g o o d a g r e e m e n t , as is t o be e x p e c t e d 

f r o m t h e ana l ys i s i n t h e p r e v i o u s c h a p t e r . O n e p o i n t o f i n t e r e s t h o w e v e r is t h e d r o p 

i n i n t e n s i t y o f t h e C C D i m a g e a t t h e edges caused b y t h e i l l u m i n a t i o n o f t h e m a s k 

u s i n g a laser w i t h a G a u s s i a n b e a m p r o f i l e . A poss ib le s o l u t i o n e m p l o y i n g t h e G S 

a l g o r i t h m t o t h i s p r o b l e m is o u t l i n e d i n c h a p t e r 10. 
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3. P roduc ing a C G H 

F i g u r e 3 .23: T h e ef fec t 

o f t h e o b j e c t phase d is ­

t r i b u t i o n o n t h e S N R o f 

t h e i m a g e r e s u l t i n g f r o m 

a t h r e s h o l d e d m a s k 

3.3.5.2 Thresho lded B i n a r y Phase C G H 

T h r e s h o l d i n g c a n a lso b e a p p l i e d t o p r o d u c e a b i n a r y phase C G H , i n w h i c h each 

p i x e l a d j u s t s t h e phase o f t h e i n c i d e n t b e a m b y e i t h e r 0 o r π r a d i a n s . T h i s v a r i e t y o f 

C G H is r e l a t i v e l y s t r a i g h t f o r w a r d t o p r o d u c e (see s e c t i o n 3.3,4) a n d has t w o d i s t i n c t 

a d v a n t a g e s . F i r s t , s ince no D C leve l is i n t r o d u c e d i n t o t h e m a s k , t h e r e s u l t i n g i m ­

age does n o t e x h i b i t t h e c e n t r a l squa re f e a t u r e seen i n t h e b i n a r y a m p l i t u d e images . 

Second , n o n e o f t h e i n c i d e n t l i g h t is b l o c k e d b y t h e m a s k , m a k i n g t h e d i f f r a c t i o n 

e f f i c i ency o f phase C G H m u c h h i g h e r t h a n t h e i r b i n a r y a m p l i t u d e e q u i v a l e n t s . 

F i g u r e 3.26 shows t h e i m a g e r e s u l t i n g f r o m a b i n a r y phase C G H c a l c u l a t e d by-

t a k i n g t h e r e a l p a r t o f t h e f u l l y - c o m p l e x C G H c a l c u l a t e d f r o m t h e l e t t e r A i m a g e 

a n d s e t t i n g t h o s e p i x e l s > 0 t o 0 a n d t h o s e p i x e l s < 0 t o ֊1. N o t e t h e d i s a p p e a r a n c e 

o f t h e c e n t r a l ' D C r e c t a n g l e f r o m t h e i m a g e , t h e D E o f t h e phase C G H is a lso m u c h 

g r e a t e r t h a n t h e b i n a r y a m p l i t u d e m a s k , as w i l l be s h o w n i n s e c t i o n 3.4. 
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3. P roduc ing a C G H 

—暴 

X-diapiacement (mm) 

(a) C G H 

x-displaoement (mm) 

i b i result ing image 

F i g u r e 3 .24: A b i n a r y a m p l i t u d e C G H c o m p u t e d u s i n g t h e G e r c h b e r g - S a x t o n A l g o ­

r i t h m a n d t h e i m a g e i t p r o d u c e s 

[-displacement (mm) 

F i g u r e 3.25: C C D c a p t u r e o f t h e 

i m a g e g e n e r a t e d b y t h e G e r c h b e r g -

S a x t o n b i n a r y a m p l i t u d e m a s k 

3.3.6 T h e E r r o r D i f fus ion A l g o r i t h m 

D e t a i l s o f t h e E r r o r D i f f u s i o n a l g o r i t h m c a n b e f o u n d i n [53]. T h e m e t h o d is a n 

e x t e n s i o n t o t h e s i m p l e t h r e s h o l d i n g d e t a i l e d i n t h e p r e v i o u s s e c t i o n . H e r e , r a t h e r 

t h a n cons ide r each p i x e l o n a n i n d i v i d u a l beisis, t h e e r r o r g e n e r a t e d i n r o u n d i n g 

a p i x e l t o i t s neares t b i n a r y v a l u e is m e a s u r e d a n d s p r e a d a m o n g i t s n e i g h b o u r s . 

T h e i n i t i a l 3 s teps i n t h e t h r e s h o l d i n g a l g o r i t h m d e s c r i b e d i n s e c t i o n 3.3.5 leave 

t h e p o s i t i v e , sca led d i s t r i b u t i o n H. T h e t o p , l e f t - h a n d p i x e l is n e x t t h r e s h o l d e d 

a c c o r d i n g t o s t ep 4 i n s e c t i o n 3.3.5 a n d a n e r r o r c o m p u t e d as t h e d i f f e rence b e t w e e n 

t h e o r i g i n a l p i x e l v a l u e a n d t h e r o u n d e d v a l u e . I n figure 3 .27, t h e p i x e l is r o u n d e d 
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3. P r o d u c i n g a C G H 

義 

ไ / " 4 ~ ~ 

displacement (mm) 

lo i F i g u r e 3 .26: T h e i m a g e 
r e s u l t i n g f r o m a t h r e s h -
o l d e d b i n a r y phase 
C G H 

f r o m 0.7 u p t o 1， g i v i n g a n e r r o r o f - 0 . 3 . T h i s e r r o r is t h e n d i s t r i b u t e d a c c o r d i n g t o 

a w e i g h t m a t r i x b e t w e e n t hose p i xe l s n e i g h b o u r i n g t h e c u r r e n t p i x e l a n d a h e a d o f 

i t i n t h e scan p a t t e r n . I n t h e figure, t h i s w e i g h t m a t r i x is seen t o be 

О О О 

0 0 1 

3 3 

(3 .15) 

T h e w e i g h t s i n figure 3 .27 a re s h o w n e q u a l , t h i s n e e d n o t be t h e case. I n [53] t h e 

o p t i m u m w e i g h t m a t r i x was d e t e r m i n e d e m p i r i c a l l y t o be : 

О О О 

їб Ī6 īē 

(3 .16) 

E x p e r i m e n t s w i t h t h e w e i g h t m a t r i x have s h o w n t h i s r esu l t t o h o l d u p w e l l w h e n a 

r a n g e o f o b j e c t s a n d p a r a m e t e r s a re used . 

I n figure 3.28 t h e r esu l t o f a p p l y i n g t h e e r r o r d i f f u s i o n a l g o r i t h m t o t h e n o w 
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3. P roduc ing a C G H 

Scan direction 

0.7-— 1 -
+0.1 

+0.1 \+0.1 

F i g u r e 3 .27: T h e E r r o r D i f f u s i o n 
A l g o r i t h m 

f a m i l a r l e t t e r A o b j e c t is s h o w n , w h i l s t figure 3.29 is a C C D i m a g e c a p t u r e d f r o m 

t h e e r r o r - d i f f u s e d b i n a r y - a m p l i t u d e l e t t e r A C G H . 

K-disptacement (mm) x-<ji8ptaoement (mm) 

(a) C G H (b) resulting image 

F i g u r e 3 .28: A b i n a r y C G H g e n e r a t e d u s i n g t h e E r r o r D i f f u s i o n A l g o r i t h m 
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3. P r o d u c i n g a C G H 

x-disptacement (mm) 

F i g u r e 3.29: C C D c a p t u r e o f t h e 
i m a g e g e n e r a t e d b y t h e E r r o r D i f ­
fused b i n a r y a m p l i t u d e m a s k 
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3· P r o d u c i n g a C G H 

3,3.7 T h e D i rec t B i n a r y Search A l g o r i t h m 

3 .3 .7 .1 O p e r a t i o n o f t h e A l g o r i t h m 

T h e o p e r a t i o n o f t h e D i r e c t B i n a r y Search ( D B S ) a l g o r i t h m is s h o w n i n figure 3.30 

a n d d e t a i l e d i n [47] . T h e a l g o r i t h m addresses t h e r e p r e s e n t a t i o n a l p r o b l e m i n h e r e n t 

Random 
Hologram Compute Image 

Compute Error 
between Ideal 

and Actual Image 

Move to next 
Pixel Invert Pixel [x,y] 

YES 

Invert Pixel [x,y] NO 

Error 
Reduced 

？ 

Recalculate Error 

F i g u r e 3.30: T h e B i n a r y Search A l g o r i t h m 

i n a c o m p l e x - v a l u e d C G H b y a t t e m p t i n g t o o p t i m i s e a b i n a r y - v a l u e d C G H d i s t r i ­

b u t i o n t o p r o d u c e a n i m a g e as ' c lose ' t o i d e a l as poss ib le . 'C loseness ' is d e f i n e d i n 

a l e a s t - s q u a r e d - e r r o r sense as i n e q u a t i o n 3 . 1 : 

Jn = ^ { H j ) ֊ c \ U n { i j ) \ ) ' (3 .17) 

W h e r e บ ท i s t h e i m a g e f o r m e d f r o m t h e n t h i t e r a t i o n o f t h e a l g o r i t h m , บ 

is t h e i d e a l i m a g e a n d с is a sca l i ng f a c t o r as d e f i n e d i n e q u a t i o n 3.2. H a v i n g d e f i n e d 

t h e cost f u n c t i o n J , t h e o b j e c t i v e is t o m i n i m i s e t h i s f u n c t i o n b y s u i t a b l e a d j u s t m e n t 

o f t h e C G H . T h i s is ach ieved i n t h e s i m p l e s t case b y s t e p p i n g t h r o u g h each p i x e l 
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i n t h e h o l o g r a m i n a r a s t e r - l i k e scan ( l e f t - r i g h t , t o p - b o t t o m ) a n d i n v e r t i n g i t s va lue 

( 0 - 1 , 1-0). T h e i m a g e f o r m e d b y t h e n e w m a s k is t h e n c o m p u t e d , t h e v a l u e o f Jn 

c a l c u l a t e d a n d t h i s n e w e r r o r c o m p a r e d t o Jn֊i. A n inc rease i n t h e va lue o f J is 

assumed t o i n d i c a t e t h a t t h e ん p i x e l s h o u l d n o t have been i n v e r t e d , a n d so i t is 

r e t u r n e d t o i t s p r e v i o u s s t a t e . A decrease i n J is a s s u m e d t o i n d i c a t e t h a t t h e rŕ^ 

p i x e l s h o u l d r e m a i n i n i t s i n v e r t e d s t a t e . T h e s e ru les a re a s s u m p t i o n s because t h e 

dec i s i on w h e t h e r o r n o t t o r e t a i n t h e ո 仏 p i x e l i n v e r s i o n rests o n t h e dec is ions m a d e 

fo r t h e p r e v i o u s ո — 1 p i xe l s . I t is poss ib le t h a t a d i f f e r e n t b i n a r y p a t t e r n i n these 

ea r l i e r p i xe l s c o u l d r esu l t i n t h e o p p o s i t e dec i s i on b e i n g t a k e n f o r t h e c u r r e n t p i x e l 

a n d a lower v a l u e o f J m a y r e s u l t - t h e r e f o r e t h e D B S a l g o r i t h m converges o n l y t o 

a l o c a l m i n i m a o f J . H o w e v e r i n [47] s c a n n i n g t h r o u g h t h e C G H i n l a rge hops w a s 

f o u n d t o m a k e l i t t l e d i f f e rence t o t h e r e s u l t i n g m i n i m u m va lue o f t h e cost f u n c t i o n 

a n d e x p e r i m e n t s w i t h a r a n d o m w a l k t h r o u g h t h e set o f C G H p o i n t s suggest t h a t 

t h e o r d e r i n w h i c h p i x e l i nve rs ions a re c a r r i e d o u t is u n i m p o r t a n t . 

T h e D i r e c t B i n a r y Search A l g o r i t h m has t h e a d v a n t a g e o f p r o d u c i n g a near -

o p t i m a l b i n a r y r e p r e s e n t a t i o n o f t h e r e q u i r e d d i f f r a c t i o n p a t t e r n i n t h e C G H p l a n e . 

I t c a n b e a p p l i e d e q u a l l y w e l l t o b i n a r y phase C G H ( s i m p l y b y i n v e r t i n g p i x e l s f r o m 

± 1 , 干 1 r a t h e r t h a n 1， 0 ) , a n d i n s e c t i o n 4 .1 .1 i t w i l l be s h o w n h o w t h e D B S m e t h o d 

c a n be e x p a n d e d t o 3 D images ; howeve r t h e B i n a r y Search a l g o r i t h m is o b v i o u s l y 

e x t r e m e l y expens i ve i n t e r m s o f i t s r e q u i r e d c o m p u t a t i o n t i m e . T h e f o l l o w i n g sec­

t i o n o u t l i n e s one m e t h o d o f r e d u c i n g t h i s c o m p u t a t i o n a l b u r d e n . 

3.3 .7 .2 I n c r e a s i n g t h e C o m p u t a t i o n a l E f f i c i e n c y o f t h e D B S A l g o r i t h m 

F o r t h e s i m p l e s t case o f a 2 D i m a g e r e l a t e d t o t h e C G H p l a n e b y a F o u r i e r T r a n s ­

f o r m , each pass t h r o u g h t h e D B S a l g o r i t h m i nvo l ves t h e c a l c u l a t i o n o f N F F T s 
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r e q u i r i n g N 2 log2N o p e r a t i o n s , w h e r e N is t h e n u m b e r o f p i x e l s i n t h e C G H ; f o r l a rge 

C G H , a n d f o r 3 - d i m e n s i o n a l images , t h i s figure is excessive. F o r t u n a t e l y , t h e D B S 

a l g o r i t h m c a n be speeded u p s i g n i f i c a n t l y b y u t i l i s i n g i t s recu rs i ve n a t u r e t o e l i m i ­

n a t e i ne f f i c i en t c a l c u l a t i o n s . 

W h e n t h e C G H a n d i m a g e p lanes are r e l a t e d b y t h e F D F , t h e a m p l i t u d e o f t h e 

i m a g e s a m p l e p o i n t s c a n be c o m p u t e d b y m u l t i p l y i n g t h e C G H b y a q u a d r a t i c phase 

a n d c a r r y i n g o u t a n F F T . T h i s r e l a t i o n s h i p is t h e n expressed as:-

Uk{iJ) = ^ ' ^ H k i m , ท)exp ( ( m — ՜ շ ՜ ) ^ ^ ) + ( ( " ՜ ՜ շ ՜ ) 勿Ì 

(3 .18) 

W h e r e t h e v a r i a b l e s a re as d e f i n e d p r e v i o u s l y , w i t h t h e s u b s c r i p t к i n s e r t e d t o i n ­

d i c a t e t h e recu rs i ve n a t u r e o f t h e a l g o r i t h m . N o t i c e t h a t i n t h e case o f t h e D B S , 

t h e va lues o f Hk a re r e s t r i c t e d t o e i t h e r 0 o r 1 . E a c h s tep i n t h e a l g o r i t h m i n v e r t s a 

s ing le m e m b e r o f Hk t o g i ve i ï f c + i , t h e r e f o r e t h e s u m i n e q u a t i o n 3.18 changes e i t h e r 

b y t h e a d d i t i o n ( w h e n a 0 becomes a 1) o r t h e s u b t r a c t i o n ( w h e n a 1 becomes a 0) 

o f a s ing le t e r m . T h i s f a c t a l l ows a recu rs i ve r e l a t i o n s h i p b e t w e e n Uk a n d Uk+I t o 

be f o r m e d as:-

' M\ \' / / N\ J、 

Uk+i{i,j) = U k { i , j ) + ร.exp ֊jj֊ ļ 

(3 .19) 

w h e r e t h e c u r r e n t va lues o f m a n d ท are a a n d b r e s p e c t i v e l y a n d ร is e i t h e r - 1 o r 1 

d e p e n d i n g o n t h e p r e v i o u s s t a t e o f H ( a , b ) . T h i s is t h e F D F e q u i v a l e n t o f t h e F o u r i e r 

T r a n s f o r m r e s u l t p r e s e n t e d i n [47 . 
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F u r t h e r c o m p u t a t i o n a l sav ings c a n b e m a d e i n t h e c a l c u l a t i o n o f t h e sca l i ng f a c t o r 

с [54] a n d b y c o n s i d e r i n g t h e p e r i o d i c n a t u r e o f t h e F F T [55] . I m p l e m e n t a t i o n o f 

these m e t h o d s c a n p r o d u c e a r o u n d a l O x increase i n t h e speed o f t h e a l g o r i t h m . 

D u r i n g t h i s research , t h e i t e r a t i v e t e c h n i q u e d e t a i l e d a b o v e has b e e n i m p l e m e n t e d , 

w h i l s t t h e t w o m e t h o d s d e t a i l e d i n [54] a n d [55] have n o t . 

3.3.7 .3 D B S R e s u l t s 

A p p l y i n g t h e D B S a l g o r i t h m t o t h e u s u a l o b j e c t p r o d u c e s t h e C G H a n d i m a g e 

s h o w n i n figure 3 . 3 1 . T h e a b s o l u t e v a l u e o f t h e i m a g e , r a t h e r t h a n t h e a b s o l u t e v a l u e 

s q u a r e d , has b e e n p l o t t e d i n t h i s figure t o m a k e c lea r t h e w a y i n w h i c h t h e D B S 

p r o c e d u r e has r e d u c e d t h e b a c k g r o u n d no ise i n t h e d e f i n e d r e g i o n , w h i l s t i g n o r i n g 

areas o u t s i d e o f t h i s b o u n d a r y . F i g u r e 3.32 shows t h e i m p r o v e m e n t i n t h e S S E 

m e a s u r e a n d a lso t h e r e d u c t i o n i n t h e n u m b e r o f p i x e l changes t h a t a re a c c e p t e d 

over t h e course o f each i t e r a t i o n o f t h e a l g o r i t h m . T h e p r o g r a m was t e r m i n a t e d w h e n 

t h i s figure d r o p p e d b e l o w 5%. T h e a l g o r i t h m t o o k a p p r o x i m a t e l y 6 days ( w i t h o u t 

t h e e f f i c i ency i m p r o v e m e n t s d e t a i l e d above ) t o r u n 4 i t e r a t i o n s o n a h i g h spec P C ! 

diaplacemem (mm) cSsplacement (mm) 

(a) CGH (b) resulting image 

F i g u r e 3 . 3 1 : R e s u l t s f r o m t h e D B S a l g o r i t h m 
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F i g u r e 3 .32 : T h e i m p r o v e m e n t g a i n e d i n t h e S S E u s i n g t h e D B S A l g o r i t h m a n d t h e 
n u m b e r o f p i x e l changes a c c e p t e d b y t h e a l g o r i t h m over 4 i t e r a t i o n s 

3.4 A C o m p a r i s o n o f t h e Var ious E n c o d i n g Schemes 

T h e t a b l e b e l o w g ives t h e c a l c u l a t e d v a l u e o f each o f t h e t h r e e e r r o r measures f o r 

each o f t h e r e p r e s e n t a t i o n a l m e t h o d s d e t a i l e d i n t h i s c h a p t e r . T h e f a m i l i a r ' A ' o b j e c t 

was used as a re fe rence . T h e o b j e c t was t a k e n as t h e 160 X 160 squa re m a t r i x sur ­

r o u n d i n g t h e l e t t e r , i n t h i s way , m u l t i p l e o b j e c t s a n d a n y D C , o r ' s t r a i g h t - t h r o u g h ' 

l i g h t t h a t d o n o t i n t e r f e r e w i t h t h e a c t u a l i m a g e a rea are i g n o r e d . 

F r o m t h i s t a b l e , i t is i m m e d i a t e l y a p p a r e n t t h a t o n l y a s m a l l se lec t i on o f t h e r e p ­

r e s e n t a t i o n a l m e t h o d s d e s c r i b e d i n t h i s c h a p t e r are s u i t a b l e fo r use i n a l i t h o g r a p h i c 

s y s t e m ; n a m e l y t hose w i t h a S N R > 1 . I n e v i t a b l y , these m e t h o d s are e x a c t l y t hose 

w h o s e p r o d u c t i o n is p r o b l e m a t i c a n d p r o n e t o e r r o r . F i g u r e 3.33 shows s c h e m a t i ­

c a l l y t h e s i t u a t i o n . T h e g rey scale, b i n a r y phase r e p r e s e n t a t i o n i n h a b i t s a r e l a t i v e l y 
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E n c o d i n g M e t h o d S S E D E (%) S N R 

R e a l 0 .0036 50 2.65 x I O 6 

N e g . t o 0 180 26 3 .1 

M a g n i t u d e 80 17 1.3 

C o n s t a n t 0.44 2 610 

K i n o f o r m 5 0 1 90 0.79 

N e g . t o 0 t h r e s h o l d 2800 18 2.2 x 1 0 一 5 

M a g n i t u d e t h r e s h o l d 2650 19 8 x 10 5 

C o n s t a n t t h r e s h o l d 676 2 1 0.55 

B i n a r y phase t h r e s h o l d 690 39 0.49 

G S B i n a r y 1235 20 2 .1 

G S K i n o f o r m 194 96 4 .7 

G S , G / B P (4 leve ls) 79 46 24 

D B S 110 8 11 

E D N e g . t o 0 1690 17 0 .037 

E D M a g . 2370 6 0 .0001 

E D C o n s t a n t 2130 8 0 .0023 

T a b l e 3 . 1 : Q u a n t i f i c a t i o n o f t h e p e r r o r m a n c e or t h e v a r i o u s r e p r e s e n t a t i o n a l m e t h o d s 

b r o a d s w a t h e o f t h e figure, s ince i t s c o m p l e x i t y c a n be a d j u s t e d b y a l t e r i n g t h e 

n u m b e r o f g r e y levels a n d t h e n u m b e r o f phase levels. T h e R O A C H a n d k i n o f o r m 

b o t h p r o d u c e r e l a t i v e l y g o o d images , however a p e r f e c t m a s k o f t h i s v a r i e t y o f C G H 

is v e r y d i f f i c u l t t o ach ieve a n d t h e n a t u r e o f t h e e r r o r s i n t r o d u c e d d u r i n g t h e p r o ­

d u c t i o n process a re such t h a t even s l i gh t i m p e r f e c t i o n s i n t h e m a s k p r e c l u d e i t s use 

f o r l i t h o g r a p h y . 

O f t h e b i n a r y C G H , t h e m a s k s c o m p u t e d u s i n g t h e G S a n d D B S a l g o r i t h m s 

are t h e o n l y ones w i t h a n S N R > 1. T h e D B S m a s k is c l e a r l y t h e bes t i n t e r m s o f 

t h e t h r e e e r r o r m e t r i c s , w h i l s t t h e S N R o f t h e G S a l g o r i t h m is s t i l l l o w e n o u g h t o 

r e q u i r e a c c u r a t e c o n t r o l over t h e e x p o s u r e a n d d e v e l o p m e n t processes t o p r o d u c e 

g o o d resu l t s . H o w e v e r , t h e c o m p u t a t i o n t i m e r e q u i r e d fo r D B S m a s k s , even w i t h 

t h e e f f i c i ency measu res d e t a i l e d above , is p r o h i b i t i v e - espec ia l l y as t h e m o v e is m a d e 

f r o m 2- t o 3 - d i m e n s i o n a l images . 
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ち է I 

ROACH 

Kinoform 

Detour Phase 
Greyscale/Binary Phase 

DBS 

Error Diffusion 

Thresholding 

Suitability of CGH for Lithography 

F i g u r e 3 .33: T h e s u i t a b i l i t y o f some r e p r e s e n t a t i o n a l m e t h o d s f o r l i t h o g r a p h y 

T h e sugges t i on f r o m t h e figure is t h a t t h e g reysca le , b i n a r y phase C G H is t h e 

best s u i t e d f o r use as a l i t h o g r a p h i c m a s k . 

3.5 P r o d u c t i o n M e t h o d s 

H a v i n g c a l c u l a t e d a s a m p l e d d i f f r a c t i o n p a t t e r n a n d r e d u c e d i t t o a f o r m s u i t a b l e 

f o r p r o d u c t i o n , a s u i t a b l e p rocess m u s t b e chosen t o w r i t e t h e C G H . A n u m b e r o f 

a l t e r n a t i v e m e t h o d s are d e t a i l e d he re , each h a v i n g a d v a n t a g e s a n d d i s a d v a n t a g e s 

d e p e n d i n g o n t h e use t o w h i c h t h e C G H is t o be p u t a n d t h e r e q u i r e d m a s k r e s o l u ­

t i o n . 

3.5.1 Laser P r i n t i n g 

A laser p r i n t e r c a n be used as a q u i c k a n d s i m p l e w a y o f w r i t i n g a b i n a r y - v a l u e d 

C G H des ign . A 6 0 0 d p i laser p r i n t e r c a n r e l i a b l y w r i t e fea tu res o f a p p r o x i m a t e l y 

8 0 / i m , w h i c h is p e r f e c t l y a c c e p t a b l e f o r des ign v e r i f i c a t i o n a n d e x p e r i m e n t a l p u r ­

poses. T h e r e are severa l r e l a t i o n s h i p s t h a t c a n h e l p i n t h e use o f coarse m a s k s as 
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p r o t o t y p e s fo r masks a t a finer scale:-

1. t h e f o c a l d i s t a n c e o f a m a s k va r ies i n p r o p o r t i o n t o t h e w a v e l e n g t h 

2. t h e size o f t h e r e s u l t i n g i m a g e var ies i n inverse p r o p o r t i o n t o t h e s a m p l e s p a c i n g 

3. t h e f o c a l d i s t a n c e o f a m a s k var ies i n p r o p o r t i o n t o t h e inverse square o f t h e 

s a m p l e s p a c i n g 

T h e r e f o r e , t h e i m a g e p r o d u c e d f r o m a m a s k p r i n t e d u s i n g a coarse s a m p l e spac­

i n g a n d / o r i l l u m i n a t e d u s i n g a d i f f e r e n t w a v e l e n g t h ( f o r e x a m p l e , a v i s i b l e laser used 

t o v e r i f y a d e s i g n fo r e v e n t u a l uv e x p o s u r e ) is r e l a t e d t o t h e i m a g e g e n e r a t e d b y 

t h e final l i t h o g r a p h i c m a s k b y a s i m p l e sca l i ng o f t h e f o c a l d i s t a n c e a n d t h e i m a g e 

size. 

F i g u r e 3 .34 shows a m a s k p r i n t e d u s i n g a laser p r i n t e r . T h e o p a c i t y o f t h e m a s k 

is a r o u n d 7 5 % . T h e size o f t h e f ea tu res i n t h e m a s k is r e a s o n a b l y a c c u r a t e , b u t 

t h e i r shape is v a r i a b l e a n d t h e p r i n t e r t e n d s t o s p a t t e r i n k a t t h e edges o f each 

p i x e l . L a s e r - p r i n t e d m a s k s a re t h e r e f o r e less t h a n i d e a l , howeve r t h e a d v a n t a g e here 

is t h a t a m a s k t h a t p r o d u c e s a reasonab le i m a g e w h e n w r i t t e n b y a p r i n t e r s h o u l d 

p r o d u c e a n exce l l en t i m a g e w h e n w r i t t e n u s i n g a m o r e s o p h i s t i c a t e d p l o t t e r . 

3.5.2 E B e a m W r i t i n g 

E B e a m m a c h i n e s are c a p a b l e o f i m a g i n g s u b - m i c r o n f ea tu res w i t h e x t r e m e accuracy . 

D u r i n g t h e course o f t h e 3 D I p r o j e c t , a t r i a l E B e a m m a s k has b e e n p r o d u c e d , b u t 

d u e t o t h e h i g h cost o f these m a s k s a n d n o r e a l r e q u i r e m e n t fo r e x t r e m e l y h i g h 

r e s o l u t i o n s , n o f u r t h e r use has b e e n m a d e o f t h e E B e a m f a c i l i t y a v a i l a b l e a t She f f i e ld 

U n i v e r s i t y . D e t a i l s o n t h e use o f a n E B e a m w r i t e r t o p r o d u c e C G H c a n be f o u n d i n 

[31] 

94 



3. P r o d u c i n g a C G H 

F i g u r e 3 .34: A laser 
p r i n t e d C G H 

3.5.3 Gerbers , Pho top lo t te rs and Pho to reduc t i on 

T h e m o s t cos t -e f f ec t i ve a n d qu i ckes t w a y o f p r o d u c i n g m a s k s o f reasonab le q u a l i t y 

a n d r e s o l u t i o n is t h r o u g h p h o t o - r e d u c t i o n ; t h e m a j o r i t y o f t h e m a s k s used t o p r o d u c e 

t h e e x p e r i m e n t a l r esu l t t h r o u g h o u t t h i s thes is have a l l b e e n m a d e i n t h i s way . T h e 

process b e g i n s w i t h t h e c r e a t i o n f r o m a M a t l a b m a t r i x o f a G e r b e r file s u i t a b l e 

f o r r e a d i n g b y a l a s e r - p l o t t e r s u c h as t h a t used b y G S P K des ign . F o r g reysca le 

C G H , t h e G e r b e r file c o n t a i n s a n a p e r t u r e l i s t d e f i n i n g t h e shape a n d d i m e n s i o n s 

o f each g reysca le l eve l , t o g e t h e r w i t h flash c o m m a n d s for each p i x e l r e f e renc ing t h e 

a p p r o p r i a t e a p e r t u r e f r o m t h e l i s t . F o r b i n a r y C G H , t h e G e r b e r file def ines a s ing le 

a p e r t u r e . F l a s h c o m m a n d s are t h e n used f o r i s o l a t e d p i xe l s w h i l s t r u n l e n g t h s a re 

d e f i n e d f o r r o w s o r c o l u m n s o f ' o n ' p i xe l s . U s i n g t h e G e r b e r f o r m a t as a base, t h e 

m a s k c a n s u b s e q u e n t l y be c o n v e r t e d i n t o a v a r i e t y o f f o r m a t s i n c l u d i n g G D S I I a n d 

C I F . F i g u r e 3.35 is a n e x a m p l e o f t h e m a s k s t h a t r e s u l t f r o m t h e laser p l o t t e r a t 

G S P K D e s i g n . Because p i xe l s a re d e f i n e d i n d i v i d u a l l y w i t h i n t h e G e r b e r file, t h e 

laser p l o t t e r t e n d s t o leave a c lear r e g i o n a r o u n d each s a m p l e p o i n t i n t h e m a s k -

t o r e c t i f y t h i s , t h e G e r b e r file c o u l d be m o d i f i e d t o de f i ne c lear a n d o p a q u e reg ions 

r a t h e r t h a n s ing le p i xe l s a n d l ines. H o w e v e r , because t h e c lear b o r d e r t h a t s u r r o u n d s 

each p i x e l is s m a l l , w h e n t h e p a t t e r n is p h o t o r e d u c e d these gaps b e c o m e s m a l l e r t h a n 
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3. P r o d u c i n g a C G H 

t h e r e s o l u t i o n o f t h e p h o t o g r a p h i c e m u l s i o n a n d so t h e b o r d e r s d i s a p p e a r (see figure 

3 .36 ) . 

F i g u r e 3 .35: A C G H 
p l o t t e d u s i n g a laser 
w r i t i n g t o o l 

F i g u r e 3 .36: A C G H 
p h o t o - r e d u c e d x 2 5 
f r o m a l a s e r - p l o t t e d 
m a s t e r 
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3. P r o d u c i n g a C G H 

3，6 S u m m a r y 

3.6.1 Issues w i t h convent ional C G H Masks 

I t has b e e n e s t a b l i s h e d i n t h i s c h a p t e r t h a t t h e i r are a n u m b e r o f m e t h o d s o f r e p ­

r e s e n t i n g t h e c o m p l e x d i s t r i b u t i o n c a l c u l a t e d f r o m t h e F D F t h a t r e s u l t i n a n i m a g e 

t h a t is s u i t a b l e f o r use i n a l i t h o g r a p h i c p rocess . U n f o r t u n a t e l y , b e y o n d t h e fo r ­

m a t i o n o f a c l e a n i m a g e , t h e r e a re o t h e r issues i f such a s y s t e m is t o be p r a c t i c a l ; 

p r i n c i p a l l y , t h e d i s t a n c e b e t w e e n t h e m a s k a n d t h e s u b s t r a t e s h o u l d be r e a s o n a b l y 

s m a l l - a t m o s t a f e w c e n t i m e t r e s . C o n s i d e r t h e s i t u a t i o n w h e n a 5 c m 2 s u b s t r a t e is 

t o be i m a g e d u s i n g a C G H . T h e m a s k is i l l u m i n a t e d b y uv l i g h t a t 3 2 5 n m a n d t h e 

m i n i m u m f e a t u r e size o n t h e m a s k is 5μτη. T h e des ign requ i res f ea tu res spaced a 

m i n i m u m o f 20μπι a p a r t , i m p l y i n g t h a t t h e size o f t h e C G H m u s t be such t h a t t h e 

edges o f f ea tu res e x t e n d n o m o r e t h a n ΙΟμτη d u e t o d i f f r a c t i o n . F r o m e q u a t i o n 2 .20, 

t h i s w i l l be t h e case i f Lx > — į . P l u g g i n g t h i s v a l u e i n t o e q u a t i o n 2.26 g ives: -

z > 、 ( 、 = 1 .92m 

T h i s d i s t a n c e is c o m p l e t e l y i m p r a c t i c a l f o r use i n a m a c h i n e - w h a t ' s m o r e , t o a c c o m ­

m o d a t e t h e H e r m i t i a n t w i n i m a g e t h a t is p r o d u c e d , t h e m a s k - s u b s t r a t e s e p a r a t i o n 

m u s t b e i nc reased b y a t least a f a c t o r o f 2 i f a r e a l - v a l u e d C G H is used . T h e r o o t 

o f t h e p r o b l e m is t h a t t h e d i s t r i b u t i o n r e s u l t i n g f r o m each l o c a t i o n i n t h e o r i g i n a l 

o b j e c t m u s t be c a l c u l a t e d a t e v e r y p o i n t w i t h i n t h e h o l o g r a m , t h e r e f o r e f o r s m a l l 

va lues o f z, t h e r e q u i r e d b a n d w i d t h i n t h e C G H is e x t r e m e l y l a rge , m e a n i n g t h a t 

a n e x t r e m e l y s m a l l s a m p l e g r i d m u s t b e used . T h i s is a m a j o r d i s a d v a n t a g e t o 

t h e t e c h n i q u e s p resen ted i n t h i s c h a p t e r a n d p r o v i d e s a n i m p e t u s f o r c h a p t e r s 5-8. 

H a v i n g sa id t h i s , t h e r e is scope he re f o r f u r t h e r i n v e s t i g a t i o n , p e r h a p s u t i l i s i n g t h e 

l oca l i sed n a t u r e o f t h e F D F t o r educe t h e necessary C G H b a n d w i d t h . H o w e v e r , i f 

r e s o l u t i o n r e q u i r e m e n t s i n t h e C G H m a s k a re t o b e o f t h e s a m e o r d e r as t hose o n t h e 
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3. P r o d u c i n g a C G H 

3֊dimensional t a r g e t s u b s t r a t e , i t is c lear t h a t c o n v e n t i o n a l m e t h o d s o f c a l c u l a t i n g 

t h e C G H l ead t o a r e q u i r e m e n t fo r m a s k - s u b s t r a t e s e p a r a t i o n s t h a t are e x t r e m e l y 

i m p r a c t i c a l . I t is t h e r e f o r e h i g h l y des i rab le t h a t a m e t h o d be f o u n d o f l o c a l i s i n g t h e 

d i f f r a c t i o n p a t t e r n g e n e r a t e d b y a 3 - d i m e n s i o n a l l i g h t d i s t r i b u t i o n such t h a t t h e re ­

q u i r e d r e s o l u t i o n i n t h e r e s u l t i n g C G H is reasonab le even w h e n t h e m a s k - s u b s t r a t e 

s e p a r a t i o n is s m a l l . I t is t h e c o n c e r n o f t h e r e m a i n d e r o f t h i s thes is t o i n v e s t i g a t e 

t h e p o s s i b i l i t y a n d p r a c t i c a l i t y o f t h i s k i n d o f l oca l i sed C G H . 
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C h a p t e r 4 

A R e v i e w o f M e t h o d s fo r t h e 

F o r m a t i o n o f 3 -D imens iona l 

Images us ing C G H 

T h i s c h a p t e r covers severa l m e t h o d s f o r t h e c a l c u l a t i o n o f C G H whose i m a g e is n o t 

r e s t r i c t e d t o a s ing le p a r a l l e l p l a n e a t a d i s t a n c e a l o n g t h e o p t i c a l ax i s . T h e c h a p t e r 

conc ludes w i t h a n i n v e s t i g a t i o n i n t o t h e r e s o l u t i o n l i m i t s i n t h e z d i r e c t i o n o f these 

m e t h o d s ( sec t i on 4 .4 ) . 

T h i s c h a p t e r is i n t e n d e d o n l y as a n o v e r v i e w o f t h e e x i s t i n g m e t h o d s fo r c r e a t i n g 

3 - d i m e n s i o n a l images u s i n g C G H . T h e t e c h n i q u e s i n t r o d u c e d here a l l f a l l v i c t i m t o 

t h e same s h o r t c o m i n g s as t h e i r 2 - d i m e n s i o n a l c o u n t e r p a r t s w h e n cons i de red f o r use 

i n l i t h o g r a p h y ; t h e f o l l o w i n g c h a p t e r s i n t r o d u c e a m o r e p r a c t i c a l m e t h o d f o r c r e a t i n g 

3֊dimensional images s u i t a b l e f o r l i t h o g r a p h i c use. 
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4 . A R e v i e w o f M e t h o d s f o r t h e F o r m a t i o n o f 3 - D i m e n s i o n a l I m a g e s 
usiuß C G H 

4.1 Slices 

T h e s imp les t m e t h o d o f c r e a t i n g C G H c a p a b l e o f p r o d u c i n g 3֊dimensional images is 

t o s p l i t t h e v o l u m e o f t h e 3֊dimensional o b j e c t i n t o p l a n a r sl ices, each p a r a l l e l t o t h e 

p l a n e o f t h e C G H . A s w a s d e s c r i b e d i n c h a p t e r 2， t h e C G H c a n t h e n be f o r m e d as t h e 

s u m o f t h e d i f f r a c t i o n p a t t e r n s f o r m e d b y each o f these p l a n a r segmen ts . S p l i t t i n g 

a 3 - d i m e n s i o n a l i m a g e i n t o sl ices i n t h i s w a y was first i n t r o d u c e d b y W a t e r s [33] as 

a poss ib le m e t h o d f o r t h e c r e a t i o n o f a 3֊dimensional d i sp lay . 

4.1.1 Us ing the D B S A l g o r i t h m t o C o m p u t e a C G H f r o m a 

Vo lume t r i c Image using Slices 

A scheme fo r t h e c o m p u t a t i o n o f a b i n a r y m a s k f o r a f u l l 3 D v o l u m e i m a g e c a n be 

env i saged i n w h i c h t h e cos t f u n c t i o n J i n e q u a t i o n 3 .1 is r e p l a c e d b y : 

ん = Ҫ Σ Σ 轉' j ' к) - c\Un{i, j , k)\Ý (4 .1 ) 

H e r e t h e i m a g e s f o r m e d i n each o f к sl ices t h r o u g h t h e t a r g e t v o l u m e are c o m p a r e d 

t o t h e i dea l case a n d t h e i r d i f fe rences s u m m e d . O b v i o u s l y t h e c o m p u t a t i o n t i m e 

has n o w inc reased b y a f a c t o r o f к a n d t h e c o m p u t a t i o n a l r e q u i r e m e n t s b e c o m e even 

m o r e severe. T h i s a p p r o a c h s h o u l d n o t i m m e d i a t e l y b e d i s c o u n t e d however , s ince 

t h e c o n s i d e r a t i o n g i v e n b y t h e D B S a l g o r i t h m t o t h e e f fec t o f each s l ice t h r o u g h t h e 

i m a g e v o l u m e o n i t s n e i g h b o u r s is a d i s t i n c t a d v a n t a g e ; t h e d i r e c t c a l c u l a t i o n o f a 

C G H b y s u m m i n g t h e fields f r o m each o f a n u m b e r o f p a r a l l e l s l ices does n o t t a k e 

i n t o a c c o u n t t h e i n t e r a c t i o n b e t w e e n t h e sl ices i n t h i s way. 

Severa l b i n a r y m a s k s have b e e n g e n e r a t e d t h a t a t t e m p t t o f o r m 3 D images u s i n g 

t h e D B S a l g o r i t h m . F i g u r e 4 .1 shows a v e r y e a r l y a t t e m p t t o i m a g e a cross a n d a 
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4 . A R e v i e w o f M e t h o d s f o r t h e F o r m a t i o n o f 3 - D i m e n s i o n a l I m a g e s 

u s i n g C G H 

c i r c le a t d i f f e r e n t d e p t h s u s i n g a s ing le C G H . T h e m a s k w a s w r i t t e n u s i n g a laser 

p r i n t e r a t 80μπι r e s o l u t i o n a n d d e s i g n e d t o i m a g e a l e t t e r ' A ' a t I m a n d a cross 

a t 1.2m. F i g u r e 4 .2 shows a m o r e recen t m a s k p h o t o - r e d u c e d f r o m a laser p r i n t e d 

t r a n s p a r e n c y . T h e m a s k was w r i t t e n u s i n g 1 6 μ η ι p i xe l s a n d des igned t o p r o d u c e a 

l e t t e r ' A ' a t 5 0 c m a n d a l e t t e r ' B ' a t 6 0 c m u s i n g б З З п т i l l u m i n a t i o n . 

F i g u r e 4 . 1 : ( a ) ; A 

D B S - g e n e r a t e d C G H 

i m a g i n g a l e t t e r 'A， 

a t I m ( b ) a n d a cross 

a t 1 .2m (c ) 

F i g u r e 4 .2 : T h e i m ­

ages f o r m e d i n t w o 

p lanes b y a D B S -

g e n e r a t e d C G H , ( a ) ; 

a l e t t e r ' A ， a t 5 0 c m , 

( b ) ; a l e t t e r ' B ' a t 

6 0 c m 

I t is e v i d e n t f r o m figure 4 .2 t h a t t h e r e is a l i m i t t o h o w close t o g e t h e r t w o 

sl ices t h r o u g h t h e i m a g e v o l u m e c a n b e i f f u l l y 3֊dimensional l i t h o g r a p h y is t o be 

ach ieved . T h e r e s o l u t i o n l i m i t s i n t h e г - d i r e c t i o n d e p e n d o n t h e h i ghes t ach ievab le 

m a s k r e s o l u t i o n ; t h i s r e l a t i o n s h i p is i n v e s t i g a t e d f u r t h e r i n s e c t i o n 4 .4 . 

4.2 Piecewise P lana r C G H 

A l t h o u g h C G H t h a t p r o d u c e a f u l l y 3 - d i m e n s i o n a l i m a g e m a y b e necessary fo r t h e 

l i t h o g r a p h i c process e n v i s i o n e d a t t h e o u t s e t o f t h e 3 D I p r o j e c t , a t t h i s s tage w o r k 

has been c o n f i n e d t o sur faces c o n t a i n e d w i t h i n a v o l u m e , t e r m e d ' 2 . 5 - d i m e n s i o n a ľ 

l i t h o g r a p h y . T h i s c o n s i d e r a b l y reduces t h e c o m p u t a t i o n a l c o m p l e x i t y o f g e n e r a t i n g 

t h e C G H m a s k , s ince f o r p iecew ise p l a n a r sur faces t h e t a s k e f f e c t i v e l y reduces t o t h e 
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4. A R e v i e w o f M e t h o d s f o r t h e F o r m a t i o n o f 3 - D i m e n s i o n a l I m a g e s 

u s i n g C G H 

2-dimensional case appl ied to each segment of the surface. 'Piecewise planar ' in th is 

context is used to refer to a surface consisting of planar patches 'glued' together at 

various angles to the opt ica l axis. 

Image plane 

Figure 4.3: The ge­

ometry of an image 

plane forming an an­

gle w i t h the C G H 

To see how the C G H for each of these segments is calculated, consider the case, 

i l lust rated i n figure 4.3, of a single image plane at an angle Of to the C G H plane. The 

propagat ion relat ionship exist ing between these two planes is then found as follows 

[561： 

Firs t , the variable Го is defined as Го ― л / г ^ + χ2 Н- у^. The square-root te rm 

in the propagat ion relat ionship of equat ion 2.6 is then expanded in terms of th is 

variable as:-

r = y (го ֊ ξ sin α ) 2 + {χ - ξ COS α ) 2 + (y — ๆy 

= \[τΙ + ξ^ + ֊ 2zoi sın a - 2ξχ COS a - 2yใ 

ξ 2 + ту2 — 2ζοξ sin α ― 2ξχ COS α ― 2yη 

(4.2) 

Го 

w i t h th is approx imat ion to r, the propagat ion between the t i l t ed plane and the C G H 
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4 . A R e v i e w o f M e t h o d s f o r t h e F o r m a t i o n o f 3 - D i m e n s i o n a l I m a g e s 

u s i n g C G H 

can be w r i t t e n as:-

Я(а:,2/) = ๙ " ' f f บ{ξ, η)6'^ο(^'^՝^')6-'^ο^'''+^^'""'+'"^''^"\άξ.άη (4.3) 

I f i n the first exponent inside the integral of equat ion 4.3 (ミ ご ^ is approx imated 

as ( -。 j ， then the propagat ion relat ionship can be spl i t in to three parts: first 

the object d is t r ibu t ion is mu l t ip l ied by a quadrat ic exponent ial , second a Fourier 

Transform is carried out and t h i r d a mapp ing f rom the spat ial frequency domain 

onto the C G H coordinates is required. Th is can be summerised as follows:-

บ'{ξ,ๆ) = บ{ξ,ๆ) 

cosa χ sinひ 
m = h ZQ-

л Го ЛГо 

ท 
Aro 

н \ т , п ) = ғ [ บ ' ] 

У (4.4) 

п 

I n th is fo rm, i t is possible t o employ the F F T a lgor i thm to rap id ly compute 

the C G H . Care must be taken i n the sampl ing of the hologram, since some fo rm of 

in terpo la t ion is required between the samples i n the (m， ท)-space and the physical 

coordinates of the C G H in (x, y). 

Breaking a surface into planar sections and summing the C G H result ing f rom 

each represents an efficient way of comput ing C G H for 3-dimensional substrates. 

However, the aliasing constraints derived i n section 2.3.2 must s t i l l be appl ied to the 

calculated d is t r ibu t ion leading again to restr ict ive requirements on mask resolut ion 

and /o r the mask-substrate separat ion. Of the methods covered in th is chapter, the 

4ilted֊plane' approach is the most suitable for use in 3-dimensional l i thography. 
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4. A R e v i e w o f M e t h o d s f o r t h e F o r m a t i o n o f 3 - D i m e n s i o n a l I m a g e s 
u s i n g C G H 

I n [57], a spat ia l frequency approach is adopted to calculate the d i f f ract ion pat­

tern between a t i l ted plane and the C G H , whi lst i n [58] d i f f ract ion between two 

arb i t ra r i l y or ientated planes is considered. 

4.3 C G H I m a g i n g on to C u r v e d Surfaces 

I n [59] the author describes a means of calculat ing the diflFraction pa t te rn formed 

by an a rb i t ra ry pat te rn on a curved surface. Here i t is shown tha t for a general 

curved surface, i t does not seem to be possible to formulate the d i f f ract ion formula 

in such a way as to al low the F F T a lgor i thm to be employed in the calculat ing task 

in a similar way to t ha t described in the previous section. However, one exception 

is the cy l indr ica l surface, for which the F F T can be employed along the l inear axis, 

signif icantly speeding up the calculat ing process. 

4.4 R e s o l u t i o n L i m i t s fo r f u l l y 3 D C G H Images 

W h e n a C G H is generated to image a planar or piecewise planar surface, there is no 

need to consider the intensi ty d is t r ibu t ion tha t results at any point t ha t is not par t 

of the target surface. However, i f a 3֊dimensional object d is t r ibu t ion is required to 

be imaged i n which features may appear behind each other, the resolut ion of each 

feature in the z-direct ion (along the opt ical axis) must be taken into account. Th is 

is especially t rue for the case of fu l ly 3-dimensional l i thography, in wh ich the inten­

si ty between features sharing an (x, y) locat ion bu t at different z distances f rom the 

C G H must d rop below the threshold level of the photo-f ixable target mater ia l . 
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4· A R e v i e w o f M e t h o d s f o r t h e F o r m a t i o n o f 3 - D i m e n s i o n a l I m a g e s 

u s i n g C G H 

z(m) 

Figure 4.4: The intensi ty along the г-axis result ing f rom point-source C G H w i t h a 

range of dimensions, (a); Lx = 3cm, (b) ; Կ =ะ 2cm, (c); La: = lem 

To derive an expression for the resolut ion of a C G H in the ^-d i rect ion, begin 

w i t h a single point source located at the or ig in of the (ξ, η) plane and at a distance 

Zo f rom the C G H . The d is t r ibu t ion in the C G H plane is then given by:-

Th is result is separable i n X and у and so each dimension can be considered sepa­

rately. The d is t r ibu t ion i n the z-direct ion Աէ X ~ 0 resul t ing f rom the point source 

C G H is found as 

U{z) = / ՝ 2 e ~ ^ ' 5 ( i - ^ ; 

(4.5) 

The intensi ty along the г-axis predicted f rom equat ion 4.5 for a range of values of 

Lx is p lo t ted in figure 4.4 for Zo = 10cm， λ ะ= 594nm. 

I n [60], the allowable var ia t ion i n focal dep th of a l i thographic system is defined 
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as 

őf = k 
λ 

(4.6) 

where ん is a constant and N A is the numerical aperture of the system, defined as 

s inö where θ is the angle between the г-axis and the edge of the exit pup i l of the 

opt ical system. I n the case of the point source C G H considered here, NA = 1^^ ,2 · 

Using the result of figure 4.4， a value of A: = 2 gives a good ind icat ion of the extent 

along the z-axis of the intense region generated by the point-source C G H . For the 

three plots shown i n figure 4.4, th is gives:-

L 工 extent of intense region 

1cm 1.9mm 

2cm 0.48mm 

3cm 0.21mm 

To realise a 3cm C G H imaging at 10cm requires a mask resolut ion of —^ = 4 ^ m , 

which is sensible. However, as the size of the image grows, so the aliasing constraint 

of equat ion 2.26 imposes greater l imi ta t ions on the m i n i m u m value of го and i t 

becomes harder and harder to image features w i t h a smal l dep th of field using a 

reasonable mask resolut ion. 

Clearly 3֊dimensional l i thography using C G H is d i f f icu l t to achieve using con­

vent ional methods unless the resolut ion of the mask far exceeds tha t of the features 

to be imaged. I t is the subject of the remainder of th is thesis to a t tempt to improve 

on the l im i ta t ions detai led in th is and the previous chapter to enable the imaging 

of features close to the C G H whose resolut ion is of the same order as the resolut ion 

of the mask itself. To accomplish th is the fol lowing basis w i l l be used: 
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4. A R e v i e w o f M e t h o d s f o r t h e F o r m a t i o n o f 3 - D i m e n s i o n a l I m a g e s 
u s i n g C G H 

4.5 C G H o f L i n e Segments 

I n [61], the authors describe the generation of 3֊dimensional images composed of 

line segments. Thei r method employs the linear nature of the d i f f ract ion phenomena 

to allow the superposi t ion of analyt ical expressions tha t describe the d i f f ract ion due 

to single lines, each of which can be at an a rb i t ra ry or ientat ion t o the plane of the 

C G H . I t is not clear yet how th is technique improves over the s i tuat ion detai led in 

the previous chapters apart f rom an increase in computa t ion speed, since aliasing 

constraints must s t i l l be appl ied (the point of the paper was to al low the use of C G H 

in display appl icat ions by signif icant ly decreasing the computa t ion t ime required for 

each holographic ' f rame') . However over the course of the next 4 chapters i t w i l l 

be demonstrated tha t the use of l ine segment representations i n the C G H allows 

images to be formed much closer to the mask than might be expected, and since 

i t is almost exclusively lines tha t are required to be imaged for the product ion of 

c i rcui t ry, th is method may overcome the l im i ta t ions set out so far i n th is thesis on 

the use of C G H for l i thography. 
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C h a p t e r 5 

Single L i n e C G H 

[ I ๅHE METHODS DESCRIBED in the previous chapter for computing the diffrac-

- L . t ion pattern resulting from an object intensity distribution over a non-planar 

surface have al l rel ied on the F F T a lgor i thm in one way or another. Breaking up 

a surface into planar sections can significantly reduce the computational intensity 

of the mask calculation, but for large high-resolution masks the time and memory 

requirements are s t i l l prohib i t ive. I n add i t ion , the aliasing l im i ts imposed on these 

piecewise planar-type masks means that large substrates must be separated from 

the mask by a relatively large distance if the mask resolution is to remain feasible. 

To overcome these l imi ta t ions, a fur ther assumption about the nature of the ob­

ject d is t r ibu t ion w i l l be made- namely t ha t i t consists ent irely of l ine segments. As 

will be seen, this assumption eases the restrictions imposed by aliasing and compu­

tational limitations to a level suitable for the large, high-resolution images required. 

I n th is chapter, C G H tha t produce single l ine segments are considered w i t h a 

view to extending the result ing concepts to more complex images. There are three 
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key mot ivat ions for th is : 

F i rst ly , the l inear nature of the F D F ensures tha t more complex C G H can be cal­

culated by the superposit ion of single l ine segments. Second, i t is necessary to look 

in some detai l at the fo rm of the image created by a single l ine segment C G H , 

to examine i ts l im i ta t ions and to ident i fy possible improvements and th i rd ly , i n 

the subsequent chapters, i t w i l l be demonstrated tha t i t is possible to localise the 

d i f f ract ion pa t te rn resul t ing from each l ine segment in a composite image such tha t 

they do not fill the entire area of the C G H - imp ly ing tha t the image formed by these 

localised segments is to a good approx imat ion the same as tha t formed by summing 

the images formed by each l ine considered indiv idual ly . 

The current invest igat ion is also l im i ted to the case of a simple paral lel geometry 

in wh ich the imaged l ine segment does not fo rm an angle w i t h the plane of the 

C G H . Two reasons p rompt th is decision:- firstly, i t mi r rors more closely the order i n 

which experiments were carried out dur ing the course of the research and secondly, 

chapter 8 w i l l show tha t i t is relat ively straight forward to generalise the results i n 

th is chapter to sloped l ine segments. 

I n section 5 .1 , the fundamenta l bu i ld ing block d i f f ract ion pa t te rn is derived. I n 

section 5.2， the image formed by th is pa t te rn is analysed in some detai l , leading 

to a range of results t ha t c lar i fy i ts l im i ta t ions for use as par t of a l i thographic 

mask. I n section 5.3, improvements on the basic pa t te rn of section 5.1 are detai led. 

Section 5.4 introduces the possibi l i ty of curved l ine segments and finally section 5.5 

provides a summary of the results found in the chapter. Results in th is chapter 

are al l s imulated; pract ica l results and a discussion of the possible representational 

methods for l ine C G H are found in chapter 6. 

109 



5. S ing le L i n e C G H 

5.1 T h e D i f f r a c t i o n P a t t e r n 

A l ine i n the plane (ξ,η) is defined as 

บ{ξ,η) = δ{ๆ) (5.1) 

Where δ{η) is the Kronecker del ta funct ion, defined as 

{ 1 7? = 0 

0 о,พ 

This l ine is of inf in i te extent in the ^-d i rect ion and in f in i te ly t h i n in the ?7֊direction. 

In i t ia l ly , the plane (ξ,η) is assumed to lie paral lel to the C G H plane (XfP) and at 

a distance Zo away. The d i f f ract ion pa t te rn result ing in the (x， y) plane f rom this 

object is then derived f rom the F D F : 

H(x,y) = ^ Ր Ր δ{η)๙М(^-^)'МУ-^กάξάη 
j ^ ^ J-OO յ֊օօ (5 2) 

As has previously been the case, the constant ampl i tude t e rm and the constant 

phase t e rm ๙ λ w i l l have no effect on the final mask pa t te rn and w i l l be ignored f rom 

this po in t ; the ^ te rm w i l l crop up later when lines i n 3-dimensions are considered. 

Equat ion 5.2 now becomes:-

H{x,y) = Ր Ր ¿(r/)๙Ā((^֊i)'+fe-ฬๆส ่çáT? 

J 一 oo 

l im ŕ ժf-^У"+-"Կ֊^"ň-կՀ 
L—OO j 一 L 

(5.3) 
L—OO , 
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5· S i n g l e L i n e C G H 

where phase terms mu l t i p l y ing the object d is t r ibu t ion are ignored, as i t the object 

intensi ty tha t is of interest. 

Because equat ion 5.2 can be evaluated direct ly, there is no need to resort to the 

F F T a lgor i thm. Instead the result 5.3 must be evaluated at each of a set of discrete 

points in the (x^y) plane. I n [61], the mask for an object consisting of a number of 

these l ine segments located in a single plane a distance ζ f r om the mask is computed 

by adding the d is t r ibut ions result ing f rom each segment. The locat ion of each l ine 

is control led by a linear phase te rm and their or ientat ion is control led by a suitable 

ro ta t ion of the coordinates in equat ion 5.3. The expression for a single line is then:-

Я ( Х , Y) = e-^'^y'e-^'ë'^ü"^"^^^^) 

y = Х cos ๆ - Y sın ๆ (5.4) 

х = Х sin 7 + cos 7 

Where Х and Y are the axes of the C G H , 7 is the angle of the l ine and XQ and Уо 

are i ts offsets i n the X֊ and y-direct ions respectively (see figure 5.1). 

The length of the l ine is control led by l im i t i ng the extent of i ts d i f f ract ion pa t te rn 

in the x-d i rect ion to the required segment length; i t is shown in section 5.2.1.1 tha t 

th is approach can be implemented successfully i f certain condit ions are met. The 

d is t r ibu t ion 5.4 then becomes:-

H{x,y) - rect ( — ^ j (5.5) 

where Lx is the required length of the l ine segment. 

F igure 5.2 gives an example of the phase profi le of the d i f f ract ion pa t te rn resฬt ing 
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5. S i n g l e L i n e C G H 

Figure 5.1: The Geometry of a Single Line C G H 

f rom a single l ine segment as defined in equat ion 5.3. The var ia t ion i n the y-d i rect ion 

is seen to be a 'ch i rp ' funct ion, whose spat ia l frequency increases l inearly w i t h the 

^-displacement f rom the line's centre. The d is t r ibu t ion does not contain any X-

dependent var ia t ion , a fact tha t w i l l be used in the fol lowing chapter t o fur ther 

modi fy the l ine d i f f ract ion pat te rn . 

Re(H(y)) X-displacement (mm) 

Figure 5.2: A typ ica l phase angle profi le for equat ion 5.3 

i n figure 

5.2 can be considered as a candidate for l i thography, namely: 

The effect of l im i t i ng the l ine d i f f ract ion pa t te rn in the x- and y-directions, 

The effect of sampl ing the line d i f f ract ion pa t te rn , 

The reconstruct ion result ing f rom a mask consist ing of several l ine segments. 
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5. S ing le L i n e C G H 

The fol lowing section deals w i t h the first two of these points, whi ls t the t h i r d is 

addressed in chapter 7. 

5.2 Cha rac te r i s i ng t he L i n e C G H 

I n order to evaluate the su i tab i l i ty of the expression in equat ion 5.3 for l i thography, 

the fo rm of the image i t produces requires characterisat ion. The w i d t h of the l ine, 

i ts gradient, the extent of any sidebands or fringes and its behaviour at the end 

points must al l be examined and quant i f ied. 

Wh i l s t the points given above are addressed in th is section, the effect of each l ine 

upon i ts neighbours and the extension of the l ine segment d is t r ibu t ion t o lines tha t 

are not paral lel to the opt ical axis w i l l be addressed i n chapters 7 and 8 respectively. 

5.2.1 Limiting the Diffraction Pattern 

The line propert ies detai led above are al l governed by the por t ion of the d is t r ibu t ion 

i n equat ion 5.3 tha t is captured in the C G H . I f the C G H could extend to in f in i ty i n 

bo th direct ions, then a perfect reconstruct ion of the or ig inal l ine defined in equat ion 

5.1 w o ฬ d result. I n reality, the C G H must be finite i n size and so the effect of 

l im i t i ng equat ion 5.3 on the result ing image must be considered. The effect of 

this l im i t i ng process is stated i n [61] and can be calculated using the def in i t ion 

of I i ( x , y) f r om equat ion 5.3 as follows, where the assumpt ion has been made tha t 

a = Դ = XQ = Уо = 0 , the case o( a ̂  0 being covered in chapter 8 and the extension 
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5. S ing le L i n e C G H 

to non-zero values of the other variables being t r i v ia l : 

H'{x,y) = H{x,y)rect(^—^,^^ 

J — OO J — oo 

(5.6) 

Where i t can be seen tha t the funct ion ΡΟΡ1ΐ{ξ) is defined as: 

(5.7) 

Th is funct ion is a complex Fresnel Integral and is seen to be the F D F for a rectan­

gular aperture. 

The intensi ty of the l ine profi le therefore varies as the square of the absolute value 

of equat ion 5.6. Figure 5.3 shows the profiles along and across the reconstructed 

image of a t runcated l ine C G H , whi ls t figure 5.4 provides a 3D representation of 

the l ine profi le. The parameters used for these figures were: λ = 325 X ւ օ ՜^ա, ζ = 

Юеш, δχ = őy = ΙΟμτη and Lx =ะ Ly — 2 .6mm, 

I f the response of the photoresist is taken as ideal, where an intensi ty threshold 

can be determined above which the resist is exposed and below which i t remains 

unexposed, the d is t r ibut ions shown in figure 5.3 may qual i ta t ive ly appear suitable 

for l i thography, a l though the presence of sidebands and the gradient of the ma in 

114 



5. S ing le L i n e C G H 

asplaoemenl (mm) <Ji»ptooemer<t ütm) 

Figure 5.3: The profi le tha t results along ( left) and across (r ight) the image plane 
f rom a t runcated l ine d i f f ract ion pa t te rn 

lobe of the Տէոժ profi le must be careful ly accounted for. However, a more thorough 

assessment of th is profi le must be carr ied out before such conclusions are drawn. 

5.2 .1 .1 T h e L e n g t h o f a L i n e S e g m e n t 

I n section 2.2.1, the d i f f ract ion f rom a rectangular aperture was shown using a 

convolut ion argument to be approx imate ly space-limi է ed. Since in the x֊direction 

equat ion 5.6 is this same rectangular aperture, an ident ical argument can be used 

here to show tha t the l ine result ing f rom equat ion 5.5 extends in length by ř í 2\J\z, 

Generally, i f the Fresnel Number [62], ^ » 4 or 

(5.8) 

then 

Fres{į) ^ rect ( ֊֊ (5.9) 

Th i s implies tha t , i n order to image short l ine segments, z must be kept as small as 
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5. S ing le L i n e C G H 

Figure 5.4: 3D L ine Profi le 

possible, or al ternately, t ha t the length of the lines tha t can be imaged accurately 

at a given mask-substrate separation has a lower l im i t . 

Figure 5.5 shows the effect of d i f f ract ion on the length of a l ine segment for the 

same parameters as used in figure 5.3, apart f r om an increase i n z f rom 0.1 — I m . 

The t rans i t ion region at one edge of th is l ine segment is approximated as \ / А г = 

\ /325 х 丄О—̂  = 0 .57mm, which is seen to agree wel l w i t h the figure. However, 

for the purposes of l i thography, where for an ideal photoresist the Fresnel profi le 

is thresholded around 0.5 i n figure 5.5, the l ine actual ly becomes shorter. Th is 

shortening can be approximated by assuming a l inear t rans i t ion region over an 

interval of size \Γ\ζ around one edge of the l ine, g iv ing a value for the shortening 

of the l ine of V Л г . Th is means the extent of the actual £еаЇше appearing in the 

exposed photoresist is approximately һ - \f\z and tha t in figure 5.5 the i l lust rated 

line end po in t is \\f\z ֊ . 3mm before the ideal t rans i t ion . 
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ideal profile 

actual profile 

1 1.2 1.4 
displacement (mm) 

1.6 1.8 

approximate change in 
length due to diffraction 

Figure 5.5: The change i n length of a l ine segment due to d i f f ract ion. 

5.2.1.2 T h e W i d t h o f a L i n e S e g m e n t 

The w i d t h of a l ine segment defined as i n equat ion 5.6 is governed by the w i d t h of 

the ma in lobe of the sine funct ion. The w i d t h of this lobe, น；， can be found as:-

nLyW 

2Xz 

พ 

π 

2λζ 

д7 

(5.10) 

where Ly is the extent of the C G H pat te rn in the y-d i rect ion. I f an ideal photoresist 

response is assumed and the exposure t ime is control led such tha t the substrate 

under the photoresist is revealed (after developing) at al l points where the normalised 

ՏԽԺ intensi ty profi le is greater t han 0,5, then the w i d t h of the l ine segment is given 
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by:֊ 

พ ^ 0 . 9 ֊ (5.11) 

this expression gives the Fu l l W i d t h , Ha l f Magn i tude ( F W H M ) value for the տւոժ 

profi le. For Ly = 1cm, a 355nm i l l um ina t ing source and a mask-substrate separation 

of lm， the F W H M result ing f rom a l ine segment mask is Äi 32/xm, hence i t is 

possible using a relat ively small C G H to image fine features at large mask-substrate 

distances. 

5 .2 .1 .3 S i g n a l t o N o i s e R a t i o o f t h e տւոժ P r o f i l e 

The Signal to Noise Rat io i n th is instance is defined as the ra t io of the intensi ty of 

the տւոժ profi le at ξ = 0 to the intensi ty of the max ima of the first sideband of the 

profi le. Th is ra t io is constant and is found by equat ing the angle of the sin par t of 

the funct ion to ― , I f the argument of the տւոժ funct ion is cĶ then:-

ᅲ c 《 = ֊ 

therefore the ma in lobe of the profi le is approx imate ly 22x as intense as the first 

max ima. Th is result is encouraging, since i t suggests tha t exposing photoresist to 

a l ine segment such tha t the ma in lobe is the only feature remain ing after etching 

should be s t ra ight forward, 

5 .2 .1 .4 T h e G r a d i e n t o f t h e S ine P r o f i l e 

Unfor tunate ly there is more to the story than the previous sections suggest, since 

the response of a photoresist is not b inary as has been impl ied. Therefore, as a 
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measure of the robustness of the Տէոժ prof i le as a l i thographic track, the gradient of 

i ts side-walls must be examined. A steep gradient indicates tha t a reasonably equal 

l ine w i d t h should result f rom a large range of exposure t imes- reducing the gradient 

reduces the range of possible exposure t imes tha t result i n an approx imate ly con­

stant line w i d t h . 

A reasonable l inear approx imat ion to the gradient of the ma in lobe of the Տէոժ 

profi le can be found as:-

th is approx imat ion is qui te crude, bu t by using a l inear approx imat ion a good rule-

of - thumb ind icat ion of the t im ing accuracy required dur ing the exposure process 

can be derived. Assuming tha t the photoresist coat ing the target substrate is doßm 

th ick and tha t i t is etched at a rate propor t iona l to the intensity of the incident l ight 

w i t h a constant of p ropor t iona l i t y of ท, then the etch rate r at posi t ion ξ along the 

տւոժ profi le can be approx imated by:-

T ^ท (Lļ — ^ ξ ] ßm/sec (5.14) 

V ヒ) 

then the depth d after է secs is given by rt and the t ime to etch away the doßm 

resist coat ing at a distance ξο f rom the centre of the sine profi le (so tha t พ ― 2ξο) 

is:-

է = γ ——：r-secs (5.15) 

As an example, consider again the case of the 1cm mask imaging a l ine segment I m 

away using a 355nm source and take ท = 3000 and do = 3/im֊ these are reasonable 

figures for the photoresist and laser used at Sheffield Univers i ty to carry out the 
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etching s tep^ To etch the resist and reveal the substrate such tha t the w i d t h of the 

exposed section is ΑΟμτη would take 22.9ร. I n 25s the w i d t h of the exposed section 

would have increased to 42.6/xm. 

The accuracy of the results i n th is section have yet to be verif ied in practice. 

5 .2 .1 .5 W i d t h V a r i a t i o n s d u e t o t h e F r e s n e l F u n c t i o n 

A l t hough the Fresnel funct ion tha t forms the profi le along l ine segments as defined 

in equat ion 5.7 is often approximated by a rect funct ion, the effect on the l ine 

profi le of th is not actual ly being the case must be considered i f the image formed 

is to be fu l ly understood. Because of i ts integral fo rm, i t is di f f icul t to analyse 

the detai led st ructure of the Fresnel funct ion; however, i t can be observed tha t the 

m a x i m u m of the absolute value of the integral is ^ 1.2 X i ts average value. Th is 

corresponds to a var ia t ion in intensi ty of the 5mc^-function along the l ine profi le 

of ^ 1.4. Aga in using a linear approx imat ion to the sinc^ func t ion and assuming 

a l inear photoresist response, th is intensi ty var ia t ion also corresponds to a F W H M 

var ia t ion in the exposed line feature of ^ 1.4. The s i tuat ion is i l lust rated for a 

typ ica l l ine profi le in figure 5.6 which shows the profi le of a l ine f rom above, as i t 

would appear on a target substrate. The w i d t h var ia t ion is clearly evident, as is the 

intensi ty var ia t ion along the l ine due to the Fresnel te rm. 

5.2.2 Sampl ing the D i f f r ac t i on P a t t e r n 

A l t hough an analyt ical expression for the required d i f f ract ion pa t te rn i n the C G H 

plane can be derived for objects composed of l ine segments, as in chapter 2 th is 

d is t r ibu t ion must s t i l l be sampled i n order tha t i t can be computed and wr i t t en t o 

կ、 Coherent 1304 A r ion laser, producing lOOmW TEMOO at 355nm 
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displacement (μπไ) 

min. width 

max. width 

Figure 5.6: The profi le of a l ine viewed f r om above and the change i n intensi ty and 
l ine w i d t h caused by the Presnel funct ion 

an ou tpu t deฬce. 

For a p ixel spacing of 6y i n the y-d i rect ion of the C G H , the max imum number 

of pixels Uy i n the y-d i rect ion when equat ion 5.3 is sampled can be found using a 
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local spat ia l frequency argument :-

_ 丄 _^ 스 

= λζ 

Ly öy.Uy ^ 1 

ス謹ζ = 2\z " 2 Ā 7 - Wy 

： . ท у ъ 

(5-16) 

Subst i tu t ing equat ion 5,16 into equat ion 5.11 gives the fo l lowing w i d t h l im i t for the 

F W H M of the տԽժ profi le:-

พ > 0.9őy (5.17) 

The impl ica t ion is t ha t the w i d t h of a l ine segment is independent of the mask-

substrate separation provided the C G H is large enough to capture the l ine dif frac­

t i on pa t te rn up to the aliasing l im i t of equat ion 5.16. 

The m a x i m u m mask-substrate separation is thus pract ica l ly governed by the 

condi t ion in equat ion 5,8 and the resolut ion of the mask. More of an issue perhaps 

is the minimum mask-substrate separation tha t can be achieved using th is technique. 

Th is distance can be found by sett ing the number of pixels i n equat ion 5.16 to 1, 

so tha t the result ing C G H is essentially a single sl i t and holographic l i thography 

becomes conventional photol i thography. The m i n i m u m mask-substrate separation 

is then:-

but in [63]， and as a general ru le of t humb, equat ion 5.18 is given as the maximum 

separation for conventional photo l i thography- does the C G H method then take over 

seamlessly f rom conventional l i thography when th is l im i t is reached? Unfor tunate ly , 
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problems arise as z is increased f rom this m i n i m u m , since there is a region in which 

equat ion 5.16 returns a f ract ional value and generally i t is not possible to wr i te a 

' f ract ional ' p ixel on the mask (a l though w i t h a laser wr i te system this is possible by 

continuously vary ing the diameter of the beam). 

Figure 5.7a shows how the w i d t h of the տւոժ profi le varies as z is increased 

f rom the m i n i m u m given above to 5Ox this value. I f rectangular pixels of a constant 

25 30 
z/กาเท (z) 

Figure 5.7: The m i n i m u m w i d t h of the տւոժ profi le as z increases 

size are used to wr i te the C G H (as is usually the case in th is thesis) the imaged 

line profi le w i l l show large var iat ions i n w i d t h as z approaches the l im i t imposed 

by equat ion 5.18. The size of these variat ions is shown in figure 5.7b; th is curve 

results f rom set t ing z such tha t the number of pixels is n + 1 and using th is result i n 
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equat ion 5.11 w i t h Ly = nőy where Sy is the size of a pixel :-

ト ' + 1 

\z = őy^{ท + 1) 

noy ท 

(5.19) 

For planar images, th is w i d t h var ia t ion is not real ly an issue, since a value of 

z can be chosen for wh ich equat ion 5.18 is an integer. However, for 3-dimensional 

images where a reasonably consistent l ine w i d t h is needed, equat ion 5.19 can cause 

problems. I f a 1% w i d t h var ia t ion is considered acceptable, then equat ion 5.19 gives 

ո > 100, equat ing to a z lOOx greater t han the m i n i m u m given by equat ion 5.18. 

I n contrast, i f a continuous wr i t i ng process is used the range of possible mask-

substrate separations begins at 0 and extends to the l im i t imposed by equat ion 5.18 

at which po in t conventional photo l i thography reaches the l im i t of i ts extent and 

the C G H method takes over. The range then extends indefinitely, bu t is pract ical ly 

l im i ted by equat ion 5.8 and by the physical size of the mask. I n add i t ion , the C G H 

detai led in th is chapter create cross-sectional l ine profiles tha t are approx imate ly 

the same as tha t found at the theoret ical l im i t of conventional photol i thography. 

Figure 5.8 shows how as the mask-substrate separation increases, so the holographic 

l i thography method enables a reasonable l ine profi le to be mainta ined. 

Having covered the sampling of equat ion 5.3 in the y-d i rect ion, the effect of 

sampl ing along a line segment must also be considered, and since lines are longer than 

they are th ick there is the potent ia l for interference f rom higher order images along 

thei r length i f the sample spacing is governed solely by equat ion 5.16. Fortunately, 

the fact tha t the d is t r ibu t ion of equat ion 5.3 is continuous in the x֊direction ensures 
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aperture size 
CGH line profile 

_Photolithographic line profile 
4.5mm separation 9 กาทา separation 

֊0.5 0 0.5 
distance (μทา) 
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֊0.5 О 0.5 
distance (цт ) 

32mm separation 

X 

֊0.5 0 0.5 
distance (μทา) 10-^ 

-0.5 О 0.5 
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Figure 5.8: C G H tak ing over f rom conventional l i thography 

tha t , provided a suitable pixel representation is chosen, the sample rate in th is 

d i rect ion can be taken as inf in i te. Th is po in t w i l l be covered in far greater detai l 

i n chapter 6, when the effect on the result ing image of breaking th is assumption is 

considered. 

5.2.3 Pros and Cons of L ine C G H 

The conclusion reached f rom the analysis i n the previous sections is t ha t simple l ine 

segment C G H may be suitable for l i thographic purposes, bu t tha t the tracks tha t 

they create are far f r om ideal. T h e w i d t h of each l ine segment varies considerably, 

i ts end-points are poor l y defined and accurate contro l over the exposure and devel­

opment process may be d i f f icu l t . 
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These problems are not necessarily termina l . A l t hough the l ine produced by 

a C G H in the f o rm of equat ion 5.3 is qui te ragged, the signal-to-noise ra t io of an 

ind iv idua l l ine is good and cont inu i ty along its length can be assured provided the 

exposure process is careful ly moni tored. Further advantages of line C G H are tha t 

they can be produced very easily (as w i l l be demonstrated in chapter 6) , they can 

easily be extended to 3֊dimensional substrates (see chapter 8) , they are robust to 

errors in the mask and they can be combined in a way tha t relaxes the l im i ta t ions 

placed on C G H by aliasing constraints (as w i l l be discussed in chapter 6) . 

Nevertheless, any improvements tha t can be made to the basic l ine C G H are 

wor th invest igat ing and th is w i l l be the subject of the fo l lowing sections. 

5.3 Rectangle C G H 

I t has already been inferred tha t proper contro l over the w i d t h of a l ine segment 

defined by equat ion 5.3 is problemat ic due to var iat ions i n the profi le of the l ine 

along its length; th is prob lem is fur ther exacerbated when lines i n 3-dimensions are 

considered. As a solut ion to th is problem, the basic element f r om which the C G H 

mask is calculated can be changed f rom an inf in i te ly t h i n l ine of finite length to a 

rectangle of finite w i d t h and length. 

One solut ion to the F D F for a rectangle of w i d t h พ and height һ is found as 
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follows:-

О O.W 

人 ๙ 녈 
iք.{a；2+y2^ւ . / һх\ . f w y \ 

二 g jA2、 'nsznc —֊ พรmc -— 
、 ノ 、 ノ 

As only a single rectangle is current ly being considered, the constant wh mu l ­

t i p l y ing equat ion 5.20 w i l l be dropped for now. For small values of พ and h, th is 

expression works well . However, as พ{հ) increases, so the spat ia l frequency associ­

ated w i t h the sine profi le along (across) the C G H segment increases:-

The imp l ica t ion is t ha t as a method of contro l l ing the w i d t h of the l ine segment, 

modu la t ing the quadrat ic phase d is t r ibu t ion w i t h a sine ampl i tude profi le may be 

effective. As a means of te rmina t ing the end points of the l ine however, the sine 

d is t r ibu t ion is impract icable for longer rectangle lengths, since i ts spat ia l frequency 

becomes extremely large and requires an equally large mask resolut ion in order t o 

avoid aliasing. The next section therefore considers the use of a sine profi le for the 

contro l of the w i d t h of a l ine segment, whi ls t an al ternat ive method of contro l l ing 

the length of a l ine is in t roduced i n section 5.3.2. 

5,3,1 Con t ro l l i ng Track W i d t h w i t h a sine A m p l i t u d e Dis­

t r i b u t i o n 

To assess the effectiveness of the sine method as a means of contro l l ing the w i d t h 

of tracks in a holographic l i thographic system, several questions must be answered-
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1. W h a t are the aliasing l im i ta t ions on the m a x i m u m extent of the sine d is t r ibu­

t i on in the mask? 

2. W h a t profi le in the image plane results f rom the proper ly sampled C G H mask? 

3. W h a t are the resolut ion l im i ts for several paral lel tracks? 

4. Can sloped lines be incorporated in to the proposed new type of C G H d is t r i ­

but ion? 

The first two of these points are investigated below, the second two are covered 

in chapters 7 and 8 respectively. 

5 .3 .1 .1 A l i a s i n g 

Again using the concept of local spat ial frequency, the aliasing condi t ion govern­

ing the sampl ing requirements for the width-cont ro l led rectangle can be derived as 

follows:-

' f (5.22) 

М у ) < ֊֊ 

where ո is the number of pixels in the y-d i rect ion of the C G H and с ะ= J^. Then for 

ท' > 1, ^ > 1 + J^î which in t u r n implies tha t z > ^{öy + พ). Th is is an absolute 

l im i t on the m i n i m u m z for th is var iety of C G H . I n the next section, the effect of 

sampl ing the rectangle d is t r ibu t ion at the aliasing l im i t imposed by equat ion 5.22 on 

the result ing image w i l l be considered. Note tha t as ttJ ^ 0, equat ion 5.22 reduces 

to equat ion 5.16. 
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5.3.1 .2 T h e R e s u l t i n g I m a g e - P l a n e D i s t r i b u t i o n 

For a single l ine C G H calculated w i t h a sine t e rm used to contro l the l ine w i d t h , 

the result ing d is t r ibu t ion i n the 77֊direction of the image plane is:-

H{y) = ๙ ք՜^ՏէՈՕ (1 )̂ rect (I—、 

J —oc 

= [ sine ( ― I r e ๗ ք֊ 

J-ос ノ V ん ノ 

二 F sine ( ― ) re๗ (—λ 

L \ \ ζ } ν ん ノ _ 
= r e๙ f—ไ * sine (֊-) 

Vi " ノ \ Аз ノ 

(5.23) 

As has been described i n section 2.3.2, the convolut ion i n th is equat ion causes a 

broadening at the edges of the rectangle image, such tha t the extent of the rectangle 

cross-section is given by w + Ajf-. I f the value of Ly ― nöy is taken to correspond 

to the alias l im i t of equat ion 5.22， then the extent of the rectangle is given by: 

w + 4 i ^ į ( 5 . 2 4 ) 

Hence i n contrast to the case of the impulse-based line segments, the w i d t h of 

line segments of rectangular cross-section is dependent upon z. However, provided 

^ 《 1, the extent of the line does not vary signif icant ly w i t h z. As an example, 

using a mask feature size of 10/xm, a t rack w i d t h of 4 X ΙΟμτη and u v i l l umina t ion , 

ζ 》 ^գ (where พ = cSy) g iv ing ζ 》 1.2mm, the w i d t h of the d is t r ibu t ion on the 

mask assuming f rom this tha t ζ ― 10mm wou ld then be 28 pixels and the extent of 

the l ine segment would be 86μτη, whereas at г = 2 0 m m , the extent of the line would 

be 83μπι. F igure 5.9 shows this l ine segment as i t wou ld appear on the l i thographic 

mask, a s imulat ion of the image tha t th is mask would produce for ζ = lOmm is given 

in figure 5.10 where the w i d t h of the l ine segment is seen to agree w i t h equat ion 
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5.24. 

Х-displacement (mm) 

Figure 5.9: A w i d t h -
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Figure 5.10: The image formed by a width-cont ro l led l ine C G H 

A n al ternat ive view of the result ing image i n the 7/-direction can be derived as 

follows:-

d 

dij 

บ{ๆ) = J i s m c ( | | ) e ^ K y ^ d 7 / 

= J ՚ ๙ ― 广ᄂ ๙'űy(^-v.dy 

= sme -———― - sme ֊——― 

V ノ \ ノ 
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where constant factors mu l t i p l y ing the d is t r ibu t ion have been dropped. Th is repre­

sentat ion has the advantage of s ta t ing expl ic i t ly the gradient of the resul t ing w i d t h -

control led line-segment image. Note tha t the t rans i t ion region across one side of the 

width-contro l led l ine then drops out d i rect ly f rom th is expression as the extent of 

the ma in lobe of each of the sine funct ions, g iv ing a value of 2jf-. 

Figure 5.11 shows the gradient of the l ine image of figure 5.10 as the number of 

pixels i n the y-d i rect ion of the C G H is increased. Note the d imin ish ing extent of the 

t rans i t ion region, indicated by the contract ion of the sine funct ions, as the number 

of pixels approaches the alias l im i t . 

CGH รίΖθ/alias limit 

Figure 5.11: Der ivat ive of the ampl i tude d is t r ibu t ion across a reconstructed rectan­

gular segment 

5.3.2 Con t ro l l i ng Track Leng th 

I n the previous two sections, contro l of the w i d t h of a l ine segment has been achieved 

using a sine d is t r ibu t ion across the l ine segment C G H . I n reaching th is result, i t was 

assumed t ha t the l ine w i d t h was of the same order as the pixel spacing in the mask. 

Ev ident ly th is w i l l not be the case along l ine segments which could be hundreds of 

pixels long. A n al ternat ive method is therefore required along l ine segments i f their 
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length is to be accurately control led. Before developing th is al ternat ive, i t is wo r t h 

re i terat ing the s i tuat ion when no control over l ine segment length is included in the 

C G H . I n this case, as was i l lust rated in figure 5.5， the extent of the t rans i t ion zone 

of one edge of the line segment can be approx imated by \f\z. Since A is very smal l , 

this is generally a small number; for z = 1cm, A = 325nm, the t rans i t ion zone 

is .06mm wide. A l t hough this figure is smal l , any improvement i n the end-point 

te rmina t ion of l ine segments is obviously st i l l welcome. 

To contro l the length of a l ine segment more accurately than the l imi ts set out 

above, the fo l lowing d is t r ibu t ion can be employed:-

J — OO J —OO 

= ๙Lv' 1 ^ ^ β ^ Γ Λ - ' ^ ) ' ά ξ 

(5-26) 

this is the fami l iar Fresnel Integral (or FDFR). I n most mathemat ica l software 

packages th is integral is tabu la ted and easily calculated- but what improvement is 

offered by the inclusion of th is te rm in the expression for a line segment? I f the 

extent of the single l ine C G H i n the x֊direction is L x , the convolut ion argument can 

be used to determine the fo rm of the result ing image (where the ^-d i rect ion only is 
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considered, the d is t r ibu t ion being the usual sine profi le in the 77֊direction): 

บ(ξ) 
֊3-įh,(x֊i? 

rect ( ֊ J j \ ๙ f-^^^֊^^ԿՀe 

rect [ ֊ λ յ ՜ Լ е-^й^«^е๙ 

.dx 

red Į —- I sine (֊ ] e^^^^.dx , V^x ノ ノ 
(5.27) 

二 F rect I — 

ν - b f r , 

sme 

― sine —r— * re๗ f-
՝v λ2: ノ \h. 

I n th is case then, the t rans i t ion zone at one end of the l ine is given by 2 — , therefore 

an improvement in the contro l over the length of a l ine segment can be realised i f 

L x > 2VXz. Since typ ica l ly the factor Xz is of the order of 100 X 0.01 X 10—9 二 10一 9 , 

Lx must be extremely smal l for th is inequal i ty not to hold. To see how large Lx can 

be w i thou t aliasing occur ing, the sampl ing of equat ion 5.26 must be considered. 

5 .3 .2 .1 S a m p l i n g o f t h e F r e s n e l I n t e g r a l 

As has already been suggested, the sampl ing of Fresnel Integrals is an involved sub­

ject. References [64], [44], [45], indicate tha t an image can be recovered f rom the 

Fresnel Integral sampled wel l below the Nyquist rate; appl icat ion of th is result t o 

C G H is a topic for fur ther study. A sl ight ly more ' rough and ready՝ approach to the 

sampl ing problem has been employed here, however the result does seem to work 

wel l i n practice. 

I t is possible to approximate the Fresnel Integral by analyt ica l expressions for 
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large values of i ts argument. F i rs t , the integral 

F{x)= Г ๙b\dt (5.28) 
0 

which is the standard fo rm of the Fresnel integral tha t is tabu la ted in most mathe­

mat ica l software packages, can be spl i t in to real and imaginary components:-

F{x) = f cos (^~ť^ .dt + j sin .dt (5-29) 

each of these components can then be approximated by [65]:֊ 

Real{F{x)) ^ C{x) = ֊ + —sin ( - χ ^ ' 

Imag{F{x)) ^ S{x) = ֊֊ —COS (^Հ 
(5.30) 

Since i t is at the extremit ies of the d i f f ract ion pa t te rn where aliasing w i l l occur 

(see section 2.3,2), these approximat ions are suitable for use in der iv ing a sampl ing 

theorem for the F D F . Assuming tha t the grey scale, binary-phase representation is 

to be employed, a t tent ion w i l l be restr icted to the real par t of equat ion 5.30. The 

single-dimensional F D F for a top-hat feature (FDFfi) can be arranged into a fo rm 

suitable for th is approx imat ion by an appropr iate subst i tu t ion: -

Real{FDFn{x)) = j ՜Լ COS ( j ֊ ( x 一 0^) җ 

th is expression can then be approx imated as:-

(5.31) 

Real{FDFR{x)) « Շ{սշ) ― C ( a i ) 
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displacement (mm) 

Figure 5.12: Approx imat ions to the F D F for large + x . a; (7 (ս շ ) , b; Շխշ) ― C ( a i ) , 

с; Real{FDFR{x)) 

for large Ա\^Աշ. 

Next , take h to be relat ively large so that 1 ^ 1 Äri 0 for small X. I t is necessary 

to make this assumpt ion since i n a complex mask involv ing many l ine segments, the 

highest spat ial frequency, and therefore the required mask resolut ion, is governed 

by the largest features in the required image- tha t is by the longest lines. Th is 

then leads to a fur ther assumption, namely tha t for posit ive X i n the neighbourhood 

around +֊, equat ion 5.32 is dominated by the 0(սշ) t e rm, whi ls t for X around — 1 ， 

the t e r m C(ai) dominates. Figure 5.12 shows how well th is assumption holds for 

a l ine of length 5mm imaged at a distance of 10cm f rom the mask. Evident ly, the 

― (丄、 rol l -off present in the Fresnel approximat ions means tha t as /г is increased, 

so the va l id i ty of th is approx imat ion improves. 

A n expression for the sampl ing of the real par t of the F D F of a top-hat fea-
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ture can now be found by using the concept of local spat ial frequency in t roduced 

in section 2.3.1 to determine the Nyquist rate for the expression с(ひ2). Th is is 

s t ra ight forward:-

2 ᅲ dx 
'h 

\z V 2 
― X 

X 

2\z < 

Xz 

1 

(5.33) 

2δχ 

Lx<-^ + h 

where f i { x ) is the local spatial frequency of Շ{Աշ) and Lx is the size of the C G H i n 

the x-d i rect ion. The same result can be derived for negative X using the expression 

for C ( a i ) . 

F inal ly , δχ must be chosen to ensure tha t aliasing has no effect on the C G H 

d is t r ibu t ion . Th is w i l l be the case provided the var ia t ion in the ampl i tude of FDFR 

is smaller t han the difference between quant isat ion levels at the value of X where 

aliasing begins to occur. I f the difference between two levels i n a quantised C G H 

representation is Çstep then this w i l l be the case provided ! ; ; ^ 1 ぐ g step- Th is leads 

to the result t ha t 

2 δχ 

Ч ― < dstep (5.34) 

As an example, the rectangle C G H used i n the next chapter consisted of 8 grey-

levels sampled at 40/xm w i t h A ― 325 X 10—9， ζ ― 30cm. The ampl i tude of the F D F 

for this rectangle ranged f rom 0 —> 1.2, g iv ing ^siep = 0.15, which is greater t han 

^ / ^ ֊ = .058 meaning tha t aliasing in the mask should not occur. The rectangu­

lar mask presented in the next chapter was t runcated to a size of Կ = 6 m m , the 

extent of the t rans i t ion zone at one end of th is feature is then 2õ;֊~ = 33μπι wh ich 
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is considerably smaller t han л/Аг = з ю ^ ш . 

Combin ing the results of th is section w i t h the width-cont ro l led l ine of section 

5.3.1 leads t o the def in i t ion of the ideal d is t r ibu t ion in the C G H for the imaging of 

a single rectangular feature in space as:-

H{x,y) = sine (き) ๙^У ŕ ๙ք-^^^-^^Կէ (5.35) 
ゾ ー շ 

The product ion of a C G H tha t realises the d is t r ibu t ion of equat ion 5.35 is the 

subject of section 6,3. 

5.4 C u r v e d L i n e Segments 

To conclude th is chapter, d i f f ract ion f rom curved l ine segments is now considered. 

5.4.1 D i f f r ac t i on f r o m a Ci rc le 

Consider an object consisting of a r ing of radius p t ha t is defined in polar coordinates 

as:-

บ [ r , Ө) = 6{r - p) (5.36) 

W i t h the coordinate system as i l lust rated i n figure 5.13， a possible fo rm of the 

d i f f ract ion pa t te rn result ing i n the C G H plane f rom this object is postulated as:-

Я(Д,(/>) = е^^(^֊р)^ (5.37) 

The image formed by this C G H can be found f rom the F D F expressed in polar 
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Figure 5.13: The geom­

et ry for calculat ion of 

the d i f f ract ion pat te rn 

f rom a circle 

coordinates: 

where 

d = [г^ + {R С08ф-Г cos өү + {Кпіпф-Г sin の2: 

= + が + r 2 — 2Rr{cos фсоรӨ + sin ф sin 6»)] ^ 

= շ 2 + Д 2 + r 2 — 2Rr շօտ{Փ ― θ)] ^ 

Ä2 + r 2 - 2 Ä r c o s ( 0 ֊ Ö ) 
^ ζ + 

2ζ 

plugging equat ion 5.37 in to equat ion 5.38 results in 

(5.38) 

(5.39) 

и{г,Ө)= I е - ^ й ^ " Г е ^ й « ' - - « ( ^ - ^ ) . # . Д ๘ Л (5.40) 

J — oo J-ҡ 

the second integral i n equat ion 5.40 is a Bessel funct ion of the first k ind: -

g ֊ j | í c o s ( ^ ֊ e ) ñ r = J 
. Xz , 

(5.41) 

leaving 

и{г,Ө) = Jo { " ֊ ) Re֊^'r.^^.dR 
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sett ing R' = — gives 

U{r, θ) = λζ Γ Jo {2ҡП'г) R'6–^՛՛՛^՛P.dR' (5.43) 
J _oo 

th is İS then the Hankel Transform [66] of the funct ion e"^^-?'^'^ wh ich f rom tables is:-

i / ( r , Ө) = jXz ^ — — J (5.44) 

which evident ly tends to oc as r ± p , g iv ing the required r ing pa t te rn i n the image 

plane. 

The effects of l im i t i ng the extent of the d i f f ract ion pa t te rn of equat ion 5.44 have 

not been fu l ly investigated, but f rom an argument based on convolut ion in polar 

coordinates i t is expected tha t the l im i t i ng in the r֊direction of equat ion 5.37 w i l l 

result i n a simi lar sine profi le to t ha t of a stra ight l ine. 

I n [67], i t is shown tha t , provided the change is slowly vary ing, i t is possible to 

make p i n equat ion 5.37 a funct ion of φ such tha t 

H{R, φ)^ ๙ f-A^-^พ)' (5.45) 

The image formed by th is C G H is then shown to fol low the deformat ion of ρ such 

tha t 

บ{τ,θ) = δ{τ-ρ{θ)) (5.46) 

One possible fo rm of th is deformat ion is a l inear change in radius w i t h Φ, resul t ing 

in a single t u r n of a spiral . Th is result w i l l be used in chapter 9 to create a C G H 

able to image a spiral led t rack onto a 3-dimensional substrate for use as an antenna. 
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5.5 A S u m m a r y 

This chapter has given a detai led analysis of the image formed by line-segment 

C G H of the k ind i l lus t rated in figure 5.14. I t has been shown tha t the simple 

line d i f f rac t ion pa t te rn of equat ion 5.3 is capable of producing reasonably good l ine 

segments, or at least l ine segments tha t are continuous along their length. T w o 

extensions to th is basic C G H have been suggested, one to better contro l the w i d t h 

of the l ine, the second to contro l i ts length, the effects of these changes on the 

result ing image have also been investigated. 

An impulM-baaed line ae^nant A wtdlh-ooกนolted Une »efpTMnt 

A width- and bngth-сю๗rolled line segment 

Figure 5.14: Three varieties of l ine C G H 

In the next chapter, fo l lowing the course of the discussions in chapters 2 and 3， 

the product ion of l ine and rectangle C G H w i l l be detai led and the ramif icat ions of 

the s impl i f icat ion processes necessary for th is w i l l be investigated, w i t h surpr is ingly 

beneficial results. 
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C h a p t e r 6 

P r o d u c i n g L i n e C G H 

ๅ HIS CHAPTER BUILDS on the development in the previous chapter to examine 

- J - the image formed when several different representational methods are used to 

produce line C G H (section 6.1 and 6.2) and the more complex rect angฟar masks 

(section 6.3). 

6.1 Represen ta t i ona l M e t h o d s a n d t h e i r E f fec t o n 

t he L ine-Segment Image 

This section examines the effects t ha t the various representational methods detai led 

in chapter 3 have on the image tha t results f rom the d is t r ibu t ion for a single l ine 

segment derived in chapter 5. Thresholded l ine representations are first covered, 

followed by a quantised phase representation s imi lar to the K ino fo rm of section 

3.3.1. 
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6.1.1 Thresho lded L ine Segment C G H 

T w o b inary l ine representations are detai led in th is section. B ina ry ampl i tude l ine 

C G H are detai led first, b inary phase lines are then considered and the two repre­

sentations compared. 

6.1.1.1 B i n a r y A m p l i t u d e L ine C G H 

The most s t ra ight forward representational method for line-segment C G H is to thresh­

old the d is t r ibu t ion in equat ion 5.3 as detai led in section 3,3.5. Such a d is t r ibu t ion 

is par t icu lar ly amenable to the Gerber format out l ined in section 3.5.3 since the 

dark bands result ing f r om the thresholding operat ion can be represented as lines in 

vector format in the file- an advantage for large masks where file sizes can become 

unmanageable. Th is section examines the degradat ion of the image result ing when 

line C G H are thresholded. 

The thresholded version of equat ion 5.3 is 

1 cos (f֊y) > 0 
Нып{х.у) = { ' (6.1) 

0 o.พ 

To calculate the image formed using th is representation, Нып can be expanded as a 

Fourier series, g iv ing: 

Р (ᅲk շ ՝ 

շ ᄂ一 ҡк 

к=—оо 

(6.2) 

То approximate the effect of the thresholding operat ion, only the first two cosine 
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6, P roduc ing L ine C G H 

terms in equat ion 6.2 w i l l be retained, leaving:-

Hb,ท^น į ๙ ( Ä V ๆ + ^-Ąf-y) _ ¿A'ry) ― ¿ e ֊ ^ ( S ^ ๆ (6.3) 
2 π π 3π 3π 

Figure 6.1 summarises equations (6.1-6.3) for an a rb i t ra ry set of parameters. 
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Figure 6.1: Approx ima t ing a B inary Line C G H w i t h i ts Fourier Series; a, b inary 
C G H ; b, Fourier Series w i t h 2 terms; c， Fourier Series w i t h 10 terms 

Using equat ion 6.3, the result ing d is t r ibu t ion in the image plane is found to be 

บ{η) - í ι Н{у)๙^^e-^'^^y^dy 

'.dy (6.4) 

Each integral i n the above expression is seen to be of the same fo rm as the Presnel 
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Integral of equat ion 5.7 and as in section 5.2.1.1 can be approx imated by appro­

pr iate red funct ions. Care must be taken at th is point to consider the phase of 

the integrals- i t is not generally the case tha t the ampl i tude of an image plane dis­

t r i bu t i on can be found by summing the magnitudes of ind iv idua l components of 

that image. However, th is is the case when the phasors result ing f rom each of the 

ind iv idua l components at each locat ion in the image po in t in the same di rect ion, 

and i t is approximately the case i f the phasors point in almost the same direct ion. 

Figure 6.2 shows the complex representation of each of the integral expressions in 

— Complex Representation of Fresnel Integrals 

— rect Approximation Vector 

Re(Fr4) 

Figure 6.2: Complex representation of the integrals in equat ion 6.4 for an a rb i t ra ry 

set of parameters 

equat ion 6.4 for an a rb i t ra ry set of parameters governed only by the condi t ion of 

equat ion 5.8. F r i ― FrA represent the integrals in the same order as they appear in 

equat ion 6.4. The rect funct ion approx imat ion to each of these expressions is seen 

to be represented by the vectors connecting the or ig in of the plots to the centre of 

the displaced spira l a rm i n the figure. Evident ly, three of the plots in figure 6.2 do 
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6. P roduc ing L ine C G H 

indeed l ine up approximately, such tha t the ampl i tude of thei r sum can be taken 

as the sum of their ampl i tudes- the t h i r d t e rm i n equat ion 6.1 forms a r ight-angle 

w i t h the other terms and therefore does not contr ibute signif icant ly to the ampl i tude 

profi le. The sine profi le tha t forms the required line segment is taken as being of 

negligible ampl i tude outside of a narrow region around zero- th is assumption is val id 

i f the l ine profi le is to be steep enough for use in l i thography. I t is also assumed 

tha t in the region around zero the ampl i tude of the sine profi le is large enough tha t 

i t is possible to s imply add the noise ampl i tude w i thou t the in t roduc t ion of a large 

error caused by the non-zero phase of the noise terms. 

The conclusion f rom these figures is t ha t a reasonable approx imat ion to the 

actual image formed by the thresholded l ine segment can be obtained by summing 

the ampl i tudes of the sine prof i le and the r e๗ approximat ions to the integrals of 

equat ion 6,3 and tha t the t h i r d integral i n equat ion 6.3 can be dropped, giv ing:-

ひ ( " ) . ļ s . ท . ( ^ ) + ( お + գ ほ ( į ) + ( ^ լ 
( in practice, the final t e rm in equat ion 6.5 is also very smal l and can be dropped) . 

Figure 6.3 shows the approx imat ion of equat ion 6.5 together w i t h the simulated 

l ine profi le generated using the ' imageH' program. The parameters used were λ ― 

325 х 10— 9m， ζ = 0.05?ท, (5χ = ¿y = շ χ 10—6 and ท = 1024. T h e approx imat ion 

is val id for any parameters provided tha t the Fresnel Integrals of equat ion 6.4 are 

wel l approximated by re๗ funct ions; f rom the previous chapter th is is the case i f 

Ly » \z. The max imum size of Ly before aliasing occurs is given by equat ion 

5.16， thus ζ » For a l l of the results appearing in th is thesis, the inequal i ty 

above is easily satisfied- for example the cone antenna setup detai led in chapter 

9 has a m i n i m u m ζ of 22mm and 5μτη pixels, g iv ing 22 X 1 0 ՜ 3 » 7.7 X 10一 5 

for u v i l l umina t ion . l t is evident f rom the figure tha t a l though the fine detai l of the 

145 



6. P roduc ing L ine C G H 

background noise is lost, the approx imat ion accurately represents the noise envelope 

and is therefore a useful too l i n the assessment of l ine segment qual i ty. 
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Figure 6.3: App rox ima t i ng a l ine image f rom a b inary ampl i tude C G H using rect 
functions 

In th is thresholded representation of a l ine C G H , the d is t r ibu t ion in the image 

plane does not exhibi t the higher order copies of the l ine segment t ha t might be ex­

pected f rom chapter 3. Th is leads to the conclusion tha t the aliasing l im i ts derived 

previously need not be applied in the y-d i rect ion to ind iv idua l l ine segment C G H 

where the mask pa t te rn has been thresholded. I n the x-d i rect ion each l ine segment 

consists of a series of long rectangular apertures, and so i n th is d i rect ion also aliasing 

l imi ts need not apply, the sampl ing rate in th is d i rect ion being effectively inf in i te. 

Tracks can therefore be imaged using a thresholded representation in the C G H at 

any locat ion and at any mask-substrate separation พ่thout the interference caused 

by higher diflFraction orders tha t would be expected for objects not composed of lines. 
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A n al ternat ive fo rm of equat ion 5.3 can now be postulated based on the reasoning 

above (and see [68]):-

H{X, Y) = e^'Āfe-ī/o)Ve๗ ( ― ) rect (^į-^ (6.6) 

th is resuit is sub t ly different f rom tha t stated i n [61] i n t ha t a l im i t is now placed 

on the l ine segment in the y֊direction such tha t the extent of the l ine is less t han 

the extent of the mask. For binary-valued C G H , Ly can be set at the aliasing l im i t 

governed by the resolut ion of the mask w i t hou t l i m i t a t i o n on the range of z and the 

extent of the C G H . Th is d is t inc t ion w i l l become more clear when the superposi t ion 

of several l ine segments is considered in chapter 7. 

The SNR of the l ine segment defined by equat ion 6.6 is found as follows:-

しy + ՝ / \ z _ ļ _ yfXz 

侧묘= ^ Լ գ V ՚̂ –̂  ļ \ 

- (6.7) 

一 / ^ + 2 + 7г^^ 
.·. SNR = 스ᄂ֊՝ 

V 2 + ᅲ ； 

for the b inarv-ampl i tude line. However, the effect on the image when the fringes 

of several l ine segments overlap, which occurs when the l ine segments are paral lel 

and close together or when they intersect, has not been taken in to account in th is 

reasoning. The resolut ion l imi ts on paral lel l ine segments is dealt w i t h in chapter 7， 

whi ls t the effect of lines crossing is covered i n section 7.3. 

Figure 6.4 demonstrates the accuracy of the approx imat ion of equat ion 6.5 for 
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the b inary ampl i tude mask used in the Opt ics Letters paper [68]. Parameters used 

in the generation of th is figure were:- λ = 325nm, ζ = 10cm, Sy = ΙΟμτη. The depth 

profi le data i n th is figure was generated by first coat ing a small piece of copper w i t h 

photoresist. The substrate was then exposed to the l ine C G H and developed such 

tha t the centra l lobe of the l ine prof i le penetrated the photo-resist and reached the 

copper; the depth of the copper is evidenced by the flat top of the lobe in the depth 

profi le data. I n the figure, i t can be seen tha t the depth profi le da ta is in very 

good accord w i t h the approx imat ion of equat ion 6.5 and t ha t the SNR predicted by 

equat ion 6.7 7) is accurate. 

6.1.1.2 Thresho lded B i n a r y Phase L ine C G H 

A n equally val id thresholded representation of the l ine C G H is the B inary Phase 

representation, namely: 

Нып{х,у) = 
cos ( ^ ? / ๆ > о 

•1 O.W 

(6.8) 
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A simi lar decomposit ion to tha t above shows tha t the b inary phase representation 

eliminates the constant (DC) te rm f rom the Fourier Series and tha t the remain ing 

terms i n the expression are mul t ip l ied by 2, leading to a l ine cross-section of 

บ{η) ^  ะ  inc パん" 
2 ^ 2VXz 

н——-——reci 
з ᅲ 4 L 

(6.9) 

Figure 6.5 shows the approx imat ion of equat ion 6.9 together w i t h the profi le gener­

ated using the ' imageH' program and the same set of parameters as for figure 6.3. 
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α 

*5 

— Binary phase line profile 
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- ： і ； ； -

- ： -: 1 ： -

1 
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Figure 6.5: Approx ima t ing a l ine image f rom a b inary phase C G H usiner rect func­

t ions 

The SNR for the b inary phase l ine profi le is given by;-

Ц보 ι 2\ľ\z 

yfSNR= ᅲ „ 

149 

(6.10) 



6. P roduc ing L ine C G H 

and evident ly th is is an improvement over the b inary ampl i tude case. I t is relat ively 

easy to construct a b inary phase C G H (see section 3.3.4), mak ing th is the prefered 

method for w r i t i ng a thresholded l ine hologram. 

Figure 6.6 shows b inary phase and b inary ampl i tude masks calculated to produce 

a l ine image at 0.5m using 4 0 ^ m pixels. F igure 6.8 shows the profi le t ha t each mask 

produces across the image. Note the obvious improvement i n l ine qua l i ty resul t ing 

f rom the b inary phase mask and the roughly equivalent noise levels expected f rom 

the approximat ions derived above. 

(a) b i n a r y a m p l i t u d e (b ) b i n a r y phase 

Figure 6.6: Two varieties of thresholded l ine C G H 
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birwy phue irruge 

Figure 6.7: The l ine segment images tha t result f rom the b inary masks 

I — — w 

1 rŕl^ll 

Figure 6.8: The l ine segment cross-sections tha t result from the b inary masks 
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6.2 Samp l i ng us ing Rec tangu la r A p e r t u r e s 

A n alternat ive representational fo rm of equat ion 5.3 is the quantised phase repre­

sentation similar to tha t of the K ino fo rm detai led in section 3.3.1. I n a mult i - level 

quantised phase C G H , each pixel is a square layer of t ransparent mater ia l of d imen­

sions a X b X է where է is found for a given phase shift ф as 

and depends on the refractive index of the mater ia l , n. Phase masks constructed 

dur ing the course of the 3 D I project have used perspex as the phase shi f t ing mate­

r ia l , w i t h a refractive index of гг = 1.5, g iv ing ¿ 二 λ for a phase shif t of ᅲ radians. 

A general approach to calculat ing the image formed by th is type of C G H is taken 

here as i t w i l l prove useful later on when representational methods for rectangle 

holograms are considered; th is image is found by the fol lowing analysis. F i rs t , 

consider the image, i/o， formed in the 7?-direction by the C G H Но{у) which consists 

of a single pixel of the fu l l ho logram H{y) i n an opaque background and centred at 

Уо i n the y-direct ion. Yet again, only a single dimension w i l l be considered for the 

moment.. . 

Ноіу) = re๗ ( ֊ ^ ^ НЫ 

t /o (ฬ = Я(уо) ր rect ( Հ — ^ e֊^f֊^y'^^\dy 

у' = у-Уо 

Uoiv) = Н{уо)е-^^'՝' I re๗ ( į ] е-^^^^у'+у°^"๙'ŕ^^y'+y^^'^.dv' 

J֊oc \ ъ J 

= Я(уо)е-^Й(''֊№)^ г rect 0Ҫ\ e-^՝K(''֊№)2/'.dy' 

(6.11) 

= H{yo)bsinc ( ― ( " - Уо)) e-^Ãt^-í^o)' 
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Invok ing the l inear nature of the F D F , the complete image บ(η) formed by the C G H 

can be found by summing the contr ibut ions f rom each pixel:-

บ{ๆ) = Ҫ я ( Ы у ) ฬ П С (^—{η ֊ kóy)^ e-^՝Ä(^-^^^)' (6.12) 

where Sy is the spacing between pixels in the C G H , the constant factor b has been 

dropped and к indexes each pixel i n the y-di rect ion. 

I f th is result is appl ied d i rect ly to the simple line-segment C G H where each 

pixel is represented by an aperture over which is deposited a layer of perspex whose 

thickness correct ly controls the phase of the incident i l l umina t ion , equat ion 6.12 

becomes:-

H{kőy) = ๙ 

บ(η) = J 그 sine í—(rf - kôy)\е^й^^у^ ( 6 

k 

То analyse th is result fur ther, consider the exponent ial factor mu l t i p l y i ng equa­

t ion 6.13. When η = きท (m integer), th is te rm reduces to e^^^^^^^ ― 1 for a l l к 

and ฑ1， meaning tha t at these values of η the sine terms add direct ly. Next , i f l im i ts 

are placed on к such tha t the number of pixels being considered is equal to the alias 

l im i t (see equat ion 5.16) then:-

บ(η) = ՝չ2 ร г п с ( ^ ( 7 ? ֊ М у ) ) (6.14) 

where int{x) is the integer par t of X. Now for m — 0 and h = 5y, the sum in equa­

t ion 6.14 becomes a sum of TV = int ( き ) equally spaced terms spanning the sine 

funct ion between 士 I ， whi ls t for m = 1, the sum consists of N equally spaced terms, 

where th is t ime the sine funct ion varies between į — I . The ra t io of these two sums 

varies w i t h ՒԼ bu t levels out at pะ 11,5 for N > 50. The intensi ty of the required 
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l ine profi le is therefore 11.5 2 ^ 130 X tha t of the image at r? = -֊ .̂ Figure 6.9 plots 

equat ion 6.13 w i t h the parameters λ = 325 X 1 0 ՜ 9 , δχ = őy = AO X 10 ՜^ , ζ = 0.5m. 

Note f rom th is figure tha t a l though the intensi ty of the l ine profi le at 7? = 1^ = 

Figure 6.9: The l ine segment cross-section tha t results f rom the equal-sized rectan­

gular apertures representation 

4 .1mm is ^ 130 X less than the ma in peak as expected, for η s l ight ly greater and 

sl ight ly less than th is value the intensi ty of the first-order image increases, such tha t 

the SNR for th is feature is actual ly 20. However th is figure is constant for the 

equal-rectangular-apertures C G H of basic l ine segments provided again tha t N > 50. 

I n the region around 77 = 0 the mask should produce a sine profi le similar to the 

ideal d is t r ibu t ion of equat ion 5.6. To see tha t th is is the case for smal l ?7：֊ 

sine ( - ^ ( 7 ? - köy) \ ^ sine I д ^ j ~ 1 

Σ sme 
'Ly 

Χζ 
{ๆ ֊k' 

λ ε 、 

ぎ 

/Ly \ \z 
= sine —η ,77 < ― 

\>^z ノ 5y 
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Figure 6.10 compares the ideal Տէոժ d is t r ibu t ion w i t h the d is t r ibu t ion realised using 

equal-sized rectangular apertures. 
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Figure 6.10: A comparison between the ideal sinc^ d i s t r ibu t ion and the image 

formed by the equal-sized rectangular apertures representation 

The fo rmula t ion of equat ion 6.12 proves extremely useful in s imulat ing the i m ­

age formed by a var iety of C G H . A central tenant of th is thesis is tha t the use of 

C G H based on rectangular apertures is feasible at mask-substrate separations much 

smaller t han the alias l im i t set out in equat ion 2.26. Unfor tunate ly , the programs 

' imageh' and 'h image' do not take into account the finite aperture size used in the 

final C G H representat ion and so the simulated image they produce is incorrect at 

smal l z values where the ampl i tude result ing i n the image plane f r om each ind iv idua l 

aperture w i t h i n the C G H is not flat bu t varies as a sine. I n chapter 3 th is discrep­

ancy was un impor tan t , since the sine rol l -of f due to the finite-sized C G H apertures 

could be approx imated by un i ty over the extent of the imaged object w i t h i n the 

image plane. However, for l ine and rectangle C G H th is is not the case and in or­

der to simulate the images such holograms produce, i t is necessary to factor in the 

^гпс-гоПо і ї t e rm. 
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I n two dimensions, equat ion 6.12 is seen to be 

บ {ξ, η) = Η {χ, y) * *รгпс ļ ^ — s i n e ^ — x j e'^'^^^ 6՜^^՛՛՛^ (6.16) 

where * * indicates 2-dimensional convolut ion and each pixel w i t h i n the C G H is of 

size α χ ό . Equat ion 6.16 is seen to be of the same fo rm as the F D F , w i t h the convo­

lu t ion kernel modif ied by the sine funct ions tha t result f rom the use of rectangular 

apertures in the C G H . 

Equat ion 6.16 can be expressed in a modi f ied fo rm tha t allows the F F T a lgor i thm 

to be used to rap id ly simulate the image produced by rectangular-aperture masks:-

Ғ[Н{х,у)]Ғ sine ( ^ y ^ 5mc e ՜ • ' Ã У ^ e ՜ • ' Ä ^ (6.17) 

the image d is t r ibu t ion is then found as the inverse Fourier Transform of the mu l t i ­

pl ied Fourier Transforms of H{x, y) and the convolut ion kernel of equat ion 6.12. 

O f the methods out l ined in the previous two sections, b inary phase and ampl i tude 

C G H have been constructed whi ls t mult i - level phase C G H have not . Because of their 

ease of manufacture and the qua l i ty of the image produced, binary-phase C G H are 

perhaps the best choice for C G H consisting of simple l ine segments. Wh i l s t a greater 

number of phase levels may become necessary as the number of l ine segments is 

increased. 
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6.3 P r o d u c i n g Rec tang le C G H 

Th is section covers two methods of producing the rectangle C G H detai led in chapter 

5. 

6.3.1 Imag ing Rectangles w i t h the Greyscale, B inary -Phase 

C G H 

The d is t r ibu t ion given in equat ion 5.35 has been implemented pract ical ly using a 

greyscale, b inary phase C G H w i t h 8 grey levels. Figure 6.11(a) shows the computed 

Ma t l ab ma t r i x , figure 6.11(b) is the Gerber p lot and the mask itself is shown in 

figure 6.12. Parameters for the rectangle C G H were:- λ = 325 X 10՜^,г = 0.3, 

(a) Matlab matrix 

Figure 6.11: The steps leading to the p roduc t ion of a Greyscale, Binary-Phase mask 

(b) Gerber pattern (pink is phase, 

purple is amplitude part) 

Sx = Sy = 40 X 1 0 ՜ 6 . The length of the rectangle was set at 128δχ = 5.1mm and 

i ts w i d t h 4Sy = .16mm whi lst the C G H was of dimensions 256 X 60 pixels. Note 

t ha t i n the x-d i rect ion the conventional alias l im i t set out i n equat ion 2.26 gives 

ζ ぐ 1.89m whi lst the less str ingent Nyquis t rate tha t ensures the spat ial d is t inc t ion 

of the image orders gives ζ ぐ б З с ^ Could th is lead to trouble? 
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F igure 6.12: A Greyscale, Binary-Phase C G H of a rectangular feature 
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Figures 6.13-6.15 show the image formed by the C G H as measured using the 

setup of figure 1.1 together w i t h a 405nm diode laser. The s imulated results were 

generated using the formula t ion of equat ion 6.17. Several features are wor th po in t ing 

out here: F i rs t , the large fluctuation in intensi ty at the centre of the rectangle due to 

the overlapping of the two first-order rectangle images appearing above and below 

the ma in feature i n figure 6.13. The length of these images is greater t han the i r 

separation and so i n the centre of the image plane they interfere, causing the b l ip 

in the central po r t ion of figure 6.15. Second, the higher order images to the left 

and r ight i n figure 6.14 are h ighly at tenuated. F inal ly , the C G H is seen to produce 

an excellent rectangular feature; noise levels are low and the gradient at the edges 

of the feature is steep. The t rans i t ion zone at the edges is actual ly larger t han 

tha t predicted in section 5.3.2.1- ^ ΙΟΟμπι rather t h a n ՅՅթա; th is is a t t r ibu tab le 

to the interference generated by the higher-order image copies, which impinge on 

the desired rectangular feature due to the fact t ha t the mask-substrate separation 

is less t han tha t required by the Nyquist cr i ter ia. 

diptacemenl (mm) 

Figure 6.13: C C D capture of the image formed by the greyscale, b inary phase C G H 
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CCD capluie acfoss lhe rectangto image 

Simulated dE๒butKMi across the rectangle iwege 

Figure 6.14: Plot across the rectangle image 

Figure 6.16 shows the resul t ing feature after a photoresist-covered P C B substrate 

was exposed using the rectangular C G H and subsequently developed. The photore­

sist used for th is experiment was posit ive-act ing, thus the developed feature is a 

posit ive copy of the l ight intensi ty d is t r ibu t ion incident on the substrate. 
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Figure 6.15: P lo t along the rectangle image 

Figure 6.16: A rectangular 
feature etched in to a copper 
substrate 
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6.3.1.1 I m p r o v i n g the Rectangle Image 

I n the mask of figure 6.12, the apertures in the C G H were squares of vary ing sizes. 

One possibi l i ty for improv ing the rectangle image st i l l fur ther is to convert these 

apertures in to rectangles whose length completely fills the available pixel area, whi ls t 

the w i d t h is used to contro l the ampl i tude of the t ransmi t ted l ight . The idea here 

is t ha t along the rectangle, th is w i l l reduce interference f rom higher order images, 

whi ls t across i ts w i d t h , the higher order features w i l l remain smal l enough to be 

el iminated by the exposure and development process. 

Figure 6.17: A rectangle C G H composed of sl i t apertures and a b inary phase layer 

A greyscale, binary-phase C G H using sli t apertures in place of squares (figure 

6.17) has been produced i n order to compare the performance of the two product ion 
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methods; these masks have been used to step th rough the entire l i thographic process 

from exposure to etching. 

Figures 6.18 and 6.19 show the result of s imulat ing this new rectangle mask and 

compare i ts performance to tha t of the square apertures mask. Note the e l iminat ion 

of the central noise spike and the huge reduct ion in the noise level outside of the 

ma in rectangle feature in figure 9.3.2. Figure 9.3.2 demonstrates tha t no th ing comes 

for free- the improved rectangle profi le has come at the expense of an increase i n 

the relat ive intensi ty of the side-fringes. 

dieplacemwn (mm) 

Figure 6.18: Comparison between the profi les along the rectangle image formed 
using square and rectangular apertures in the C G H 

The results of tak ing the sl i t and aperture masks th rough the exposure and 

etching processes are shown in figures 6.20-6.23. Figures 6.20 and 6.21 show tha t 

the profi le of the rectangle is clearly bet ter when the sl i t mask is used, thanks to 

the smooth ing out of the profi le along the length of the rectangle caused by the 

e l iminat ion of the two first-order images along th is axis. Figures 6.22 and 6.23 

i l lustrate the effect of under- and over-exposing the square-apertures mask on the 

result ing etched feature; note the appearance of the sideband noise i n figure 6.23, 
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-

I Sil aperUM I 

ไฟ 

Figure 6.19: Comparison between the profiles across the rectangle image formed 
using square and rectangular apertures i n the C G H 

ind icat ing tha t even w i t h these improved l ine images, care must st i l l be taken dur ing 

the exposure process. 

To fur ther i l lustrate the use of slits in place of square apertures in the w r i t i ng of 

a greyscale, binary-phase C G H , figure 6.24 shows how the SNR of a rectangle image 

varies as z is increased f rom .1 ― .6m. A l l other parameters used in generating 

th is result were the same as used for the rectangle of figure 6.13. A l t hough the 

improvement is qui te smal l , the slit-based mask is generaUy better t han the mask 

based on square apertures. Fur thermore, the noise content of the slit-based mask is 

localised to a far greater extent t han is the case w i t h the aperture mask, since the 

first-order images result ing at the top and b o t t o m of the ma in feature are effectively 

el iminated. T h e sl i t mask therefore provides a noticeable improvement over the 

or ig inal mask design. 

To conclude th is section, i t is w o r t h looking at the image formed by a rectangle 

C G H manufactured in such a way tha t bo th phase and ampl i tude are encoded 
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Figure 6.20: A rect­

angular feature ex­

posed using a square-

apertures rectangle 

C G H and etched in gold 

(exposure t ime = 90 

seconds) 

Figure 6.21: A rectan­

gular feature exposed 

using a sl i t-apertures 

rectangle C G H and 

etched in gold (expo­

sure t ime = 90 seconds) 

Figure 6.22: A n under­

exposed rectangular fea­

ture, etched in gold (ex­

posure t ime = 60 sec­

onds) 

ЗООмт 

Figure 6.23: A n over­

exposed rectangular fea­

ture, etched in gold (ex­

posure t ime = 120 sec­

onds) 
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Figure 6.24: The var ia t ion i n SNR of a rectangular feature as the mask-substrate 

separation is increased 

continuously and each pixel ent i rely fills i ts a l lo t ted area. Such an ideal C G H was 

simulated to produce figure 6.25 and the plots of figure 6.26. The SNR of th is 

feature is ^ 16 and the t rans i t ion region at the end points of the rectangle are now 

in close agreement w i t h the predict ion of section 5.3.2.1. A l t hough the creat ion of 

a mask of th is k i nd would be extremely di f f icul t in practice (perhaps the R O A C H 

representation of section 3.2.2 is the most appropr iate technique), the po in t remains 

tha t al iasing problems can almost be el iminated for l ine and rectangle features i f an 

appropr iate representation of the sampled d i f f ract ion pa t te rn is chosen. 

166 



6. P r o d u c i n g L ine C G H 

Figure 6.25: The image 

formed by an ideal rect­

angle C G H 

plot a lw ig the image generated by an Idea! rectangle CGH 

displacement (mm) 

it across the image generated by ал ideal reclangte CGH 

dīsptacement (mm) 

Figure 6.26: Plots along and across the ideal rectangle image of figure 6.25 
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6.3.2 Rectangle Masks resu l t ing f r o m the E r ro r -D i f f us ion 

A l g o r i t h m 

A n al ternat ive method of creat ing a rectangle C G H is to use the error di f fusion 

process to reduce the complex d is t r ibu t ion of equat ion 5.35 to a b inary ampl i tude 

format . The results of experiments w i t h th is process are shown in figures 6.27-6.29. 

When the error-di f fusion a lgor i thm is used to reduce the length-control led l ine 

segment of equat ion 5.26 t o a b inary d is t r ibu t ion , the result (f igure 6.27) is promis­

ing. Here the end-points are wel l defined and the SNR of the feature is 2 .1 . 

When the a lgor i thm is appl ied to the width-contro l led l ine segment of equat ion 

5.20 however, the result is less encouraging, here the cross-section th rough the l ine 

is poor ly defined and the SNR is Äi 0.97. The results in figure 6.28 represent the 

best profi le achieved over a range of weight matrices. 

App l y i ng the E D a lgor i thm to the fu l l rectangle pa t te rn of equat ion 5.35 pro­

duces figure 6.29; evident ly the image result ing f rom the mask is ent irely swamped 

in the noise. W h y th is should be the case is not yet clear- i t may be tha t the phase 

layer in the greyscale, b inary phase C G H plays a v i ta l role i n the image fo rmat ion 

and tha t w i thou t th is, equat ion 5.35 is impract ica l . 

Fur ther work may lead to an improved b inary version of the rectangle d is t r ibu t ion 

of equat ion 5.35. 
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Figure 6.27: Cont ro l l ing the length of a l ine segment using the error di f fusion algo­

r i t h m 

displacement (mm) 

Figure 6.28: Cont ro l l ing the w i d t h of a l ine segment using the error di f fusion algo­

r i t h m 

Enor D«useů RedBfiflłB сон 

Figure 6.29: A rectangle mask and the image i t produces 
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6.4 I l l u m i n a t i n g a l ine C G H w i t h an incoheren t 

source 

The effect on an image of the coherence of the i l l umina t ing source is an interest ing 

topic wor thy of fur ther study. A n in i t ia l t r i a l has been conducted using an arc- lamp 

in place of a laser to i l luminate a simple l ine C G H . The beam f rom the arc- lamp 

was passed th rough a spat ia l filter and col l imated before i l l umina t ion of the mask in 

order t o realise an approx imate ly coherent source. The resul t ing l ine cross-section 

is shown in figure 6.30. The ind icat ion is t ha t the image stands up reasonably wel l 

when the arc- lamp is used. I f th is result can be extended to more complex C G H 

composed of mul t ip le l ine segments and an arc- lamp can be used in place of a laser, 

advantages are a much higher power density over large areas and a signif icant ly 

lower cost. Further work is needed to fu l ly understand the effect of different sources 

on C G H images, especially of the localised variety such as the l ine segments of th is 

chapter. 

Figure 6.30: Using an arc-
lamp to i l luminate a basic 
line C G H 

6.5 A S u m m a r y 

This chapter has demonstrated the p roduc t ion of C G H of single l ine and rectangle 

features imaged at mask-substrate distances well w i t h i n the conventional aliasing 
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l im i ts set out in chapter 2. I t has been shown tha t even when a complex mask rep­

resentation such as the greyscale, b inary phase mask is employed, the higher-order 

copies of the desired image are at tenuated to a sufficient extent tha t the mask can 

be used to successfully carry out each step in the l i thographic process, f rom expo­

sure th rough to etching, albeit w i t h the requirement for accurate contro l over each 

stage of the process. I t has fur ther been demonstrated tha t almost perfect image 

reconstruct ion can be achieved wel l w i t h i n the alias l im i t i f a fu l ly-complex C G H 

can be realised. 

I n the next chapter, the work carr ied out here and in chapter 5 is expanded 

to include C G H composed of mul t ip le copies of the single l ine d i f f ract ion pat terns 

superimposed to create more complex images. 
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C h a p t e r 7 

C G H cons is t ing o f M u l t i p l e L i n e 

Segments 

F"^IGURE 7.1 SHOWS the intensity of the diffraction pattern, captured using the 

C C D setup of figure 1.1, at 2cm f rom a simple transparency consisting of lines 

in the horizontal and vertical directions. The figure is intended to illustrate the form 

of the C G H that must be produced i n order tha t such a pa t te rn can be recreated on 

a target substrate. Plotting a cross-section through part of this image produces fig­

ure 7.2. Hopefully it is apparent that although the original pattern includes several 

line segments, all of which interfere to some extent with each other in the diffraction 

plane, the distributions corresponding to each segment closely resemble the intensity 

of the rectangle mask detailed in the previous two chapters. 

The aim of this chapter is to examine the effect on the image of adding up line 

segment patterns. Section 7.1 looks at the resolution limits on parallel line segments, 

whilst section 7.2 hypothesises a l imit on the resolution of parallel rectangle images. 

Sections 7.3 and 7.4 examine lines forming right angles wi th each other. Section 7.5 

summarises. 
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Figure 7.1: The intensi ty pa t te rn recorded by C C D f rom a simple c i rcui t pa t te rn 
(pixel size = 4.6μ m ) . 
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Figure 7.2: A cross-section th rough the intensi ty recording of figure 7.1 at m — 210 
pixels 
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7Л T h e R e s o l u t i o n L i m i t s o n Para l l e l L i ne Seg­

ments 

Th is section examines the resolut ion l im i ts of the paral lel l ine segments tha t result 

f rom several types of mask and looks at ways of improv ing on this l im i t . 

7.1.1 Reso lu t ion L i m i t s on Lines Resu l t ing f r o m Quant ised 

Phase Masks 

The Rayleigh Cr i te r ion states tha t the m i n i m u m distance between two slits of w i d t h 

พ such tha t their images are resolvable a distance z away is ― when the Fraunhofer 

approx imat ion is va l id and the i l l umina t ion of the slits is incoherent [69]. When 

this cr i ter ia is met exactly, the zero of one sine profi le coincides w i t h the centre 

of the ma in lobe of the second, as i l lust rated in figure 7.3, and the rat io of the 

intensities of the two max ima to the pr inciple m in ima is ― . However, when the slits 

are i l luminated by a coherent source, the Rayleigh Cr i te r ion results in an unresolved 

image as shown again in figure 7.3. For the purposes of C G H l i thography, where a 

coherent source must be employed to enable correct imaging, a suggested al ternat ive 

cr i ter ia is t ha t the max ima of the two sine profiles correspond to each other's second 

zero crossing, as i l lus t rated in figure 7.4, Here the intensi ty at the central point 

between the two peaks is given by sinc{l) = 0 and the SNR appears favourable. 

Th is would seem a sensible l im i t on the resolut ion of two slits where the i l l umina t ion 

is coherent, however, notice tha t the two peaks of the resul t ing ampl i tude plot have 

shif ted s l ight ly f rom the corresponding locations of the or ig inal apertures. I f th is 

l im i t is to apply to l i thography, this shif t must certainly be taken into account and 

could prove problemat ic. 
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Figure 7.3: The intensi ty across two l ine segment images separated by the Rayleigh 
Cr i te r ion using incoherent (a) and coherent (b) i l l umina t ion ; the cross-sections of 
the lines considered ind iv idua l ly (c,d) 

For l ine C G H , since the resul t ing ampl i tude across each imaged line is also a sine, 

a simi lar resolut ion cr i ter ia can be stated. Namely, the m i n i m u m spacing between 

line segments, R, is given by 

Һ (7.1) 

where Ly is again the extent of each l ine segment pa t te rn in the ^/-direction of the 

C G H . I f Ly is taken at i ts m a x i m u m allowable value for a C G H resolut ion of 

th is expression becomes R > 2öy. 

The shif t i n the locat ion of two l ine images as the spacing between thei r repre­

sentations on the C G H is increased f rom 2 x 8 x the Rayleigh Cr i te r ion is shown 

in figure 7.10, together w i t h the same data for the improved C G H discussed in the 

fol lowing section. Not ice tha t the shif t is on ly a small percentage of the distance 

between the two lines, even when they are separated by on ly 2 x the Rayleigh res­

o lu t ion l im i t . Since the shif t is smal l relat ive to R, the l im i t of equat ion 7.1 can 

be appl ied to the 'rectangular apertures' l ine profi le of section 6.2 w i thou t causing 
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major d is tor t ion to the imaged pat te rn . 

Figure 7.4: (a); the intensi ty across two l ine segment images separated by 2x the 
Rayleigh Cr i ter ion. (b,c); the cross-sections of the lines considered ind iv idua l ly 

Now the bad news. As the number of paral lel l ine segments grows, so the shi f t i n 

the peak locations of the sine profiles relat ive to each C G H line pa t te rn is increased. 

The s i tuat ion is shown in figure 7.5 for an array of 13 l ine segments whose repre­

sentations in the C G H are separated by 2 x the Rayleigh l im i t . Here also notice 

tha t the intensit ies of the ma in peaks are no longer constant and tha t a number of 

reasonably intense sidebands have been in t roduced at the edges of the profi le. 

Figure 7.6 shows how the SNR of the image formed by mul t ip le line-segment 

patterns is effected by the spacing and number of l ine segments. From this figure, i t 

is clear tha t the SNR remains relat ively unchanged by the number of line segments 

after th is figure exceeds ~ 10. Also, as the spacing between the lines is increased, 

the SNR winds i ts way toward 22֊ the SNR figure for a single l ine segment (see 

equat ion 5.12). F rom this figure i t is clear tha t when a large number of paral lel l ine 

segments are required to be imaged, the spacing between these lines must be at least 
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4 x and preferably > 6 x the Rayleigh l im i t for a robust profi le tha t is easily taken 

th rough the exposure and development steps. Figure 7.11b shows how the locat ion 

of the l ine images varies as their spacing is adjusted. A t 4 X д , th is shi f t is only a 

few % of the separat ion between the lines and therefore distorts the imaged features 

by an acceptably small amount . 

Figure 7.5: (a) ; the intensi ty across 13 paral lel l ine segment images separated by 2x 

the Rayleigh cr i ter ion, (b ) ; the locations of the centres of each l ine segment C G H 

pa t te rn 
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Figure 7.6: The var ia t ion in SNR as the number and separation of paral lel l ine 
segment images is increased 

Figure 7.7: (a) ; the intensi ty across the l ine segment images when a ISOdeg phase 
shif t is in t roduced to al ternate l ine C G H . (b) ; the locations of the centres of each 
l ine segment C G H pa t te rn 
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7· 1,2 I m p r o v i n g on the Reso lu t ion L i m i t 

I n [70], the authors introduce a 180*^ phase shif t to al ternate paral lel tracks on a 

conventional photo l i thographic mask in order to improve on the Rayleigh resolut ion 

cr i ter ion. Perhaps the same idea can be appl ied to line segment C G H to improve the 

s i tuat ion demonstrated in figure 7.5? The result of sh i f t ing al ternate l ine segments 

by 180^ is shown in figure 7.7， where again 13 lines are considered, separated by 

2 x R . Obฬously th is is a big improvement; the sidebands at the edge of the profi le 

have al l bu t disappeared, since the contr ibut ions f rom adjacent sines almost cancel 

out at the extremeties and the peaks are closer t o their intended locat ion. However, 

care must be taken in the generalisation of th is result, since the coincidence of the 

peaks w i t h the zeros of the sine profiles, as w i t h a 2R l ine separat ion, is a d is t inc t ly 

special case. Figure 7.8 shows how the SNR of the paral lel lines image varies as 

the separation and number of line segments is increased. A l t hough i t begins at a 

h igh value, the curve rap id ly falls before c l imbing again toward the 22 X level. How­

ever, the SNR never drops below 5 and clearly the in t roduc t ion of the phase-shift ing 

approach is of signif icant benefit to the imaging of paral lel tracks at separations 

approaching the Rayleigh l im i t . 

A second possible improvement is the in t roduc t ion of a shi f t between ad­

jacent l ine segments, i.e: the phase associated w i t h each line follows the pa t te rn 

0 — > ֊ ^ π ^ ^ ^ 0 — > .... Figure 7.9 shows how the SNR varies w i t h the number 

and spacing of the l ine segments . The curve again begins w i t h a favourable SNR, 

which rap id ly falls only to c l imb once again toward the 22 X level; however, in th is 

case any improvement over the or ig inal result is negligible. 

Examin ing figure 7.10, one benefit of the 90^ phase-shift between adjacent l ine 

segments is the relat ively smal l shift f rom the desired locat ion of two closely spaced 
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l ine segment images. Th is is due to the fact tha t the ampl i tudes of the two sine 

profiles result ing f rom the C G H are or thogonal at the image plane, mak ing i t i m ­

possible for thei r side-lobes to add up constructively. I n contrast, when a 180。 shif t 

is in t roduced, a m in ima f rom one l ine profi le can interfere construct ively w i t h the 

ma in lobe of the second; when these two features are sl ight ly out of phase, a shi f t 

i n the locat ion of the sine max ima occurs. Figure 7.11 repeats the experiment of 

figure 7.10 w i t h 13 l ine segments now being imaged, here the 90^ phase-shift does 

not provide any benefit over the two alternatives. 

F rom these results, the in t roduc t ion of a 180。 phase-shift between adjacent l ine 

segment representations i n the C G H provides an effective me thod of decreasing the 

m i n i m u m separation between l ine segments toward the Rayleigh l im i t . I t has already 

been shown tha t i f the w i d t h of the l ine segment representations in the C G H are kept 

at the alias l im i t , R = 25y and is independent of 2， i t is therefore possible to image 

paral lel tracks at a range of mask-substrate separations and ma in ta in a constant l ine 

separation w i thou t degradat ion in the l ine qual i ty. I n realistic s i tuat ions, such as the 

pat tern ing of a bus onto a non-planar P C B , the phase-shift ing method should al low 

t rack densities tha t are of the same order as the equivalent conventional l i thographic 

mask- albeit w i t h much str icter contro l of the exposure process being necessary. 
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Figure 7.8: The var ia t ion i n SNR as the number and separation of paral le l l ine 

segment images is increased, where a 180^ phase-shift exists between adjacent lines 

sepJrtttorv / Rayleigh Сгіїегіол 
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Figure 7.9: The var ia t ion in SNR as the number and separation of paral lel l ine 
segment images is increased, where a 90° phase-shift exists between adjacent lines 
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ditianc« 12x Raytoigh criterion 

F i g u r e 7.10: T h e s h i f t i n t h e m a i n l obes o f t h e i n t e n s i t y p r o f i l e r e s u l t i n g f r o m t w o 
l i ne C G H . ( a ) ; n o p h a s e - s h i f t , ( b ) ; 9 0 d e g p h a s e - s h i f t , ( c ) ; ISOdeg phase -sh i f t 

distance / 2x Rayleigh Criterion 

F i g u r e 7 . 1 1 : T h e a p p r o x i m a t e s h i f t i n t h e m a i n lobes o f t h e i n t e n s i t y p r o f i l e r e s u l t i n g 
f r o m 13 l i n e C G H . a; ISOdeg p h a s e - s h i f t , b; n o p h a s e - s h i f t , c; 9 0 d e g phase -sh i f t 
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7.1.3 Reso lu t ion L i m i t s on L ine Segments Resu l t ing f r o m 

B i n a r y Masks 

W h e n a b i n a r y phase p a t t e r n is e m p l o y e d r a t h e r t h a n a q u a n t i s e d phase rep resen­

t a t i o n , i t is e v i d e n t f r o m t h e l i ne p r o f i l e ( f i g u r e 6.3) t h a t t h e a d d i t i o n a l no ise w i l l 

cause f u r t h e r p r o b l e m s w i t h t h e i m a g i n g o f p a r a l l e l segmen ts . 

F i g u r e 7.12 p resen ts t h e r esu l t o f s i m u l a t e d e x p e r i m e n t s w i t h t w o l i ne segments . 

T h e C G H was c a l c u l a t e d b y s i m p l e t h r e s h o l d i n g o f e q u a t i o n 5.3; t h e p a r a m e t e r s 

used t o o b t a i n these resu l t s were δχ = őy = 80μτη, Ly 二 40(5у, ζ = 0.4. N o t i c e t h a t 

t h e 7Γ p h a s e - s h i f t i n t r o d u c e d i n a n a t t e m p t t o i m p r o v e t h e r e s o l u t i o n l i m i t does n o t 

p r o ฬ d e a n y b e n e f i t f o r w e l l spaced l i ne segmen ts , b u t b e g i n s t o h e l p t h e s i t u a t i o n 

as t h e l i nes ge t c loser t o g e t h e r . N o t i c e a lso t h a t t h e S N R fo r spac ings o f l x a n d 

2 x t h e e x t e n t o f t h e C G H l i n e segmen t p a t t e r n s a re s i m i l a r ; t h i s is as p r e d i c t e d b y 

e q u a t i o n 6.7, w h e r e n o l a rge change i n t h e S N R is e x p e c t e d b e t w e e n these l i m i t s . 

line separaUoก I сон line segment width 

F i g u r e 7 .12: T h e S N R o f t w o p a r a l l e l l i ne segmen ts as t h e y a re m o v e d c loser t o g e t h e r , 

( a ) ; b i n a r y a m p l i t u d e m a s k , ( b ) ; b i n a r y phase m a s k , ( c ) ; b i n a r y phase m a s k 

i n c o r p o r a t i n g a ᅲ p h a s e - s h i f t t o one o f t h e l i ne p a t t e r n s 
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F i g u r e 7.13 p resen ts t h e resu l t s o f a n e x p e r i m e n t c a r r i e d o u t w i t h b i n a r y a m p l i ­

t u d e C G H u s i n g t h e s a m e p a r a m e t e r s used t o gene ra te figure 7 .12. W h e n t h e l i nes 

a re spaced s u c h t h a t t h e t w o l i n e p a t t e r n s j u s t t o u c h , t h e p e a k s a re d i s t i n c t . B e ­

cause t h e p a t t e r n s d o n o t o v e r l a p a t t h i s p o i n t , i t is poss ib le t o use t h e a p p r o x i m a t e 

p a t t e r n d e r i v e d i n s e c t i o n 6 .1 .1 .1 t o d e t e r m i n e t h e S N R i n t h i s case. T h e S N R is 

g i v e n by : -

А г ( 4 + 7Г) 
(7 .2) 

SNR ^ 6.3 

T h i s va lue is i n g o o d a g r e e m e n t w i t h b o t h figure 7.13 a n d figure 7.12. N o t e t h a t 

CGH representations 

just touching 

40dy separation 

-2 0 2 
distance (mm) 

Centre of one CGH representation 

coincident with the edge of the second 

20dy separation 

֊2 0 2 
distance (mm) 

Considerable overlapping of the two CGH line representations 

10dy separation ո ^ 4dy separation 

-2 0 2 
distance (mm) 

^ 0.2 

-2 0 2 
distance (mm) 

F i g u r e 7.13: T h e r e s o l u t i o n l i m i t s o n t w o p a r a l l e l l i ne segmen ts r e s u l t i n g f r o m a 
b i n a r y a m p l i t u d e m a s k . 

t h e f o r m o f t h e a p p r o x i m a t i o n i n figure 6.3 leads t o t h e c o n c l u s i o n t h a t t h e S N R 

as c a l c u l a t e d i n e q u a t i o n 7.2 is a n average va lue over t h e r a n g e o f l i ne s e p a r a t i o n s 
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7. C G H consist ing of M u l t i p l e L ine Segments 

b e t w e e n Ly 2Ly. W h e n a 180"" phase -sh i f t is i n t r o d u c e d t o a l t e r n a t e l i ne segments , 

t h e S N R p r e d i c t e d b y e q u a t i o n 7.2 is : -

― = 1 2 . 1 
\4.1； 

T h i s figure is s o m e w h a t h i g h e r t h a n figure 7.12 suggests , b u t a g a i n o n l y rep resen ts 

a n average va lue over a r a n g e o f l i n e s e p a r a t i o n s . 

A s t h e l i ne p a t t e r n s m o v e c loser t o g e t h e r , so t h e d e f i n i t i o n o f t h e t w o peaks i n 

t h e i m a g e dec l ines , as does t h e i n t e n s i t y o f t h e l i ne segments . Because t h e p a t t e r n s 

fo r t h e t w o l ines a re n o w o v e r l a p p i n g i n t h e C G H , e q u a t i o n 6.7 is n o l o n g e r a p p r o ­

p r i a t e f o r a p p r o x i m a t i n g t h e S N R ; here i t is t h e w o r k o f s i m u l a t i o n a n d p r a c t i c a l 

e x p e r i m e n t a t i o n t o d e t e r m i n e t h e r e s o l u t i o n l i m i t s . F r o m figure 7 .12 , t h e i n d i c a t i o n 

is t h a t t h e S N R o f t w o p a r a l l e l l i ne segments , i m a g e d u s i n g b i n a r y - v a l u e d masks , is 

g o o d d o w n t o l i ne s e p a r a t i o n s o f í í I t h e w i d t h o f t h e i n d i v i d u a l l i n e r e p r e s e n t a t i o n s 

i n t h e C G H . T h e i n t r o d u c t i o n o f a 180。 phase -sh i f t b e t w e e n t h e t w o l i ne segmen ts 

reduces t h i s figure c o n s i d e r a b l y . 

T h e resu l t s i n t h i s s e c t i o n are l i m i t e d i n t h e i r gene ra l i t y , h a v i n g b e e n g e n e r a t e d 

u s i n g a s ing le o p t i c a l g e o m e t r y a n d u s i n g o n l y t w o l i ne segmen ts . H o w e v e r , t h e c o n ­

c l u s i o n c a n be d r a w n t h a t as t h e l i ne segmen t p a t t e r n s i n t h e C G H b e g i n t o o v e r l a p , 

t h e S N R o f t h e r e s u l t i n g i m a g e fa l l s q u i c k l y - w i t h a less p r o n o u n c e d dec l i ne w h e n a 

phase -sh i f t is i n t r o d u c e d b e t w e e n t h e t w o l ines . W o r k is r e q u i r e d t o i n v e s t i g a t e t h i s 

resu l t f o r a g rea te r n u m b e r o f l i ne segmen ts - howeve r one g e n e r a l r esu l t t h a t c a n be 

s t a t e d is t h a t w h e n a l a r g e n u m b e r o f l i ne segmen ts a re spaced a t i n t e r v a l s e q u a l 

t o 2x t h e e x t e n t o f each l i n e segmen t p a t t e r n i n t h e C G H a n d t h i s e x t e n t is e q u a l 

t o t h e a l ias l i m t , t h e S N R c a n be f o u n d f r o m t h e a p p r o x i m a t i o n d e r i v e d i n s e c t i o n 
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6.1.1 a n d is g i v e n t o a r easonab le a p p r o x i m a t i o n by : -

/ 2 ^ + 2 + 7 г \ ' 一 
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1 

f 0.6 

I 0.4 

^ 0.2 

min. separation 

0 
二 2 

2x min.separation 
1 • 

0.8 

to 

• in
te

 

0.6 

y ф 
co 

да 
0.4 

о 
0.2 

. і 0 . 1 L - • 
֊1 о 1 

displacement (mm) 

3x min.separation 

֊2 -1 0 1 
displacement (mm) 

4x min. separation 

-1 0 1 
displacement (mm) 

^ 0.4 

-1 0 1 
displacement (mm) 

F i g u r e 7.14: Cross -sec t ions t h r o u g h t h e i m a g e f o r m e d w h e n t w o r e c t a n g l e C G H a re 
s u p e r i m p o s e d 

7.2 R e s o l u t i o n L i m i t s o n Rec tang le C G H 

T h i s is a t o p i c w h i c h r equ i r es f u r t h e r i n v e s t i g a t i o n . H o w e v e r , a n i d e a l l i m i t c a n be 

d e r i v e d b y a s s u m i n g t h a t a p e r f e c t C G H c a n be p r o d u c e d a n d u s i n g t h e r esu l t o f 

e q u a t i o n 5.24 w h e r e i t was d e m o n s t r a t e d t h a t t h e w i d t h - c o n t r o l l e d r e c t a n g l e i m a g e 

e x t e n d s b y 2^ %^ o n e i t h e r s ide. A s u i t a b l e r e s o l u t i o n l i m i t is t h e n t h a t t h e s p a c i n g 

b e t w e e n a d j a c e n t p a r a l l e l r ec tang les r e s u l t i n g f r o m r e c t a n g l e C G H s h o u l d b e n o less 

t h a n 4 լ %w. F i g u r e 7,14 p r o v i d e s a n i n i t i a l l o o k a t t h e ef fect o n t h e i m a g e cross-

s e c t i o n o f s u p e r - i m p o s i n g r e c t a n g l e C G H . P a r a m e t e r s used were λ = 3 2 5 n m , ζ = 

5 c m , δχ = 5y = 10/xm， 'น; = 8 X δχ, t h e figure shows h o w t h e l i ne c ross -sec t ion 

var ies as t h e s e p a r a t i o n b e t w e e n t h e r e c t a n g l e f ea tu res is i nc reased fo r l x —> 4 x 

t h e m i n i m u m s e p a r a t i o n set o u t i n t h i s s e c t i o n . 
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7.3 I m a g i n g a Cross Cons i s t i ng o f t w o L i n e Seg­

men ts 

I t is s t r a i g h t f o r w a r d u s i n g t h e a n a l y t i c a l r e p r e s e n t a t i o n s o f l ines a n d rec tang les d i s ­

cussed p r e v i o u s l y t o c o m p u t e t h e d i f f r a c t i o n p a t t e r n f o r a cross. H o w e v e r , t h e ef fect 

o f s u p e r i m p o s i n g t w o p e r p e n d i c u l a r l i ne p a t t e r n s o n t h e a c c u r a c y o f t h e i m a g e d 

cross c lose t o t h e p o i n t o f i n t e r s e c t i o n is less c lear ; i n o t h e r w o r d s , t h e e f fec t t h a t 

t h e f r i nges o f one l i n e p a t t e r n has o n t h e o t h e r m u s t be u n c o v e r e d . 

I n c h a p t e r 6， l ines i m a g e d v e r y c lose t o t h e C G H were s h o w n t o be rea l i sab le i f 

t h e i r r e p r e s e n t a t i o n i n t h e C G H d i d n o t v a r y a l o n g t h e ax is o f t h e l i ne . W h e n t h i s is 

t h e case, i t is poss ib le u s i n g a c o n v e n t i o n a l p l o t t e r t o rec rea te a n ' i n f i n i t e ' s a m p l i n g 

r a t e a l o n g t h e ax i s o f t h e l i n e , such t h a t a l i a s i n g c o n s t r a i n t s need n o t a p p l y a n d 

m u l t i p l e cop ies o f t h e l i n e segmen t a re n o t i m a g e d . I t w a s a lso s h o w n t h a t w h e n 

a s a m p l e d r e p r e s e n t a t i o n o f a l i ne segmen t is chosen J such as t h e g reysca le , b inary-

phase C G H , h i g h e r o r d e r cop ies o f t h e r e q u i r e d i m a g e a re s t r o n g l y a t t e n u a t e d . I f 

a n i d e a l r e p r e s e n t a t i o n is ava i l ab le , i n w h i c h each s a m p l e o f t h e cross p a t t e r n is 

r ep resen ted b y a phase a l t e r i n g layer o f d i m e n s i o n s δχ X ôy as i n s e c t i o n 6.2, t h e r e 

is n o reason w h y t h i s conques t o f t h e a l i a s i n g l i m i t s h o u l d n o t a p p l y e q u a l l y w e l l he re . 

F i g u r e 7.15 shows t h e C G H a n d t h e i m a g e f o r m e d w h e n t w o l i n e segmen t d i f f r a c ­

t i o n p a t t e r n s a t r i g h t - a n g l e s t o each o t h e r are s u p e r i m p o s e d a n d figure 7.16 p r o v i d e s 

a c ross -sec t i on t h r o u g h o n e o f t h e a r m s o f t h e s i m u l a t e d cross i m a g e . P a r a m e ­

te rs chosen f o r t h i s e x a m p l e we re δχ — őy — ΙΟμτη, λ 二 3 2 5 n m , ζ = l O c m a n d 

Lx — Ly = 256 χ δα: 二 2 . 6 m m , p u t t i n g t h e i m a g e w e l l w i t h i n t h e a l i a s i n g l i m i t o f 

e q u a t i o n 2.26. N o t e f r o m b o t h figures t h a t no a l i a s i n g is a p p a r e n t a p a r t f r o m t h e 

h i g h l y a t t e n u a t e d s i debands j u s t v i s i b l e t o t h e s ides o f figure 7.16. A l t h o u g h t h i s is 
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7. C G H consist ing o f M u l t i p l e L ine Segments 

o n l y a s ing le e x a m p l e o f a cross p a t t e r n , t h e r e is n o reason t h a t t h e r esu l t s h o u l d 

n o t a p p l y e q u a l l y w e l l i n g e n e r a l ; i t is a t o p i c o f f u r t h e r s t u d y t o s h o w t h a t t h i s is 

t h e case. 

T h e b r i g h t s p o t i n t h e cen t re o f figure 7.15 a n d s h o w i n g u p as t h e l a r g e sp ike 

i n figure 7.16 resu l t s f r o m c o n s t r u c t i v e i n t e r f e r e n c e b e t w e e n t h e t w o l i n e segmen ts 

as t h e y i n t e r sec t . T h i s f e a t u r e is n o t necessar i l y a s t u m b l i n g b l o c k t o t h e use o f 

such a p a t t e r n f o r l i t h o g r a p h y , t h e h i g h i n t e n s i t y a t t h e i n t e r s e c t i o n w o u l d m e r e l y 

r esu l t i n a s m a l l b l o b i n t h e exposed p h o t o r e s i s t , h o w e v e r i f a s i m p l e i m p r o v e m e n t 

t o t h i s s i t u a t i o n c a n b e f o u n d , a l l t h e b e t t e r . O n e i dea f o r t h e e l i m i n a t i o n o f t h e 

b r i g h t s p o t is t o s u b t r a c t f r o m t h e C G H d i s t r i b u t i o n a p o i n t source p a t t e r n a t t h e 

c o r r e c t i n t e n s i t y t o cance l o u t t h e p o i n t r e s u l t i n g f r o m t h e i n t e r s e c t i o n o f t h e t w o 

l ines . T h i s c o n c e p t is i l l u s t r a t e d i n figure 7.3. 

F i g u r e 7.15: A cross C G H a n d a s i m u l a t i o n o f t h e i m a g e i t f o r m s 

F i g u r e 7.18 is a b i n a r i s e d cross C G H g e n e r a t e d u s i n g t h e f o l l o w i n g p a r a m e t e r s : 

λ = 3 2 5 n m , δχ = 5y = 1 6 ^ m , ζ ― 0 . 5 m . F i g u r e 7.19 shows t h e i m a g e f o r m e d b y 
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dttp๒cameni (mm) 

F i g u r e 7.16: P l o t a l o n g one a r m o f t h e i d e a l cross i m a g e 

t h i s C G H , w h i l s t figure 7.20 shows a p l o t a l o n g one a r m o f t h e cross. T w o p o i n t s a re 

w o r t h n o t i c i n g f r o m these resu l t s . F i r s t , t h e r e is n o b r i g h t p o i n t a t t h e i n t e r s e c t i o n 

o f t h e t w o l ines a n d second t h e r e is n o s i g n o f a l i a s i n g o c c u r i n g i n t h e f o r m o f 

e n c r o a c h i n g h i g h e r o r d e r images . T h e p h o t o g r a p h o f t h e C G H suggests w h y t h i s 

s h o u l d b e t h e case. A l o n g t h e t w o axes o f t h e cross, t h e C G H is rep resen ted b y 

c o n s t a n t r e c t a n g u l a r a p e r t u r e s ; p r o v i d e d t h e C G H focuses t h e m a j o r i t y o f t h e l i g h t 

o n t o these t w o axes, a l i a s i n g s h o u l d n o t t h e n be a p r o b l e m . T h e ' b l o b ' w o u l d seem 

t o d i s a p p e a r t h a n k s t o t h e b i n a r i s a t i o n process , w h e r e b y t hose reg ions o f t h e m a s k 

c o n t a i n i n g la rge a m p l i t u d e c o m p o n e n t s a re t h r e s h o l d e d d o w n t o t h e same leve l as 

t h e less in tense reg ions - t h i s i n ef fect ha l ves t h e a m p l i t u d e o f t h e c e n t r a l p o r t i o n o f 

t h e cross w h e r e i t s t w o a r m s i n t e r s e c t . 
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+ 

F i g u r e 7.17: O n e 

m e t h o d o f e l i m i n a t i n g 

t h e b l o b f o r m e d i n t h e 

cen t re o f a cross i m a g e 

F i g u r e 7.18: A p h o t o g r a p h o f a b i n a r y a m p l i t u d e cross C G H 

7.4 L i n e In te rsec t ions 

I n t h i s s e c t i o n , C G H c o n s i s t i n g o f t w o l i ne o r r e c t a n g l e p a t t e r n s s u p e r i m p o s e d i n a 

' T ' shape a re i n t r o d u c e d . 

T h e C G H a n d s i m u l a t e d i m a g e s f o r m e d b y t h r e e d i f f e r e n t C G H r e p r e s e n t a t i o n s 

o f t h e T ' d i f f r a c t i o n p a t t e r n f o r m e d u s i n g bas ic l i n e segmen ts a r e s h o w n i n figure 

7.22 t o g e t h e r w i t h p l o t s a l o n g t h e t o p b a r o f t h e * T \ P a r a m e t e r s used here were : 

λ = 3 2 5 n m , ζ = 3 0 c m , ÒX ~ Sy = ΙΟμτη. F i g u r e 7.23 r e p e a t s figure 7.22 w i t h 
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н 0.9 

07 

10.6 

0.5 

10.4 

10.3 

10,2 

-1 0 1 
x-displacement (mm) 

| o i F i g u r e 7.19: C C D c a p ­

t u r e o f t h e i m a g e f o r m e d 

•0 b y a b i n a r i s e d cross 

C G H 

t h e bas ic l i ne s e g m e n t r e p l a c e d b y t h e w i d t h - c o n t r o l l e d v a r i e t y . F i n a l l y figure 7 .21 

shows h o w t w o r e c t a n g l e images c a n be s u p e r i m p o s e d t o i m a g e a l i n e i n t e r s e c t i o n . 

T o f u l l y cha rac te r i se t h e i m a g e p r o d u c e d w h e n l i n e segmen t p a t t e r n s a re supe r ­

i m p o s e d a t r i g h t ang les i n t h e C G H , a n i n v e s t i g a t i o n is needed t o s h o w t h a t t h e 

e x a m p l e s p r o v i d e d i n t h i s sec t i on a p p l y i n t h e g e n e r a l case. T w o f a c t o r s suggest 

t h a t t h i s w i l l b e t h e case: first, i t is a c o n d i t i o n o n t h e i m a g i n g o f s i ng le l i ne seg­

m e n t s t h a t t h e i r d i s t r i b u t i o n i n t h e i m a g e p l a n e c a n b e a p p r o x i m a t e d b y a rect 

f u n c t i o n . T h i s m e a n s t h a t t h e r e is n o s i g n i f i c a n t v a r i a t i o n i n t h e f o r m t a k e n b y t h e 

i m a g e d fea tu res over a r a n g e o f p a r a m e t e r s . Second , s ince a l i a s i n g does n o t a f fec t 

t h e e x a m p l e s p r e s e n t e d here , t h e r e is n o reason w h y i t s h o u l d b e c o m e a p p a r e n t i n 

t h e m o r e g e n e r a l case. 
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x-displacement (mm) 

F i g u r e 7.20: P l o t a l o n g 
one a r m o f t h e cross i m ­
age 

F i g u r e 7 . 2 1 : T h e i n t e r s e c t i o n o f t w o r e c t a n g u l a r f ea tu res 
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7. C G H consist ing o f M u l t i p l e L ine Segments 

7.5 S u m m a r y 

T h i s c h a p t e r has l o o k e d i n some d e t a i l a t t h e t h e o r e t i c a l l i m i t s p l a c e d o n t h e m i n ­

i m u m s e p a r a t i o n b e t w e e n a n u m b e r o f p a r a l l e l l i n e segmen ts w h e n severa l C G H 

r e p r e s e n t a t i o n s a re chosen . I t has been s h o w n t h a t i n t h e i d e a l case, a s e p a r a t i o n o f 

2R a n d t h a t flipping t h e phase o f a d j a c e n t l i ne segmen ts c a n resu l t i n i m p r o v e m e n t s 

i n t h e a c c u r a c y o f t h e r e s u l t i n g i m a g e . 

A n i n t r o d u c t i o n t o l i nes f o r m i n g r i g h t ang les has b e e n g i v e n t o g e t h e r w i t h some 

i d e a o f t h e p r o b l e m s a n d poss ib le s o l u t i o n s t h a t m a y ar ise i n t h i s case. T h e i n t e r ­

a c t i o n o f l i nes f o r m i n g r i g h t ang les r e m a i n s a s i g n i f i c a n t t o p i c o f f u r t h e r s t u d y . 

T o s h o w h o w e f fec t i ve t h e m e t h o d o f s u p e r i m p o s i n g i oca l i sed l i ne -segmen t r e p ­

r e s e n t a t i o n s i n t h e C G H c a n b e , a p r o g r a m has b e e n w r i t t e n t o m i m i c t h e a c t i o n 

o f t h e c lassic ' l o g o ' p r o g r a m f r o m t h e days o f t h e B B C m i c r o . T h e o r i g i n a l l o g o 

p r o g r a m a l l o w e d l i nes t o be t r a c e d across t h e sc reen b y a ' t u r t l e ' whose m o v e m e n t 

was c o n t r o l l e d u s i n g c o m m a n d s such as ' f d 5 0 ' t o m o v e f o r w a r d 50 p i xe l s , o r ' r t 

9 0 ' t o m a k e a t u r n t o t h e r i g h t o f 90^. T h e l ogo p r o g r a m c o u l d a lso be used t o 

c o n t r o l a w h e e l e d r o b o t w i t h a n a t t a c h e d p e n t o d r a w p a t t e r n s o n t o p a p e r . S i m i l a r 

c o m m a n d s have b e e n i n c o r p o r a t e d i n t o t h e C G H v e r s i o n o f t h i s p r o g r a m , b u t i n 

t h i s i n s t a n c e , t h e l i ne d r a w n b y t h e t u r t l e is r e p l a c e d w i t h a C G H l i n e segmen t 

r e p r e s e n t a t i o n . T h e p r o g r a m a lso a l l ows changes i n t h e ang le o f t h e l i ne i n t h e 

z - d i r e c t i o n , e n a b l i n g s l o p e d l ines t o be i m a g e d - b u t t h i s is a t o p i c f o r t h e n e x t c h a p ­

te r . F o r n o w , figures 7 .24-7 .27 s h o w h o w l i ne C G H c a n be used t o p r o d u c e a n i m a g e 

o f c i r c u i t t r a c k s s i m i l a r t o t h a t used t o g e n e r a t e figure 7 . 1 . P a r a m e t e r s used here 

were : λ = 3 2 5 n m , ζ ― 2 c m , δχ = Sy = ΙΟμτη, T o d e m o n s t r a t e t h e w a y i n w h i c h 

t h e a l i a s i n g l i m i t has b e e n a v o i d e d , figure 7.28 shows t h e i m a g e r e s u l t i n g f r o m t h e 
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7. C G H consist ing o f M u l t i p l e L ine Segments 

điep(»cement (mm) cfiapbcemem(mm) 

dispiacement (mm) 

F i g u r e 7.24: C G H c r e a t e d u s i n g t h e ' l o g o ' p r o g r a m t o i m a g e a c i r c u i t p a t t e r n , ( a ) ; 

r e a l p a r t o f a q u a n t i s e d - p h a s e C G H , ( b ) ; b i n a r y a m p l i t u d e C G H , ( c ) ; b i n a r y phase 

C G H 

C G H o f figure 7 .24a w h e n p i x e l s o f s ize ֊֊ X a re used . 
10 

F i n a l l y i n t h i s c h a p t e r , figure 7.29 shows a '3Dr i m a g e p r o d u c e d u s i n g a b i n a r y -

a m p l i t u d e C G H g e n e r a t e d b y t h e l ogo p r o g r a m . 
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7, CGBI consist m g of MMtnpl© Låne Segmenìts 

F i g u r e 7 .25: T h e i m a g e r e s u l t i n g from figure 7 ,24a 

F i g u r e 7.26: T h e i m a g e r e s u l t i n g from figure 
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' L с G H « -ii^. լ I.J ív^uU ļトレ ᄂ 'นі ֊ เ֊ , 

=f「 

֊々  

Figure 7.27: The image resulting from figure 7.24c 

F i g œ e 7.2B,: Ť b e i m a g e r e s ฟ ุ t i n g from figure 724b. w h e n s m a l l P'ixefe a re used i n t b e 
C G H 
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C G H consist ing of M u l t i p l e L ine Segments 

F i g u r e 7.29: A C C D 
c a p t u r e o f t h e ' 3 D r i m ­
age r e s u l t i n g f r o m a b i ­
n a r y a m p l i t u d e C G H 
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C h a p t e r 8 

3 -D imens iona l L i n e C G H 

IN T H E PREVIOUS f e w c h a p t e r s a g r e a t dea l o f e f f o r t w a s e x p e n d e d i n t h e ana l ys i s 

o f t h e i m a g e s f o r m e d b y s i ng le l i n e a n d r e c t a n g l e C G H . H o w e v e r , i f t h i s w o r k i s 

t o be p u t t o g o o d use i t m u s t first be e x p a n d e d f r o m l ines p a r a l l e l t o t h e C G H t o 

l ines a n d rec tang les a t a n y o r i e n t a t i o n w i t h i n t h e i m a g e v o l u m e . L u c k i l y , such a n 

e x p a n s i o n is poss ib le a n d i n d e e d is such t h a t t h e resu l t s d e r i v e d p r e v i o u s l y c a n b e 

m o d i f i e d i n a s t r a i g h t f o r w a r d m a n n e r t o a p p l y i n 3 - d i m e n s i o n s . 

T h e d e v e l o p m e n t here f o l l ows i n t h e f o o t s t e p s o f c h a p t e r 5 b y first e x a m i n i n g 

bas ic l i ne C G H a n d s u b s e q u e n t l y l o o k i n g a t t h e a d d i t i o n o f w i d t h a n d l e n g t h c o n t r o l 

t o t h i s f e a t u r e . S e c t i o n 8 .1 der i ves a n exp ress ion f o r a l i n e f o r m i n g a n ang le w i t h 

t h e C G H a n d s e c t i o n 8.2 l o o k s a t t h e i m a g e f o r m e d w h e n t h i s C G H is l i m i t e d i n 

i t s e x t e n t . S e c t i o n 8.3 e x a m i n e s t h e ef fect o f a d d i n g s l o p e d a n d flat l ines e n d t o 

e n d . S e c t i o n 8.4 e x t e n d s t h e bas ic s l o p e d - l i n e r esu l t t o l ines o f c o n t r o l l e d w i d t h a n d 

l e n g t h , w h i l s t s e c t i o n 8.5 i n t r o d u c e s t h e p o s s i b i l i t y o f l i nes i m a g e d o n t o a c u r v e d 

sur face . 
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8. 3-Dimensional L ine C G H 

8.1 L ines a t an angle t o t h e C G H P lane 

T h i s s e c t i o n der i ves a n exp ress ion fo r a C G H whose i m a g e is a l i ne segmen t f o r m i n g 

a n ang le w i t h t h e ( x , y) p l a n e . F i g u r e 8 .1 shows t h e g e o m e t r y f o r t h e f o l l o w i n g c a l ­

c u l a t i o n s . H e r e , a is t h e ang le t h a t t h e l i ne f o r m s w i t h t h e ξ ax i s , Zo is t h e d i s t a n c e 

F i g u r e 8 . 1 : G e o m e t r y 

f o r t h e c a l c u l a t i o n o f a 

s l o p e d l i ne C G H 

b e t w e e n t h e cen t re o f t h e l i n e segmen t a n d t h e o r i g i n o f t h e ( x , y) p l a n e , Ζχ is t h e 

d i s t a n c e b e t w e e n t h e l o c a t i o n (：r, 0) i n t h e (：r， y) p l a n e a n d t h e p o i n t o n t h e l i ne 

w h e r e ξ = X a n d r ( x , y , ξ) is t h e d i s t a n c e b e t w e e n a g i v e n p o i n t o n t h e l i ne a n d a 

g i v e n p o i n t i n t h e C G H p l a n e . 

R e f e r r i n g t o t h e g e o m e t r y o f figure 8 . 1 ， t h e f o l l o w i n g a r g u m e n t c a n be used t o 

de r i ve t h e d i f f r a c t i o n p a t t e r n f o r m e d i n t h e C G H p laner -

F i r s t , t h e d e f i n i t i o n o f t h e l i ne i n t h e ( ξ , η) p l a n e is t a k e n as:-

(8 .1 ) 

T h e reasons b e h i n d t h i s d e f i n i t i o n w i l l b e c o m e a p p a r e n t s h o r t l y . 
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8. 3-Dimensional L ine C G H 

R e c a l l i n g t h e f o r m u l a t i o n o f t h e d i f f r a c t i o n p h e n o m e n a d e r i v e d i n c h a p t e r 2 , t h e 

d i s t r i b u t i o n r e s u l t i n g i n t h e C G H p l a n e f r o m t h e o b j e c t d e f i n e d i n e q u a t i o n 8 .1 is : -

w h e r e r is seen t o be g i v e n by : -

(8 .2 ) 

(8 .3) 

r = - \ / ( z o — ξ s i n a ) 2 + {ξ c o s a 一 xY + y 2 

= \ / { z o — X t a n Oí ― ( ς s ı n a ― χ)Υ 4- ( ξ COS a ― ；r)2 + y え 

= V ( ^ ะ с — ( ξ c o s a ֊ χ) t a n ひ ) 2 + ( ξ COS α — æ ) 2 + у 2 

/ ( ξ c o s ひ ― хҮ{1 + t a n 2 à) ― 2ζχ(ξ cosa ― χ) t a n a + у2 

T h e o c c u r r e n c e o f r m u l t i p l y i n g t h e e x p o n e n t i n e q u a t i o n 8.2 w i l l , i n a s i m i l a r s t y le 

t o t h a t e m p l o y e d i n t h e d e r i v a t i o n o f t h e F D F , be a p p r o x i m a t e d b y Ζχ, l e a v i n g : -

ฬ = į 厂 ՍԱ, 0 ) ๙ " " - . ^ ξ (8 .4 ) 

н { х , y) is m u c h m o r e sens i t i ve t o v a r i a t i o n s i n t h e v a l u e o f r a p p e a r i n g i n t h e 

e x p o n e n t o f e q u a t i o n 8.2 a n d m o r e care m u s t t h e r e f o r e be t a k e n i n a r r i v i n g a t a n 

a p p r o x i m a t i o n t o t h e s q u a r e - r o o t t e r m i n t h i s i n s t a n c e . T o ease n o t a t i o n s l i g h t l y , t h e 

s u b s t i t u t i o n ξ = įcosa — X w i l l n o w be i n t r o d u c e d . T h e exp ress i on f o r r becomes: -

r = 7 / ๅ ^ e ՚ ^ ( l + t a ռ 2 α ) ֊ 2 г , ξ Ч a n α + y 2 

r = ^ V1 + (8-5) 

I n t h i s f o r m , r c a n b e a p p r o x i m a t e d u s i n g t h e b i n o m i a l e x p a n s i o n o f e q u a t i o n 

2.9. H o w e v e r , ca re m u s t be t a k e n i n n e g l e c t i n g t h e q u a d r a t i c t e r m i n t h i s e x p a n s i o n 
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8. 3-Dimensional L ine C G H 

( γ i n e q u a t i o n 2 .9 ) : -

r ^ Ζχ + 

ξ'^(1 + t a n 2 a) ― 2ζ^ξ' t a n a + у 2 — ΑζΙξ'^ t a n 2 α 

お с ^ 4 

( 1 + t a n 2 ひ ) 2 ξ ' 4 + у 4 - Azปี,ξ"" t a n ひ ( 1 + tan온 а) + 2^'2у2(1 + t a n 2 а) ― 42^е'у2 t a n а 

8վ 
(8-6) 

t h e las t o f t h e t h r e e t e r m s i n e q u a t i o n 8.6 c a n be d r o p p e d , as was t h e case i n t h e 

d e r i v a t i o n o f t h e F D F . H o w e v e r , s ince i t is a f u n c t i o n o n l y o f ξ^, t h e second t e r m 

i n t h i s e q u a t i o n m u s t be r e t a i n e d . T h i s a d d i t i o n a l t e r m is d u e t o t h e i n t r o d u c t i o n 

o f a s lope t o t h e l i ne a n d c a n be seen t o e q u a l zero w h e n a = 0 。 . T i d y i n g u p n o w 

1 о ̂ IV^S · 一 

' £ ' 2 ( 1 + t a n 2 a) - 2ζ^ξ' t a n α + Հ _ 4 г お 。 t a n 2 а 

(8 .7) 

r ^ Ζχ + 

= 2 χ + 

2ζ^ 8ζΙ 

giving:-

1 

յ֊օօ ν COS α ノ 

(8 .8 ) 

p l u g g i n g e q u a t i o n 8 .1 i n t o t h i s exp ress ion t h e n resu l t s i n : -

H{x,y) 
L / g j գ iť t a n a+x t a n α ) λ + ՚ ซ i f ֊ ^ 

կ J-00 

Ζχ 

շ 

.•.Н{х,у) = ւ յ ^ յ ֊ ๙ ^ ^ ο ^ ή , ν ' г ^įr\dT 
Ζ χ \ շ cos a y_oo 

Ζχ\ 2 cosa ՚ - ν 八 ^ " Հյ֊օշ ノ ϋ十 ノ 

-֊֊—e^^^o^j^y' ( _ I e^^^\dT + I ๙ ^ ^ ' . d r + 1 、 

İZ:, COS a V Jo+ Уо+ , 
2ζχcos a 

f λ 1 i23Lzn 7^7 /2 

2ζχ cos ひ 

(8 .9 ) 
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8. 3-Dimensional L ine C G H 

I g n o r i n g t h e c o n s t a n t phase s h i f t , m u l t i p l y i n g c o n s t a n t s ( i n c l u d i n g t h e COSひ 

f a c t o r ) a n d t h e t e r m Ζχ^ w h i c h is assumed t o o n l y v a r y b y a s m a l l a m o u n t ( г о 》 

xtԱna\ynax)^ t h e exp ress ion becomes : -

Я ( х , у ) - ๙ ^ ^ ^ (8 .10) 

t h e ef fect o f these a s s u m p t i o n s o n t h e r e s u l t i n g i m a g e w i l l b e c o m e a p p a r e n t i n t h e 

n e x t s e c t i o n . 

E q u a t i o n 8.10 shows t h a t s l o p e d l i ne segmen ts d i f f e r f r o m t h e n o n - s l o p e d case 

o n l y i n a l i n e a r a d j u s t m e n t o f t h e c h i r p f r e q u e n c y as t h e d i s t a n c e b e t w e e n t h e l i ne 

a n d t h e C G H p l a n e increases. F r o m t h e d e r i v a t i o n o f e q u a t i o n 8 .10 , i t is c lear t h a t 

t h e phase p r o f i l e i n t r o d u c e d a l o n g t h e l i ne i n e q u a t i o n 8 ,1 is such t h a t t h e n e t c o n ­

t r i b u t i o n t o t h e C G H o f a l l p o i n t s o n t h e l i ne f o r w h i c h ξ X is ze ro . 

E x a m p l e s o f t h e d i f f r a c t i o n p a t t e r n s g e n e r a t e d b y e q u a t i o n 8.10 fo r a r ange o f 

ang les a re g i v e n i n figure 8.2. T h e a l i a s i n g l i m i t d e r i v e d i n e q u a t i o n 5.16 m u s t 

n o w be a p p l i e d f o r each va lue o f Ζχ as t h e d i s t a n c e b e t w e e n t h e l i ne a n d t h e C G H 

va r ies ; i n t h e figure, b l a n k areas c o r r e s p o n d t o r eg ions o f t h e C G H t h a t exceed t h i s 

s a m p l i n g l i m i t . 

A n e x a m p l e o f t h e i m a g e f o r m e d b y a s l o p e d l i n e s e g m e n t is g i v e n i n figure 8.3. 

T h i s l i n e was c a l c u l a t e d f o r Zo = 5 . 5 c m u s i n g 3 2 5 n m i l l u m i n a t i o n a n d ΙΟμτη p i xe l s . 

T h e d e t a i l s o f t h i s i m a g e w i l l be i n v e s t i g a t e d i n t h e f o l l o w i n g s e c t i o n . 
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8. 3-Dimension£Ű L ine C G H 

F i g u r e 8.2 : T h e C G H f o r m e d b y l ines m a k i n g a r a n g e o f ang les w i t h t h e p l a n e o f 
t h e C G H 

dl«ptooement (mm) cSeplacement (mm) 

F i g u r e 8 .3 : A n e x a m p l e o f t h e i m a g e f o r m e d b y a s l o p e d l i n e C G H 
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8. 3-Dimensional L ine C G H 

8.2 T h e Image F o r m e d b y a S loped L i n e 

H a v i n g d e r i v e d a n exp ress ion fo r t h e d i f f r a c t i o n p a t t e r n r e s u l t i n g i n t h e p l a n e o f 

t h e C G H f r o m a n i n f i n i t e l y l o n g l i n e , a s i m i l a r d i scuss ion t o t h a t o f s e c t i o n 5 .2 .1 

n o w f o l l ows t o d e t e r m i n e t h e ef fect o f l i m i t i n g t h e e x t e n t o f t h e p a t t e r n i n t h e C G H 

o n t h e r e s u l t i n g l i ne - segmen t i m a g e . H e r e , ye t a n o t h e r a p p r o x i m a t i o n t o r w i l l b e 

used: -

r = ^ / ( z o - ξ s i n a ) 2 + (ξ cos a - x ) ^ + { y - η) 2  

= \1ղ + (ζ cos ひ 一 + y^ (8 .11) 

( f cos a ― хү + ՂՐ 

" 々 + ^ 2 ¡ r " ^ 

t h e c o n d i t i o n o n t h i s a p p r o x i m a t i o n b e i n g s i m i l a r t o t h a t fo r t h e s t a n d a r d F D F 

f o r m u l a t i o n . 

T h e d i s t r i b u t i o n i n t h e i m a g e p l a n e r e s u l t i n g f r o m t h e s p a c e - l i m i t e d C G H c a n 

be f o u n d as f o l l o w s , w h e r e t h i s t i m e t h e a p p r o x i m a t i o n ֊ ä ; į has been used t o 

rep lace t h e o c c u r r e n c e o f r m u l t i p l y i n g t h e e x p o n e n t . 

Я ' ( х , y) = ท { х , y)ređ (윷) r e ๗ ( お 

υ { ξ , η ) ^ ֊ í J H'{x,y)e~^'^\dy.dx 

ミ ^ (8 .12) 

T o p r o c e e d f u r t h e r , i t is n o w necessary t o e x a m i n e t h e i n t e g r a l over y i n e q u a t i o n 

8.12. 
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8. 3-Dimensional L ine C G H 

T h e a n t e n n a des igners f o r m u l a [71] s ta tes t h a t i n t h e i n t e g r a l 

๙^''๙"^y Ay 

t h e q u a d r a t i c e x p o n e n t i a l c a n be i g n o r e d p r o v i d e d - > 2 ひ 2 . T h i s c o r r e s p o n d s t o t h e 

c o n d i t i o n i n e q u a t i o n 8.12 t h a t 

るェ Ч 〉 щ_ 

Ζξ^ - A 

T h e s a t i s f y i n g o f t h i s c o n s t r a i n t is e x t r e m e l y d i f f i c u l t ove r t h e f u l l r a n g e o f Հ a n d 

x\ t h e d e p t h v a r i a t i o n i n t h e s u b s t r a t e m u s t b e m i n u t e o r m u s t be e n o r m o u s t o 

even c o m e close. H o w e v e r , i n t h e d e r i v a t i o n o f e q u a t i o n 8 .10 i t was s h o w n t h a t f o r a n 

i n f i n i t e l y l o n g l i n e , t h e c o n t r i b u t i o n f r o m a p o i n t o n t h e l i ne was l i m i t e d e x c l u s i v e l y 

t o t h a t p a r t o f t h e C G H f o r w h i c h X — Հ a n d t h i s app l i es e q u a l l y w e l l i n t h e inverse 

case t h a n k s t o t h e l i n e a r n a t u r e o f t h e d i f f r a c t i o n p h e n o m e n a . I f i t is t h e n a s s u m e d 

t h a t t h i s r e l a t i o n s h i p ho lds a p p r o x i m a t e l y w h e n t h e C G H is l i m i t e d i n e x t e n t , t h e n 

t h e m a j o r i t y o f t h e c o n t r i b u t i o n t o t h e i m a g e i n t h e ( ξ , r\) p l a n e resu l t s f r o m t h e 

p o r t i o n o f t h e C G H fo r w h i c h X ?5Ճ ξ . U n d e r t h i s a s s u m p t i o n , i t is poss ib le t o s a t i s f y 

t h e a n t e n n a des igners c o n s t r a i n t a n d t h e q u a d r a t i c t e r m i n t h e c e n t r a l i n t e g r a l o f 

e q u a t i o n 8.12 c a n be i g n o r e d , g i v i n g : -

' l { - " ł J-'-ì (8 .13) 

J ч ノ 

i f Ly does n o t v a r y w i t h X, t h e sine t e r m c a n be t a k e n o u t s i d e t h e i n t e g r a l o f e q u a t i o n 

8 .13. I f t h e w i d t h o f t h e C G H i n t h e y - d i r e c t i o n is m a i n t a i n e d a t t h e a l ias l i m i t 

t h e n Ly = ^ a n d i f i t is a g a i n a s s u m e d t h a t t h e m a j o r i t y o f t h e c o n t r i b u t i o n t o 

t h e l i ne segmen t comes f r o m t h e p o r t i o n o f t h e C G H w h e r e ж ระ! ξ , e q u a t i o n 8.13 
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c a n be r e d u c e d t o : 

บ{ξ, η) = sine 
.Sy, Lx 

(8 .14) 

T h e i n t e g r a l r e m a i n i n g i n e q u a t i o n 8 .14 c a n be r e a r r a n g e d i n t o t h e same f o r m 

as t h a t o f e q u a t i o n 5.28: -

τ ― 

αχ = 

• ^ ( χ ― ξ cos a) 

I 2 

λζς ' L · + ξ COS α 

I 2 

(8 .15) 

2 
c o s a 

2 

hence i t is e x p e c t e d t h a t t h e i m a g e f o r m e d i n t h e ( ξ , η) b y t h e C G H o f e q u a t i o n 8.10 

l i m i t e d t o a finite size is e x t r e m e l y s i m i l a r t o t h a t f o r m e d b y t h e e q u i v a l e n t C G H 

fo r a n o n - s l o p ed l i ne . T h e changes are a n e w sca l i ng o f t h e F resne l I n t e g r a l a n d a 

v a r i a t i o n i n i n t e n s i t y oc Ζξ a l o n g t h e l e n g t h o f t h e l i n e . 

F i g u r e 8.4 shows h o w t h e i n t e n s i t y a l o n g a s l oped l i ne va r ies as i t s ang le is 

i nc reased . H e r e , t h e d i f f r a c t i o n p a t t e r n o f a l i ne o f l e n g t h 512 X .004 =ะ 2 . 0 5 c m a n d 

fo r w h i c h ZQ = 5 c m was c a l c u l a t e d fo r ang les i n t h e r a n g e 0 —> a n d t h e i m a g e 

r e s u l t i n g f r o m t h e s i z e - l i m i t e d C G H s i m u l a t e d . T h e figure shows h o w i n c r e a s i n g t h e 

ang le p r o d u c e s a d r o p i n i n t e n s i t y a l o n g t h e l i ne s e g m e n t ; n o t e t h a t t h e i n t e n s i t y 

d r o p s as Ζξ decreases, so t h a t t h e l e f t s ide o f t h e figure c o r r e s p o n d s t o t h e m a x i m u m 

m a s k - s u b s t r a t e s e p a r a t i o n . F r o m t h i s figure i t is c lear t h a t l ines c a n be success fu l l y 

i m a g e d w h e n t h e d e p t h o f t h e s u b s t r a t e is a l a rge p r o p o r t i o n o f Zo, p r o v i d e d t h e 

v a r i a t i o n i n t h e i n t e n s i t y o f t h e l i n e segmen t is a c c e p t a b l e . 
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further from CGH cłoser to CGH 

F i g u r e 8.4: T h e i n t e n s i t y a l o n g s l o p e d l i ne segmen ts 

F i g u r e 8.5 i l l u s t r a t e s t h e ef fect t h e change i n i n t e n s i t y a l o n g t h e l i ne segmen t 

has o n i t s c ross -sec t ion i n t h e case o f t h e 63"^ l i n e o f figure 8.4. N o t i c e t h a t s ince t h e 

C G H was l i m i t e d i n t h e y - d i r e c t i o n a c c o r d i n g t o t h e a p p r o p r i a t e a l i a s i n g c o n s t r a i n t , 

t h e ze ro -c ross ing p o i n t s o f t h e c ross-sec t ions a re c o i n c i d e n t a t e v e r y p o i n t a l o n g t h e 

l i ne . 

T h e c o n c l u s i o n f r o m t h e a b o v e ana l ys i s is t h a t i f t h e d e p t h o f t h e s u b s t r a t e 

is m u c h s m a l l e r t h a n Zo, all o f t h e resu l t s f o r bas ic l ines d e t a i l e d i n t h e p r e v i o u s 

c h a p t e r s a re e q u a l l y a p p l i c a b l e t o bas ic s l o p e d l ines. T h i s i n c l u d e s r e s o l u t i o n l i m i t s , 

l i n e - w i d t h a n d l i n e - l e n g t h c a l c u l a t i o n s , a l i a s i n g l i m i t s a n d v a r i a t i o n s i n t h e l i ne p r o ­

file d u e t o t h e Fresne l f u n c t i o n . I n a d d i t i o n , t h e e f fec t o f t h e v a r i o u s r e p r e s e n t a t i o n a l 

t e c h n i q u e s o n t h e r e s u l t i n g i m a g e c a n be a p p l i e d e q u a l l y t o l i nes o n s l o p e d sur faces , 

so t h a t no ise a n d a n y h i g h e r - o r d e r f ea tu res t h a t a re a p p a r e n t f o r ' f l a t ' l i nes s h o u l d 

b e e q u a l l y p resen t i n t h e s l o p e d l i ne case a n d t h e a p p r o x i m a t i o n s o f c h a p t e r 6 a re 

a p p r o p r i a t e fo r t h e c a l c u l a t i o n o f S N R a n d so o n . 
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dīsp^acement (mm) 

F i g u r e 8.5: C ross -sec t ions t h r o u g h a 630 s l o p e d l i ne i m a g e a t a r a n g e o f l o c a t i o n s 

a l o n g t h e ξ - a x i s 

A s t h e d e p t h o f t h e s u b s t r a t e increases, t h e resu l t s o f t h e p r e v i o u s c h a p t e r s 

r e m a i n v a l i d , b u t n o w t h e no ise p resen t a t t h e i n tense e n d o f t h e i m a g e d f e a t u r e 

m u s t be used t o g e t h e r w i t h t h e s i g n a l leve l a t t h e d i m m e r e n d t o c a l c u l a t e t h e S N R . 

T h e in fe rence is t h a t t h e S N R o f a sloped֊line f e a t u r e , SNRs, is r e l a t e d t o t h e S N R 

o f t h e n o n - s l o p e d e q u i v a l e n t b y : -

SNR, = SNR X 
Zo — 2 s i n Ci 

2:0 + 1 s i n a 
(8 .16) 

A s a n e x a m p l e , suppose t h a t a n i dea l q u a n t i s e d - p h a s e C G H o f t h e k i n d d e t a i l e d 

i n sec t i on 6.2 c a n be p r o d u c e d f o r a l i ne f o r m i n g a 60*^ ang le w i t h t h e p l a n e o f t h e 

C G H , o f l e n g t h 5 c m a n d w i t h Zo 二 5 c m , t h e n t h e S N R o f t h e i m a g e d f e a t u r e is 

g i v e n b y 

SNRs - 22 X n - 8.6 

f r o m w h i c h i t is s t i l l r e l a t i v e l y easy t o c o n t r o l t h e e x p o s u r e a n d d e v e l o p m e n t o f a 

s u i t a b l e s u b s t r a t e t o p r o d u c e a n exce l len t t r a c k . 
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8 . 3 - D i m e n s i o n a l L i n e C G H 

displacement (cm) displacement (cm) 

F i g u r e 8.6: A C G H c o n s i s t i n g o f severa l s l o p e d l i n e segmen ts a n d t h e i m a g e i t 
p r o d u c e s 

H a v i n g d e t a i l e d t h e e x t e n s i o n o f a s ing le l i n e f e a t u r e t o 3֊dimensions, i n t h e n e x t 

sec t i on t h e s u p e r p o s i t i o n o f l ines f o r m i n g d i f f e r e n t ang le w i t h t h e p l a n e o f t h e C G H 

w i l l be cons i de red . 

8.3 J o i n i n g S loped L i ne Segments 

W h e n a su r face c o n s i s t i n g o f a n u m b e r o f p l a n a r sec t ions f o r m i n g a r a n g e o f ang les 

w i t h t h e C G H is c o n s i d e r e d , t h e i m a g e f o r m e d b y l i ne segmen ts a t t h e b o u n d a r i e s 

b e t w e e n these p lanes m u s t b e u n d e r s t o o d . F i g u r e 8.6 d e m o n s t r a t e s h o w l i ne segmen t 

C G H c a n be a d d e d u p t o p r o d u c e a s ing le l i n e t r a c i n g a p a t h over a n o n - p l a n a r 

s u b s t r a t e . B u t w h a t e f fec t does each o f these l i nes have o n t h e i m a g e f o r m e d b y i t s 

n e i g h b o u r s ? 

C o n s i d e r t w o l i n e segmen ts i m a g e d b y a C G H , one c o p l a n a r w i t h t h e h o l o g r a m 

a n d t h e second j o i n i n g d i r e c t l y w i t h t h e e n d o f t h e first b u t f o r m i n g a n ang le w i t h 

t h e p l a n e o f t h e m a s k . F i g u r e 8.7 i l l u s t r a t e s h o w t h e second l i n e a f fec ts t h e i n t e n s i t y 

212 



8. 3-Dimensional L ine C G H 

.き 

一 60° ļ -

-
μ պ 

-

-

displacement (cm) 

F i g u r e 8.7: T h e ef fec t o n a ' f l a t ' l i ne segmen t o f a n a d i a c e n t s l o p e d l i ne a t a r a n g e 
o f ang les 

a l o n g t h e first as i t s a n g l e is i nc reased . T h e first l i n e w a s p o s i t i o n e d a t 5 c m f r o m t h e 

h o l o g r a m w h i l s t t h e z - r a n g e o f t h e second l i ne segmen t r eached 3cm f o r t h e l a rges t 

ang le c o n s i d e r e d . 

E v i d e n t l y , t h e second l i n e has v e r y l i t t l e ef fect o n t h e i n t e n s i t y p r o f i l e a l o n g t h e 

first. T h e r e is a d i p i n i n t e n s i t y a t t h e j o i n i n g p o i n t o f t h e t w o l ines , b u t t h i s is so 

s m a l l as t o be n e g l i g i b l e even fo r l a rge ang les b e t w e e n t h e l ines . T h a t t h i s s h o u l d 

be t h e case is c lear f r o m t h e i n fe rence used i n t h e d e r i v a t i o n o f t h e i m a g e f o r m e d 

b y a s ing le s l o p e d l i n e t h a t t h e c o n t r i b u t i o n t o each p o i n t o n t h e l i ne ar ises a l m o s t 

e n t i r e l y f r o m t h a t p a r t o f t h e C G H fo r w h i c h X ^ ξ. T h i s m e a n s t h a t a t t h e j o i n i n g 

p o i n t b e t w e e n t w o l i n e segmen ts , t h e s l o p e d l i ne e x h i b i t s a l m o s t e x a c t l y t h e same 

c h a r a c t e r i s t i c s as t h e flat l i ne a n d t h e y i n t e r f e r e a l m o s t as i f n o s lope we re p resen t . 

T o d e m o n s t r a t e t h e e f fec t iveness or j o i n i n g s l o p e d l i ne segmen ts t o f o r m a t r a c k 
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over a n o n - p l a n a r su r face , a 3 - l i ne -segmen t5 b i n a r y - a m p l i t u d e C G H was p r o d u c e d 

i n o r d e r t o i m a g e a t r a c k over a s u b s t r a t e c o n s i s t i n g o f t w o c o - p l a n a r sec t ions j o i n e d 

b y a 60*^ s lope . T h e s u b s t r a t e was 4 c m deep a n d t h e C G H d e s i g n e d t o i m a g e a t 

a d i s t a n c e o f 1 0 c m f r o m t h e t o p flat s e c t i o n (see figure 8 .8 ) . F i g u r e 8.9 shows t h e 

r esu l t o f e x p o s i n g a p h o t o r e s i s t - c o a t e d s u b s t r a t e c o n s t r u c t e d f r o m a brass b l o c k 

t o t h e ' l i n e - s l o p e - l i n e ' C G H . D e s p i t e t h e fac t t h a t a b i n a r y a m p l i t u d e r a t h e r t h a n 

phase m a s k was used , m e a n i n g a r e l a t i v e l y h i g h no ise leve l , a n d d e s p i t e t h e d i p i n 

i n t e n s i t y t h a t a p p e a r s a l o n g t h e l i ne d u e t o t h e r e l a t i v e l y l a rge s u b s t r a t e d e p t h , 

a c lear t r a c k of ř=ะí ΙΟΟμπι w i d t h was p r o d u c e d i n t h e p h o t o r e s i s t . T h e t r a c k was 

c o n t i n u o u s a l o n g i t s l e n g t h a n d t h e d e v i a t i o n i n i t s w i d t h was s m a l l . T h e S N R fo r 

t h e l i ne - s l ope - l i ne f e a t u r e w a s f o u n d u s i n g e q u a t i o n 6.7 t o g e t h e r w i t h e q u a t i o n 8.16 

t o b e SNRs 7 X ^֊ = 5. I n p r a c t i c e , t h e size o f t h e m a s k m e a n t t h a t a s c a n n i n g 

process h a d t o b e used t o i m a g e t h e f u l l s u b s t r a t e , w h e r e b y t h e i l l u m i n a t i n g b e a m 

w a s s l o w l y t r a c k e d a l o n g t h e p r i n c i p l e ax i s o f t h e C G H . T h a t t h i s p r o c e d u r e c o u l d 

be c a r r i e d o u t success fu l l y is i n i t se l f i n t e r e s t i n g . I t i m p l i e s t h a t l a rge s u b s t r a t e s c a n 

be exposed u s i n g a l a r g e C G H over w h i c h a laser b e a m is s c a n n e d i n a ras te r f a s h i o n 

s i m i l a r t o t h a t used i n t h e H o l t r o n i c s s y s t e m o u t l i n e d i n s e c t i o n 1,3.2.2. T h i s f u r t h e r 

suggests t h a t one m e t h o d o f c o m b a t t i n g t h e v a r i a t i o n i n i m a g e i n t e n s i t y t h a t r esu l t s 

o n a s u b s t r a t e c o n t a i n i n g l a r g e d e p t h v a r i a t i o n s is t o e i t h e r a d j u s t t h e p o w e r o f t h e 

s c a n n i n g b e a m such t h a t l o w i n t e n s i t y p a r t s o f t h e i m a g e are exposed u s i n g m o r e 

p o w e r f u l i l l u m i n a t i o n o r t o a d j u s t t h e speed o f t h e scanned b e a m i n acco rdance w i t h 

t h e i n t e n s i t y v a r i a t i o n s such t h a t a n e q u a l e n e r g y is d e l i v e r e d t o eve ry p a r t o f t h e 

i m a g e . 

I n t h e n e x t s e c t i o n howeve r , a r e t u r n w i l l be m a d e t o s ing le s l o p e d l i ne f ea tu res 

i n a n a t t e m p t t o i m p r o v e t h e i r d e f i n i t i o n w i t h t h e i n t r o d u c t i o n o f w i d t h - a n d l e n g t h -

c o n t r o l t e r m s . 
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CGH 

l O c m 

substrate 
F i g u r e 8.8: S e t u p f o r t h e 

l i ne -s l ope - l i ne e x p e r i m e n t 

^ Ю О ц т 

F i g u r e 8.9: 3 L i n e segmen ts i m a g e d o n t o a b rass b l o c k 
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8.4 S loped Rectang les 

T h i s s e c t i o n e x t e n d s t h e resu l t s o f s e c t i o n 8 .1 t o rec tang les f o r m e d o n a s l o p e d i m a g e 

p lane . 

8.4.1 Sloped, W i d t h - C o n t r o l l e d Lines 

F o l l o w i n g t h e ana l ys i s o f e q u a t i o n 8.9 w i t h บ{ξ, η) = e i ^ í s i n a y - e c t ; ^ : -

Н { х , у ) = г г 1υ{ξ,η)๙^\άξ.άη 

w 

r = + ( ξ cos а - χ ) 2 + {η — УҮ 

~ 2æ + 

[ (2օ - Χ t a n а) ― (ξ cos а ֊ χ) t a n а] + (ξ COS ひ 一 æ ) 2 + (リ — у ) 2 

(ξ cos ひ — æ ) 2 ֊ 2Ζχ(ξ cos а — χ) t a n а + (η — у ) 2  

2ζ^ 

ξ' = ξ cos α — χ 

Н{х,у) = ~ / e 'V' 人 向 / ๙ 
J - դ J - o o 

՚ կ յ֊օօ 2ζχ cos α 

(8 .17) 

A g a i n t h e m u l t i p l y i n g c o n s t a n t s w i l l be d r o p p e d , w h i l s t t h e i n t e g r a l i n e q u a t i o n 8.17 

c a n be a p p r o x i m a t e d b y a sine p r o v i d e d t h e q u a d r a t i c e x p o n e n t i a l is a p p r o x i m a t e l y 

u n i t y w i t h i n t h e l i m i t s 士 I . T h i s w i l l be t h e case i f [71] > ― , w h i c h is a s l i g h t l y 

s t r o n g e r a s s u m p t i o n t h a n p r e v i o u s l y f o u n d fo r a n o n - s l o p e d l i ne . Neve r the less , t h i s 

a s s u m p t i o n s t i l l g ives r e a s o n a b l y s m a l l ζ va lues p r o v i d e d พ is o f t h e o r d e r o f a few-

p i xe l s w i d e a n d t h e s a m p l e s p a c i n g i n t h e m a s k is a f e w m i c r o n s . F o r e x a m p l e , u s i n g 
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dsplacement (mm) 

F i g u r e 8 .10: T h e r e a l p a r t o f a c o m p l e x - v a l u e d C G H c a l c u l a t e d t o i m a g e a w i d t h -

c o n t r o l l e d l i n e segmen t o n t o a s l o p e d su r face 

a ΙΟμτη m a s k r e s o l u t i o n a n d u v i l l u m i n a t i o n (A ― 3 2 5 n m ) t o i m a g e a l i n e 40μτη 

t h i c k g ives ζ > 5mm. t h e exp ress ion f o r a w i d t h - c o n t r o l l e d l i n e C G H i m a g i n g o n t o 

a s l o p e d su r face is t h e n : -

Я ( х , y) = é>^^x'^^ šine 
w 

(8 -18) 

w h e r e s i m i l a r l y t o t h e n o n - w i d t h - c o n t r o l l e d case, t h e Ζχ t e r m has b e e n d r o p p e d . 

A C G H g e n e r a t e d a c c o r d i n g t o e q u a t i o n 8.18 is s h o w n i n figure 8.10֊ p a r a m e t e r s 

used here we re : ζ = 5 c m , λ = 3 2 5 n m , δχ = 5 0 / Հ ա , Sy = 10/¿m, Lx = 1 ,2cm. A s i m u ­

l a t i o n o f t h e i m a g e f o r m e d b y t h i s h o l o g r a m o n t h e s l o p e d i m a g e p l a n e is s h o w n i n 

figure 8 .11 a n d figures 8.12 a n d 8.13 s h o w h o w t h i s i m a g e var ies a l o n g a n d across t h e 

s lope respec t i ve l y . C l e a r l y i n t h e 7?-direct ion t h e i m a g e is s i m i l a r t o t h a t p r o d u c e d 

i n t h e n o n - w i d t h - c o n t r o l l e d case, as s h o u l d be e x p e c t e d from t h e d e r i v a t i o n o f e q u a ­

t i o n 8 .18. A c r o s s t h e i m a g e , figure 8.13 shows h o w t h e p r o f i l e o f t h e l i n e r e m a i n s 

c o n s t a n t w h i l s t t h e v a r i a t i o n i n i n t e n s i t y p resen t i n t h e n o n - w i d t h - c o n t r o l l e d case is 

e q u a l l y p resen t here . 
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displacement (mm) 

F i g u r e 8 . 1 1 : T h e i m a g e f o r m e d o n a s l o p e d su r face b y t h e C G H o f figure 8.10 

displacarmnt (mmļ 

F i g u r e 8.12: T h e i n t e n s i t y a l o n g t h e c e n t r e o f t h e w i d t h - c o n t r o l l e d l i ne i m a g e o f 
figure 8 .11 
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-025 -02 ֊0-15 
diSfii&camenl (mra) 

F i g u r e 8 .13: P l o t s across t h e l i ne i m a g e o f figure 8 .11 
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8.4.2 Sloped, Leng th Cont ro l led L ine Segments 

T h e d e r i v a t i o n o f a n exp ress ion f o r a l e n g t h - c o n t r o l l e d l i ne segmen t f o l l o w s t h a t o f 

e q u a t i o n 8.10 u p t o a p o i n t a n d uses t h e s a m e a p p r o x i m a t i o n t o r, t h e r e a s o n i n g 

t h a t f o l l o w s t h e r e f o r e beg ins w i t h t h e second exp ress ion i n e q u a t i o n 8.9: 

บ'{ξ, ๆ) = บ{į,v)rect 

Н { х , у ) = 

บ { ξ , ๆ ) r e ā ^ ļ j 

Ζχ J ֊և · 
(8-19) 

t h e i n t e g r a l a p p e a r i n g i n e q u a t i o n 8.19 c a n be r e w r i t t e n i n t e r m s o f t h e s t a n d a r d 

F resne l I n t e g r a l as has been d e m o n s t r a t e d p r e v i o u s l y , g i v i n g : -

- ֊ ( ξ c o s a ― χ) 

α ϊ = 

Օդ = 

Н { х , у ) = 

2 

2 f һ 
՜ ճ Լ V շ 
՜ Һ 

cos a + х 

Мг \ 2 

cos ひ ֊ ж 

Գ/^^՛^ г ๙^^''-dr 

(8 .20) 

as s h o u l d p e r h a p s be e x p e c t e d , t h e C G H i n t h i s case rep resen ts t h e i m a g e f o r m e d 

b y t h e bas ic s l o p e d - l i n e h o l o g r a m i n t h e x - d i r e c t i o n . 

A n e x a m p l e o f a C G H r e s u l t i n g f r o m e q u a t i o n 8.20 is s h o w n i n figure 8.14， w h e r e 

t h e p a r a m e t e r s used were as i n figure 8.10 a p a r t f r o m a n inc rease i n z t o 3 0 c m a n d 

a change i n öy t o Ibßm i n o r d e r t o b e t t e r d e m o n s t r a t e t h e t e c h n i q u e . T h e l e n g t h 
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F i g u r e 8 .14: T h e r e a l p a r t o f a c o m p l e x - v a l u e d C G H c a l c u l a t e d t o i m a g e a l e n g t h -

c o n t r o l l e d l i n e s e g m e n t o n t o a s l o p e d su r face 

displacement (mm) 

F i g u r e 8.15: T h e i m a g e f o r m e d o n a s l o p e d su r face b y t h e C G H o f figure 8.14 

o f t h e l i ne was set a t /г = 1 .3cm. 

T h e s i m u l a t e d i m a g e r e s u l t i n g f r o m t h i s h o l o g r a m is s h o w n i n figure 8.15 a n d 

figure 8.16 c o m p a r e s t h e p r o f i l e a l o n g t h e p r i n c i p a l ax i s o f t h i s l i ne i m a g e t o t h a t 

g e n e r a t e d w h e n n o l e n g t h - c o n t r o l is i n c l u d e d i n t h e C G H . N o t e t h a t t h e t r a n s i t i o n 

r e g i o n a t t h e edge o f t h e l e n g t h - c o n t r o l l e d l i n e is n o w s m a l l e r t h a n a s ing le p i x e l 

( e q u a t i o n 5.27 p r e d i c t s t h i s f a l l o f f t o t a k e 8 / і ш ! ) a n d so t h e a c t u a l i m p r o v e m e n t 

is m o r e p r o n o u n c e d t h a n is i n d i c a t e d he re . S ince ZQ = 3 0 c m f o r t h i s e x a m p l e , t h e 

q u e s t i o n m u s t be asked as t o w h e t h e r t h e a d d i t i o n o f a l e n g t h - c o n t r o l t e r m o f fe rs a 

g rea t e n o u g h a d v a n t a g e t o t h e r e s u l t i n g l i n e i m a g e t o w a r r a n t t h e e x t r a c o m p l e x i t y 

t h a t i t causes i n t h e m a s k . 
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8. 3-Dimensional L ine C G H 

diBplacetrent (mm) 

F i g u r e 8.16: T h e i n t e n s i t y a l o n g t h e cen t re o f t h e w i d t h - c o n t r o l l e d l i ne i m a g e o f 
figure 8.15 

8.4.3 Comb in i ng W i d t h and Leng th C o n t r o l to Realise Rect­

angles on Sloped Surfaces 

T h e t w o e q u a t i o n s f o r w i d t h - a n d l e n g t h - c o n t r o l d e r i v e d i n t h e p r e v i o u s t w o subsec­

t i o n s c a n be c o m b i n e d t o p r o d u c e a n exp ress ion f o r a C G H ab le t o i m a g e a s l o p e d 

r e c t a n g u l a r f e a t u r e , t h i s exp ress ion is : -

H { x , y) = e- '^^x sine { -֊y I λ 

2 2 χ 

(8 .21) 

A n e x a m p l e o f a C G H c a l c u l a t e d a c c o r d i n g t o e q u a t i o n 8 .21 is g i v e n i n figure 

8.17， w h e r e h = 1.3cm, พ = QOßTU, Zo = 5 c m , λ = 3 2 5 n m , a = 60。· T h e i m a g e 

f o r m e d b y t h i s C G H is s h o w n i n figure 8 .18. W h e r e as is e x p e c t e d t h e r esu l t is 

a c o m b i n a t i o n o f t h e d i s t r i b u t i o n s r e s u l t i n g f r o m t h e l e n g t h - a n d w i d t h - c o n t r o l l e d 

fea tu res . 

8.5 Curves i n ζ 

I n sec t i on 8 . 1 , s t r a i g h t l i ne segmen ts f o r m i n g a n ang le w i t h t h e p l a n e o f t h e C G H 

were cons i de red a n d i t was s h o w n t h a t a s u i t a b l e phase d i s t r i b u t i o n a l o n g t h e l e n g t h 

222 
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F i g u r e 8 .17 : T h e r e a l p a r t o f a c o m p l e x - v a l u e d C G H c a l c u l a t e d t o i m a g e a l e n g t h -
c o n t r o l l e d l i ne s e g m e n t o n t o a s l o p e d su r face 

dispiaeemenโ (mm) 

F i g u r e 8 .18: T h e i m a g e f o r m e d o n a s l o p e d sur face b y t h e C G H o f figure 8.17 

o f t h e l i n e e n s u r e d t h a t o n l y a s ing le c ross -sec t ion o f t h e C G H c o n t r i b u t e d t o each 

p o i n t o n t h e l i ne . T h e same p r i n c i p l e c a n be e x t e n d e d t o c u r v e d l ines w h o s e d i s ­

t a n c e f r o m t h e p l a n e o f t h e h o l o g r a m var ies i n a n o n - l i n e a r way . S u c h a n e x t e n s i o n 

is essent ia l i f h o l o g r a p h i c l i t h o g r a p h y is t o b e a p p l i e d t o c u r v e d s u b s t r a t e s . 

I n [72] n o n - l i n e a r v a r i a t i o n i n t h e f o c a l l e n g t h o f a l i n e segmen t is d e t a i l e d w i t h 

t h e result tha t , provided the d e p t h o f the substrate is much smaller than Zo, t h e l ine 

p r o f i l e a t a g i v e n ξ a l o n g t h e l i n e is a g a i n g o v e r n e d so le ly b y t h e p o r t i o n o f t h e C G H 

fo r w h i c h X = ξ. F r o m t h i s resu l t a s i m i l a r ana l ys i s t o t h a t t a k e n f o r s l o p e d l i nes 

s h o u l d f o l l o w . I t m a y a lso b e t h e case t h a t i m a g i n g over s u b s t r a t e d e p t h s t h a t a re a 

l a rge f r a c t i o n o f Zo r esu l t s o n l y i n changes i n i n t e n s i t y a l o n g t h e i m a g e d fea tu res , as 

was t h e case f o r l i nes o n l i n e a r s lopes, i n w h i c h case i t is s t r a i g h t f o r w a r d t o e x t e n d 

t h e resu l t s p r e s e n t e d i n t h i s c h a p t e r t o c u r v e d s u b s t r a t e s . 
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dispfacement (mm) 

F i g u r e 8 .19: A C G H c a l c u l a t e d t o focus a l i n e o n t o a s u b s t r a t e whose d e p t h va r i es 
s i n u s o i d a l l y 

displacement (mm) 

dtsplecement (mm) 

F i g u r e 8 .20 : T h e i m a g e s f o r m e d b y t h e C G H o f figure 8.19 a t t w o m a s k - s u b s t r a t e 
d i s tances 

F i g u r e 8.19 shows a C G H g e n e r a t e d w i t h a s i n u s o i d a l v a r i a t i o n i n f o c a l l e n g t h 

a p p l i e d a l o n g i t s l e n g t h . P a r a m e t e r s used f o r t h i s figure we re i d e n t i c a l t o t hose 

e m p l o y e d used t o g e n e r a t e t h e s l o p e d l i ne o f figure 8 ,11 a n d t h e s i n u s o i d a l f u n c t i o n 

v a r i e d i n z b y ± l c m . F i g u r e 8.20 shows t h e i m a g e f o r m e d b y t h i s C G H a t t w o 

d e p t h s , f r o m w h i c h i t is s t r o n g l y sugges ted t h a t t h e r esu l t s a b o v e fo r s l o p e d l ines 

d o i n d e e d a p p l y t o i m a g i n g l ines o n c u r v e d s u b s t r a t e s . 
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8.6 A S u m m a r y 

T h i s c h a p t e r has p r o v i d e d t h e essent ia l l i n k b e t w e e n t h e e x p e r i m e n t s c a r r i e d o u t 

over t h e course o f t h e p r e v i o u s t h r e e c h a p t e r s a n d t h e i m a g i n g o f l i ne -based fea tu res 

o n t o s l oped sur faces . I t has b e e n d e m o n s t r a t e d t h a t a s t r a i g h t f o r w a r d l i n k ex is ts 

b e t w e e n t h e s l o p e d a n d n o n - s l o p e d cases a n d t h a t t h e m a j o r i t y o f t h e resu l t s d e m o n ­

s t r a t e d i n 2 - d i m e n s i o n s a p p l y e q u a l l y w e l l w h e n t h e i m a g e p l a n e is g i v e n a t i l t . I t 

has f u r t h e r b e e n s h o w n t h a t i t is poss ib le t o l i n k t o g e t h e r l i nes o f d i f f e r i n g s lopes 

e n d - t o - e n d such t h a t t r a c k s c a n be i m a g e d success fu l l y over sur faces c o n s i s t i n g o f 

severa l p l a n a r sec t ions . 

F o l l o w i n g t h e course o f c h a p t e r 5, t h e bas ic s l o p e d l i ne f e a t u r e has b e e n ex­

t e n d e d t o i n c l u d e w i d t h a n d l e n g t h c o n t r o l w h e r e i t has a g a i n b e e n s h o w n t h a t 

t h i s e x t e n s i o n p r o v i d e s a s t r a i g h t f o r w a r d l i n k b e t w e e n t h e s l o p e d a n d n o n - s l o p e d 

cases. A l t h o u g h p r o v i d i n g a n o b v i o u s i m p r o v e m e n t , i t is q u e s t i o n a b l e w h e t h e r t h e 

i n c l u s i o n o f a l e n g t h - c o n t r o l t e r m t o t h e w i d t h - c o n t r o l l e d l i ne C G H is necessary i n 

p r a c t i c e , g i v e n t h e a d d i t i o n a l c o m p l e x i t y t h a t i t i n t r o d u c e s t o t h e m a s k p r o d u c t i o n 

process. 

I n t h e n e x t c h a p t e r , a l l o f t h e w o r k d e t a i l e d f o r l i ne segmen ts w i l l be p u t t o use 

i n t h e c r e a t i o n o f a c o n i c a l s p i r a l a n t e n n a u s i n g a l i t h o g r a p h i c s y s t e m t o g e t h e r w i t h 

a c o m p u t e r - g e n e r a t e d h o l o g r a p h i c m a s k . 
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C h a p t e r 9 

T h e Con ica l Sp i ra l A n t e n n a 

f I ļ H E WORK IN th is thesis has been sponsored by G P S K D e s i g n L t d under an 

丄 E P P I C F a r a d a y C A S E a w a r d . G S P K D e s i g n expressed a n i n t e res t i n u s i n g 

t h e 3 D I t e c h n o l o g y t o p r o d u c e 3֊dimensional a n t e n n a s t r u c t u r e s a n d t o t h i s e n d a 

c o n i c a l s p i r a l a n t e n n a g e o m e t r y has been i n v e s t i g a t e d . 

T h i s c h a p t e r d e t a i l s t h e c o n i c a l a n t e n n a c o n c e p t ( sec t i on 9 .1 ) , t h e des ign a n d 

e v a l u a t i o n o f a C G H m a s k c a p a b l e o f i m a g i n g a c o n i c a l s p i r a l l i g h t d i s t r i b u t i o n 

( sec t i on 9 .2 ) , t h e a l i g n m e n t o f t h e C G H m a s k w i t h a c o n i c a l s u b s t r a t e ( sec t i on 9.3) 

a n d issues w i t h t h e i l l u m i n a t i o n o f t h e C G H ( s e c t i o n 9.4) 

9.1 T h e Con i ca l Sp i ra l A n t e n n a 

C o n i c a l s p i r a l a n t e n n a s a re w i d e - b a n d , h i g h i y d i r e c t i o n a l a n t e n n a s t r u c t u r e s t h a t 

a re o f p a r t i c u l a r use i n G l o b a l P o s i t i o n i n g S y s t e m ( G P S ) t e c h n o l o g y [73]. T h e i r 

w i d e f r e q u e n c y o f o p e r a t i o n r esu l t s f r o m t h e f a c t t h a t t h e a n t e n n a shape c a n be 

d e s c r i b e d so le ly b y ang les , w h i c h m e a n s t h a t ( i n t h e ideaHsed case) t h e f u n d a m e n -
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t a l r e s o n a t i n g g e o m e t r y is r e p e a t e d over a n d over a t ever s m a l l e r scales. T h i s is 

ca l l ed a se l f - s im i l a r g e o m e t r y . F o r a g i v e n f r e q u e n c y o f o p e r a t i o n , a n a c t i v e r e g i o n , 

whose l o c a t i o n is g o v e r n e d b y t h e w a v e l e n g t h , c a n be i d e n t i f i e d a t some p o i n t a l o n g 

t h e a n t e n n a t h a t resona tes a n d receives m o s t o f t h e energy . R e a l c o n i c a l a n t e n n a s 

c a n n o t possess a n i n f i n i t e l y d i m i n i s h i n g s t r u c t u r e a n d so i n p r a c t i c e a re l i m i t e d t o 

a finite b a n d w i d t h . 

A n a l y t i c a l e q u a t i o n s c a n be used t o desc r i be t h e p o s i t i o n o f t h e a r m s o f t h e c o n ­

i c a l a n t e n n a i n space ( s e c t i o n 9 .1 .1 ) . T h e p o s i t i o n o f t h e a r m s c a n i n t u r n be r e l a t e d 

t o t h e spec i f i ed p e r f o r m a n c e r e q u i r e m e n t s u s i n g des ign ru les p u b l i s h e d i n t h e l i t e r ­

a t u r e ( s e c t i o n 9 .1 .2 ) . T h i s i n f o r m a t i o n c a n t h e n be used t o p r o d u c e a h o l o g r a p h i c 

m a s k t h a t is used t o d i s t r i b u t e l i g h t over a c o n i c a l su r face w h i c h has b e e n c o a t e d 

w i t h a p h o t o r e s i s t ( s e c t i o n 9 .2 ) . T h e c o n i c a l a n t e n n a c a n t h e n be f o r m e d w i t h a 

d e v e l o p i n g a n d e t c h i n g process . 

Bas i c i n f o r m a t i o n o n c o n i c a l a n t e n n a s c a n be f o u n d i n m o s t a n t e n n a d e s i g n 

b o o k s , f o r e x a m p l e [74], [71]. 

9.1.1 A n t e n n a Proper t ies and Design 

F i g u r e 9.1 i l l u s t r a t e s h o w a c o n i c a l s p i r a l p a t t e r n c a n be spec i f i ed i n t e r m s o f t h e 

n i n e p a r a m e t e r s d e f i n e d i n t h e t a b l e b e l o w : 

T h e t w o b o u n d r i e s o f one a r m o f t h e s p i r a l t r a c k a re d e f i n e d b y t h e e q u a t i o n s : 

Г і = r d e x p φ—֊֊-

\ t a n ひ ノ ほ ) 

Tıs ะ= Td e x p [ φ - δ ) -

\ t a n а ) 
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Arm 1 

F i g u r e 9 . 1 : T h e g e o m e t r y o f a c o n i c a l s p i r a l a n t e n n a , r e p r o d u c e d f r o m [1] 

P a r a m e t e r D e s c r i p t i o n 

Өо C o n e h a l f - a n g l e 

a W i n d i n g ang le 

δ A n g u l a r a r m w i d t h 

D Base d i a m e t e r o f c o i l 

d T o p d i a m e t e r o f co i l 

Td D i s t a n c e b e t w e e n cone a p e x a n d s t a r t o f t h e a n t e n n a s p i r a l 

Ρ R a d i a l d i s t a n c e b e t w e e n cone ax i s a n d s ide o f cone 

ท D i s t a n c e b e t w e e n cone a p e x a n d some p o i n t o n t h e cones ' su r face 
Г2 C o n e s ide l e n g t h 

T a b l e 9 . 1 : P a r a m e t e r s o f t h e c o n i c a l s p i r a l g e o m e t r y 
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a n d t h e t w o b o u n d r i e s o f t h e second a r m a re d e f i n e d b y t h e same e q u a t i o n s , w i t h 

Փ ՛ = ф — ҡ r e p l a c i n g ф , і.e: t h e second a r m is r o t a t e d 180。 f r o m t h e first. 

N o t e t h a t 5, t h e a n g u l a r a r m w i d t h , is c o n s t a n t a n d d e t e r m i n e s t h e t r a c k w i d t h 

o f each s p i r a l a r m as t h e s p i r a l t r a v e l s d o w n t h e cone (see figure 9 .1 ) . A n t e n n a s 

t h a t d o n o t s a t i s f y t h i s c o n d i t i o n a re n o t t r u e f r e q u e n c y - i n d e p e n d e n t des igns [1] 

a n d c a n have u n d e s i r a b l e b e a m p a t t e r n s unless t h e w i n d i n g a n g l e , ひ， is l a rge [75] . 

T h e w i n d i n g ang le is a s s u m e d t o be c o n s t a n t here , b u t i t m a y be v a r i e d as a m e a n s 

o f c o n t r o l l i n g b e a m w i d t h [75] . 

T h e n u m b e r o f t u r n s o f t h e s p i r a l p resen t o n t h e a n t e n n a c a n be f o u n d b y e q u a t ­

i n g t h e p a r a m e t e r s Г і a n d Г2 w h e n ф = 2 π ί a n d է is t h e n u m b e r o f t u r n s . T h i s 

g ives: -
― / s i n ö o \ 

Г2 = Г і e x p Հա v t a n ひ ノ ( 9 

Í n {Г2/Г1) t a n a 

' * 2π s i n θο 

9.1.2 A n t e n n a Design Rules 

I n [76] , t h e a u t h o r re l a tes t h e k e y p a r a m e t e r s o f t h e c o n i c a l s p i r a l p a t t e r n t o i t s 

p r o p e r t i e s as a n a n t e n n a . T h e m i n i m u m o p e r a t i n g f r e q u e n c y o f t h e a n t e n n a is a p ­

p r o x i m a t e d b y Агггш = T T Ű , w h i l s t t h e m a x i m u m o p e r a t i n g f r e q u e n c y is g i v e n as 

Xmax ― ᅲ d . T h e f r a c t i o n a l b a n d w i d t h o f t h e s t r u c t u r e is t h e n f o u n d s i m p l y as 

T h e s e ru les a re o n l y a p p r o x i m a t e i n p r a c t i c e a n d i n [77] , c h a r t s are p r o v i d e d t h a t 

r e l a te t h e b a n d w i d t h t o t h e w r a p p i n g ang le a a n d t h e cone h a l f - a n g l e , θο. 
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9. The Conica l Spira l A n t e n n a 

Cone angles in the range т —> 4 5 0 have been considered dur ing th is research, 

w i t h a 26。 angle being used for most of the pract ical t r ia ls (see the sections be­

low). Th is angle has come about more f rom convenience than specif ication, since 

i t produces a cone geometry t ha t suits the size of the available laser beam whi ls t 

main ta in ing a substrate deep enough to demonstrate the pract ical i t ies of the 3 D I 

method. However, there is no reason why the fu l l range of cone parameters cannot 

be factored in to the design of the C G H . 

9.1.3 Cons t ruc t i ng a Conica l Spi ra l A n t e n n a 

One method of construct ing conical antennas is by etching the arms on a flexible 

substrate, wh ich is then fixed around a t runcated conical former [14]. A more rud i ­

mentary method is described in [78] whereby wire wrapped around an inner cone is 

pul led th rough an outer cone and subsequently fixed by pour ing an adhesive over 

the wire, creat ing a precise conical shape. Dyson noted tha t for α > 60。, the an­

tenna can be approx imated by arms having constant w i d t h [75]. I n th is case the 

beam pat te rn is similar to tha t of the tapered a rm version. Therefore i t may not 

be necessary to include tapered arms in the design provided tha t the w ind ing angle 

is suff iciently h igh. Some antennas described in the research l i terature have been 

constructed using this simpler method [73] and such a design is advantageous when 

C G H l i thography techniques are considered, since i t allows the use of simple b inary-

valued mask designs simi lar to those of section 6.1.1 to be used. 

Another possible construct ion technique would involve direct laser w r i t i ng onto 

the conical substrate. Laser t r i m m i n g has been described i n the context of hel i­

cal antennas [79] (which are simi lar to conical antennas in construct ion) ； here the 

pa t te rn is pr in ted by a l i thographic process and the antenna then tuned by laser 

t r i m m i n g of the arms. These antennas have been designed for GPS and mobi le 
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communicat ions sectors and geometrical accuracy is stated as Ιμπι. 

Using C G H to produce conical antennas has several advantages over the methods 

described here. F i rs t , because the masks are 2-dimensional and can be w r i t t en using 

conventional photo- l i thographic techniques, i t is possible to create extremely accu­

rate antenna masks, which subject to accurate al ignment should result i n extremely 

accurate antennas. Second, the 3 D I method is wel l suited to a mass-manufacture 

process, unl ike direct laser wr i te where th roughput is extremely low and finally, 

the p roduc t ion method does not involve any mechanical processes and therefore 

el iminates any inaccuracies such processes may cause. 

9.2 M a s k Des ign and E v a l u a t i o n 

From section 5.4, i t is clear tha t a spiral pa t te rn can be produced as an extension 

of the basic circle C G H , whi lst section 8.5 suggests t ha t the focal distance of th is 

spiral can be altered along its length. The expression for a single t u r n of a conical 

spiral pa t te rn is then postulated as:— 

Н{П,Ө) = е'^^''-''^" (9.3) 

where the radius of the spiral is given by Pe and the distance between a point on the 

mask and tha t par t of the surface of the cone d i rect ly below th is point is ZR. The 

developments of the preฬous chapters is sufficient to suggest tha t th is d is t r ibu t ion 

should produce the desired pat te rn- a l though no formal calculat ion of the image 

formed by equat ion 9.3 has been carr ied out . 

The Ma t l ab program ' conicaLfunct ion ' has been wr i t t en to produce f rom the 
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displacement (mm) displacement (mm) 

20 ֊10 0 10 20 
displacement (mm) 

Figure 

displacement (mm) 

9.2: Examples of spiral masks calculated according t o equat ion 9.3 

parameters i n the table of section 9.1.1 together w i t h equat ion 9.3 appropr iate sets 

of values for ZR^PØ and a t h i r d set of values governing the w i d t h of the spiral arms 

as they trace down the sides of the cone. Factor ing i n th is w i d t h var ia t ion should 

be possible using a sine t e rm in a s imi lar way to tha t used i n the generation of 

straight l ine segments, a l lowing the constant angular a rm w i d t h proper ty ment ioned 

in section 9.1.1 to be mainta ined. 

The fo rm taken by equat ion 9.3 for a range of spiral parameters is i l lust rated in 

figure 9.2. B o t h b inary phase and b inary ampl i tude masks have been produced f rom 

these designs. Figure 9.3 is a photograph of a b inary ampl i tude mask consisting of 

two spiral arms at 180。 to each other w r i t t e n using 5 / im pixels- the features in the 

corners of th is mask w i l l be explained in section 9.3. The mask in th is figure was 
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Figure 9.3: A spiral 
mask w i t h 2 arms 

designed to image a two a rm, 5 t u r n conical spiral onto a 26° cone w i t h a depth of 

~ 3cm and a mask-substrate separation of 2.5cm. 

Figure 9.4 is a microscope image of a b inary phase spiral C G H designed to image 

a single arm, 5 turn spiral w i t h the same parameters as figure 9.3֊ notice the strange 

bumps and several scratches in the mask tha t result f rom the product ion process, 

in the fo l lowing sections i t w i l l be shown tha t the performance of the mask stands 

up remarkably well to these imperfect ions. 

The focal pa t te rn tha t these masks produced has been examined using the C C D 

setup of figure 1.1. A number of recordings were made at dif ferent mask-substrate 

separations and the intensi ty and c lar i ty of the spiral arms examined. Because 

a visible l ight laser (A = 633nm) was used to make these recordings, the г-axis 

is shrunk by a factor of ^ 2 wh ich unfor tunate ly brings the focus of the inner 
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Figure 9.4: Microscope 

image of a b inary phase 

mask 

arms of the cone inside of the m i n i m u m realisable mask-CCD separation due to the 

C C D enclosure. Figure 9.5 shows a volume plot of the l ight intensi ty d is t r ibu t ion 

generated by a b inary phase spiral mask and using the 633nm laser. Th is figure was 

generated f rom a series of C C D images sl icing th rough the image volume, the p lot 

was then created by thresholding th is data. The enclosure of the C C D has caused a 

t runca t ion of the top of this figure such tha t the fu l l extent of the inner spiral arms 

cannot be seen. 

Figure 9.6 plots a cross-section down the side of the cone, as i l lus t rated by the 

axis i n figure 9.5. Not ice tha t no higher order images are apparent thanks to the 

b inary nature of the masks and tha t the cross-sections can be wel l approx imated by 

the equivalent d is t r ibu t ion across a straight l ine segment. Equat ion 6.10 predicts 

tha t the SNR of the equivalent image resul t ing f rom a b inary phase straight l ine 

mask as ^ 20, which is in good agreement w i t h the plot of figure 9.6， suggesting 

tha t the analysis of straight l ine segments can be appl ied w i t h reasonable accuracy 

to spiral pat terns of low curvature. As the curvature of the spiral increases, i t is 

expected tha t th is w i l l no longer be the case. 
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Figure 9.5: The locations i n the image volume of a conical spiral C G H where the 

l ight intensi ty exceeds a threshold value 

I 
0.5 н 

distance along side of cone (mm) 

Figure 9.6: A p lot 

showing the l ight dis­

t r i bu t i on resul t ing f rom 

a conical-spiral phase 

mask down the side of 

the conical substrate 
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Figure 9.7: The lenslet 
used as holographic al ign­
ment marks on the mask of 
figure 9.3 

9.3 A l i g n m e n t o f t h e Cone a n d C G H M a s k 

T w o issues proved to be s tumbl ing blocks dur ing the a t tempt t o produce a conical 

antenna f rom the masks detai led in the previous section. Foremost of these was 

the problem of a l igning the mask and the cone such tha t the spiral pa t te rn met the 

conical substrate in focus and i n the correct locat ion. 

I n conventional l i thographic exposure systems al ignment is less of an issue, since 

every par t of the target substrate is ident ical and contact al ignment is possible when 

bo th the mask and the substrate are 2-dimensional. W h e n al igning the spiral mask 

and the conical substrate, the centres of the cone and the mask must coincide, bu t i n 

add i t ion the axis of the cone must be normal to the mask and the distance between 

the mask and cone must be such tha t the pa t te rn is i n focus. A n approach specific to 

the cone geometry and a more general approach to the al ignment of 3֊dimensional 

substrates have been investigated and are described i n the fol lowing subsections. 
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main cone 
CGH 

lenslet 
alignment marks 

incorrect 
alignment 

correct alignment 

alignment grooves 
machined into substrate 

Figure 9.8: A l ignment 
of a substrate using 
holographic al ignment 
marks on the mask 

9.3.1 A l i g n m e n t using Fresnel Lenslets 

This is a concept s t i l l i n i ts infancy. The idea is to create addi t iona l C G H pat terns 

on the mask tha t can be used to per form al ignment by l in ing their images up w i t h 

marks on the 3֊dimensional substrate and by ad just ing the separation and t i l t of 

the substrate such tha t the a l ignment-mark images are in focus. 

Holographic al ignment marks can be seen in the four corners of the spiral mask 

of figure 9.3; a close-up image of one of these pat terns is shown i n figure 9.7. These 

lenslets were designed to focus to a spot on the base of a substrate consisting of a 

conical section at the centre of a flat disc (see figure 9.8 for an i l lus t ra t ion) . X, y 

al ignment is then achieved by ensuring these spots l ine up w i t h a r ing of a given 

radius on the disc section of the substrate, z and θ a l ignment can then be carr ied 

out by ensuring tha t each spot image focusses on the base of the substrate. Figure 
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9.9 shows one of the spots imaged by the holographic al ignment marks on the conical 

antenna mask. 

One of the problems found w i t h th is method were tha t the large depth֊of֊field of 

the holographic al ignment marks meant tha t i t was di f f icul t to ident i fy when they 

were in focus. The lenslets on the mask of figure 9.3 were of 1.3mm diameter and 

designed to focus at a distance of Zo = 49 .5mm, f rom equat ion 4.6, the range of 

г-values for which the spot f rom the lenslet is intense is then found to be 

2入 컴 1 їм -—— = 1.1mm 

Al though this figure seems reasonable, the unstable nature of the cone geometry 

means tha t a t i l t of i ts axis by this amount causes severe misal ignment of the spiral 

pat tern . Unfor tunate ly , increasing the diameter of the al ignment marks on the mask 

by anyth ing other t han a smal l amount means tha t they take up a disproport ionate 

area of i ts surface, leaving less room for the spiral pa t te rn itself. I n the next sub­

section, a method of al ignment specific to the cone geometry is detai led tha t avoids 

the problems associated w i t h holographic al ignment. 

9.3.2 A l i g n m e n t using a Subst ra te-Holder 

Al though i t provides an interest ing general method of substrate al ignment when the 

mask and substrate are not in contact, the use of C G H al ignment features proved 

di f f icul t i n practice- at least for the spiral masks of the preฬous sections. A n alter­

nat ive al ignment method par t icu lar to the masks of figures 9.3 and 9.4 has therefore 

been developed. 
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displacemenl (mm) dieplacemeก1 (mm) 

(a) imaged spot (b) plot across the spot image 

Figure 9.9: The image formed by a lenslet al ignment C G H 

„ , uv i l lumination 
al ignment feature I 

on mask l l l l i i l l 

mask 

a l ignmentgroove 
on substrate holder 

substrate 

Figure 9.10: Schematic 
of the cone holder 

I n order to al ign a conical substrate w i t h a conical spiral C G H , the substrate 

holder i l lust rated in figure 9,10 was manufactured. O n the top r i m of the holder are 

al ignment marks corresponding to simi lar marks on the surface of the mask. The 

mask sits on top of the holder and a manual al ignment is carr ied out using these 

marks. The geometry of the holder is such tha t the cone sits w i t h i ts pr inc ipa l axis 

at r ight angles to the mask and in line w i t h i ts central po in t - thus tak ing care of the 

x,y and θ a l ignment. The depth of the wel l w i t h i n the holder ensures tha t the apex 

of the cone sits exact ly Zocm below its r i m . A l ignment is now guaranteed provided 

the i l l umina t ing beam is coplanar w i t h the surface of the mask. 

Using the substrate holder, figure 9.11 shows a spiral mask i l l umina t ing a cone. 
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Figure 9.11: A Spiral pa t te rn imaged onto a conical substrate using a C G H and a 
custom substrate holder 
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Ar-lon Laser 

CGH Mask 

Substrate 
Aperture 

Figure 9.12: UV-exposure setup at Sheffield Univers i ty 

To enable v iewing and to check al ignment, holes were cut in the sides of the holder. 

Using a suitable substrate coated in photoresist, the system is now ready for expo­

sure and etching to create the final conical antenna. 

9.4 Issues w i t h t h e I l l u m i n a t i o n o f t h e C G H 

Figure 9.12 shows the uv exposure system used at Sheffield Univers i ty to i l luminate 

a photoresist-coated conical substrate. The laser i l lust rated is an Coherent HeCd 

laser at 355nm. Figure 9.11 was taken w i t h th is setup used to i l luminate the cone, 

where the photo-resist had been replaced w i t h a fluoresent coat ing to show up the 

U V l ight . 

Since i t has a Gaussian intensi ty profi le across i ts diameter, the expanded spot 
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f rom a TEMOO laser beam is not an ideal candidate for use i n the i l l umina t ion of a 

C G H , where the design of the C G H masks has assumed a un i fo rm intensi ty profi le 

across i ts entire area. Th is problem is evident in figure 9.6， where the outer tracks 

of the spiral pa t te rn are seen to be lower i n intensi ty t han those toward the centre, 

despite theory predict ing the opposite. Exposure of the conical substrate using such 

a beam is therefore d i f f icu l t , since the correct exposure t ime for the central par t of 

the spiral is different f rom tha t at i ts ta i l . 

One solut ion to th is problem is to over-expand the beam such tha t only i ts cen­

t re is used to i l luminate the mask. Evident ly, though, th is is a solut ion tha t would 

become problemat ic for larger substrates. Scanning the laser provides another al­

ternat ive, a l though for a substrate as smal l as the cone under considerat ion here 

tha t should not real ly be necessary. Current ly, the best solut ion remains the use of 

a refractive beam-shaping element to flatten out the expanded beam [80]. Un fo r tu ­

nately, such a device has yet to be t r ied i n practice and a successful exposure of the 

cone has yet to be accomplished, a l though t r ia ls are being carried out at the t ime 

of w r i t i ng to remedy this. 

9.5 A S u m m a r y 

This chapter has detai led the use of C G H as l i thographic masks for one applica­

t i on f rom design th rough to exposure. I t has been shown tha t pract ica l issues such 

as al ignment and correct i l l umina t ion are fur ther obstacles to the success of three-

dimensional l i thography, bu t t ha t there is no reason why these obstacles cannot be 

overcome. The conical antenna is an extremely useful device and current methods 

of p roduct ion are less t han ideal in terms of th roughput and cost. 3 D I offers a vi֊ 
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able al ternat ive tha t is readi ly expanded to large-scale, accurate antenna product ion. 

I n the next chapter, two fur ther possible fu ture appl icat ions of C G H l i thography 

are introduced and areas of fur ther work are detai led. 
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C h a p t e r 10 

F u t u r e W o r k a n d Conc lus ions 

厂 画 ๅHIS CHAPTER COVERS areas i n which work is current ly being undertaken 

丄 or in which fu ture work should be concentrated (section 10.1) together w i t h 

two possible fu ture appl icat ions of 3 D I (section 10.1.1). The Thesis is concluded in 

section 10.2. 

10.1 F u t u r e W o r k 

T h e work detai led i n th is thesis very much represents a foundat ion for fu ture de­

velopment. A l t hough excellent results have been achieved, the scope for improv ing 

bo th the mater ia l and opt ica l processes, the C G H algor i thms and the su i tab i l i ty of 

the method for mass manufacture is large. Funding has recently been granted tha t 

w i l l enable th is research to be carried out- specifically w i t h the a im of replacing the 

stat ic mask w i t h a scanning micromir ror device (see section 10.1.2). I n addi t ion, 

expanding the research to include fu l ly 3-dimensional l i thography using Holograms 

is a major topic (section 10.1.3). Th is section details areas for fur ther s tudy and 

int troduces two fur ther appl icat ions of the 3 D I method. 
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10.1.1 T w o Possible App l i ca t ions for 3 D I 

App l ica t ion dr iven mask design is an area i n which fu ture efforts should be concen­

t ra ted. U p to th is point , the conical spiral antenna detai led in chapter 9 has been 

the ma in focus of a t tent ion in terms of appl icat ions for the 3 D I research. However, 

as the theoret ical understanding fits in to place, the scope is large for more complex 

applications and the adaptat ion of C G H l i thography to real-world problems. Th is 

section outl ines two fur ther appl ications tha t have been considered as candidates 

for 3DL 

10.1.1.1 The Xaar P r i n t head 

One possible appl icat ion of the 3 D I method is in the pa t te rn ing of ink je t pr intheads 

[81], [9]. A schematic of a pr in thead developed by the company Xaar [3], who have 

col laborated in the 3 D I pro ject , is shown i n figure 10.1a. The pr in thead contains 

an array of hundreds of 500/ /m-ta l l piezo-ceramic actuators glued onto an a lumina 

substrate. These actuators are poled such tha t they flex in the manner shown in 

figure 10.1b when a voltage is appl ied- on removal of th is voltage the actuator relaxes, 

pushing the ink contained between the actuator walls out th rough a nozzle located on 

top of the substrate, Xaar have developed a d i rect -wr i te system to electrically isolate 

the side-walls of the piezo actuators in the manner shown in figure 10.1b. Wh i l s t 

at Sheffield Univers i ty R E T techniques have been used together w i t h an electro-

depositable photoresist ( E D P R ) to realise the same rou t ing pa t te rn . A section of a 

pr in thead created using th is photo l i thographic method is shown in figure 10.2. 

The separat ion between the actuators on the Xaar pr in thead current ly stands at 

around ΙΟΟμτη wh i ls t the mask employs features down to 30/ /m in order to main ta in 
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PZT actuators 
Isolation path 

Nickel coated 
alumina substrate 

Ink conduit 

(a) The Xaar Inkjet printhead 

Electrical Nozzle Ink jet 

Actuator Substrate 
(b) The operation of the Xaar 
printhead 

Figure 10.1: Structure and operat ion of the Xaar pr inthead 

PZT 

Glue I і nes 

Nickel 

Figure 10.2: A n elec-
A l u m i n a t];on micrograph image 

of the Xaar pr in thead 
pat terned using E D P R 

a constant t rack w i d t h of όΟμτη over the 500μτη depth of the substrate. I n order to 

improve the resolut ion of the pr in thead, i t is necessary t o decrease the separation 

between the actuators so tha t the ink nozzles can be placed closer together. As th is 

separation decreases, i t becomes more and more d i f f icu l t to image features over the 

entire depth of the substrate due to d i f f ract ion l im i ta t ions ; i t is in th is s i tuat ion tha t 

the def in i t ion of the tracks routed over the actuators can be mainta ined by replacing 

the conventional photo-mask w i t h a C G H . 

10.1.1.2 Si l icon V ias 

I n [16], an experiment was conducted to assess the v iab i l i t y of using conventional 

l i thography to image tracks down v ia holes in a si l icon wafer. I t was found tha t the 

p i tch of these vias was l im i ted by d i f f ract ion t o around όΟμτη over a δΟΟμτη substrate 

depth; using C G H i t may be possible to offer a signif icant improvement over th is 

s i tuat ion. Ideally, conventional l i thography would be used t o pa t te rn the surface 
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of the sil icon wafer and a continuous extension of the sloped l ine C G H pat te rn (as 

mentioned i n section 5.2.2) would be used to image the tracks down the v ia holes. 

A t th is point research has got as far as produc ing an etched sil icon wafer on which 

tests can be carr ied ou t on the effectiveness of the C G H method . 

10.1.2 C G H using M i c r o - m i r r o r s 

Funding has recently been granted th rough EPSRC for research into the use of a 

micro-mir ror array as a l i thographic mask. The idea is to replace the C G H pho­

tomasks tha t have been the subject of th is thesis w i t h an addressable array of smal l 

mi r rors [82]. Exposure of the target substrate to the desired pa t te rn is then accom­

plished by scanning th is mi r ro r array and vary ing the pa t te rn i t displays to match 

the appropr iate par t of the equivalent C G H mask. 

One signif icant benefit of th is technique is t ha t the scanning process el iminates 

to a large extent the problem of side-band interference between different imaged 

features. B y combining a scanned system w i t h the localised d i f f ract ion pat terns 

detai led in chapters 5-8， lines or rectangles can be imaged separately w i thou t concern 

over the noise levels generated by interference between nearby features. Having said 

this, i t is d i f f icu l t to predict the fur ther eflFects and problems tha t may resuh when 

such a system is t r ied in practice; the micro-mi r ror idea should prove an interest ing 

topic of research. 

10.1.3 Fu l l y 3D L i t hog raphy 

One of the in i t ia l ideas tha t sparked off the 3 D I project involved the creat ion of 

3֊dimensional c i rcu i t ry w i t h i n some form of 'g loop' , enabl ing extremely high w i r ing 
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densities to be achieved. The work undertaken so far has concentrated on the pro­

duct ion of features on non-planar surfaces- a task tha t is considerably easier to 

achieve using relat ively low resolut ion masks. 

There is no reason why the processes developed for these '2.5֊dimensionaľ sub­

strates can not be appl ied to the more demanding case of imaging tracks w i t h i n 

some sort of t ransparent, photo-f ixable mater ia l . A n extremely h igh mask resolu­

t i on would be required in order to reduce the depth֊of֊field of the ind iv idua l t rack 

images to anyth ing approaching usable (see section 4.4), and i t is not clear as yet 

whether a photo-f ixable mater ia l w i t h al l the required propert ies actual ly exists. 

Nevertheless, fu l ly 3-dimensional electronic c i rcu i t ry would be an extremely pow­

erful too l and the possibil i t ies i t would open up jus t i f y the fur ther work tha t is 

required to make i t a reality. 

10.1.4 A p o d i s i n g a Gaussian beam using the GS a l g o r i t h m 

One of the pract ical problems w i t h the use of a laser as an i l l umina t ion source for 

a l i thographic process is the non-un i form intensi ty profi le of the beam; typical ly, a 

TEMOO laser produces a Gaussian intensi ty profi le across the beam w i d t h . Figure 

10.3 shows the intensi ty profi le of the 355nm HeCd laser used for exposure t r ia ls 

at Sheffield University. I n a conventional exposure system, ut i l is ing a mercury arc 

lamp, the var ia t ion in intensi ty across the beam is of the order of 1 % , therefore 

either the intensi ty profi le of the laser beam must be modi f ied or the var ia t ion in 

intensi ty of the beam must be accounted for in the C G H if the exposure condit ions 

of the 3-dimensional substrate are to be as robust as i n the 2-dimensional case. The 

problem is fur ther compl icated by the requirement for a un i fo rm phase profi le across 

the C G H . 

248 



10. Puture W o r k and Conclusions 

Measured Profile 

Gausstan Approximstion 

Position (mm) 

Figure 10.3: Beam profi le f rom the 355nm uv laser, σ ― 8 .41mm 

One solut ion to th is problem is to use a neut ra l density filter w i t h a gradated 

opacity in inverse correlat ion to the profi le of figure 10.3. To avoid phase shifts, 

th is filter can be encased in clear glass of an equal refractive index, such tha t the 

beam passes th rough an equal w i d t h of glass at al l locations. Unfor tunate ly , use 

of an absorptive filter in th is way signif icant ly reduces the power incident on the 

C G H and on the substrate itself and the larger the required beam, the more sig­

nif icant the power loss. A n al ternat ive is presented in [80] where a flat, coherent 

beam was required for use i n a holographic data storage system. Here, a matched 

pair of piano-aspherical lenses is used to t ransform a Gaussian intensi ty profi le in to 

a Fermi-Dirac d is t r ibu t ion , whi lst ma in ta in ing a flat phase profi le. Th is method 

is ideal for the needs of holographic l i thography, however a bespoke pair of lenses 

suitable for use w i t h the Sheffield laser is expensive. W i t h this in m ind , experiments 

have been conducted to investigate the use of a difFractive opt ica l element computed 

using the Gerchberg-Saxton a lgor i thm as a beam shaping device. 
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I f a phase-only C G H can be designed such tha t the image i t produces has a 

top-hat intensi ty profi le, then there w i l l be no power loss i n the system due t o beam 

at tenuat ion. I n add i t ion , such a mask would be relat ively s t ra ight forward and inex­

pensive to produce. The problem w i t h th is technique is t ha t whi ls t contro l l ing the 

intensi ty or phase profi le result ing f rom the beam-shaping C G H is s t ra ight forward, 

simultaneous contro l of bo th intensi ty and phase is d i f f icul t . 

Using the b inary GS a lgor i thm as described above, a mask has been designed to 

produce a top-hat intensi ty profi le f rom a Gaussian inpu t beam. No a t tempt was 

made to contro l the phase of the ou tpu t d is t r ibu t ion , i n the hope tha t the 3 D I masks 

may prove robust enough to w i ths tand incoherent i l l umina t ion . The beam-shaping 

mask design has yet to be photo-reduced and processed, meaning i ts performance is 

yet to be gauged. 

Invest igat ion in to the required characteristics of the i l l um ina t ing source used for 

C G H l i thography is another topic needing fur ther a t tent ion, especially the effects 

of par t ia l l y coherent i l l umina t ion on the image resul t ing from the localised C G H 

detai led in th is thesis since i t is possible t ha t the use of th is proper ty may actual ly 

lead to improvements i n the performance of the holograms. 

10.1.5 Photores is t Response 

The ideal image resul t ing f rom a C G H mask wou ld have only two intensi ty levels, one 

of which would be zero. Th is is approx imate ly the case i n conventional photo l i tho­

graphic exposure systems where d i f f ract ion effects can be ignored. Unfor tunate ly , 

i n real i ty i t is not possible to completely e l iminate al l noise i n the image formed by 

a C G H mask. Simpl i f icat ions of the generally complex field carr ied out to enable 
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st ra ight forward mask product ion lead to noise, bu t even i f these simpli f icat ions can 

be removed, a noisy image s t i l l results due to the finite size of the mask and i ts 

l im i ted resolut ion. To produce clean tracks then, whose cont inu i ty and separation 

can be guaranteed, the response of the photoresist must be used to el iminate the 

noise i n the image. The ideal response of the photoresist is a step funct ion in the 

depth / in tens i ty profi le. I n this case, only those parts of the image whose intensi ty 

exceeds tha t of the star t of the step expose the photoresist, regardless of the ex­

posure and development t imes. A linear approx imat ion is somewhat closer to the 

t r u t h , i n which the exposure rate of the photoresist is p ropor t iona l to the intensi ty at 

any po in t . I n reality, the response of a photoresist is characterised by i ts D i l l Curve 

[83]. Figure 10.4 shows the D i l l Curve of the P E P R photoresist used at Sheffield 

Universi ty dur ing the C G H tests. 

1๙ 
Dose mj/cm^ 

^ ^ 0 * F igure 10.4: The D i l l 
curve for P E P R 

Ideally, the response shown in figure 10.4 would be factored in to the simula­

t ion software used to produce many of the results appearing in th is thesis. I f th is 

addi t ional accuracy is included in the simulat ions, i t becomes possible to quant i ta­

t ively assess the robustness of mask designs and in par t icu lar the effect on the final 

c i rcu i t ry of interact ions between imaged features. 
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10,1.6 A Genera l So lu t ion t o the 3 D I P r o b l e m 

The successful pa t tern ing of l ine segments has been demonstrated many t imes 

throughout this thesis and i t has been shown tha t such pat tern ing is possible in 

defiance of conventional l im i ts due to aliasing. However, one possible enhancement 

on this procedure is to produce a general solut ion to the mask design for a given 

l ight intensi ty in the image plane using the concepts t ha t have come to l ight in the 

consideration of the superposit ion of single l ine segments. Th is may be possible i n 

the fol lowing way: 

F i rs t , the d i f f ract ion pa t te rn in the C G H plane f rom a 2֊dimensional l ight intensi ty 

d is t r ibu t ion is generated according to equat ion 6.17. A n example of such a pa t te rn 

generated f rom the t rack pa t te rn of figure 10.5 is shown in figure 10.5a. Next , th is 

pat te rn is localised according to the l im i ts imposed by equat ion 5.16 to produce fig­

ure 10.5b- note how simi lar th is figure is to t ha t of figure 7.24 where the C G H was 

generated by adding up l ine segments. Because the or ig inal t rack pa t te rn consists 

solely of l ine segments, i t is assumed tha t th is l im i t applies and tha t the d i f f ract ion 

pat te rn in the C G H can be treated in the same way as would be the case for su­

perimposed single l ine C G H pat terns as in chapter 7- to i l lust rate th is , figure 10.6 

simulates the image formed by fig^e 10.5b. The di f f icu l t final step is to somehow 

introduce depth var iat ions into th is pa t te rn such tha t the replayed hologram images 

onto a non-planar substrate. Th is could possibly be achieved by a warping of figure 

10.5b in such a way tha t the fringe pat te rn at a given locat ion is ' tuned ' to the 

depth of the substrate immediate ly below tha t point . 

The possibi l i ty of generating a general solut ion to the d i f f ract ion pa t te rn pro­

duced by a non-planar image intensi ty d is t r ibu t ion is a t t ract ive because i t means 

tha t line intersections are dealt w i t h automat ical ly , w i thou t recourse to the ideas 

presented in chapter 7 which perhaps represent the weakest area of the current 
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methodology. The warp ing of a C G H to produce a 3֊dimensional image f rom the 

d i f f ract ion pa t te rn of i ts 2-dimensional equivalent is something tha t has yet to be 

a t tempted and is perhaps the most impor tan t topic for fur ther study ident i f ied i n 

th is chapter. 

The 3 D I project is very much ongoing at the t ime of w r i t i ng and i t is hoped tha t 

the f ramework presented i n th is thesis w i l l lead soon to a successful demonstrat ion 

of a real-world appl icat ion produced using C G H l i thography. 
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(a) A general solution to CGH mask design (b) Localising the CGH 

Figure 10.5: Calcu lat ing a C G H tha t does not depend on the superposit ion of l ine 
segments. 
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Figure 10.6: The image 

formed by the C G H of 

figure 10.5b 
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10,2 Conc lus ions 

The real isat ion of a l i thographic method able to image features over grossly non-

planar substrates opens up a weal th of possibil i t ies which have only jus t begun to 

be explored. The 3 D I project has shown tha t such a method is possible and t h a t 

i t is possible w i thou t too great an adjustment i n the processes used to generate 

conventional photo- l i thographic masks. 

I t has been shown tha t the classic C G H , based on the summat ion of point-source 

wavefronts incident on a plane are l im i ted in thei r appl icat ion to l i thography due to 

the extremely h igh mask resolutions required to successfully image features close to 

the mask and the d i f f icu l ty of incorporat ing 3-dimensional in fo rmat ion in to the holo­

gram w i thou t resort ing to the reduct ion of the image volume into slices. To al leviate 

these problems, the use of C G H based on localised l ine segment d i f f ract ion pat terns 

has been introduced and i t has been shown tha t such patterns can be imaged suc­

cessfully at very smal l mask-substrate separations. The basic line segment pa t te rn 

has been modi f ied t o al low greater cont ro l over the w i d t h and length of the imaged 

feature and a new var iety of C G H has been used successfully to image a 140μπι wide 

l ine at a mask-substrate distance of 30cm. Further, i t has been demonstrated tha t 

the extension of these l ine segment images in to the t h i r d dimension produces on ly 

minor adjustments to the result ing C G H and tha t i t is possible to add together l ine 

segment d i f f ract ion patterns to produce complex images and c i rcui t ry. 

Using localised masks, lOO/xm-wide tracks have been etched in to a substrate w i t h 

a depth of 4cm using a mask resolut ion of ΑΟμτη and a mask-substrate separation 

of 10cm, realising the a im ci ted in the in t roduc t ion of a one-to-one correspondence 

between mask and substrate resolut ion. A spiral mask has been developed to image 
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onto a conical substrate and produce a conical spiral antenna, a useful real-world 

device w i t h a range of appl icat ions. 

Th is thesis provides a large scope of fur ther work in the area and the research 

carried out here represents a sol id basis for these fu ture developments. The 3 D I 

project is ongoing and i t is hoped tha t the ideas presented here w i l l continue to 

produce interest ing results and be of pract ica l value. 

Andrew Maiden, September, 2005. 
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M a t l a b Rou t i nes 

T h e t a b l e b e l o w l i s ts t h e m a j o r M a t l a b R o u t i n e s used d u r i n g t h e course o f t h i s 

thes is . 

f u n c t i o n n a m e d e s c r i p t i o n 
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