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ABSTRACT 

Surface-relief, submicron period transmission gratings 

are fabricated in fused silica. A rigorous vector 

diffraction code, based on the coupled-wave analysis 

technique, is used to design and analyze the surface relief 

gratings. When light with wavelength greater than the 

grating period encounters such element, only zeroth order 

transmitted and reflected beams propagate, all other 

diffracted orders are evanescent. These surface-relief 

gratings act as homogeneous thin film layers of equivalent 

refractive indices. The equivalent refractive indices depend 

on grating characteristics, angle of incidence, and 

incident light polarization. These gratings can be used as 

equivalent anti-reflection coatings and as polarization 

elements. Since the grating structures are etched into the 

substrate material, these optical elements are durable and 

chemically resistant compared to resist gratings. 

Slibwave length elements may play a critical role in high power 

laser systems where damage resistant antireflection and 

birefringent materials may not exist. 

By gaining an understanding and being able to control 

the many variables involved in the grating fabrication 

process, one-dimensional and two-dimensional submicron 

period surface-relief resist gratings with rectangular 
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profiles and precisely controlled dimensions are generated. 

Subsequent pattern transfer etch into underlying substrate 

layer resulted in one and two-dimensional gratings in fused 

silica. One-dimensional gratings fabricated in fused silica 

behaves as polarization elements, giving a maximum measured 

phase retardation of 50 degrees. To create a polarization 

insensitive antireflection structure, two-dimensional 

surface relief gratings are fabricated. These elements 

exhibited reflectivities near zero percent. The AR 

structures also showed broadband perfomance. Application of 

two-dimensional AR structures on a 16-level diffractive phase 

plate reduces the surface reflectance of the multilevel phase 

plate to 0.2%, from 3.3% of that of a bare fused silica 

surface. 

Subwavelength grating elements were found to damage when 

exposed to 45 mJ/cm̂  and 13 mJ/cm̂  of laser radiation at 1064 

nm and 351 nm wavelength, respectively. The subwavelength 

gratings have laser damage thresholds comparable to that of 

bare fused silica. Initial effort on replicating the 

subwavelength grating structures in polymers yielded 

promising results, demonstrating the potential for mass 

production. Replicated elements exhibited no stress 

birefringence. 
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CHAPTER 1 

INTRODUCTION 

With the invention of lasers in the 1960s and the rapid 

advances in the semiconductor processing technologies in the 

last twenty years, it is now possible to produce surface-

relief gratings with groove densities greater than 5000 

grooves/mm. These gratings are made by recording the fringe 

pattern of interfering laser beams in photoresist. Gratings 

produced with interference lithography are virtually 

distortion free and absent of 'ghost' images often associated 

with traditional ruled gratings. This results in a very pure 

diffracted spectrum. In additional, we are not restricted 

to plane or spherical substrates with interference 

lithography. By using multiple exposures coupled with 

multilayer technology, complex grating structures can be 

fabricated. 

A nijmber of unique properties result when grating 

structures are illuminated by light with wavelength greater 

than the grating period. In this thesis, these grating 

structures are referred to as subwavelength grating 

structures. In particular, this thesis focuses mainly on the 

fabrication and evaluation of gratings with grating periods 

less than 0.4 |im. These gratings have attractive 
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Incident wave 

region 1; 
incident region 

region 2; 
grating regloE 

region 3; 
substrata reglo: 

Figure 1-1 One-dimensional subwavelength grating 
structure with rectangular profile. Grating 
period is sufficiently small compared to incident 
wavelength such that only zeroth order transmitted 
and reflected diffraction orders are non-
evanescent . 

applications in the visible and near infared spectrum. 

Figure 1.1 shows a binary grating etched into the surface of 

a substrate with an index of refraction value of nj. 

Subwavelength grating structures have received a great 

deal of interest in recent years. A number of theoretical 

and experimental studies have been performed. Subwavelength 

gratings structures have been investigated for use as 

antiref lection components [Clapham and Hutley 1973; Enger and 

Case 1983b; Gaylord et al. 1986; Ono et al. 1987; Glytsis and 

Gaylord 1988; Hartman and Gaylord 1988; Southwell 1991; 
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Motamedi et al. 1992; Raguin and Morris 1992; Raguin 1993; 

Smith et al. 1996], Polarization elements [Knop 1978; Yeh 

1978; Enger and Case 1983a; Gallagher and Sweeney 1983; 

Cescato et al. 1990; Shiraishi et al. 1991; Glytsis and 

Gaylord 1992; Haggans et al. 1993a], narrow-band 

filters [Gale 1989; Gale et al. 1990; Wang et al. 1990; Wang 

and Magnusson 1993] and phase plates[Haidner et al. 1991; 

Fam 1992; Haidner et al. 1993a; Haidner et al. 1993b] . 

Scalar theory which have been used for more than one hundred 

and fifty years breaks down for analyzing gratings with 

periods approaching that of and smaller than the incident 

wavelength. This approximate theory is based on the 

assumption that the smallest feature size on a diffractive 

grating structure is much greater than the incident 

wavelength. The limitations of this theoiry is clearly 

illustrated by its inability to differentiate the effects 

different polarizations have on gratings with small 

periods [Bom and Wolf 1985b] . Exactly when scalar theory 

becomes inadequate for describing diffraction gratings with 

very fine periods is relatively difficult to pinpoint. 

Parameters such as gratings depth, gratings period, 

gratings feature size, index of refraction values of 

materials, angle of incidence, and the complexities of the 

grating structures all have an effect on the validity of the 

scalar theory [Pommet et al. 1994]. Pommmet et al. have shown 

error in scalar theory is significant even when feature size 
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is less than 14 wavelength in certain cases [Pommet, Moharam 

et al. 1994]. In general, a rigorous vector diffraction 

theory must be applied to analyze grating structures when the 

grating period to wavelength ratio (A/A,) is 2 or less. A 

nximber of rigorous theories have been developed in the past 

three decades to cinalyze and to predict the performance of 

subwavelength diffraction gratings. These theories obtain 

the vector wave fields by solving the Maxwell's equations 

over and through the periodic corrugated surfaces exactly. 

The fundamental differences between the various theories lie 

in their choice of implementation of different rigorous 

mathematical theorems and numerical analysis techniques. One 

of these rigorous vector grating theories, the coupled-wave 

theory, is discussed in section 2.2 of chapter 2. In 

section 2.3, calculations based on this theory illustrate 

some unique properties of sxibwavelength grating structures. 

Designs for antireflection and polarization elements are 

given for gratings with rectangular profiles. 

A number of researchers have experimentally demonstrated 

the antireflection and polarization properties of 

subwavelength grating structures[Enger and Case 1983a; 

Cescato, Gluch et al. 1990; Lalanne and Morris 1997]. Enger 

et al. have further demonstrated subwavelength grating 

structures are durable compared to resist structures when 
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transferred into substrate materials such as a quartz 

substrate [Enger and Case 1983b]. Common problems such as 

adhesion and thermal expansion mismatch that are associated 

with conventional thin films do not exist for these 

subwavelength grating structures. There are numerous 

additional advantages in using these si±)wavelength structures 

in lieu of conventional elements. By structuring a surface 

with subwavelength grating patterns, we can synthesize an 

equivalent thin film layer of artificial refractive index 

value(s). This effective refractive index value is dependent 

on the grating geometry and the optical constants of the 

materials on either side of the corrugated surfaces. This 

method allows new optical elements to be created or it can 

simplify and improve upon the design of an existing element. 

The fact that only the zeroth order diffracted light 

propagate makes these structures highly efficient when they 

are imbedded in transparent substrates. Subwavelength 

gratings often have a depth on the order of microns or less 

which makes these elements compact and light weight compared 

to conventional thin film and polarization elements. Another 

attractiveness of subwavelength structures is that we can 

combine a nijmber of the properties into a single compact 

element, such as the polarization selective mirrors[Glytsis 

and Gaylord 1992] and the polarization sensitive narrowband 

filters[Wang and Magnusson 1993]. 
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To fabricate sxibwavelength grating structures, laser 

interference lithography is used to define a subwavelength 

grating pattern in resist. To make a reflective element, 

the surface relief is coated with a reflecting metal such as 

gold. For a transmission element, one can use the elements 

as is in resist provided the resist is transmissive to 

incident wavelength or one can transfer the resist pattern 

into the underlying transparent substrate. Electron beam (E-

beam) lithography is the only other lithography technique 

currently available that is capable of achieving the fine 

feature sizes generated using laser interference lithography. 

With E-beam lithography, a beam of electrons is used to 

write a pattern in resist. Major limitations associated with 

this technique include a limited field size and long exposure 

time. Exposure time as long as one hour per square 

millimeter can be required to generate a 0.3 fim period 

grating. In order to minimize the distortions in the 

resultant resist pattern, relatively expensive electronics 

and environmental controls must be implemented. Relative to 

E-beam, there are many advantages associated with using 

laser interference lithography to generate siabwavelength 

surface relief gratings. This method of producing the 

gratings is relatively simple and fast to set up. 

Interference lithography can also be scaled to large exposure 
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areas resulting in gratings on the order of one meter or 

more[Spallas et al. 1996]. In interference lithography, the 

fringes are generated within the volume of intersection of 

the interfering beams. Therefore, the depth-of-focus for 

this system can be on the order of centimeters or more 

depending on the size and coherence of the beam. As a 

result, substrate flatness, sxibstrate positioning and 

substrate geometjry are not critical issues with this method 

as compared to conventional optical lithography. 

However, there are a number of limitations associated 

with fabricating subwavelength grating structure with 

interference lithography. Historically, there is 

comparatively little control over grating linewidth and the 

groove profile. Only sinusoidal or quasi-sinusoidal groove 

profiles are possible since the intensity distribution of two 

interfering beams are sinusoidal. For many applications, 

subwavelength grating structures can not be made cheaply 

enough and with the high process control needed to enjoy the 

kind of commercial success that ruled gratings have had for 

the last century. 

It is the intent of this thesis to present solutions 

used to overcome the shortcomings associated with fabrication 

of subwavelength grating structures. Using the 

microfabrication techniques and equipment resulting from the 
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rapid advances in the semiconductor industry, I show that 

interference gratings can be made with high precision. 

Chapter 3 details the fabrication of high aspect ratio one-

dimensional and two-dimensional sxibmicron period grating 

structures in resist. Section 3.2 describes in detail the 

procedures involved in generating a photoresist grating using 

two-beam interference lithography and the various factors 

effecting the perfoimance of interference lithography 

systems. Section 3.3.4 shows fabrication results of one-

dimensional and two-dimensional resist structures. I will 

demonstrate that systematic generation of interference 

gratings in resist can be realized by gaining an 

understanding and controlling the following critical issues 

associated with generating subwavelength grating structures: 

fringe visibility, fringe stability, exposure parameters, 

exposure uniformity, image reversal technique, 

photosensitive meditmi, and substrate conditioning. 

Chapter 4 details the fabrication and characterization 

of one-dimensional and two-dimensional grating structures in 

fused silica. Process associated with pattern transfer is 

discussed. Experimental measurements of fabricated elements 

are presented and also compared to that of theoretical 

predictions. 
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For high power laser applications, optical elements 

with high damage thresholds are continuing to be sought. It 

has been suggested that high damage threshold diffractive 

elements can be made when subwavelength relief grating 

patteims are etched into a damage resistant substrate such as 

fused silica. In section 4.3.3, experimental damage results 

are presented for two-dimensional relief gratings in fused 

silica. Damage threshold for this surface relief grating is 

compared to that of bulk fused silica. 

In chapter 5, two-dimensional subwavelength AR grating 

structures are patterned onto surfaces of multilevel 

diffractive phase elements. First, fabrication procedures 

are presented for making a 16 level phase element. Issues 

encountered in patterning a subwavelength AR structure on a 

multi-level phase element with steep steps are discussed. 

The overall transmission of the phase element is presented. 

In an effort to produce these gratings cost effectively, 

initial efforts have been made to replicate them in thermoset 

polymers. These results are discussed in section 5.4. 
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CHAPTER 2 

ANALYSIS OF SUBWAVELEN6TH-STRUCTURED SURFACES 

2 . 1 INTRODUCTION 

Practical applications of sxibwave length grating 

structures have gained considerable interest in recent years 

while analysis of these structures have been a subject of 

continual study for over one hundred years [Rayleigh 1880; 

Lamb 1898] . Two classes of theories, the Effective Medium 

Theory(EMT) and the rigorous vector diffraction theory, have 

been developed to describe the diffraction characteristics of 

subwavelength grating stiructures. EMT is attractive and 

remains the subject of continual studies because it is 

intuitive and is in general less computationally intensive 

than rigorous vector diffraction theories. 

In the EMT approach, the periodic structure is replaced 

by a homogeneous medixom characterized by an effective index 

of refraction value in the limit where the grating period is 

infinitely small compared to the incident wavelength. 

Properties of one-dimensional periodic structures and their 

equivalence to a homogeneous uniaxial thin film have been 

analyzed in great detail. Propagating waves are analyzed 

while evanescent orders are neglected. There are varying 
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levels of accuracy for EMT: zeroth-order and higher order 

solutions. Zeroth-order EMT makes the assumption that the 

siibwavelength period media does not see a harmonically 

varying field but a xiniform field. One of the simplest 

approaches for deriving zeroth order effective permittivities 

is presented in Principles of Optics [Bom. and Wolf 1985b] . 

Rytov derived the closed-form EMT solution for higher order 

effective pennittivities and permeabilities for one-

dimensional rectangular-groove gratings composed of two 

homogeneous materials[Rytov 1956]. EMT has since been 

developed to treat one-dimensional rectangular groove lossy 

gratings[MacPhedran et al. 1982], gratings with arbitrary 

symmetric profiles[Bell et al. 1982] and rectangular groove 

gratings in conical mountings(arbitrary incident 

waves) [Haggans et al. 1993b] . Compared to one-dimensional 

gratings, limited research has been done on developing EMT 

solutions for two-dimensional gratings [Motamedi, Southwell et 

al. 1992; Brauer and Bryngdahl 1994; Grann et al. 1994; 

Lalanne and Lemercier-Lalanne 1995] . Because of the 

extensive computations involved, it is not immediately 

apparent that EMT solution for the crossed gratings offer 

significant advantages over the rigorous vector theory. 

EMT is only an approximate theory. Error resulting from 

using EMT is significant when the grating period is 

comparable to incident wavelength. To obtain the exact 
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solution to diffraction from a siibwave length grating 

structure, a rigorous vector theory is needed. The 

computationally intensive rigorous vector diffraction 

theories of gratings originated in the later 1960's with the 

introduction of computers. Rigorous vector diffraction 

theories treat the grating diffraction problem by solving the 

Maxwell's equations exactly. The only approximations in this 

method come from numerical implementation. Significant 

progress in rigorous diffraction theories have been made in 

the last thirty years. Comprehensive lists of references in 

this subject can be found in reviews by Petit[Petit 1980], 

Maystre [Maystre 1984], and Gaylord and Moharam[Gaylord and 

Moharam 1985]. In section 2.2, one of these rigorous 

vector diffraction theories, the rigorous couple-wave 

analysis, is discussed in detail. In section 2.3 and 2.4, 

application of the rigorous coupled-wave analysis to 

rectangular groove surface-relief dielectric(fused silica) 

gratings is presented. 

2 . 2 RIGOROUS COUPLED-WAVE VECTOR ANALYSIS 

Methods of rigorous grating diffraction theory can be 

grouped into two major categories: the integral methods, 

and the differential methods. The most prominent 

differential method is the coupled-wave approach popularized 

by Moharam and Gaylord [Moharam and Gaylord 1981] . This 
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technique is capable of treating periodic one-dimensional 

gratings with arbitrary grating profiles [Moharam and Gaylord 

1982] and with incident waves having arbitrary polarizations 

and angles of incidence [Moharam and Gaylord 1983a; Moharam 

and Gaylord 1983b] . It can also be used to treat 

metallic(lossy) surface-relief gratings[Moharam and Gaylord 

1986; Li and Haggans 1993] . The same technique has also been 

extended to treat two-dimensional (crossed) gratings [Noponen 

1994; Lalanne 1997; Li 1997]. The coupled-wave analysis 

technique is relatively easy to implement and can treat both 

volume and surface relief grating stiructures. 

2.2.1 COUPLED-WAVE ANALYSIS OF ONE-DIMENSIONAL GRATINGS 

A binary, one dimensional surface-relief grating is 

depicted in figure 2.1. The incident region (I) and the 

siibstrate region (III) are homogeneous media with refractive 

index n,̂  and respectively. In general we are more 

interested in the relative peiroittivity £,.. Relative 

permittivity is related to the index of refraction value 

through the relationship 

e 2 
Ej. = — = n (2.1) 

0̂ 

where £ is the absolute permittivity and is the permittivity 

of free space. 



Figure 2-1 Geometry and definitions of parameters for a one-
dimensional grating with rectangular profile 

The grating region(II) has thickness d and period A. 

The periodic modulation in the grating region is composed of 

both the incident and s\±)strate material and can be 

characterized by the relative permittivity (x) 

where 

h 

( 2 . 2 )  
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1  ̂
e,, = —j£2(x)e"''"̂ dx (2.3) 

0̂ 

K is the magnitude of the grating vector and is defined as 

A 

where A is the period of the grating. Note, the relative 

permittivities EjCx) and £3 can be complex quantities to 

accommodate lossy gratings. 

A linearly polarized electromagnetic plane wave is 

obliquely incident upon the grating at an polar angle 9 and 

an azimuthal angle ()). Diffraction in this geometry is often 

referred to in the literature's as conical diffraction. This 

terminology arises from the fact that the diffracted orders 

lie on the surface of a cone which we will see later. The 

plane of incidence is defined by the grating surface normal, 

z axis in this case, and the incident vector kj. The 

incident wave can be expressed as 
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Ê =̂ue (2.5) 

For all field representations, time dependence is 

assumed. The wave vector kj and the unit polarization vector 

U are given by 

ki =XV57ki 

2k I— 
= — 1 [(sin 0 cos (j))x + (sin 0 sin (|))y + (cos 0)z] (2.6) 

A. 

u = u^x + uyy + u3z 

= (cos a cos 0 cos (j) - sin a sin (j))x 

+(cos a cos 0 sin (j) + sin a cos (j))y (2.7) 

-(cosasin0)z 

The electric field in region I and region III is expressed 

using Rayleigh expansions 

§1 =Ei +Er 

n 

( 2 . 8 )  
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E3=5;T„e'̂ 3"('-'̂ ' (2.9) 

n 

where the sxibscript n refers to the diffraction order number. 

Rji and Tfj are the noinnalized reflected and transmitted 

electric vector fields. The wave vectors kjjj and k;3jj are 

determined by phase matching and Floquet conditions. 

kpn =kxnX + kyy + kzpnZ , p = l,3 (2.10) 

where 

kxn =kx-nK = ki sm0cos(|)-K (2.ii) 

ky = kj sin0sin(() (2.12) 

ẑpn ~'\̂ p x̂n (2.13) 

The magnetic fields in region I and III are obtained using 

Maxwell's equation 

V x E  =  io)j i Q H  ( 2 . 1 4 )  

For the grating region (II) , the form of general 

solution for electric and magnetic fields is represented as 

the sum of spatial harmonics. 
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=I[S„(z)i + 'S',.(2)y + 5„(z)zy'-' (2.15) 
n 

ii.=Î llUJz)x + UJz)y + Û (.z)z]e"-' (2.16) 
\ Mo " 

where 

n̂=kxn̂  + kyy (2.17) 

S(z) and U(z) are the normalized amplitudes of nth spatial-

harmonic vector electric and magnetic fields. 

The field expansions of equations (2.15) and (2.16) must 

satisfy the Maxwell's curl equations in the grating region. 

V X E = (2.18) 

VxH = -[icoeoe2(x) + a,(x)]E (2.19) 

where m (x) , e2(x), ^̂ (x) are the relative permeability, 

relative permittivity, and conductivity tensors of the 

grating region. Substituting E and H into equations (2.18) 

and (2.19), an infinite set of linear coupled-wave 

differential equations is derived. Eliminating the components 

along the propagation direction, Z, a system of four 

differential equations is obtained: 
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dSxn(z) 

dz 

dSy„(z) 

dz 

dUxn(z) 

dz 

dUyn(z) 

dz 

—H 
•xn 
Xan-p[kyU,p(z)-k,pUyp(z)] + koUy„(z) 

^0 p 

>  ( 2 . 2 0 )  

i'  kQUjjj,(z)+ 2ir^n-p[^y^xp(z) kjjpUyp (z)j I (2.21) 
[ Ko p J 

= IS xn 
[kySxn (Z) -  k,„Syn (z)] + ko S En-pS yp 

= -i] ko Z^n-pSxpCz) - ̂ ['^ySxn (z) " ̂ xnS (z)] 
I P 0̂ 

( 2 . 2 2 )  

(2.23) 

where p=n-h and it varies from negative infinity to positive 

infinity. £n-p n̂-p coefficients of the Fourier 

expansions of relative permittivity and its inverse for the 

grating region. The inverse permittivity is defined as 

e (̂x) = Xahe 

h 

ihKx 

• n = T J  
1 r 1 -̂ihKx 

A 0 e(x) 
dx 

(2.241 

(2.25) 

It is important to note here that although the formulations 

in equations (2.20) - (2.23) provide good convergence rates 

for dielectric(lossless) gratings and TE polarization, they 

have been known to converge slowly for one-dimensional 



39 

metallic gratings and TM polarization[Li and Haggans 1993]. 

In the past couple of years, a number of researchers have 

demonstrated that by reformulating the eigenvalue problem and 

how the Fourier series of the permittivity and reciprocal 

peinnittivity fxinctions are used, highly improved 

convergence rates are achieved even for highly conductive 

gratings[Granet 1996; Lalanne 1996; Li 1996]. However, for 

the remainder of this section I will continue with the old 

foirmulations presented above in equations (2.20) - (2.23) 

since it handles dielectric gratings presented in this thesis 

sufficiently. 

The coupled-wave equations can be written in matrix fo2rm 

as 

V = AV (2.26) 

where Ais a 4n x 4n matrix. In practice, the infinite 

number of diffraction orders is truncated to a finite number 

N, then the total number of coupled-wave equation is reduced 

to 4N. 

In the special case where the grating vector K lies in 

the plane of incidence, ky=0. In this case, the coupled 

wave equations reduce to two sets of coupled wave equations 
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with equations (2.21) and (2.23) giving the TM solutions and 

equations (2.20) and (2.24) giving the TE solutions. Instead 

of solving a system of 4N equations, two set of 2N equations 

are solved. 

Solutions to the system of first-order differential 

equations (2.26) is well known and has the form 

x̂n ~ (2.27) 
m 

Syn(z) = ̂CinC02,nm® (2.28) 
m 

x̂n ~ X ̂m®3,nm® (2.29) 
m 

Uyn(z) = ̂  Cm®4,nm® (2.30) 
m 

where and 0), ̂  (q=l,2,3,4) 

eigenvectors of the matrix A. 

standard math library routines. 

are the eigenvalues and 

They can be solved using 

Once the eigenvalues and eigenvectors are known, the 

complex amplitude coefficients for the diffracted orders ( 

and Tjj) , along with ĉ , are determined by matching the 

tangential electric and magnetic fields at the two 
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boundaries{z=0 and z=d). There are ION unknowns: 4N values 

of and 3N components each of and Tĵ . The boundary-

conditions will result in 8N equations. Two additional 

equations can be obtained by using the following relationship 

(transverse nature of electromagnetic fields). 

In R n = 0  

•3n •Tn=0 

(2.31) 

(2.32) 

This set of ION equations can then be solved using linear 

systems technique and the solutions specify all \inknown field 

coefficients. 

Knowledge of the electric and magnetic fields determine 

all quantities of interest, such as diffraction efficiency 

and polarization angles of the diffracted waves. Diffraction 

efficiency for the nth diffracted wave is defined as the real 

part of the ratio of z component of diffracted and incident 

wave poynting vector. 

Iln =-Re 
ki cosG 

A 
R. 

(2.33) 
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l3n = Re 
kz3n  ̂

COS0J 
(2.34) 

For a dielectric (lossless) grating, power conservation 

requires 

Xi? +I'7 =1 (2.35) 
n n 

The complex field amplitudes, Rjj and , can be expressed 

as the sum of the component perpendicular to the plane of 

incidence(S) and the components residing in the plane of 

incidence(p). 

+nA e Rn =sA;:ne" (2.36) 

f„ = + pBp„e (2.37) 

The polarization angle a(0 <̂(X<90^) and 5 (—180® < 5 <+180 ) 

can be expressed as 

a = tan '(ĵ  
o > ^ I < 

pn 

(2.38) 
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R̂,n ='''lns -'I'l np (2.39) 

for reflected orders and 

B. a =tan 

~̂ 3ns ~̂ 3 np 

(2.40) 

(2.41) 

for transmitted orders. 

The propagation direction of each diffracted order can 

be determined from the wave vectors. The angle of 

diffraction in the incident and transmission region is 

tanGpn = 
^  + k  '  xn  ̂

, p = 1,3 (2.42) 
'zpn 

The azimuthal angle for each diffracted order is 

ky 
tan(j) n = ;— (2.43) 

kxn 

Equations (2.42) and (2.43) show the diffracted orders all 

lie on the surface of a cone. For the special case where ky=0, 
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then <j)„=0 and the wave vectors of all the diffracted orders 

lie in the plane of incidence. This is often referred to as 

non-conical diffraction in the literature's. 
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2.2.2 COUPLED-WAVE ANALYSIS OF TWO-DIMENSIONAL (CROSSED) 
GRATINGS 

The two-dimensional grating problem is an extension of 

the one-dimensional grating analysis presented in the 

previous section. The index variation in the grating 

region (II) is now in both x and y direction (figure 2.2) . This 

index modulation is represented as 

Figure 2-2 Geometry and definitions of 
parameters for a two-dimensional grating with 
rectangular profile 
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= (2.44) 
p q 

with 

it 27C . 
K i = — X  (2.4 5 )  

1̂ 

it -K-2= —y (2.46) 
2̂ 

The electric fields in region I and region III are expressed 

as 

El = Einc + 

=  « « ' * ' ' + ( 2 . 4 7 )  

E, ='L'Lf.y'""-'" (2.48) 
m n 

and the fields in the grating region (II) are expressed in 

terms of spatial harmonic fields 

Ê ix,y,z) = 2̂.49) 

H,(x,y,z) = (2 .50) 
fJ. m n 
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The general approach to solving this problem is the same as 

for the one-dimensional case. 

2.2.3 ANALYSIS OF GRATINGS WITH ARBITRARY PROFILES 

For the one-dimensional grating, the arbitrary grating 

profile (grating duty cycle varies as a function of depth) 

can be approximated with n slices of thin rectangular 

layers (figure 2.3). The thinner we make each slice, the 

more accurate the theoretical results. We can apply coupled-

ath slice 

/ 

Figure 2-3 Approximating arbitrary grating 
profile with q slices 

wave analysis successively to each layer to obtain the 

diffracted vector wave fields. 
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Figure 2-4 Approximating 
a circular pattern with 
n X n square pixels 

For the two-dimensional grating, in addition to 

approximating the grating profile along Z, we need a way of 

approximating the grating geometry in the xy plane. This can 

be accomplished by making a checkerboard pattern(figure 2.4) . 

If the checkerboard pattern is made fine enough, any 

geometry can be represented. A grating with an arbitrary 

three dimensional shape can be represented by coupling the 

two approximation techniques. For example, to represent a 

three-dimensional cone, we can divide the cone into n slices 

along Z, increasing the grating duty cycle and the number of 

squares with index of refraction value n3 in the direction of 

the substrate (figure 2.5). 
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2 . 3  A P P L I C A T I O N  O F  R I G O R O U S  C O U P L E - H A V E  A N A L Y S I S  T O  
RECTANGULAR-GROOVE FUSED SILICA GRATINGS 

In this section, the RCWA is applied to one-dimensional 

and two-dimensional surface-relief rectangular-groove fused 

silica gratings. Fused silica is commonly used in high power 

laser systems due to its high damage threshold. The 

antireflection property and fom birefringence effect 

associated with one-dimensional subwavelength gratings will 

be investigated for the fused silica grating. In addition, 

the effects of fabrication errors and operational errors on 

the performances of the grating structures are studied by 

modeling the sensitivity of diffraction characteristics to 

variations in grating period, grating depth, grating 

linewidth, grating profile and incident angle. These 

calculation results are important in that they play a 

critical role in determining the tolerances allowed in the 

fabrication process and the practical applications of these 

structures. For the analysis presented in the following 

sections, sufficient diffraction orders were used in the 

calculations to ensure convergence of solutions. 

2.3.1 ONE-DIMENSIONAL GRATINGS 

Consider the one-dimensional grating illustrated in 

figure 2.1 where the following parameters are specified: 

1. grating profile is rectangular 

2. vacuum wavelength of incident plane wave is, X,=0.6328 

|im 
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3. incident mediiain index of refraction is: nĵ =1.0 

4. substrate medium index of refraction is: n3=1.457 @ 
=̂632.8 nm 

5. indices of refraction in the grating region are composed 
of index of refraction of the incident medium and 
substrate medium: and ng2=1.457 

6. grating period is: A=0.3 jjm 

7. polar angle of incidence is: 0̂ =0°(beam is normally-
incident on the grating) 

8. incident polarization phase difference angle 5̂  ̂ =0, 

The Effects of the following parameters on the 

diffraction characteristics are studied quantitatively using 

a coupled-wave code on a PC computer [Gsolver ] . 

1. grating depth (d) 

2. grating grating linewidth (a) 

3 . grating period ( A) 

4. incident angle (0;̂ ) 

5. incident wavelength ( X )  
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Figure 2-6 Zeroth oder transmission efficiencies as a 
fiinction of grating depth for TE and TM polarized 
waves 

2.3.1.1 PROPERTIES AS A FUNCTIOM OF GRATING DEPTH 

For this calculation, the duty cycle is 50% (D=0.5). 

The zeroth order transmission efficiencies as a function of 

depth for TE and TM polarized waves is shown in figure 2.6. 

For this plot the grating depth varies from 0 to 4 |im. This 

grating behaves as an antireflecting thin film layer. For 

both TE and TM polarized beams, transmission is enhanced 

from that of a bare fused silica surface. At certain grating 

depths, transmission near 100% is achieved. The periodic 

oscillations represent a field interference effect much like 
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that occurring in a thin film layer. The period of the 

oscillations corresponds to the grating having an effective 

thickness of a quarter-wave. Notice that the transmission 

efficiencies and oscillation period as a fiinction of grating 

depth are different for TE and TM polarized waves, 

demonstrating the birefringence effect associated with the 

linear sxabwavelength gratings [Knop 1978; Flanders 1983; Bom 

and Wolf 1985b; Cescato, Gluch et al. 1990; Glytsis and 

Gaylord 1992; Haggans, Li et al. 1993a]. If light polarized 

at 45°(ai=45'') is incident on this grating at normal 

incidence, it is expected to behave as a waveplate where the 

polarization of transmitted beams rotate linearly as fxinction 

of depth. This is clearly demonstrated in figure 2.7. 

Notice at a grating depth of 3.825 ̂ m, the element acts as a 

halfwave plate (8 is 180° for the zeroth order transmitted 

wave). Figure 2.6 and 2.7 clearly demontrate that half-wave 

plates with high transmission efficiencies can be made with 

surface relief gratings. Because these surface relief 

structures are patterned into substrate surfaces, i.e. a 

lens surface, we can potentially reduce the number of 

separate elements in an optical system. 
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Figure 2-7 Phase difference between zeroth 
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Figure 2-8 Plot of zeroth order transmitted 
phase versus grating depth near the grating 
depth of 1.9 microns 

To make the halfwave plate in fused silica is beyond 

current fabrication technology since the aspect ratio of this 

grating would be around 12. (Aspect ratio of a grating is 

defined as the ratio of grating depth to grating period.) 

However, a quarterwave plate with an etch depth of 1.9 }ijn is 

worth investigating. Figure 2.8 is an expanded plot of 

zeroth order transmitted phase versus grating depth near 1.9 
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nm. To limit the change in 5 to less than 1°, a high quality 

waveplate [Meadowlark ], it is necessary to control the etch 

depth to within lOnm. This level of etch depth control can be 

achieved. The main fabrication challenge with making these 

elements will be maintaining the rectangular profile during 

the deep etch. 

2.3.1.2 PROPERTIES AS A FUNCTION OF GRATING LINEWIDTH 

Figure 2.9 is a three dimensional plot of polarization 

phase difference angle 6 for zeroth order transmitted wave as 

a function of grating linewidth and grating depth. Notice 

maximiam phase differences are obtained at 50% grating duty 

cycles. At the fixed grating depth of 1.9 nm(quarterwave 

plate) , linewidth change of 9 nm translates to a 1° change in 

5. Therefore, to make a high quality quarterwave plate, it 

is necessary to control the grating linewidth to a high 

degree of accuracy. Historically, ratio of linewidth to 

grating period is difficult to control with interference 

lithography. 
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Figure 2-9 Three dimensional plot of polarization phase 
difference angle(delta) for the zeroth order transmitted 
wave as a function of grating linewidth and grating 
depth 

2.3.1.3 PROPERTIES AS K FUNCTXON OF GRATING PERIOD 

For this calculation, D=0.5, incident polarization 

angle ai=45°, and grating depth d=1.9 |im- Relative phase 

difference of zeroth order transmitted wave is calculated as 

grating period is varied about A=0.3|Jm. Results of this 

analysis will ultimately determine the effects that 

variations in interference angles and wavelength of exposure 

beams have on diffraction characteristics, since these 

parameters have a directly effect on the grating period. 

From figure 2.10, we see that a grating period change of 35 

nm corresponds to a change in 8 of zeroth order transmitted 
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beam by 1°. Controlling the grating period to within 35nin is 

within. the capability of well designed interference 

lithography systems. 
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Figure 2-10 Plot of phase difference as a fvinction of 
grating period 
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Figure 2-12 Diffraction efficiency as a fxinction 
of angle of incidence for a quarterwave retarder 

2 . 3 . 1 . 4  E F F E C T S  O F  I N C I D E N T  A N G Z I E  O N  D I F F R A C T I O N  
CHARACTERISTICS 

Subwavelength grating structures offer retardance 

stability with wide range angle of incidence compared to 

conventional cirystalline waveplates. Figure 2.11 shows a 

plot of phase difference as function of angle for a 90° 

retarder. Notice that 5 varies less than 1° when angle of 

incidence is changed by 10°. The diffraction efficiency is 

also insensitive to small changes in angle of 

incidence(figure 2.12). 
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2.3.1.5 EFFECTS OF INCIDEMT WAVELENGTH ON DIFFRACTION 
CHARACTERISTICS 

Figure 2.13 and 2.14 shows performance of the 

siabwave length grating as fxinction of incident wavelength. 

Diffraction efficiency is essentially constant around 

wavelength 632.8 nm. On the other hand, to keep the change 

in 5 less than 1°, the incident wavelength must have a 

bandwidth less than 10 nm. 
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Figure 2-13 Phase difference as function of 
wavelength for the 90 degree retarder 
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Figure 2-14 Diffraction efficiency as function 
of wavelength for the quarterwave retarder 

3 . 2  T W O  D X M E N S I O K A I .  G R A T X N G S  

For the two-dimensional grating etched into fused silica 

ow in figure 2.2, the grating and incident wave parameters 

e specified below. 

1. grating profiles are rectangular in both x and y 
directions 

2. vacuum wavelength of incident plane wave is, A,=1.064 |Jm 

3. incident medium index of refraction is: ni=1.0 

4. substrate medium index of refraction is: n3=1.4496 @ 
=̂1.064 (Jm 
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5. indices of refraction in the grating region are composed 
of index of refraction of the incident medium and the 
substrate medium: ngi=l and ng2=1.4496 

6. grating period is: Â =Ay=0.35 |jm 

7. polar angle of incidence is: 6̂ =0° (beam is normally 
incident on the grating) 

8. azmuthal angle of incidence is, (l)i=0° 

9. incident polarization phase difference angle 5̂  =0, 

Effect of the following parameters on the diffraction 

characteristics are studied. 

1. grating depth (d) 

2. incident angle OJ 

3. incident wavelength (X,) 

4. grating period (A) 
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Figure 2-15 Diffraction efficiency of 2D gratings as 
functions of grating depth and grating duty cycle 

2 . 3 . 2 . 1  P R O P E R T I E S  A S  A  F T 7 N C T Z 0 N  O F  G R A T I N G  D E P T H  

Figrire 2.15 is a plot of the zeroth order transmitted 

efficiency as function of grating depth and duty cycle for 

both TE and TM polarized incident waves. Notice for we get 

maximum transmission for a grating with a duty cycle of 0.68. 

TE and TM incident waves gave the same transmission and thus 

verify the expected polarization-insensitive antireflection 

property. Figure 2.16 is a plot of zeroth order 

transmission efficiency as function of grating depth for a 
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grating of 0.68 duty cycle. The reflectivity for this grating 

structure is less than 0.01% at a grating depth of 0.22 jim, 

something relatively difficult to achieve with conventional 

thin film multilayers. A grating depth variation of 20nm 

corresponds to a reduction in transmission efficiency to 

99.9%, a transmission efficiency corresponding to a 

conventional two layer thin film antireflection coating. 

Achieving an etch depth accuracy to within 20nm is within the 

capability of some plasma etchers. 
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2 . 3 . 2 . 2  P R O P E R T I E S  A S  K  F T 7 N C T I O N  O F  I N C I D E N T  A N G L E  

Diffraction efficiency for the zeroth transmitted order 

as function of incident angle is investigated for the above 

grating at a grating depth of 0.22 (im. From figure 2.17, we 

can conclude this transmission efficiency is very insensitive 

to incident angle unlike conventional thin film coatings. 
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2.3.2.3 PROPERTIES AS A FUNCTION OF XNCIDENT WAVELENGTH 

For the above grating, zeroth order transmitted 

efficiency as function of incident wavelength is plotted in 

figure 2.18. It is interesting to note that this grating has 

a uniform performance over a very broad range of wavelengths, 

something very difficult to achieve with conventional 

coatings. Transmission efficiency falls off only when the 

incident wavelength is near that of the grating period. At X 
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=0.3 fiin, the transmission efficiency is reduced to 90.295% 

from 99.99% at X =1.064 ̂ m. 

2 . 4 SUMMARY 

Deep, submicron, one-dimensional(linear) gratings behave 

as waveplates with high transmission efficiency. For maximum 

phase retardation between the TE and TM polarization, a 

grating with a 50% duty cycle and vertical sidewalls are 

required. Two-dimensional grating structures have been shown 

to behave as polarization insensitive antireflection 

structures. To achieve maximum transmission efficiency when 

the subwavelength grating elements are used in the middle of 

visible spectrTjm, grating periods less 0.4 |jm are required. 

This ensured that all diffraction orders other than zeroth 

order are evanescent. It is also required that the gratings 

be free from distortion over the entire substrate. 
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CHAPTER 3 

FABRICATION OF ONE-DIMENSIONAL AND TWO-
DIMENSIONAL SUBMICRON PERIOD SURFACE-RELIEF 

GRATING STRUCTURES IN RESIST 

3 .1 INTRODUCTION 

Numerous methods have been explored to generate surface 

relief grating structures[Smith 1974]. They include: 

ruling, optical lithography, electron-beam lithography, 

and interference lithography. In general, the first two 

methods are limited by the features size that can be 

generated. In the case of ruling, physical dimension of 

the scribing tool limits the size and shape of the grating 

structures. In addition, the limited ability to control the 

mechanical motion that guides the scriber across the sample 

will prevent high quality, large field submicron gratings to 

be fabricated with this method. State of art fabrication of 

gratings by ruling is 1800 grooves/mm( 0.55 |im period) with 

limited choice over groove profile. For optical lithography, 

optical wavelength and diffraction effects limit the size of 

features that can be produced. Present production capability 

for optical lithography is 0.33 |jin feature size. The 

exposure is over a limited field size. To fabricate 

sxibwavelength structures for use in the visible and near 
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infrared, it is necessary to produce grating features on the 

order of sub-quarter micron or less. At present, electron-

beam lithography and interference lithography are two 

techniques capable of generating these features. To generate 

periodic structures over a field size of centimeters or more, 

interference lithography is the natural choice. This 

technique has the capability to generate su±)micron structures 

with very accurate periodicity and low distortion over large 

field sizes with a large depth-of-focus. The system is easy 

and inexpensive to implement relative to electron-beam 

lithography. 

In this chapter the technique of using interference 

lithography to generate one-dimensional and two-dimensional 

grating stiructures in resist is discussed in detail. These 

resist structures can be used as etch or lift-off mask for 

pattern transfer into the underlying substrates to generate 

the final subwavelength structures in fused silica or other 

materials. Historically, the ratio of linewidth to grating 

period is difficult to control and the rounded resist 

profiles which are characteristic of interference lithography 

often limit subsequent processing. In this chapter I will 

show that high aspect ratio resist patterns with nearly 

vertical sidewalls, suitable for pattern transfer, can be 

made. The dimensions of resist structures are accurately 
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controlled by varying the exposure dose. These results are 

achieved when the following conditions are met: 

1. instantaneous fringe visibility is itiaxiinized 

2. fringe pattern is highly localized (maximum fringe 
visibility) over the duration of exposure 

3. for substrates with high reflectivity, it is necessary 
to eliminate orthogonal standing waves generated within 
the volume of resist by the interference of incoming 
waves and waves reflected from the substrate surface 

4. high contrast resist must be used 

In section 3.2, the first two issues are addressed by 

gaining an understanding of the many variables involved in 

designing an interference lithography system. By being able 

to control, manipulate, and eliminate the various factors 

affecting the system performance, it is possible to generate 

high-contrast, time integrated fringe patterns. 

Section 3.3 summarizes the process for recording high 

contrast resist pattern. Issues such as elimination of 

orthogonal standing waves and selection of high contrast 

resist are discussed. In section 3.3.4, I will present 

results of fabricated one-dimensional gratings and two-

dimensional arrays of posts and holes. While fabricating 

arrays of resist posts can be readily achieved using two-beam 

interference lithography, it is problematic to generate 

arrays of siibmicron holes [Chen et al. 1996; Decker et al. 

1997; Fernandez et al. 1997a]. This difficulty arises from 

the fact that the intensity distribution of two interfering 
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beams is sinusoidal. Several methods may be used to 

overcome this limitation. One method involves interfering 

four or more mutually coherent beams to modify the shape of 

the intensity profiles. Chen et al. have successfully 

patterned 2D holes arrays using this technique[Chen, Zaidi et 

al. 1996]. However, in their paper the issues of process 

latitude and exposure uniformity were not address. Fernandez 

and Phillion have shown there is an intrinsic sensitivity to 

relative phase variations associated with combining four or 

more coherent beams, which may make this technique difficult 

to implement for patterning large areas of submicron holes 

with high aspect ratios[Fernandez and Phillion submitted]. 

Another method is to use negative resists. However, several 

factors prevent negative resists from being good candidates. 

First, it is difficult to remove negative resists completely 

from substrates. This can lead to problems such as bridging 

between features. Second, in the optical wavelength range, 

negative resists typically suffer from lower photosensitivity 

and poorer resolution compared to positive resists. (This is 

not necessarily true in other wavelength ranges. For 

example, chemically amplified negative resist for the deep 

UV range can exhibit high photosensitivity and excellent 

contrast properties.) Here, I present an alternate approach 

where I combine image reversal processes with two beam 

interference lithography to generate high aspect ratio holes 
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in resist. Holes as small as 0.1 jim can be produced with 

this process - a result not easily achieved with other 

optical lithography methods. The process I have developed is 

equally applicable to large exposure fields. 

3.2 INTERFERENCE LITHOGRAPHY 

Interference lithography has been used to generate 

surface relief gratings shortly after the invention of lasers 

in the 1960's[Labeyrie and Flamand 1968; Shank and Schmidt 

1973] . The simplest foanii of this technique involves 

interfering two coherent waves and recording the fringe 

pattern in a light sensitive material such as photoresist. 

X 
Structures with periods approaching — can be made with this 

2 

method. By interfering two plaine waves with 1182 A 

wavelength, obtained as the ninth harmonic of the 1064 nm 

NdrYAG laser line, Bjorklund at Stanford University reported 

making grating with periods on the order of 836 A[Bjorkl\ind 

et al. 1974]. First diffraction gratings made with 

interference lithography were used for spectroscopy 

applications[Labeyrie and Flamand 1968]. This lithography 

technique has since been successfully applied to many other 

fields including x-ray gratings[Flanders 1979], polarization 

elements[Cescato, Gluch et al. 1990], AR grating 

structures [Hutley 1976; Enger and Case 1983b; Enger and Case 
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1983a], grating couplers for optical waveguides [Ng et al. 

1978] . Recently this technique has been investigated for 

patterning emitter array for flat panel displays[Spallas et 

A 

Figure 3-1 Interference of two plane waves 

al. 1995; Chen, Zaidi et al. 1996; Fernandez et al. 1997b] 

and for IC fabrication[Zaidi and Brueck 1993]. 

3.2.1 TWO BEAM INTERFERENCE 

Consider two linearly polarized plane waves. 
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El =Eie'*i-'-̂ i'ai (3.1) 

E2 =E2e''''2''̂ 2'a2 (3.2) 

where and E2 are the real amplitudes of the plane waves 

while the quantities in the exponential represent the phase 

of the wave. Time dependence is assumed. Symbols and 

2̂ are the unit vectors describing the directions of 

polarization, kf and k2 are the propagation vectors, r is the 

position vector, and 01 and <|)2 are the absolute phases of 

the waves. 

For the configuration shown in figure 3.1, 

=k(cos9ix + sin0iy) (3.3) 

k2 =k(cos02X + sin02y) (3.4) 

2K _ . ^ 
where k = and r = XX + yy. When the two wavef ronts 

A< 

interfere, the total intensity distribution equals the siom 

of the electric fields multiplied by its complex conjugate. 
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I = (Ei + E2)(EI + £2)* (3.5) 

It follows that, 

I = Ei2 + £2̂  + 2E1E2 cos|(ki - k2) • r + (<j)i - ({>2)} • 2̂ (3.6) 

The third term is the interference term. A sinusoidal 

surface-relief grating results when this interference pattern 

is recorded in a linear photoresist and is subsequently-

developed in developer. The phase tern is expressed as 

a = (ki -k2)-r + ((l)i -(^2) 

= in27C for bright fringe (3.7) 

= (niH—)2k for dark fringe (3.8) 
2 

Note, the intensity modulation is the fastest along the (kj-

k2) direction. 

The term (k][—k2)-r contribution to the phase difference 

arises from a path length difference sustained by the two 

waves going from the source to a point on the exposure 

plane. The ((j)j ~02) contribution is the absolute phase 

difference between the two beams. For two mutually coherent 
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beams, (j)j-(j)2=constan.t. The term (<t)i ~<j)2) only produces a 

shift in the position of interference fringes with no change 

in fringe spacing. By arbitrarily setting ((j)j — (j)2) = 0 , the 

intensity patteim at the x=0 plane is 

Il2 =Ii +I2 +2̂ Iil2 cos[k(sin0i -sin02)y]ai -̂ 2 (3.9) 

The fringe spacing along y axis is 

X 
dv=^-T (3.10) 

1  ̂ sin0, -sinG' 

For the special case where 0̂ =—62=6, the fringe spacing 

along y becomes, 

(3.ID 
 ̂ 2 sm 0 

The fringe visibility or contrast is defined as 

m̂ax + ̂min 

The instantaneous fringe visibility is then expressed as 

V  =  - — — a i - a 2  ( 3 . 1 3 )  
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3.2.2 CONSIDERATIONS IN INTERFEROMETER DESIGN 

To record the interference fringe pattern in 

photoresist, we need to maximize the instantaneous fringe 

visibility(equation 3.13) and ensure the fringe pattern is 

fixed in space for the duration of the exposure. 

3.2.2.1 EFFECT OF BEAM POLARIZATION AND INTENSITY ON FRINGE 
VISIBILITY 

Sensitivity of fringe visibility to polarization 

differences in the two beams varies as a cosine of the angles 

between the two polarizations. So for small angular errors, 
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t 0.6 
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Polarization angla miamatcb (dagraa) 

Figure 3-2 Fringe visibility as a function of 
polarization angle mismatch 
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the effect on fringe visibility is small. For example, for 

a difference in angle of 18° , the visibility is reduced by 

only 5% (see fig. 3.2). 

It is important to note if the electric fields are 

polarized perpendicular to the plane of incidence (s-type or 

A' 

A 

A 
X 

Figure 3-3 Relationshiop between 
directions of polarization and angles 
of interference 
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TE polarization), aj-a2=l for all angles of Gj and 02. For 

electric fields parallel to the plane of incidence(p-type or 

TM polarization), Sii -̂ 2 depends upon the angles Gj and 02(see 

fig. 3.3). Therefore, to maximize fringe visibility and to 

have it maximally insensitive to pointing errors in the two 

beams, it is preferable to use TE polarized beams. 

To investigate the effect of beam intensity on fringe 

visibility, we set Ii=I and I2=(XI. The fringe visibility can 
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Figure 3-4 Fringe visibility as a function of 
beam intensity mismatch 
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then be rewritten as 

24a 
V = ( 3 . 1 4 )  

1 + a 

assxiining - ^ 2  = 1 .  Figure 3.4 is a plot of fringe 

visibility, V, as a function of a. We see that V is 

relatively insensitive to intensity mismatch of the two 

beams. The fringe visibility is reduced by only 6% when one 

beam is twice the intensity as the other. 

This insensitivity to intensity mismatch can pose a 

problem in practice since even small reflections in the 

system can cause unwanted interference patterns in the 

exposure plane. For example, fringe visibility of 28% is 

maintained even when one beam is 50 times the intensity of 

the other beam. It is therefore necessary to eliminate any 

unwanted reflections from reaching the exposure plane, 

either by physically blocking them or by using components 

with blackened surfaces. 

3 . 2 . 2 . 2  E F F E C T  O F  L A S E R  S O U R C E  O N  F R I N G E  V I S I B I L I T Y  

Up to this point, a perfectly coherent light is 

assumed. Real light sources can never be strictly 

monochromatic (single wavelength) or a point source. The 
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fringe visibility is then modified to include a coherence 

term and is expressed as [Bom and Wolf 1985a] 

I = Il +I2 +2VriT̂ Re[Yi2(T)] (3.15) 

Where Yi2('̂ ) is defined as the complex degree of coherence 

and encompasses both spatial and temporal coherence. Notice 

when beams of equal intensity interfere, the observed fringe 

visibility is a direct measurement of the absolute value of 

complex degree of coherence. The symbol I represent the 

difference in transit time between the two beams to a point 

in the exposure plane. Spatial coherence relates to the 

sources finite extent in space. Temporal coherence relates 

directly to the finite bandwidth of the light source. A 

useful gauge of temporal coherence is the bandwidth of a 

light source. 

c 
M = (3.16) 

Av 

where Av= bandwidth of light laser. A single mode laser with 

coherence length on the order of meters or more can be 

assijmed to have perfect temporal coherence on the scale of an 

optics table. 
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Distortions in laser resonator cavity result in beam 

pointing errors and can also cause the laser to undergo 

changes in their central lasing frequency. These distortions 

are typically caused by thermal changes in the resonator 

environment but can also be caused by vibration and air 

turbulence. It is therefore important that the resonator 

cavity is stabilized during the exposure in order to maximize 

the time integrated fringe contrast. If the point of zero 

optical path difference is not centered at the center of 

substrate, i.e., the optical path length difference is not 

zero in the two arms of the interferometer, a change in 

laser frequency will cause a fringe shift in addition to a 

change in fringe spacing(figure 3.5). The fringe shift is 

given by the following relationship 

fringe shift 
AX' 

AOPD (3.17) 
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znsO 

Figure 3-5 Figures illustrating the effects of laser 
frequency change on fringes for point of zero optical path 
difference at the center(top figure) of the substrate and 
away from the substrate(bottom figure) 

If we let the point of zero optical path difference be 

at the center of the si±)strate, then small changes in fringe 

spacing due to changes in X will acciamulate with the number 

of fringes away from the center causing a spatially dependent 

reduction in visibility, thus limiting the size of the 

gratings that can be produced. For example, let R be the 

distance from the center of the grating to the location on 

the edge where the fringe has changed by mA, m is a 

fractional number. Assume the most fringe shift we can 
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tolerate is mA, then the largest grating that can be made 

can be calculated using the grating equation. 

A= period of grating 

m = a fractional niJinber 

From the grating equation, we have 

2Asin0 = A. = — 
V 

5A C 

5v 2v̂ sme 

— 5A = mA 

(3.18) 

(3.19; 

(3.20) 

R 
where — is the niomber of fringes measured across the radius 

A 

Therefore, the largest diameter grating that can be made is 

D = 2R < 2 • mA'' 

5A 

4mÂ v̂  sin 0 

c6v 
(3.21) 

Thus, for a 0.35 jJm period grating made with a 351 nm 

wavelength laser where the maximum frequency shift is 35 MHz, 
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and if we let the maximiJin allowed fringe shift be —, then 
20 

the largest diameter grating that can be made is 0.85 meter. 

Beam pointing errors due to distortions in the laser 

cavity result in changes in the angle of incidence. This 

will alter the fringe spacing and over time will reduce the 

time integrated fringe contrast. To calculate the change in 

fringe spacing due to beampointing error, we can use the 

grating equation. However, the error can be minimized if 

the interferometer is set up such that the two beams both 

under go an even or odd number of reflections. See figure 

3.6. 

It should also be mentioned here that in order to 

minimize the path length difference introduced by the beam 

splitter due to pointing errors, the beam splitter should be 

oriented so that it is nearly noirmal to the incident beam. 

This can be easily seen from Snell' s equations. 

Mode drift and mode hops also limit the time integrated 

stability of holographic fringes. It is necessary to limit 

the transverse laser mode to TEMQQ • 
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Figxire 3-5 Above two figures depict interferometer designs that 
are sensitive (top figure) and insensitive (bottom figure) to 
laser beam pointing errors. 
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3 . 2 . 2 . 3  E N V Z R O N M B N T A Z I  E F F E C T S  O N  F R I N G E  S T A B I L I T Y  

Environmental disturbances reduce the time integrated 

fringe visibility. Because of finite exposure duration, 

this is of primary concern. However, these are also the 

most easily controlled variables once all the factors 

contributing to them are xmderstood. Sources of disturbances 

include: 

1. floor vibration 

2. acoustic vibration and air currents 

3. thermal drift 

For holographic fringes to be stable over time, optical path 

length in each arm and angle of incidence must be preserved. 

In the two-beam (non-common path) interferometer, vibrations 

and changes to optical path difference translate into piston 

or tilt errors of the beam phase fronts. Small motions in 

the transmission optics will in general have a negligible 

effect. The most critical optical elements in the 

interferometer will be the reflective optics (including the 

beam splitter), since pointing and tilt errors are amplified 

by a factor of two by these elements. 

Motions in the recording plane will cause a reduction in 

fringe visibility even if the fringes are fixed in space over 

the duration of exposure. Typically, the recording medium 

is positioned such that it is perpendicular to the bisector 

of the two beams and the point of zero optical path 
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difference is positioned along the bisector of the two beams. 

If the point of zero optical path difference does not 

coincide with the bisector of the two beams, in addition to 

being sensitive to motion along the exposure plane, the 

fringe position in the recording mediiom is also sensitive to 

motion along the bisector. 

3 . 2 . 2 . 4  E X P O S U R E  U N I F O R M I T Y  

The shape of the resist grating is dependent on the 

exposure. Therefore to create gratings with uniform features 

over the entire recording plane, the exposure must be 

uniform. To achieve the desired uniformity with a Gaussian 

intensity shaped beam, only the central portion of the beam 

is used resulting in a large percentage of the energy being 

thrown away. In addition, the exposure time is increased 

since to produce a grating of reasonable size, the exposure 

plane must be put far from the final pinhole assembly. The 

increased exposure time puts even more stringent requirement 

on the interference lithography system. 



91 

3 . 2 . 2 . 5  I N T E R F E R E N C E  L I T H O G R A F B Y  E Z P O S t T R E  S Y S T E M  

Figure 3.7 depicts the exposure setup that is used to 

generate all the resist patterns presented in this thesis. 

The system is set up so beams in each airm both undergo an 

even or odd number of reflections. This eliminates pointing 

error induced changes in the angle between the two 

interfering wavefronts. The beamsplitter angle is made as 

Mirror Beam splitter 351 nm Ar ion laser beam 

Mirror PZT 
Mirror 

Spatial 
filter 

Spatial 
filter 

Substrate 

silica 
window 

Fused 

Fringe stabilizing 
electronics 

Figure 3-7 Schematic of the laser interference 
lithography system. Fringe locking system is 

composed of silicon detectors, signal amplifier, 
high voltage supply and PZT mirror 

small as possible so the interferometer is least sensitive to 

differential optical path difference between the two beams 
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caused by pointing error. A Coherent Sabre laser operates in 

a single longitudinal mode, at 351 nm. By working at this 

wavelength, it is possible to take advantage of the i-line 

resists developed for the semiconductor industry. The laser 

is tuned so that only TEMqq mode oscillates during exposures. 

The "auto power tune" feature on the laser limits 

fluctuations of laser output power to less than 1% during 

operation. The beam pointing error is less than 5|irad/C° 

change in ambient or cooling water temperature. The 351 nm 

light is amplitude split into two beams of equal intensity, 

spatially filtered and then allowed to interfere. By 

enclosing the exposure table and utilizing electronic fringe 

locking[Spallas, Hawryluk et al. 1995], the effects of 

vibration, air turbulence, thermal drifts and other low 

frequency disturbances during exposures are minimized. For 

the fringe locking system, a portion of the two expanding 

wavefronts at the exposure plane are allowed to interfere to 

form a large period fringe pattern. Intensity variations of 

interference fringe can be monitored using two photodiodes 

diodes. One diode detects fringe motion while the other 

determines the direction of fringe shift. To achieve maximum 

sensitivity, the diodes are positioned at the points of 

maximum slope on the sinusoidal intensity pattern. 

Vibrationaly stable optics mounts are used. Resist coated 

substrates are held firmly in the exposure plane by vacuum. 
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In interference lithography, the fringes are generated 

within the volume of intersection of the interfering beams. 

Therefore, the depth-of-focus for this system can be on the 

order of centimeters or more depending on the size cind 

coherence of the beams, compared to microns for conventional 

optical lithography systems. 

Collimating optics are not used in this setup because of 

the small diameter substrates (two inch diameter silicon and 

fused silica substrates) used and to avoid any aberrations 

introduced by these optics. Since two spherical beams are 

interfering, the period of the standing wave pattern 

increases as the distance from the pattern center increases. 

This would result in a symmetric distortion of final grating 

patterns about the center. To minimize this effect, resist 

coated substrates are placed as far as the optical table 

space allowed, which in this case is 1 meter. The following 

analysis determines the effect of using noncollimated light 

on the grating period. 
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ive 

1000 Sin(0)=Y mm 

1000 Cos(0)=X mm 

d"=A./(2 Sin((ti+t2)/2)) 

For this analysis, it is assumed that the point of 

equal optical path difference is located at the center of the 

substrate. Two equal intensity beams intersect with equal 

and opposite half angles of 3 5.80° (full angle of 71.6°) at the 
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center of the photoresist exposure plate and the resulting 

grating period is 0.3 jxm. The wavefronts emanating from the 

pinholes are assumed to be spherical at the planar target 

one meter away. As the intersecting rays reach the outer 

edges of the plate, the angles have changed somewhat. See 

figure 3.8. The full angle between the exposure beams is 

less than 71.6° and the fringe planes are no longer normal to 

the plate surface. Both effects cause the grating period to 

increase slightly but the latter effect makes the largest 

contribution the error. Table 3.1 and figure 3.8 show 

equations that apply. 

For a 2 inch substrate, the change in fringe period is 

only 0.26%. This has negligible impact on the diffraction 

characteristics(chapter 2 section 2.3.1.3). To exposure a 

larger substrate would require either using collimated 

exposure beams or proportionally increasing the source to 

exposure plane distance. Collimating beams requires large 

(and expensive) lenses and any dust or imperfections on the 

lens will result in an aberrated fringe pattern. Increasing 
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1" substrate 2" substrate 3" substrate 4" substrate 

period at edge of 
substrate 

300.19 nm 300.77 nm 301.73 nm 303.08nm 

Percent chage from 
period at center of 
substrate 

0.06% 0.26% 0.58% 1.03% 

Table 3-1 Variations in grating periods across the 
substrate as a result of interfering two spherical 
waves 

source to exposure plane distance will often result in an 

unreasonably long exposure time. 

3 . 3 GENERATION OF PHOTORESIST PATTERN 

3 . 3 . I P H O T O R E S I S T  

Photoresist is a natural choice for submicron 

patterning. The continual drive toward producing 

higher density IC chips in the integrated circuit 

microfabrication technology sector have resulted in 

photoresists with subquarter-micron resolutions. Resist 

typically consist of several components to perform separate 

functions. They include: 

1. a photoactive compound(PAC) - radiation sensitive 
component 

2. main body resin - offer etch resistance, and 
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Figure 3-9 Pattern transfer process 
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3. solvent - allowing smooth application of resist onto 
substrates. 

The most popular photoresist available is the positive-tone 

diazonaphthoquinone/novolak(DNQ/N) resist material. The 

foinnation of readily soluble indene carboxylic acid in 

regions exposed to light is responsible for the formation of 

surface relief structures. 

To create a rectangular grating in fused silica, a 

rectangular shaped mask is preferred for pattern transfer. 

By having the appropriate mask, processing steps can be 

simplified(see figure 3.9). Converting the sinusoidal 

intensity profiles of interference fringes into a rectangular 

profile in photoresist requires a high contrast resist. 

Figure 3.10 illustrates a typical contrast curve for a 

positive DNQN resist. It is useful to define a contrast 

value, y. The parameter y is a measure of the steepness of 

the curve and depends on the exposure energy needed to just 

begin to expose the resist (Ê ) and the energy to completely 

expose the resist(Ef) for a given resist thickness. 

Y = (3.22) 

E; 
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Figure 3-10 Typical resist contrast curve 

In the literatures. Eg is often referred to as the "dose-to-

clear". Ideally we want an infinitely high contrast 

photoresist that will remove resist above a precise threshold 

of energy exposure and remove no resist otherwise. The 

corresponding contrast curve for this resist would be a step 

function. Modem high-performance DNQ/N resist can have 

contrast values ranging from two to four, with some 

exceeding four. The push for high contrast resist resulted 

partly from the need to pattern high contrast images with 

projection printing in the semiconductor industry. In 

practice, the resist contrast depend on a combination of many 
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Figure 3-11 Period structures recorded in Shipley 805 
resist, with increasing exposure dose from top image to 
bottom image. 
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factors. It is often more accurate to call y the 

resist/developer system contrast. An excellent review on 

this subject is given by C. Mack [Mack 1991] . The value y can 

be experimentally determined by aperturing a resist coated 

wafer into many section and exposing the various sections to 

different exposure dose. This test is useful when one wants 

to compare the y value for various resists under the same 

processing conditions. Figure 3.11 shows a series of images 

recorded in Shipley 805 resist. The relatively low contrast 

of this resist is demonstrated in this series of resist 

images. In figure 11a, at low exposure dose, the resist 

profile is sinusoidal and resembles that of the sinusoidal 

intensity profile of interference fringe. Figure lib shows a 

quasi-sinusoidal resist profile created in Shipley 805 resist 

when the exposure dosage is increased [Fernandez ] . Note that 

the sidewalls of these resist structures are non-vertical, 

making these structures \msuitable for pattern transfer 

directly. As exposure dose is increased further, the resist 

structures begin to take on a very narrow linewidth at the 

top while there is still unexposed/undeveloped resist at the 

bottom. 



Figure 3-12 SEM images of gratingswith nearly-
rectangular profiles, a) AZ 1350 b)AZ 1518 and 
c)Shipley 505 resist 
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By using a high contrast resist, it is possible to 

generate a near rectangular resist grating. Figure 3.12 

shows a series of 0.3 period resist gratings in AZ1350, 

AZ 1518, and Shipley 500 series positive photoresist. 

Historically, stiructures produced in AZ1350 using 

interference lithography consistently showed sloped 

sidewalls [Enger and Case 1983a; Enger and Case 1983b; Ono, 

Kimura et al. 1987] . The fact that square resist profiles 

are produced with this resist shows that using high contrast 

resist alone is not sufficient to generate resist structures 

with steep sidewalls. However, combination of a high 

contrast resist coupled with a stable interference 

lithography system can produce the high aspect ratio resist 

structures with steep sidewalls. 

3 . 3 . 2  E F F E C T S  O F  O R T H O G O N A L  S T A N D I N G  W A V E  I N  R E S I S T  

In interference lithography, in addition to a lateral 

fringe pattern formed in resist by the two incident beams, 

sets of orthogonal standing-wave interference patterns are 

created within the resist vol\ame due to the interference of 

the incident beams and the reflected beams from the substrate 

surface(see figure 3.13)[Boivin 1973]. The period of the 

orthogonal standing wave pattern is given by 
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A2=- (3.23) 
ZTlj. COS 6 

where n̂ . is the index of refraction corresponding to unexposed 

resist. These orthogonal interference patterns pose several 

problems. Figure 3.14 illustrate a typical Dose-to-clear 

versus resist film thickness curve. Without the orthogonal 

standing-wave interference effect, the Dose-to-clear would 

be a linear function of resist film thickness due to the 

bleaching effect. The orthogonal standing-wave effect leads 

to a period variation in the curve. This periodic oscillation 

is typically referred to as the "swing curve" in 

imes^osed resist 

zsO 

exposed resist 

Zssd 

Figure 3-13 Orthogonal standing wave pattern in 
resist 
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Figure 3-14 Resist swing curve 

semiconductor industry. 

Several researchers have experimented with using the 

orthogonal interference effect to produce undercut resist 

profiles for lift-off applications[Johnson et al. 1978; 

Efremow and Economou 1981; Lezec et al. 1983]. This is 

achieved by placing the maximum of the orthogonal 

interference fringe at the resist-substrate surface. 

However, the latitude between over-exposure and under

exposure is very limited and the linewidth control is 

extremely difficult. To achieve process latitude and 

linewidth control, it is necessary to reduced the standing-

wave effect. 
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One of the pioneering works on reducing the orthogonal 

standing wave problem is by E.J. Walker at IBM Thomas J. 

Watson Research Center [Walker 1975]. He demonstrated that 

the ridges on the sidewalls of the resist structures formed 

by the orthogonal standing-wave can be smoothed out by doing 

a Pest-Exposure-Bake (PEB) . This processing technique has 

since been widely adopted in the semiconductor processing 

industry. However, to generate very fine features (i . e. sub-

quarter micron), post-exposure-bake is not sufficient since 

it does not address exposure latitude. 

Within the last decade, there has been tremendous 

advances on formulating antiref lection coatings (ARC) . By 

first coating a reflective substrate with a layer of ARC, 

the standing wave effect is reduced since the ARC layer 

absorbs the incident radiation before it reaches the 

substrate [Mehrotra et al. 1991]. For a transmissive 

siabstrate such as fused silica the reflection from the 

resist-to-fused-silica surface is sufficiently small as not 

to have a big effect in most cases. It is often sufficient 

to coat just the back surface (fused-silica-to-air surface) . 



107 

substrata preparation 

I^ly Antiref lection Coating (ARC) 

i 
hard bake 

I 
spin coat resist 

Softbake 

I 
ID gratin^^nd^resis^^ost^J resist holes 

develop asanonuia bake 

DV flood exp. 

i 
develop 

Figure 3-15 Process flow chart 
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3 . 3 . 3  F A B R I C A T I O N  P R O C E S S  

Figure 3.15 gives the process flow chart. Both silicon 

and fused silica substrates are used in this thesis work. 

Silicon substrates are used primarily to perform the process 

development work since they can be easily cleaved thus making 

them ideal samples for performing the numerous imaging with 

the scanning electron microscope(SEM) . In addition, there 

was some initial interest in generating deep sub-micron 

period gratings in silicon since silicon in general has a 

higher etch rate compared to fused silica, and then 

replicate the structures into a transparent polymer such as 

acrylic. 

Fabrication of one-dimensional (ID) gratings and two-

dimensional (2D) arrays of posts and holes begins with 

substrate preparation. Substrate preparation is one of the 

most critical processing steps since inadequate preparation 

will result in film adhesion problems. I have fo\ind the 

following to be the best recipe for surface preparation: 

1. Lightly scrub sxibstrates (while wearing gloves) in a 
solution of deionized(DI) water and a few drops of 
micro soap(Cole-Parmer Instrument Company, Chicago, 
Illinois). Rinse with DI water. 

2. Put substrates in a 75°C 5:1:1 H2O: NH4OH: H2O2 
solution for about five minutes(longer if needed). 
Rinse substrates in DI water, blow off excess 
water with dry Nitrogen. 
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3. Bake s\abstrates for about 20 minutes at 120°C to 
remove absorbed moisture from sxibstrate 

000001 5KV X7 1.0K 0.4c:um 

Figure 3-16 Resist patterns in Shipley 505 resist, 
(a) Stcinding wave not completely suppressed. (b) 
standing wave suppressed by ARC layer of sufficient 
thickness 
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Figure 3-17 High aspect ratio 
2D resist grating 

After the dehydration bake, the substrates are spin-coated 

with Brewer Science XHRi-16 antireflection coating(ARC). 

Since absorption of ARC is a function of film thickness, it 

is therefore important that the ARC layer be thick enough to 

absorb all the light during an exposure. Figure 3.16a shows 

a 0.3 |im period grating where the ARC layer was not thick 

enough to suppress all the back reflections. The wiggles on 

the sidewalls of the resist grating lines confirms that 
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orthogonal standing-waves are present. Figure 3.16b show a 

linear grating produced in the same resist where the 

orthogonal standing waves have been completely suppressed by 

ARC. The sidewalls are smooth. Figure 3.17 shows a 2D 0.3|im 

period array of resist posts with nearly vertical sidewalls. 

Typically, the film thickness is approximately inversely 

proportional to the square root of the revolution speed of 

the spin coater. Therefore, within limits, it is possible 

to adjust the film thickness. I found an ARC film thickness 

of 150nm is sufficient to suppress the back reflections from 

the siabstrates. After the ARC is sp\in on the siabstrate, it 

is then necessary to bake the ARC in order to drive off the 

solvent and convert the liquid film into a solid film. This 

is done on a vacuum hot plate at 180°C for 60 seconds or in a 

165°C oven for 30 minutes. The siobstrates are then spin 

coated with resist and soft baked for 30 minutes at 90°C. 

To generate one-dimensional resist gratings, the resist 

coated substrates are exposed to the interference fringe 

pattern once. A power meter is used to measure the dose 

before each exposure. To generate high aspect ratio two-

dimensional arrays of posts, the resist coated substrates are 

exposed to the interference fringe pattern at a set exposure 

dose, rotated 90°, and exposed a second time at typically 

the same exposure dose. The samples are then developed for 
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Figure 3-18 Indirect image reversal process 

60 seconds in Shipley MF-701{a 0.237N tetramethylammonium 

hydroxide) developer and rinsed with de-ionized water. 

High aspect ratio holes are generated using image 

reversal techniques. There are two main methods for image 

reversal: indirect(base-catalyzed)[Moritz 1985] and 

direct(acid catalyzed)[Buhr et al. 1989] image reversal. In 

this thesis, the indirect method is used and the process 

steps are illustrated in figure 3.18. After the interference 

lithography exposure step in which the latent image is formed 

in resist, instead of developing the samples, the substrates 

are baked in an ammonia filled oven at 90°C for 30 minutes. 

This step causes base-catalyzed decarboxylation of the indene 
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carboxylic acid in the irradiated areas, making these areas 

insoluble in developer. A subsequent flood exposure using 

a UV lamp converts previously unexposed areas to indene 

carboxylic acid to be dissolved in developer. 

3 . 3 . 4  H I G H  A S P E C T  R A T I O  R E S I S T  S T R U C T U R E S  

By using interference lithography coupled with image 

reversal techniques, resist structures ranging from one-

dimensional gratings to two-dimensional arrays of posts aind 

holes can be generated. In the following sections, I will 

present resist structures have high aspect ratios and nearly 

vertical sidewalls. The resist structure dimensions are 

accurately controlled by varying the exposure dose. 

Historically, the difficulty in grating linewidth and depth 

control can be overcome by actively monitoring the 

exposure [Stepanov et al. 1980] and/or development 

process[Beesley and Castledine 1970; Li et al. 1987] . 

However, I have found it not necessary to do any kind of 

interactive monitoring. I was able to achieve consistent 

results once the initial calibrations are made. I attribute 

this to a number of factors including a stable interference 

lithography exposure system and a environmentally stable 

processing laboratory. 
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3.3.4.1 HIOH ASPECT RATIO ID RESIST GRATINGS 

Figure 3.19a and b show cross-sectional views of 0.35 jim 

Figure 3-19 SEM images of 0.35 lim period linear 
gratings with vertical sidewall slopes produced in 
Shipley 507 resist, a)This grating has 3.1:1 aspect 
ratio with linewidth of 0.17 |im. b) This grating has 
4.3:1 aspect ratio. 

period one dimensional gratings with different duty cycles. 

The sidewall slopes of these grating are greater than 89°. 

Physical dimensions and sidewall slopes of fabricated 

structures are precisely measured by: 1) digitizing the SEM 

images, 2)transporting these images into the ClarisDraw 

program, and 3) using the "show object info." option to get 

lengths and slope values of objects in interest against 

calibrated values. The ARC eliminates the back reflection 
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off the STibstrate by absorbing the UV light during exposure. 

This results in smooth sidewalls. The grating-depth-to-

resist-width aspect ratios of the grating in figure 3.19a and 

3.19b are 3.1:1 and 4.3:1 respectively. Process control for 

generating one-dimensional gratings in Shipley 507 resist is 

illustrated by 

0.8 

0.6 

0.4 

0.2 

30 35 40 45 

Exposure dosage (mJ/cm^) 

50 

Figure 3-20 Grating duty cycle as function 
of exposure dose for linear gratings 
produced in Shipley 507 resist. 

the grating linewidth versus exposure dose curve in Figure 

3.20 for a grating duty cycles (width/period) near 50%. The 

process latitude is approximately proportional to the slope 

of the cuirve. This cur-ve shows a ±10% change in grating 
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linewidth for a ±15% change in exposure dose, a relatively 

wide process latitude. When this resist grating is used as 

an etch mask, little or no loss of critical dimension (CD) 

will result in the underlying svibstrate. 

•' 
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Figure 3-21 Plot of resist post diameter as a function of 
exposure dose for post arrays in Shipley 507 resist. All 
post arrays have a period of 0.35 Hm. SEM images of three 
differenct patterns are shown. 
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3.3.4.2 HIGH ASPECT RATIO 2D RESIST POSTS AMD LOW CONTRAST 
RESIST HOIiES 

Figure 3.21 shows a plot of post diameter as a function 

of exposure dose for the structures generated. Exposure 

doses quoted here are equal to the sxam of the two orthogonal 

exposures. The relatively low scatter of the data indicates 

0 0 0 0 1 3  5 K V  X 5 0 . 0 K .  0 . 6 0 u r n  

Figure 3-22 SEM image of 2D 
post arrays in Shipley 507 
resist. The posts have 

sidewall slopes of 89° and 

aspect ratio of 4.5:1. Array 
period is 0.35 Hm. Exposure 

2 
dose is 75.1 mJ/cm . 
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good process control. The process latitude is the widest 

near the middle section of the curve. At very high exposure 

doses, the post diameters vary too rapidly as a function of 

dose to offer adequate process latitude. However, for 

exposure doses ranging from 56.8 mJ/cm^ to 89.3 mJ/cm^, we 

generate posts with relatively wide process latitude. For a 

post diameter of about 0.15 a ±10% change in post width 

corresponds to an exposure dose change of ±12%. Fig. 3.22 

is a SEM image showing the cross sectional view of two 

dimensional post arrays generated with exposure dose of 75.1 

mj/cm^. These posts have a sidewall slope of 89°, and an 

aspect ratio of 3.5:1. Note that stjructures ranging from 

holes to posts are fabricated over the entire exposure dose 

range with this positive process. At very low exposure 

doses, holes are created at the superpositions of the two 

orthogonal interference fringe patteims' intensity maxima. 

These holes are surrounded by resist regions where the maxima 

of one fringe pattern intersected with the minima of the 

second fringe pattern(see fig.3.23a). These saddle regions 

thin out rapidly as exposure dose increases. Eventually, at 

a critical dose, these thin saddles disappear entirely, 

leaving isolated resist posts[Decker, Fernandez et al. 1997]. 

This point occurs at an exposure dose of 57mJ/cm^. 
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Figure 3-23 SEM images 
showing top and cross 
sectional views of 

holes produced with 
positive process. 
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There are several problems associated with holes 

generated with this positive process. First, as exposure 

doses increases, dimensions and shapes of these holes change 

rapidly. This results in little process control. Second, 

these holes have sloped sidewalls. Third, the surfaces away 

from the holes are nonplanar(see fig. 3.23b). To overcome 

these limitations, another process for generating submicron 

period arrays of holes in resist is needed. This method 

involved the use of image reversal techniques [Moritz 1985]. 
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Figure 3-24 Plot of hole diameter as function of 

exposure dose 

3.3.4.3 HIGH ASPECT RATIO 2D RESIST HOLES PRODUCED BY IMAGE 
REVERSAL 

Holes with exceptionally vertical sidewalls and high 

aspect ratios are produced by coupling image reversal with 

interference lithography. Fig. 3.24 is a plot of hole 

diameters versus exposure dose where the smallest hole 

generated was 0.07 |im in diameter. Data for two flood 

exposure doses, 150 mJ/cm^ and 200 mJ/cm^, are shown. These 

two flood exposure doses give nearly identical hole 

diameters. The structures shown here are roughly 
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complementazY to those shown in fig. 3.21, the wide process 

latitude for generating posts in the positive process have 

been converted to generating arrays of holes with image 

reversal. For samples that had received the 200 mJ/cm^ flood 

exposure, near a hole diameter of -0.17 jim, there is ±10% 

change in hole diameter for a ±14% variation in lithography 

exposure dose. Comparing Fig. 3.21 and Fig. 3.24, one notes 

that it takes a higher exposure dose to generate a hole than 

to generate a post with the same diameter. This bias between 

these the two exposure doses can be reduced by increasing the 

baking temperature in the image reversal step [Fernandez, 

Decker et al. 1997a]. 

A cross sectional view of a 2-D hole array shows that 

the holes have nearly vertical sidewalls(fig. 3.25). The 

slopes of these holes have undercuts less than 1°. The holes 

are 0.21 [im in diameter and are 0.42 [im tall. The image 

reversal process changes the effective contrast of the 

resist. Depending on specific applications, more of an 

undercut can be achieved by changing the image reversal 

parameters and using a lower contrast resist. 
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Figure 3-25 SEM image showing 
cross sectional view of 0.35 ^^l 
period 2D hole arrays produced 
with image reversal process. 
These holes have vertical 
sidewalls. 

3 . 4 SUMMARY 

Using interference lithography, I have patterned ID 

gratings and 2D arrays of posts with exceptionally steep 

sidewalls at siob-quarter-micron dimensions. Dimensions of the 

sub-quarter-micron structures can be accurately controlled by 

varying the exposure dose. 2D arrays of resist holes with 
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steep sidewalls and wide process latitude are generated by-

coupling image reversal with interference lithography. All 

exposures are recorded in standard positive-tone resist. The 

resist structures I have fabricated are stable. Measurements 

of resist structures that are several months old show no 

noticeable difference in shape or light diffraction 

efficiency. These resist structures are robust enough to 

serve as etch masks or as lift-off masks for subsequent 

processing to generate the final structures desired. I will 

show in the next chapter that deep fused silica polarizers 

and broadband subwavelength antiref lection (AR) grating 

structures with reflectivities less than 0.5% are fabricated 

using the above resist structures as lift-off masks. 

The fact that this process is relatively simple, 

inexpensive and scaleable to substrates on the order of half 

of a meter or more makes this an attractive technique for 

large optics or parallel production of smaller devices. 
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CHAPTER 4 

FABRICATION AND CHARACTERIZATION OF 
SUBWAVELENGTH POLARIZATION AND AR ELEMENTS IN 

FUSED SILICA 

4 . 1 INTRODUCTION 

Following the discoveiry by Bemhard[Bemhard 1967] that 

the purpose for the conical protiiberances on the corneas of 

certain night flying moths (typically about 200nm in height 

and period) are to reduce surface reflection from the cornea 

and thus camouflage the moths from potential predators, a 

number of methods have been investigated to synthesize the 

"moth-eye" antireflection surfaces. By patterning a 

substrate with a two-dimensional subwavelength resist grating 

structure, Hutley reported dramatic reduction in specular 

reflection of unpolarized light. Enger et al. and Ono at al. 

have experimentally verified that one-dimensional 

subwavelength resist gratings exhibit antireflection 

behaviors [Enger and Case 1983a; Ono, Kimura et al. 1987], 

Enger et al. and Cescato et al. also demonstrated that 

quartei^ave plates can be made in one-dimensional 

subwavelength resist gratings [Cescato, Gluch et al. 1990]. 

In addition, because of the large mismatch in the refractive 

index values of photoresist and air, a large form 

birefringence is obtained (An ~ 0.12) with a shallow resist 
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grating[Enger and Case 1983a; Cescato, Gluch et al. 1990] . 

However, the resist structures are relatively fragile and 

prone to damage. For durability the siibwavelength grating 

elements need to be made in substrates such as silicon, 

fused silica or any other suitable substrates. This is 

accomplished by transferring the resist structures into the 

underlying substrates. Several researchers have generated 

grating structures in fused silica or silicon substrates 

using this method. However, the grating features 

transferred in the siibstrates lack uniformity and profile 

control and the grating depth are relatively shollow [Enger 

and Case 1983b; Motamedi, Southwell et al. 1992; Lalanne and 

Morris 1997]. 

In this chapter, methods for fabricating one-

dimensional and two-dimensional gratings in fused silica are 

presented. The goal is to achieve deep one-dimensional 

gratings in fused silica. For both the one-dimensional and 

two-dimensional fused silica gratings, issues such as 

uniformity and profile control is addressed systematically. 

SEM, and optical measurements are used to characterize the 

physical dimensions and unifonnity of grating structures. 

Optical performances of these elements are measured and their 

results are compared to theory. Optical damage experiments 



127 

1̂ 1 
a) isotropic etch b) etch anisotropic 

with undercut etch 

Figure 4-1 Pattern transfer 

were performed to test the laser damage threshold of these 

diffractive elements at 1.064 )im and 351nm wavelengths. 
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Figure 4-2 Schematic of plasma-
assisted etching 

4 .2 PATTERN TRANSFER 

Pattern transfer is a technique by which a mask pattern 

is transferred into the underlying siibstrate layer. 

Resultant feature profiles in the substrate vary based on the 

method used to do the pattern transfer (figure 4.1) Pattern 

transfer can be achieved with etching. Methods of etch can 
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be grouped into two main categories: wet and dry etch. Wet 

etch is a chemical process that selectively etches certain 

materials. For wet etch, the elements are placed in an 

appropriate etch solution and those areas that are not 

protected by the mask are etched. Precisely controlled etch 

rate and relatively simple and inexpensive processes are some 

of the attractive features of this etch technique. Achievable 

etch depth is limited for wet etch due to the isotropic 

nature of this etch technique(figure 4.1a). If the desired 

etch depth is much less than mask feature size, then the 

loss in linewidth due to undercutting may be negligible. In 

cases where the etch depth approaches or is greater than that 

of the minimiun mask feature size, wet etch is not an 

appropriate technique since there is significant or complete 

loss of linewidth. 
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Figure 4-3 Process for transferring pattern 
into substrate using resist as lift-off mask 
cind metal as etch mask 

Dry etching is necessary for generating the 

siibwavelength grating structures presented in this thesis. 

The most coiranonly used dry etch method is plasma-assisted 

etching where ionized gases are utilized(figure 4.2). Dry 
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etch is a chemical and physical process. A dry etcher in 

its simplest form includes a vacuum chamber and a power 

supply. Gas is introduced into the chamber and converted to 

a reactive plasma by the power supply. A bias pulls charged 

species out of the plasma and propels them toward the 

substrate surface. Reactive species reacts with the surface 

of the substrate and the volatile (gaseous) by-products are 

extracted by the vacuum pump. 

Fused silica is among the more difficult materials to 

etch since the silicon-oxygen bond that must be broken to 

achieve etching is strong. For example, the silicon-oxygen 

bond is more than twice as strong as the silicon-silicon bond 

when etching a silicon substrate. To break the silicon-

oxygen bond requires the ions be directed at the siibstrate 

surface with more than twice as much power as for the 

silicon-silicon case. This causes ion bombardment to play a 

larger role in SiOj etch, which leads to problems such as 

rapid erosion of the etch mask. Thus, to generate deep 

stnactures in SiOj, a mask material more etch resistant than 

resist, such as a metal mask, is required for pattern 

transfer. The work on resist masks presented in the 

previous chapter is still very relevant since the resist 

masks play crucial roles in the fabrication process by acting 

as lift-off masks for the si±»sequent deposition of metal 
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masks{figure 4.3). For example, to create two-dimensional 

grating structures in fused silica, an array of resist holes 

are needed as a lift-off mask. The high aspect ratio resist 

structures presented in chapter 3 can simplify the processing 

steps by allowing the direct deposition of a metal 

mask(figure 3.9). 

4.2.1 METAL ETCH MASKS 

Metal masks are deposited on the fused silica siibstrate 

using a thermal evaporator. A number of metals were tried. 

Evaporated aluminum is xinsuitable since it has large grains 

which would result in nonuniform grating lines. Nickel 

turned out to be the best choice since profiles of deposited 

nickel closely resemble that of a rectangle (figure 4.4). 

Nickel also was found to have the lowest etch rate, among 

the metals tried, during fused silica etches. Interestingly, 

evaporated chrome took on a triangular shape (figure 4.5) for 

a resist mask similar to that used in the Ni 

deposition(figure 4.4b). Many factors influence this 

behavior. In general, the metal profile was foxmd to depend 

on the chamber pressure (and thus the mean-free 
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Figure 4-4 SEM images Ni 
mask deposited between 
resist gratings with duty 
cycle (a) 0.3 and (b) 0.45 
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path), temperature, size of the source, orientation of the 

substrate to the source, resist flow during high-temperature 

deposition, surface tension and the tensile stress of the 

evaporant. In the case of Ni and Cr where evaporation 

conditions are similar, the difference in metal profiles are 

most likely attributed to surface tension of the evaporant. 

Surface tension pulls the deposited Ni from the sharp edges 

on the top surfaces of the resist hole, thus preventing the 

holes from closing. 

Thickness of deposited metal is limited by the resist 

grating geometry. The nickel masks used for the work 

presented in this thesis are between 100 nm to 150 nm in 

height, roughly a third of the resist height. 
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Figure 4-5 SEM image of Cr 
grating shows triangular 
profiles 

4.2.2 SUBMICRON PERIOD SIO, GRATING STRUCTURES 

Once the metal mask is deposited on the substrate and 

the resist mask is lifted, a parallel plate reactive ion 

etch(RIE) was used to transfer the metal mask pattern into 

the underlying fused silica substrate. This etcher offers 

low etch rates and repeatable etch depth. It offers uniform 
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etching over a three inch area. Since etch conditions are 

specific to each etcher, I will not go into the specifics of 

the etching parameters used, instead I will summarize what I 

had learned along the way to achieve the desired etch 

characteristics. 

For any etch process, the challenge is to achieve the 

following: 

1. high selectivity, which is the ratio of the etch rate 
of the desired etch material (fused silica in this case) 
to that of the undesired etch material(Ni mask) 

2. fast etch rate 

3 . good profile control 

4. good uniformity 

These requirements are most severe for generating 

subwavelength diffractive elements due the precision profile 

and etch depth controls required. These requirements are 

further challenged for elements with sub-quarter micron 

features and high aspect ratios as are presented in this 

thesis. 
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Figure 4-6 SEM image of a 
fused silica grating with Ni 
mask still present at the top. 
The remaining Ni mask is on the 
order of 100 nm thick and has 
been faceted during the etch 
process. The original 
thickness of Ni mask is 150 nm 

Etch selectivity depends on mask and substrate 

materials. Achieving high selectivity is difficult with 

fused silica. Without an etcher that is capable of achieving 

high etch selectivity with resist masks, the more robust 
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metal masks are needed. Etch selectivity is also a fionction 

of etch rate. As feature size decreases and/or the etch 

depth increases, there is a nonlinear decrease in the etch 

rate. This is mostly attributed to inadequate exchange of 

reactive species in the narrow and/or deep trenches. The 

nonlinear decrease in etch rate as a fimction of feature size 

is often referred to as the microloading effect. The longer 

etch time required to produce deep structures resulting from 

low etch rate translates to further erosion of the mask 

during the etch process. For example, for a 50% duty cycle 

0.3 |im period grating, the 150 nm thick Ni mask is 

completely eroded away for a 1.4 micron etch into fused 

silica while for that of a 50% duty cycle 0.35 |im period 

grating, other than the faceting which normally occurs during 

the etch process, the Ni mask is still present for a 1.5 (Jm 

etch (figure 4.6). The reduction in etch rate as a function 

of etch depth is illustrated by the fact that it took the 

same amount of time to etch the final one-fifth of the depth 

as it took to etch the first four-fifth of depth for the 

sample shown in figure 4.6. 

To generate fused silica structures with rectangular 

profiles, in addition to having masks with rectangular 

profiles, we need to have anisotropic etch which would 
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transfer the rectangular mask profile into the fused silica 

siibstrate. Anisotropic etching is a process in which the 

etch produces straight sidewalls. Dry etch tends to be more 

directional compared to wet etch(fig\ire 4.1b & 4.1c). 

Achieving anisotropic etch is a delicate balance of DC bias , 

pressure, ratio of gas mixture, and gas flow rate. To 

maximize anisotropy, the ions bombarding the target are 

accelerated in a direction that is as perpendicular to the 

siabstrate surface as possible, thus preventing ion-assisted 

chemistry on the sidewalls. An applied bias pulls charged 

species out of the plasma and accelerates them toward the 

wafer surface where they react to remove or etch silicon 

oxide by both chemical and physical means. The strength of 

the ion acceleration, and therefore the degree of 

directionality, is directly proportional to the DC bias 

between the two parallel plates. In addition, pressure and 

gas flow (two related quantities) will affect both the etch 

rate and anisotropy. 
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Figure 4-7 SEM image showing 
rapid polymer buildup near the the 
top of a 0.3 Hm period, 50% duty 
cycle Si grating. 
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Another method for aiding the anisotropic etch is called 

chemical passivation of the sidewalls. By forming a very-

thin protective polymer film on the sidewalls during the etch 

process, it prevents lateral etching of the structures. The 

oxygen released in the etching of SiOj normally prevents the 

formation of polymers. To passivate the sidewalls during SiOj 

etch, Fluorocarbon gas CHF3 (Freon 23) was used an etchant. 

The hydrogen allows a very thin protective film to be formed 

on the sidewalls, leading to anisotropic etching of Si02. 5% 

oxygen is also introduced into the vacuum chamber to prevent 

polymer formation near the top surface of the gratings. 

It is interesting to note here that in the case of 

silicon(Si), the rapid buildup of polymers during etch, 

especially near the top of the openings where the reactive 

species are abundant, prevent deep structures to be formed 

at all. Figure 4.7 shows a 0.3 |im period one-dimensional 

grating in silicon. Due to the rapid polymer build-up near 

the top of the grating where the reactant species are 

abundant, there is limited achievable etch depth and limited 

control over etch profiles. The submicron spacing in the 

grating prevent adequate exchange of reactant gases and 

removal of volatile by-product. The rapid narrowing of the 

grating trench opening results in the gas being trapped 
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inside the grating and gives an hour-glass shape to the 

etched profile. The severe polymer formation occurs in CF4, 

CHF3, or SF6 gases. Introduction of oxygen did not reduce 

the polymer formation. The severity of polymer build-up was 

shown to be a strong function of feature size. In the case 

of 50% duty cycle two-dimensional structures where the ratio 

of areas to be etched to areas not to be etched is 3:1, as 

opposed to 1:1 for one-dimensional grating, deep etches can 

be obtained[Spallas, Hawiryluk et al. 1995] . 

Achieving both precisely controlled and repeatable etch 

depth and fast etch rates has traditionally been a challenge 

for dry etchers. To fabricate diffractive elements presented 

in this thesis, a custom parallel plate RIE is used. This 

etcher is designed to achieve accurate and repeatable etch 

while sacrificing etch rate. For SiOj, the etch rate in 

this RIT is on the order of 15 mn /min (varies depending on 

the feature size) . Because of the long etch time, a metal 

mask is required even for shallow etches (etches on the order 

of a quarter micron). 

In conclusion, to generate high aspect ratio grating 

structures in fused silica requires a careful balance between 

the physical and chemical etching processes and chemical 

passivation of the sidewalls. This translates to a balance 
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of bias power, etch chemicals and gas ratios. To minimize 

contamination and ensure good exchange of reactive gases and 

volatile by products, a low pressure (15 mtorr) and a high 

gas flow rate (50 seem) is used. 

4.3 CHARACTERIZATION OF SUBWAVELENGTH FUSED SILICA 
GRATINGS 

4.3.1 ONE-DIMENSIONAI. GRATINGS 

Figure 4.8 shows a series of one-dimensional fused 

silica grating with increasing etch depth. Periods of these 

gratings are 0.3 jjm. The metal masks had a 50% duty cycle. 

The fact that these waveplates are zero order devices means 

it has better angular, wavelength and temperature 

performance than conventional multi-order waveplate elements. 

Notice there is polymer build-up near the top of the 

gratings. The polymer was easily removed in a solution of 

5:1:1 H2O:NH4OH: H2O2 solution that is heated to 70°C. Figure 

4.9 shows the same grating in figure 4.8a after it was 

cleaned. 



Figure 4-8a SEM image of ID grating 
in fused silica with 0.64 |im depth. 

Figure 4-8b SEM image of ID 
grating in fused silica with 1.0 
|im depth 
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Figure 4-8c SEM image of ID grating in 

fused silica with 1.4 pun depth. 
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Figure 4.9 SEM image of grating in figure 
4.8a after residue is chemically removed 
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Birefringence of the above subwavelength gratings were 

verified with a simple experimental setup[Enger and Case 

1983b; Cescato, Gluch et al. 1990]. Figure 4.10 is a 

schematic of the setup used to measure the polarization 

rotation of a linearly polarized beam after going through a 

one-dimensional subwavelength grating. Measurements were 

done using the 632.8 nm line from a HeNe laser. Although 

crystalline quartz has a natural birefringence, the fused 

silica substrates used in this thesis are anmorphic and have 

no measurable birefringence. All birefringence came from the 

one-dimensional subwavelength gratings etched into the 

45 

1st linear polarizer Sub-micron 
Grating polarizer 

Pow«r 
mater 

Figure 4-10 Schematic of set-up used to measure 
birefringence 
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surfaces of the Si02 siobstrates. The amount of phase 

retardation in the transmitted beam introduced by a 

fabricated subwavelength grating is given by the formula: 

(j) = cos -1 
1 - ia' 

lb 

1 + 
h) 

( 4 . 1 )  

where I, is the amount of transmitted light detected when the 
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Figure 4-11 Comparison of measured values and CW 
calculation 
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transmission axis of the second linear polarizer (analyzer) is 

at 90 degrees with respect to the transmission axis of the 

first linear polarizer. is the transmitted light detected 

when the transmission axis of the two polarizers are along 

the same direction. 

Figure 4.11 shows a comparision of the measured value 

to that calculated with RCWA. The measurement values are 

represented by triangular data points on the graph. The 

linear line represents RCWA theoretical predictions of phase 

retardation as a function of grating depth. For the RCWA 

calculations, a grating duty cycle of 50% was assumed. (It 

should be noted that RCWA can handle arbitrary grating 

profiles. But for simplicity, a 50% duty cycle was used for 

this set of calculations.) This assumption is fairly 

accurate for the first two gratings where the average duty 

cycle is 50%. However, this assumption is not accurate for 

the deepest grating. This is evident by observing the 

grating geometry in figure 4.8c. The duty cycle is less than 

50% in this case due to increase in lateral etching of 

grating as grating depth increases. The deviations in the 

measured values from the calculated value for this deepest 

grating reflect this fact. 
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For each grating, multiple experimental measurements 

were made in different locations on the substrate. Two data 

points, representing the two extreme measured values for each 

grating are shown in figure 4.11. For the 0.64 îrn deep 

grating, the experimental measurements are essentially 

identical, meaning the grating features are uniform over the 

two inch substrate. The spread in measurements for the 1.4 

|im deep grating indicate nonxiniformity in the grating 

structure. For the 1.4 fim depth grating, the metal mask was 

observed to be completely eroded following the RIE etch step. 

The combination of polymer build-up and loss of protective 

mask resulted in a non-uniform etch for this deepest 

grating.. 

From figure 4.11, we can see that a polarization 

retardation of 50° is achieved with the 1.4 jim deep grating. 

To achieve a deeper etch, thus larger polarization rotation, 

would require a more robust etch mask or an etchant with 

higher etch selectivity. Since etch rate is a strong 

nonlinear function of feature size, perhaps by increasing 

the feature size slightly will also result in much deeper 

etch. 
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4.3.2 TWO-DIMENSIONAL GRATINGS 

The two-dimensional AR structures have grating periods 
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Figure 4-12 SEM image of a 2D 
fused silica grating with 0.35 
|iin period 
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of 0.35 |im and are designed for an illumination wavelength of 

1.064 jiiti. Figure 4.12 shows a two dimensional fused silica 

grating. The grating period is 0.35 |iin. The actual 

structures are individual cylindrical posts, instead of 

rectangular posts. To achieve the same antireflection 

performance as was modeled in chapter two for a rectangular 

structure, the grating duty cycle needs to be adjusted. This 

was done by finding the diameter of a cylinder with the 

equivalent volume as that of the rectangular posts. The 

diameter of the cylinders are calculated to be 0.27 pm. 
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Figure 4-13 Schematic of scanning system used to 
measure the transmission of subwavelength grating 
samples 

To characterize the physical dimensions of the 

siobwavelength grating structures with features less than sub-

quarter microns, two techniques are possible candidates. 

One is atomic force microscopy and the other is Scanning 

Electron microscopy (SEM) . An atomic force microscope (AFM) 

was used with limited success to obtain quantitative 

information about the grating structures. An AFM image is a 

convolution of the actual structure and the tip geometry. 
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For the submicron period grating structures, the images are 

not accurate representations of the grating profiles. Depth 

information was difficult to obtain with AFM since the tip 

can not reach the bottom of the grating in most cases. No 

useful quantitative information were obtained from the AFM 

images I have taken of the fabricated subwavelength grating 

structures. The only method for accurately characterizing 

the grating depths and profiles is scanning electron 

microscopy(SEM) . However, major draw back of this analysis 

technique is that the samples must be cleaved, thus 

fragmenting the sample in the process. In order to cleave 

the sample, vezY thin substrates had to used. The samples 

used for the work presented in this thesis are 2 in. diameter 

fused silica s\abstrates where the thickness is 0.76 mm. 

Since the samples are veiy thin, transmission measurement 

instead of reflection measurements were performed on these 

elements due to the difficulty in separating the reflections 

from back and front surfaces of the substrates. Reflection 

value of a etched surface is deduced from the total measured 

transmission of the element by subtracting the known 

reflection value of the one bare fused silica surface. 
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Figure 4-14 Measured transmission values and CW 
calculated trasmission values as function of 
grating depth for a 2D grating with 0.68 duty-
cycle 

A series of two-dimensional gratings with the same duty 

cycles, but different etch depths were fabricated. To 

determine the AR performance of these fabricated gratings, 

the zeroth order transmission efficiencies were measured. 

Two measurement systems were used: a spectrometer and a 

spatial scanning system. The spectrometer gave transmission 
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values for a particular location on the siibstrate for a range 

of wavelength while the scanning system (figure 4.13) give a 

map of the transmission values over the entire two inch 

substrate at a fixed wavelegnth. Both systems are calibrated 

before each measurement session by doing a background scan 

through air. The spectrometer and the scanning system were 

detemined to have rms measurement errors of 0.1% and 0.3%, 

respectively. 

Figure 4.14 is a plot of transmission, at 1.064 |iin, 

for the series of two-dimensional gratings with 0.35 |im 

period and depth ranging from 79 nm to 0.32 jim. 

Transimissions greater than 99.99% were obtained for the four 

gratings with depth of 0.22 jim, 0.24 ̂m, 0.25 |im and 0.27 fim. 

These samples were prepared on a single 2 in. fused silica 

substrate. Regions on the substrate are exposed to different 

etch times (see figure 4.15) . The back surface of this 

sample was coated with a 0.08% dielectric AR at a wavelength 

of 1.064 nm. . This was done to eliminate the 3.37% 

reflection of the back surface of the substrate. Notice 

that all the regions on this grating sample have transmission 

greater than 96.6%. 
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Figure 4-15 Diagram of sample 
used to generate measurements 
in figure 4.14. Total etch time 
for various regions across the 
2 in. substrate are shown. 

Figure 4.16 shows a two-dimensional grating with 0.35 [xm 

period and 0.23 pm height. The duty cycle for this grating is 

0.68. A spectrometer scan of this grating element was done 

for wavelength ranging from 200nm to 1200nm (figure 4.17 and 

figure 4.18). Transmission scans for wavelength above 1200nin 

are not possible due to limitation of the spectrometer. 

Figure 4.17 shows zeroth order transmission as a function of 

wavelength ranging from 200 to 1200 nm. This curve is in 

good agreement with figure 2.18. Figure 4.18 compares the 

transmissions of bare fused silica substrate (lower cuirve) 

and subwavelength AR grating structure element (upper curve) 
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for wavelength ranging from 600 to 1100 nm. This cuirve does 

show the dependence on wavelength of AR performance of one-

level siibwavelength grating structures, similar to that for 

a singel layer quarterwave AR coating. Emergence of higher 

diffraction orders at shorter wavelengths further reduced the 

transmission of this AR grating element(figure 4.17). Figure 

4.18 shows that the reflectivities of the AR grating surface 

are near 0.2% for wavelength ranging from 950nm to 1200 nm 

(please note the 3.37% reflection loss due to the one bare 

surface of the substrate) . This kind of AR performance can 

not be achieved with a single layer thin film coating since 

there is not a suitable material out there with the required 

index of refraction value of 1.2. To achieve comparable AR 

performance with thin film coatings, minimum of two thin 

film layers are needed. Figure 4.19 shows a tranmsission 

scan of one of the most laser damage resist dielectric AR 

coatings designed for 1064 nm wavelength. This AR coating 

consists two layers of thin film materials: Hafnium Dioxide 

and Silicon Dioxide. Comparing the spectral performance of 

2D sxibwavelength AR grating to that of a two layer diectric 

AR coating designed for 1.064 |im wavelength (figure 4.19), 

we can see that subwavelength AR gratings have better 

performance under broadband applications. However, it is 

important to point out that it is possible to design 

broadband dielectric thin film coatings. These broadband 
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dielectric coatings often involve additional thin film layers 

thus adding complexities to the fabrication process. 

Spectrometer scans of the element in figure 4.16 showed 

negligible differences in the zeroth order diffraction 

efficiencies for angle of incidence ranging from 0 to 5°. 

0 0 0 0 0 0 1 0 K; '/ X 7 0 . 0 K 0.43rii 

Figure 4-16 SEM image of 2D 0.35 |im 
period grating with 0.68 duty cycle 
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Figure 4.17 Spectrometer scan of grating element in 
figure 4.16 
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Figure 4.18 Comparison of transmiossions for a bare 
fused silica substrate(bottom curve) and the AR 
grating element(top curve) in figure 4.16 for 

wavelength ranging from 600 nm to 1200nm. 
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Figure 4.19 Spectrometer scan of a two layer dielectric AR 
coating designed for 1.064 nm wavelength. 
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4.3.3 ZASER DAMAGE EXPERIMENT 

The rapid advancement in lasers towards greater output 

power and smaller dimensions has brought power densities that 

stress optical components to the limit. Optical coating in 

particular have become a key problem hampering the further 

increase in the output of laser systems. Despite remarkable 

progress in recent years on producing high damage threshold 

coatings[Rainer et al. 1994], laser damage thresholds of 

optical coatings lie markedly below those of the respective 

bulk materials. thresholds of optical coatings depend in a 

highly complex and sensitive way on the sxibstrate treatment, 

coating techniques and deposition conditions. Film adhesion 

and film stress are among commonly encountered problems in 

demanding applications. Alternative methods to dielectric 

coatings are needed when operating at high laser fluence 

conditions. One successful alternative is the use of Sol-

gel coatings[Thomas 1986]. Sol-gel coating is a liquid 

solution consisting of a colloidal suspension of oxide in a 

suitable liquid medium. Here, the cleanliness of the 

coating liquid and finish of the substrate surface have great 

impact on the laser damage threshold of the sol-gel 

coatings[Thomas 1994]. Another alternative is to pattern the 

substrate surfaces with subwavelength surface relief-

gratings. In this section, I will present some laser damage 

results of subwavelength 2D AR grating structures. 
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Two sets of laser damage tests were done. Samples used 

in both cases are 0.35 fjm period two-dimensional fused silica 

gratings depicted in figure 4.16. The damage test at 1.064 

|im wavelength was performed by Big Sky laser technologies 

Inc. of Bozeman, Montana. Damage parameters are listed in 

Table 5.1. Damage thresholds of bare fused silica and 

grating surface are comparable at 47.3 J/cia and 45.4 J/cm̂ , 

respectively. The bare surface laser damage threshold gives 

an indication of the quality of the fused silica substrates. 

The 47.3 J/cm̂  laser damage threshold is consistent for that 

of a medium quality UV-grade fused silica. Since laser 

damage threshold depend in a complex way on many parameters 

as mentioned in the introduction section of this chapter, 

the more meaningful comparison is that of laser damage 

threshold for etched and vinetched surfaces. In our case, 

the laser damage results clearly indicate that etching the 

surface did not degrade the laser damage threshold. Please 

also note that the damage threshold for the subwavelength AR 

grating is a great improvement over that for conventional 

dielectric coatings which have laser damage thresholds less 

than 10 J/cm̂ . 
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Wavelength 1064 nm 

Angle of incidence 0° 

polarization state linear 

transverse modes TEMqo  

Beam profile Gaussian 

Spot size (FW 1/ê ) 0.52 mm 

Pulse width 20 ns 

repetition frequency 20 Hz 

no. shots/site 200 

sxibstrate preparation RCA cleaning and Nj dustoff 

Inspection method Nomarski/darkfield 150X 

Table 4-1 Laser damage parameters for test at 
1.064 micron wavelength 

Laser damage at 351 nm was performed in the Optical 

science laser laboratory at LLNL. Damage parameters are 

listed in table 4.2. Grating surface was found to damage 

when exposed to 13.5 J/cm̂  beam. This number is again 

consistent with laser damage threshold of bare fused silica 

surface at 351 nm for the substrates I have. 
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Wavelength 352 nm 

incidence 0° 

polarization state linear 

transverse modes TEMoo 

Beam profile flat-top 

Spot size 0.9 mm 

Pulse width 3 ns 

no. shots/site 1 

no sites 9 

substrate preparation RCA cleaning and Nj dustoff 

Inspection method visual 

Table 4-2 Laser damage parameter for testing 
at 351 run wavelength 

Results of above damage experiments show that the etched 

submicron period gratings have high damage thresholds, and 

the damage thresholds for the etched surfaces are comparable 

to that of bare fused silica. This would make these 

subwavelength gratings very attractive for high fluence laser 

applications. 
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4.4 SUMMARY 

In this chapter, I presented fabrication and testing of 

polarization retarders and anti-reflection structures in 

fused silica. Methods for pattern transfer were discussed. 

Particular emphasis was placed on pattern transfer using 

plasma assisted dry etching technique and the issues that 

effects outcome of etched parts. 

Measurements confimned the birefringence property of 

one-dimensional fused silica gratings. Phase retardations up 

to 50 degrees were obtained with these gratings. To achieve 

larger polarization retardation (i.e. a quarter-wave plate), 

two approaches can be considered. One can cascade a number 

of etched gratings in series. 

For two-dimensional fused silica gratings, transmission 

greater than 99.7% were measured. Laser damage test of these 

gratings at 351 nm (3a)) and 1064 nm (Ico) were performed. The 

damage thresholds were comparable to that for the bare fused 

silica. While the laser damage testing of these etched 

gratings is far from being complete, the initial results do 

suggest that these gratings warrant serious consideration for 

application in high power laser systems. 



168 

CHAPTER 5 

AR STRUCTURED DIFFRACTIVE PHASE ELEMENTS 

5 . 1 INTRODUCTION 

One of the limiting factors on the lifetime of intra-

laser optical elements and beam relay elements in high power 

system system is the optical coating. Due to the high 

fluence condition, coating damage is of major concern. An 

alternative to conventional dielectric thin film coatings 

are needed to ensure adequate operating lifetime. In this 

chapter, two-dimensional(polarization insensitive) 

subwavelength AR structure is applied to the surface of a 

multilevel diffractive phase element to reduce the surface 

reflection at 1.064 fim. First, fabrication of multilevel 

phase elements are detailed In section 5.2. In section 5.3, 

I will present the performance characteristics of AR 

structured phase elements. In section 5.4, I will present 

results of initial effort at replicating the AR structured 

phase elements. 
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Laser Gain medium 

output mirror diffractive mirror 

Figure 5-1 Schematic of diffractive laser resonator 
cavity 

5.2 AR STRUCTURED MODE-SELECTING INTROCAVITY DIFFRACTIVE 
PHASE ELEMENTS 

5.2.1 INTRODUCTION 

By incorporating diffractive optical elements in solid 

state laser systems, Leger et al. have designed and 

demonstrated optical resonators with arbitrary fundamental 

mode profiles [Leger et al. 1994a; Leger et al. 1994b; Chen 

1995; Leger et al. 1995]. For example, a fundamental mode 

with uniform intensity profile(flat-top) can be obtained by 

replacing on end mirror with a diffractive phase mirror 

element. Diffractive resonators also provide enhanced 

discrimination against higher-order spatial modes. 

Additional diffractive elements placed intracavity can 

provide further modal discrimination, reduce cavity length 

and increase mode size [Leger, Chen et al. 1994b] . The 

concept of this diffractive mode selecting resonator is based 

on the phase conjugation principle. A second mirror element 
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is designed to reflect the complex conjugate of an arbitrary 

wavefront at the first end mirror. This laser resonator is, 

in its simplest form, made up of one flat mirror, one 

diffractive mirror (diffractive mode-selecting-mirror) and the 

laser gain medium (figure 5.1). Similarly, one also use the 

phase conjugation principle to design diffractive elements 

for relaying complex beam profiles in an imaging system. 

This avoids light concentration at the intermediate focal 

point in conventional afocal systemCMakki et al. 1997] . 

In the following sections I will detail the fabrication 

of a 16 level diffractive phase elements with subwavelength 

AR grating structures etched into the surfaces. For the 

remainder of this chapter, the term "diffractive phase 

element" refers to a 16 level diffractive phase element and 

the term "AR structure" refers to the subwavelength 

diffractive AR grating structure. 
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Figure 5-2 Image of four masks used to creat the 16 
level diffractive element 

5.2.2 FABRICATION OF 16 LEVEL DIFFRACTIVE PHASE ELEMENTS 

The masks used to fabricate the diffractive phase 

element were designed by Leger at ai. The final element 

produced from this set of four masks will yield a 16mm x 16mm 

16 level phase element that will, when used as an end mirror 

in the laser cavity, produce a fundamental mode with a flat
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top beam profile. It can also be used to image relay a flat

top, square laser beam. Additional information on the 

design of masks can be found in the a niraiber of articles by 

Leger et al. [Leger, Chen et al. 1994a; Leger, Chen et al. 

1995] and Diana Chen's thesis [Chen 1995]. Figure 5.2 shows 

the pattern of the four masks where the minimum feature size 

is 50 |Jm. Chen et al. have experimentally verified that a 16 

level mirror fabricated using these masks gave super-gaussian 

beam profile with rms variations across the fxindamental mode 

at 1.5% of peak value [Chen 1995]. The main focus of my work 

is to investigate patterning the multilevel diffractive 

element with sxibwavelength AR structures and to improve the 

element's transmission. For the work presented in this 

thesis, the diffractive mode-selecting element is made to be 

used in transmission instead of reflection since it can then 

be used inside the laser resonator as a mode-selecting 

element (by placing it near one of the end mirror) or as an 

image relaying element in an optical system. To make this 

transmission element, the etch depth for each level is 

doubled from that for a mirror and the sign of the element 

need to be reversed from that of a mirror element [Chen 1995] . 

In order to obtain the correct sign for the elements made 

with the set of mask in figure 5.2, the final element can be 

replicated. 
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Figure 5-3 Fabrication of multivel 
diffractive element 

Fabrication of the AR structured difffractive mode-selecting 

element is divided into two parts: 

1. fabrication of multilevel diffractive mode-selecting 
element 

2. patterning of subwavelength AR grating structures on the 
surface of multilevel diffractive phase element. 



Figure 5-4 Image of fabricated 16 level diffractive 
phase element in fused silica. 
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Since the minimum feature size for the diffractive mode-

selecting element is 50 m̂ with total etch depth not 

exceeding 2.3 pm, wet etch was used to generate phase 

elements in fused silica. Figiare 5.3 illustrates the 

fabrication of a 16 level diffractive element with four 

masks. Figure 5.4 is a photo of the fabricated diffractive 

mode-selecting element. Figure 5.5 is a Tencor profilometer 

trace of near the central region of the element showing 

precision etch depth. Only parts with percent etch depth 

error for each level < 1% were accepted. This resulted in a 

60% yield. Figure 5.6a and 5.6b are Zygo interferometer 

plots of central and outer regions of the fabricated element. 

Etched surfaces has RMS roughness of 1.1 nm(see figure 5.7). 

Registration between the mask levels was better than 1 |im. 
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Figure 5-5 Tencor trace of central portion of 
fabricated diffractive element show good etch 

depth control. 
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Figure 5-5 Zygo Newview interferometer images of a) 
central and b) outer regions of fabricated 16 level 
diffractive element showing precision figure 



178 

5 . 2 . 3  P A T T E R N I N G  O F  S t T B W A E L E N G T B  A R  G R A T I N G  S T R X T C T U R E S  O N  
DIFFRACTIVE PEASE ELEMENTS 

In the last section, I have shown that 16 level 

diffractive phase elements with 50 |jin minimum features size 

can be fabricated with precision. In this section, I will 

present fabrication results of patterning siibwavelength AR 

grating structures over the non-planar surfaces of the 16 

level diffractive phase elements. In particular I will 

address some of the limitations on patterning siibwavelength 

AR structures over surfaces with deep corirugations. 

Fabrication of AR structures uses the same procedures 

presented in chapter 3 and 4 for patterning two-dimensions 

subwavelength gratings. AZ 507 resist is used. First the 

surfaces of diffractive phase elements are properly cleaned 

and treated for maximum adhesion of resist to substrates. 

Resist is then spin coated onto the surfaces of diffractive 

phase elements. In order to achieve \iniform siibwavelength 

grating features, it is essential that thickness of spin on 

resist is uniform across the substrate surface. Examinations 

of resist coated surfaces of diffractive phase elements show 

that uniform coverage of resist is achieved except for levels 

with depths over 2 |im{ figure 5.8). Examination of 

diffractive phase elements with SEM after the subwavelength 

AR structures have been etch transferred into the fused 
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Figure 5-7 Etched surface on the 16 level diffractive 
element has surface roughness onthe order of 1.1 nm 

silica surfaces show uniform AR grating structures except in 

those areas where the resist converage was not uniform (see 

figure 5.8) . Figure 5.9 is a SEM image of the element in 

figure 5.8 after subwavelegnth grating features have been 

etch trasnferred into the fused silica structure surface. 

The 10 |jm drop-out in the upper left hand corner of the SEM 

image corresponds to an area of non-uniform resist coverage 

in figure 5.8. Largest drop-outs are on the order of 10 |im 

over the entire fabricated final elements. From these 

results it is clear to see that there is limitation with 

patterning deeply corrogated surfaces. 
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Figure 5-8 Photo of a resist 
coated 16 level diffractive 
element, prior to patterning of 
subwavelength AR grating 
structures. Resist does not coat 
uniformly over steps with greater 
than 2 Jim jump in height. Arrow 
points to one of the resist drops 
resulted from resist not being 
able to flow uniformly over the 
steep steps. 



Figure 5-9 A close-up SEM image 
of diffractive element after 
subwavelength AR grating 
structures have been etched into 
the surface. The 10 micron drop
out in the upper left-hand corner 
corresponds to one of the resist 
d r o p s  s h o w n  i n  f i g u r e  5 . 8 .  
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Figure 5-10 Transmission map of diffractive phase elements 
with (top image, 5-lOa), and without (bottom image, 5-lOb) 
subwavelength structures patterned on the surfaces of 
diffractive phase element. The diffractive element is 15mm x 
16mm, rotated 45 degrees from horizontal and located in the 
center of both images. 
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5 . 3 PERFORMANCE OF AR STRUCTXTRED DIFFRACTIVE PHASE 
ELEMENTS 

Section 5.2 describes the fabrication of a 16 level 

diffractive phase elements on one side of two inch diameter 

fused silica substrates, with subwavelength AR grating 

structures subsequently patterned on the surface of the 

diffractive phase element. 

Figure 5.10a and 5.10b compare the transmission of a 

diffractive mode-selecting element with AR stmictures etched 

into the surface to that without the AR structure. ( Please 

note that one surface of the substrate is bare fused silica) . 

For a bare fused silica substrate, the transmission is 

93.3%(3.37% reflection for each surface). Figure 5.10b 

indeed shows this(see regions outside the diffractive mode-

selecting element). For the diffractive mode-selecting 

element(center of each figure), the transmission efficiency-

decreases toward the outer regions of the diffractive 

element. In these outer regions, sloped sidewalls account 

for a larger area due to the finer features in this region, 

and thus result in more scattering in these regions. Figure 

5.10a is a transmission measurement of the element after 

subwavelength AR structures are etched into the surface of 

the entire fused silica substrate. Notice that the 

transmission in the areas outside the diffractive mode-

selecting element that have been patterned with subwavelength 
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AR grating structures jumped to 96.4%, which corresponds to 

a reflection value for that surface of 0.2% (subtracting the 

reflection due to the bare back, fused silica surface) . The 

fact that this transmission value is the same over the entire 

regions of the substrate away from the diffractive phsse 

element illustrates the accuracy with which the siibwavelength 

diffractive element are patterend over the two inch 

substrate. Over the diffractive mode-selecting element, the 

transmission is improved by 3 % to 4% with the patterning of 

subwavelength AR structures. The variation is due to the 

fact that the resist was not able to coat conformally over 

steps when the jump in heights are greater than 2 |im in the 

diffractive phase elements (figure 5.8 and 5.9). Therefore, 

those regions with densely packed steep steps (in particular 

the four corners of the diffractive phase element) will have 

lower transmissions due to the absence of or degraded AR 

structures. 
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Figure 5-11 Zygo Newview image of central region of 
replicated the multilevel diffractive element 

5 . 4 REPLICATION 

As have been shown in the previous chapters, 

fabrication of diffractive elements often involve many 

process steps and expensive equipments. This translates to 

expensive final parts. In an effort to produce diffractive 

elements cost effectively, an initial effort haven been made 

to replicate the diffractive structures. 

Replication of AR structured diffractive phase element 

is done using two parts silicon elastomers. (Many other 

materials, such as UV curable polymer, are also suitable for 
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replication.) The following factors make silicon good 

candidate for the replication work: 

1. Mode releases are not required since silicon does not 
like to stick to non silicon surfaces. 

2. Cured silicon is compliant, making mold release 
relatively easy. 

3. There are an abundance of optically transparent silicon 
products available. Silicon also have very wide 
operating temperature range. 

4. Parts replicated in Silicon can be used as good 
sencondary molds. 

5. Silicon can be easily diluted to have very low viscosity 

The two component silicon compound are mixed and spun onto 

the surfaces of elements to be replicated. The replication 

is done at room temperature, silicon has very flexable curing 

schedule. It can be compeletely cured with temperatures 

ranging from 25 to 150 °C. Curing time is increased when 

using lower temperatures. The multilevel diffractive mode-

selecting elements, with 50 |iin minimum features, are 

faithfully replicated. Figure 5.11 is a Zygo Newview 

whitelight interferometer image of central region of the 

replicated element. Note that this image is the 

complimentary of image in figure 5.6a. 
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Figxire 5-12 SEM image showing 
cracking of the Au/Pd coating 
during SEMing 

The siibwavelength AR structure was visually verified to 

be replicated by observing the +1 reflected diffracted order 

(Lithrow configuration) from the subwavelength AR structure. 

Charging and burning of the RTV silicon surface by the 

electron beam made high resolution imaging with SEM of the 

replicated elements very difficult. The thin Au/Pd coating 

necessary for imaging cracked under the SEM beam (figure 

5.12). It was not possible to determine the exact physical 

dimensions of replicated features. However the SEM images 

did confirm that the subquarter micron features are imprinted 

into the silicon elastomer surface(figure 5.13). But the 
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physical dimensional of the features do not appear to be 

replicated faithfully. 

K V X 3 0 . 0 K 1 . 0 0 ij 111 

Figure 5-13 SEM image of replicated 
subwavelength grating structure 
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CHAPTER 6 

SUMMARY AND SUGGESTIONS FOR FUTX7RE RESEARCH 

6. 1 SUMMARY & DISCUSSIONS 

The main focus of this thesis is the practical 

applications and fabrication of subwavelength grating 

structures for use in the near IR and the visible, where the 

minimum grating features have sub-quarter micron dimensions. 

I showed by using interference lithography coupled with 

image reversal techniques, resist structures ranging from 

one-dimensional gratings to two-dimensional arrays of posts 

and holes can be generated. Generation of uniform resist 

patterns are possible through a combination of fringe stable 

and properly designed interferometer, and proper pre- and 

post-resist processing. Sub-quarter micron features are 

achieved through the used of a stable UV laser source. These 

resist structures have high aspect ratios and nearly vertical 

sidewalls. Structure dimensions are accurately controlled by 

varying the exposure dose. 

Resist patterns are subsequently transferred into the 

underlying fused silica substrates, creating AR and 

retardation elements that are more resistant to environmental 
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damage and less fragile to handling compared to resist 

structures. I have shown that high aspect ratio etching 

required to make sxibwavelength fused silica retarders can be 

achieved with the careful balance of plasma etching 

conditions and proper surface treatment. 

Experimental measurements confirm the AR cind retardation 

characteristics predicted by Coupled-wave analysis. 

Subwavelength AR gratings with transmission greater than 99% 

have been fabricated. One-dimensional fused silica gratings 

gave phase retardation as high as 50 degrees. 

Damage tests of subwavelength 2D gratings at 1.064 |Jin 

and 351 nm wavelength show high damage thresholds of 

sxibwavelength grating structures. This result suggests that 

subwavelength grating structures warrant serious 

considerations for applications in high power laser systems. 

In chapter 5, I have shown that patterning 16 level 

diffractive phase elements with subwavelength AR structures 

resulted in reduction of surface reflection to 0.2%. 
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6 . 2  S U G G E S T I O N S  F O R  F U T U R E  R E S E A R C H  

Due to time limitations and resources, damage studies 

of subwavelength grating structures were not carried out in 

completion. Studies of grating damage as function of grating 

geometry and incident beam characteristics should provide 

useful insight in applying these elements in high power laser 

systems. 

It is also worthwhile performing pattern transfer into 

fused silica substrates using resist as the mask. Some state 

of the art chemically assisted ion-beam etchers promise the 

potential of providing anisotropic, high selectivity etches 

into fused silica with resist as the etch mask. High aspect 

ratio resist structures presented in chapter 3 could be used, 

the time consuming processing steps involving metal 

deposition for either lift-off or metal mask generation 

purposes will be eliminated. 

Replication of diffractive elements in silicon elastomer 

shows potential to make these elements cost effectively and 

to make them commercially viable. However, the replication 

work presented in chapter 5.4 is far from complete and should 

be a great subject area for further study and exploration. 
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