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ABSTRACT 

A rigorous model for treating diffraction from arbitrary profile surface-relief 

gratings is developed. This model is valid for conical incidence geometries and 

elliptically polarized incident beams. The model is based on the coupled-wave 

method of Moharam and Gaylord [J. Opt. Soc. Am. 73, 1105-1112 (1983); J. Opt. Soc. 

Am. TI.. 1385-1392 (1982)]. The slow convergence of this model for p polarized 

incident light is analyzed. The source of this slow convergence is determined to be 

the use of Fourier series expansions for the permittivity and fields in the grating 

region. The polarization and energy distribution properties of zeroth order gratings 

are summarized. Designs are presented for zeroth order gratings that function as 

retardation and polarization conversion elements for specularly reflected beams. 

Photoresist gratings are fabricated and characterized by ellipsometric techniques to 

confirm the predictions of the coupled-wave model and to demonstrate these novel 

designs. The application of zeroth order gratings to optical storage heads is 

discussed, and novel head designs based on these components are presented. 



CHAPTER 1 

INTRODUCTION 
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A surface-relief diffraction grating is a periodic corrugation at an interface 

between two media (Fig. 1-1). Gratings of this type have been studied since 1821, 

when Joseph von Fraunhofer found that grooves ruled on the surface of a mirror 

produced diffracted beams in reflection [Hutley 1982]. Before 1960, surface-relief 

gratings were primarily used for spectroscopic applications because of their large 

angular dispersion. These gratings were designed using Fraunhofer diffraction 

theory (Fourier optics) and ray-tracing. In the design process, the grating equation 

and the blazing condition were used to obtain directional information about the 

diffracted orders. Fraunhofer diffraction theory was used for obtaining information 

about the energy distribution among the orders. 

For gratings with periods greater than ten times the wavelength, this scalar 

approach works well. However, for smaller period to wavelength ratios, the 

diffraction efficiency for an order is dependent on the incident state of polarization. 

To accurately model the properties of high spatial frequency gratings, rigorous 

grating diffraction models were developed. The history ofthe electromagnetic theory 

of gratings up to 1984 is documented by Petit [1980] and Maystre [1984]. 

In general, when a beam incident on a grating contains both orthogonal 

polarization components, the diffracted orders are elliptically polarized. This occurs 

because the efficiencies of the two polarization components for a given order 



n 
1 

Fig. 1-1. Surface-relief grating between regions of 
refractive index n l and n2• 'l'he profile is invariant 
perpendicular to the plane of the figure. 

17 

normally differ, and a phase difference between the components is usually 

introduced. Most researchers studying the polarization properties of surface-relief 

gratings have analyzed the dependence of the diffracted order efficiencies on the 

incident polarization state. Few studies of the polarization state of diffracted beams 

have been reported. 

Several authors have discussed the form birefringence exhibited by high spatial 

frequency surface-relief gratings [Flanders 1983, Gaylord et aZ. 1986, Ono et aZ. 

1987]. This birefringence gives rise to a phase difference between the orthogonal 

polarization components of the zeroth transmitted and reflected orders [Enger and 

Case 1983, Gaylord et aZ. 1986, Ono et aZ. 1987]. Azzam and Bashara [1972a] used 

an ellipsometric technique to measure the polarization state of orders diffracted from 

a blazed metallic grating. Minden and Dunning [1980] compared the phase 
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differences calculated with an early theoretical method to experimental 

measurements for several blazed metallic gratings. Kok and Gallagher [1988] and 

Naqvi and Gallagher [1990] studied the phase difference introduced to the order 

specularly reflected by a perfectly conducting grating. Simon et al. [1984] and 

Depine et al. [1987] studied the phase behavior of the specularly reflected order near 

total absorption for a metallic grating. Andrewartha et al. [1979a, 1979b] discussed 

the phase behavior of perfectly conducting lamellar gratings in a Littrow mount for 

s and p polarization. Pasman [1985] calculated the efficiencies and phases of 

diffracted orders for the two orthogonal polarization components. Finally, Popov et 

al. [1990] studied the phase properties of the specularly reflected order for a 

perfectly conducting grating. However, a comprehensive analysis of the ellipticity 

of beams diffracted by surface-relief gratings does not appear in the literature. 

Polarization conversion occurs for diffraction from conically mounted gratings 

(mountings where the grating vector is not in the plane of incidence). Few 

researchers have studied this phenomenon. Azzam et al. [1972b, 1991], Bryan

Brown et al. [1990], and Li et al. [1992] have documented polarization conversion for 

conically mounted gratings. Popov and Mashev [1986a] discussed the polarization 

state of free-space beams excited by conical incidence of a guided mode on an 

outcoupling grating. In another paper [1986b], they noted the elliptically polarized 

nature of conically diffracted beams. However, a comprehensive study of the 

polarization conversion introduced by these elements has not been published. 

Due to the breadth of the subject, my study of the polarization properties of 

surface-relief gratings was limited to zeroth order gratings (gratings where only the 
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zeroth reflected and transmitted orders propagate). My research program consisted 

of four phases: 

1) development of a rigorous model for treating diffraction from arbitrary profile 

surface-relief gratings for conical incidence geometries and elliptically 

polarized incident beams, 

2) characterization of the polarization and energy distribution properties of 

zeroth order gratings, 

3) design and experimental demonstration of zeroth order gratings for 

application as retardation and polarization rotation elements operating on 

specularly reflected beams, and 

4) application of these retardation and polarization rotation elements to optical 

storage heads. 

To my knowledge, at the beginning of this work, no numerically stable methods 

existed for treating diffraction from deep conically mounted lamellar profile gratings 

(depth ~ period). During a survey of existing treatments, two coupled-wave 

formalisms of Moharam and Gaylord were discovered: an arbitrary profile surface

relief method for s polarized beams (polarization perpendicular to the plane of 

incidence) [1982], and a volume grating method for conical mountings [1983]. Based 

on the statement that "the algorithm was always stable and converged in every case 

considered," [Moharam and Gaylord 1982] the profile approximation technique 

outlined in this paper was used to extend the formalism of the volume grating 

method [Moharam and Gaylord 1983]. This allowed for treatment of arbitrary 

profile surface-relief gratings for conical incidence geometries. The capability for 
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calculating the polarization state of the diffracted orders for an elliptically polarized 

incident beam was also implemented. These extensions produced a model with far 

greater capabilities than Moharam and Gaylord's non-conical incidence theory [1982] 

or Gaither's model for calculating diffraction efficiencies [1989]. Section 2.1 details 

the coupled-wave grating diffraction model that was developed. 

Mter preliminary experimental validation [Haggans and Kostuk 1991], the 

convergence of the coupled-wave model was compared to the convergence of a modal 

differential method for lamellar gratings developed by L. Li [1992a]. The coupled

wave method results were found to converge much slower than the modal method 

results. This behavior was especially prominent for metallic gratings illuminated 

with p polarized light. Because an analysis of the convergence properties of the 

coupled-wave method had not been presented by Moharam and Gaylord, this 

analysis was undertaken in collaboration with L. Li [Li and Haggans 1992a, 1992b]. 

This analysis is the topic of Section 2.2. 

The polarization and energy distribution properties of zeroth order gratings are 

discussed in Chapter 3. In Sections 3.1 and 3.2, the three classes of zeroth order 

gratings are defined and analyzed. In Subsection 3.2.1, dielectric-dielectric zeroth 

order gratings with incidence from the less dense medium are discussed. In Section 

3.2.2, the properties of dielectric-metallic gratings are summarized. Finally, in 

Section 3.2.3, the properties of total internal reflection gratings (dielectric-dielectric 

gratings with incidence from the more dense medium) are discussed. As detailed in 

Section 3.2, controlling the geometrical parameters of zeroth order gratings allows 

for engineering the efficiency, ellipticity, and polarization component amplitude ratio 
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of the reflected and transmitted beams. 

Two types of novel polarizing elements were discovered in the analyses of Section 

3.2: retardation and polarization conversion gratings that operate in reflection. In 

Chapter 4, zeroth order gratings are shown to function as phase compensators, 

quarter-wave and half-wave retarders, and polarization conversion elements that 

operate on specularly reflected beams. In Section 4.1, designs for these elements are 

detailed. In Section 4.2, an analysis of the impact of fabrication and operational 

errors on the performance of these elements is presented. 

The fabrication and characterization of gratings to validate the coupled-wave 

model and confIrm the designs of Section 4.1 are discussed in Chapter 5. Section 5.1 

details the holographic fabrication of photoresist gratings for this purpose. Section 

5.2 summarizes the techniques used to measure the efficiency and polarization state 

of diffracted beams. In Section 5.3, experimental measurements are compared to the 

predictions of the coupled-wave method. Finally, difficulties associated with the 

comparison of experimental measurements to the calculations of rigorous methods 

are discussed in Section 5.4. 

This dissertation concludes with two examples of the application of zeroth order 

gratings to optical storage heads. In Section 6.1, a design for an element which 

replaces the turning mirror and quarter-wave retarder in a write-once head is 

presented and analyzed. In Section 6.2, a substrate-mode device for reducing the 

size of a magneto-optical head is detailed. 

Novel work in this dissertation includes: 

1) development of a rigorous coupled-wave model for treating diffraction from 
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arbitrary profile surface relief gratings for conical incidence geometries and 

elliptically polarized incident beams, 

2) a convergence analysis of the coupled-wave method, 

3) characterization of the polarization properties of lamellar zeroth order 

gratings, 

4) design and experimental demonstration of zeroth order gratings that function 

as retarders for the specularly reflected order, 

5) design and experimental demonstration of zeroth order gratings that function 

as polarization converters for the specularly reflected order, and 

6) compact designs for optical storage heads using zeroth order gratings. 
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A COUPLED-WAVE METHOD FOR MODELING DIFFRACTION FROM 

SURFACE-RELIEF GRATINGS 
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This chapter consists of two sections. In Section 2.1, a rigorous coupled-wave 

method for treating diffraction from arbitrary profile surface-relief gratings in conical 

mountings is detailed. In Section 2.2, an analysis of the convergence of the coupled

wave method is presented. 

2.1 THE COUPLED-WAVE METHOD 

The electromagnetic theory of surface-relief gratings originated in the late 1960's 

with the advent of electronic computers. One motivation for the development of 

rigorous theories was the failure of scalar Fraunhofer diffraction theory to describe 

the polarization dependent energy distribution properties of high spatial frequency 

gratings. Petit [1980] and Maystre [1984] document early developments in the 

electromagnetic theory of gratings. 

Most rigorous grating diffraction models can be classified in one of four 

categories: 1) integral, 2) differential, 3) Waterman (extended boundary/extinction 

theorem), and 4) finite elementlboundary element. Two subsets of the differential 

method are the modal method with modal expansions (MMME) and the modal 

method with Fourier expansions (MMFE). Of these approaches, MMFE formalisms 

are easier to implement and have the flexibility to treat both volume and surface

relief gratings. The most prominent MMFE is the coupled-wave formalism of 
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Moharam and Gaylord [1982, 1983]. The 1982 paper documents a coupled-wave 

method for treating diffraction of s polarized light from surface-relief gratings of 

arbitrary profile. The 1983 paper details a coupled-wave method for treating 

diffraction of linear polarized light from volume gratings for conical incidence 

geometries (grating vector not contained in the plane of incidence). 

This section details a coupled-wave method (CWM) for treating diffraction from 

arbitrary profile surface-relief gratings for conical incidence geometries and 

elliptically polarized incident beams. This model is based on the theory of Moharam 

and Gaylord [1983]. This theory has been extended to treat arbitrary profile surface

relief gratings using the profile approximation method of Moharam and Gaylord 

[1982]. Additionally, the capability for treating elliptically polarized incident beams 

and analyzing elliptically polarized diffracted beams has been added. In Subsection 

2.1.1, the grating geometry and basic definitions are detailed. The coupled-wave 

method is presented in Subsection 2.1.2. Finally, in Subsection 2.1.3, extensions for 

treating arbitrary profile gratings are discussed. 

2.1.1 GRATING GEOMETRY AND BASIC DEFINITIONS 

The diffraction geometry for the coupled-wave method is shown in Figure 2-1a. 

In this figure, an elliptically polarized plane wave is incident on a lamellar grating 

with polar angle e i (-900~ej~900) and azimuthal angle <I>j (-90o~<I>j~900). OJ is positive 

(negative) for k~·g positive (negative). Similarly, <I> is positive (negative) for ~':9 

positive (negative). The period (A), depth (d), and step width (a) of the grating are 
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labeled in the figure. For simplicity, only the zeroth reflected order is shown. The 

refractive index of the input region (Region 1) is nH the refractive index of the media 

composing the grating are Ilgl and ns2, the refractive index ofthe substrate (external) 

region (Region 2) is ~, and the vacuum wavelength of the incident plane wave is A. 

Detail of the grating region is shown in Fig. 2-1b. In the grating region, areas of 

width a have refractive index ~, while areas of width (A-a) have refractive index 

ng1• The duty cycle (D) of the grating is defmed to be alA. 

The plane of incidence is defined by the incident propagation vector 

component of the incident plane wave is perpendicular to the plane of incidence and 

has unit vector 

(2.1) 

The p polarization component of the incident plane wave lies in the plane of 

incidence and has unit vector 

§xi<.t 
tJ= I§xk""".tl . 

The electric field vector of the incident plane wave has the form 

E1=§Asexp [i (k""".t·x-CJ> t-cf>s) ] +tJApexp [i (k~'x-CJ> t-$p) ] • 

(2.2) 

(2.3) 

In this equation, As (Ap) is the magnitude and $s (4)p) is the phase angle of the 

complex amplitudes 

As=Asexp (-i4>s) 
A~=Apexp (-i<l»p) • 

(2.4) 
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Fig. 2-1a. Grating and incidence geometry for the 
CWM. 
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The state of polarization of the incident plane wave and the diffracted orders is 

described using the polarization angles <X and 0 ofBom and Wolf [1980]. The angle 

<X is defined to be, 

a=tan-1
( ~;) , (2.5) 

with 00::;;a.s;90°. The angle 0 is the difference between the absolute phases of the s 

and p polarization components, 

(2.6) 

with -180°<0::;;180°. In this dissertation, <Xj and OJ refer to the incident beam, while 

<X1•n and 01.n refer to the nth reflected diffracted order. Similarly, <X:!.n and 02.n refer 

to the nth transmitted diffracted order. 
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Fig. 2-1b. Detail of the grating region. 

The relative permittivity in the grating region is defined as 

e (x) = e (x) =n 2 (x) , 
r e 

o 
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(2.7) 

where e is the absolute permittivity, eo is the free-space permittivity, and n is the 

refractive index. The relative permittivity in the grating region for a lamellar 

grating is plotted in Fig. 2-2. This permittivity profile can be represented 

algebraically as 

(2.8) 

<_a_> 

x
1 

x
2 A 

> x 

Fig. 2-2. Lamellar permittivity profile in 
the grating region. 
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In (2.8), eg1=n;1, eg2=n;2' a is the width of medium 2 in the grating region, and!l 

is the profile shift with respect to the origin. The periodic function ex (x) can be 

expanded in a Fourier series as 

ex (x) = E ~lexp (i1Kx) . 
1 .. -01 

In (2.9), K is the magnitude of the grating vector, 

- 21t K=T1C=K1C, 

and the Fourier expansion coefficient ~ 1 is 

A 

(2.9) 

(2.10) 

~1= lfer (x) exp (-i1Kx) dx. (2.11) 
a 

For the lamellar grating permittivity distribution of (2.8), (2.11) gives 

~1= [€gl+ (eg2-egJ D] 8 (1) +[exp( -i 21t,ifl.) sin ~~lD) ]8 (l-m) , m=l, 2, . 

(2.12) 

The polarization unit vector for the incident plane wave is 

a = [cosajcos9jCos(J)i-sinaisincl>jexp (-i8 j )] 1C 
+ [cosajcosSjsin0i+sinaicos<Pjexp (-i8j )] Y . 

+ [cosajsin9j ] :2 
(2.13) 

When ~=00(900) and OJ=O°, the incident plane wave is p (s) polarized. When ~=45° 

and OJ=+ (-) 90°, the beam is right (left) circularly polarized. 

2.1.2 CWM FORMULATION (LAMELLAR PROFILE) 

As with any rigorous grating diffraction model, two basic tasks must be 

performed in the CWM: 1) a general solution for the electric and magnetic fields in 

the grating region must be generated based on the grating structure, and 2) a 

particular solution for these fields must be obtained by matching boundary 
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conditions at the upper and lower boundaries of the grating region. 

The general solution for the electric and magnetic fields in the grating region is 

a sum of spatial harmonics. These fields have the form 
co 

Eg=:E [Sxn (Z)g+Syn (z)9+szn (z) z] exp(ion·.fj (2.14) 
n=-c:a 

and 

(2.15) 

where 

(2.16) 

In these equations, the exp (-iCJ> t) time dependence has been suppressed. 

According to the Floquet Theorem [Magnus and Winkler 1966], the allowed spatial 

harmonics in the grating region have x component wavevectors of the form 

-oo.s:n.s:oo , (2.17) 

where n is an integer. Using Snell's law, (2.17) can be written 

kxn=k1sin9icos«»i-nK, (2.18) 

where k1 =21tn11 J... Because the grating vector has no component in the y direction, 

(2.19) 

The wavevector components' tangential to the boundaries between Regions 1 and 2 

and the grating region are continuous across the boundaries. Thus, k xn and ky from 

(2.18) and (2.19) are valid in all three regions. The nth spatial harmonic in Regions 

1 and 2 is referred to as the nth diffracted order. Since the propagation vector 

magnitudes in Regions 1 and 2 must be k1 =21tn11 J.. and k2 :::21tn21 J.., the z 

components of the propagation vectors in those regions are determined by 

k =Jk1
2 _k 2 _k2 1 =1 2 (2.20) zln xn y, , . 

In (2.20), for real n1 and n2 , k z1n (kz2n ) is negative (positive) real for propagating 
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waves and negative (positive) imaginary for evanescent waves. Thus, the 

propagation vectors of the diffracted orders in Regions 1 and 2 are given by 

~n=kxr!'+kysr+kzln£' 1=1,2. (2.21) 

Using (2.21), the total electric fields in Regions 1 and 2 can be written 
... 

El =uexp (i~'x) + E R:exp (ik~n'x) (2.22) 
n:r-co 

... 
E;= E Tnexp [iISn' (x-a)] , (2.23) 

n=-CID 

where R: and Tn are the complex amplitudes of the nth reflected and transmitted 

diffracted orders. In these expressions, the exp(-irot) time dependence has been 

suppressed and the grating depth vector a is positive in the positive z direction. 

The magnetic fields in Regions 1 and 2 are obtained using Maxwell's third equation: 

-+ -i t"'J -+ 
H=--vxE. (2.24) 

Cal I-Lo 

Using (2.18)-(2.20), the polar angle of diffraction for the nth order in the lth 

region is given by 

_Ik~+k; 
tan91n - k . 

zln 
(2.25) 

The azimuthal diffraction angle for the nth order is given by 

tan{9n= :y . (2.26) 
xn 

These angles follow the same sign convention as Gj and <I>j. Thus, a negative 

(positive) reflected diffracted order has -( +) I G1•m I while a negative (positive) 

transmitted diffracted order has +( -) I 8 2•m I . 

Substitution of (2.14) and (2.15) into the third and fourth Maxwell's equations, 

(2.27) 
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(2.28) 

gives an infInite set of coupled differential equations. These equations have the form 

d:;=i kUy•n- kk
n 
t. iij [Ux.n_jk,y-Uy.n_jkx.n_jl] 

dSyn _. -k - k 1y r /I [ k - k ] ] dz -~ Ux,n k ~"" j Ux,n-j ly Uy,n_j x,n-j 

d:;=_i[_ kk
n 

[k,,Px.n-kx.nSy.n1 +kt. ~jSY.n_j] 
(2.29) 

dUyn _ • [- kly" [k -k ] k' f. ~ ] dz - ~ k x,nSy,n lyBx,n + ~ .. f:;jSx,n-J 

In the generation of these coupled-wave equations, it is necessary to introduce a 

series expansion for the inverse permittivity [Moharam and Gaylord 1983], 

(2.30) 

with 

A 

tIl= ~[(ertX) )exp(-ilKX)dx. (2.31) 

Note that since e r (x) is discontinuous (see Fig. 2.2), the function must be inverted 

piecewise. After this inversion, l/er (x) also has the form of a rect function. 

Eq. (2.29) can be rewritten as 

dS ..... 
-=AS. 
dz 

(2.32) 

In practice, this system of equations is truncated, giving a system of 4N fIrst order 

coupled differential equations (N is the total number (odd) of spatial harmonics 

retained in the analysis). In (2.32), .A is a 4N by 4N matrix and § has the form 
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(2.33) 

where N'= (N-l) /2. 

In the generation of A for this truncated system of equations, submatrices M and 

j within A are encountered. These submatrices have elements 

Mi,j=~i-j 

and 

J i , j=ai _j , 

where -N's.i, jS.N'. Using (2.11), (2.31), and 
co 

it can be shown that 

.. - (M)" -1 J- . 

(2.34) 

(2.35) 

(2.36) 

(2.37) 

in the limit ofN~co. It is more consistent to use (2.37) to compute the elements ofj 

than (2.31) due to the truncation of (2.9) when the method is numerically 

implemented. 

The form of (2.32) suggests the use of a trial solution of the form 

s=wexp (i..z) , 

where W is an eigenvector given by 

Wn 

W= Wn+N , -N'<n<N'. 
Wn+2N 

Wn+3N 

Substitution of (2.38) into (2.32) gives the characteristic equation 

IA-i..fl=o. 

(2.38) 

(2.39) 

(2.40) 
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The roots of this equation are the m eigenvalues Am' Substitution of the solution 

form for the mth eigenvalue (s:n=wmexpAmz) into (2.32) gives a 4N by 4N system of 

linear equations, which can be solved for the mth eigenvector Wm. In practice, the 

eigenvalues and eigenvectors of A are generated using standard library routines. 

The general solution of (2.32) is a linear combination of the individual solutions for 

the m eigenvalues: 

4N 

Sxn(z) =E cmrvn,mexp (AmZ) 
111='1 
4N 

Syn (Z) =E CmW(n+N) ,mexp (AmZ) 
111='1 
4N 

Uxn (Z) = E CmW(n+2N) ,mexp (AmZ) 
111='1 
4N 

Uyn(Z) =E CmW(n+3N),mexp (AmZ) 
111='1 

(2.41) 

where l~n~N, Am is the mth eigenvalue, and wj,m (j=1,2" .. 4N) is the 

associated eigenvector. 

The complex amplitude coefficients for the diffracted orders and the unknown 

expansion coefficients Cm are determined by matching boundary conditions at z=O 

and z=d. This gives 8N equations in ION unknowns. The final 2N equations are 

generated from the transverse nature of the fields, 

k-:n 'R-: = 0 
k;n'Tn=O, 

The linear system of ION equations can then be written as 

where 

(2.42) 

(2.43) 



em 
Rxn 

Ryn 

x= Rzn , wheIe 1~m~4N, -N/~n~N'. 
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Tyn 
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(2.44) 

The matrix jj in (2.43) has dimension ION by ION, and xis a column vector of ION 

elements. The complex reflection and transmission coefficients (the final 6N 

elements in x) can be obtained by solving (2.43) using standard linear systems 

routines. 

For some grating geometries, N must be very large to assure convergence of the 

amplitude coefficients. Thus, jj becomes very large. To reduce the execution time 

and conserve memory, (2.32) can be reduced to a 4N by 4N system of equations for 

the em coefficients. This is done by eliminating the reflection and transmission 

coefficients from the first 4N equations in (2.43). Mter the 4N by 4N system of 

equations is solved to give the em coefficients, back-substitution gives the reflection 

and transmission coefficients. 

Mter obtaining (2.44), the reflection and transmission coefficients must be 

converted to the output parameters of interest: diffraction efficiencies and 

polarization angles. The totqj diffraction efficiencies for the nth transmitted and 

reflected orders are calculated by taking the ratio of the z component of the Poynting 

vectors for the diffracted order and the incident wave: 



35 

(2.45) 

n - RJ k2zn )If 12 
'12,n- ~~ kjCOS9j n' 

(2.46) 

The polarization state of a diffracted order is described in terms of the sand p 

polarization components defined for that order: 

§ _ ~,nxfi 
l,n I~,nxfil 

and 

fJ §l,nX~,n 
l,n= I§l,nx~,nl' 

(2.47) 

(2.48) 

where 1 =1 , 2. Thus, the s and p components of the diffracted amplitudes are 

(2.49) 

These complex amplitudes express the field vectors of the diffracted orders in the 

form of (2.4). Thus, <x1,o, 01,0' ~,o, and ~,o can be calculated using (2.5) and (2.6). 

The sand p polarization component diffraction efficiencies for the reflected orders 

are given by 

(2.50) 

" = -RJ k 1zn )1# 12 lp,n ... ~ k
j
cos9

j 
:pn' 

(2.51) 

Expressions similar to (2.46) give the s and p efficiencies for the transmitted orders. 

This subsection concludes with two notes about the implementation of the 

coupled-wave method. First, when the equations given on the previous pages are 

implemented, the user obtains a model for calculating the polarization state of orders 
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diffracted by one particular grating (the grating corresponding to the input 

parameters). A driving routine must be built around this basic module to allow for 

rapid optimization of grating designs. In implementing this routine, it is important 

to realize that the eigenvalue problem is independent of the grating depth and the 

incident polarization angles. Thus, it is not necessary to recompute the eigenvalues 

with each loop through the program if d, <Xj, or OJ is being varied. This can give a 

great savings in execution time. 

Finally, the condition of if can be improved by setting the origin ofthe coordinate 

system at the center of the grating region. For this configuration, the boundaries 

between Regions 1 and 2 and the grating region occur at depths of ±d/2. This 

significantly reduces the magnitude of the outlying elements in if for large N. 

2.1.3 CWM FORMULATION (ARBITRARY GRATING PROFILE) 

Arbitrary profile gratings (Fig. 2-3) are treated with the CWM by approximating 

the continuous grating profile with discrete steps (Fig. 2-4). In each slab of the 

approximated grating, the permittivity profile is lamellar. Solving the eigenvalue 

Fig. 2-3 Arbitrary profile grating. 
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problem in each lamellar slab follows the development of Subsection 2.1.2. In each 

slab, solutions of the form of (2.41) are obtained: 
4N 

Sx,l,n (Z) =E Cl.mWl,n,mexp (l1·l.mZ) 
mal 
4N 

Sy,l,n (Z) =L C1,mWl, (n+Nl ,mexp (A1,m Z ) 
m .. l 
4N 

Ux.1,n (Z) =L C1,mWl, (n+2Nl,mexp (A1,m Z ) 
m=l 
4N 

Uy,l,n (Z) =L C1,mWl, (n+3Nl,mexP (A1,m Z ) 
m=l 

,1=1,2, ... / L, (2.52) 

where 1 is the slab index and L is the total number of approximating slabs. The 

tangential components of the electric and magnetic fields are then matched at the 

boundaries between the slabs to determine the complex amplitude coefficients for the 

diffracted orders (R: and fm) and the expansion coefficients in (2.52) (C1 •m). This 

gives 4N(L+1) equations in 4N(L+1)-2N unknowns. As in the single slab method of 

Subsection 2.1.2, the final 2N equations are generated from the transverse nature 

of the fields (2.42). The linear system of equations can be written in the form of 

(2.43), 

0+-. b-Hx= , (2.53) 

where 



Fig. 2-4. 5 step approximation to the 
arbitrary profIle grating of Fig. 2-3. 

C1,m 

Rxn 

Ryn 1=1, L 

x= R zn -N's.ns.N'. 

Txn m=1,4N 

Tyn 

Tzn 

38 

(2.54) 

The complex reflection and transmission coefficients are then generated by 

solving (2.53) using a standard linear systems routine, and the solution proceeds as 

in Subsection 2.1.2. 

2.2 CONVERGENCE OF THE COUPLED-WAVE METHOD (CWM) 

After the development of the CWM, its predictions were compared to the 

predictions of a modal differential method for lamellar gratings (MM) developed by 

L. Li [1992a]. For certain grating geometries, the output parameters of the two 

models differed. Mter exploring the convergence of both methods, the differences 

were attributed to incomplete convergence of the CWM. Figs. 2-5a-c demonstrate 

this incomplete convergence for a metallic lamellar grating discussed by Moharam 
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and Gaylord [1986]. The grating geometry and incidence parameters are 0 i=30°, 

<l>i=Oo, A.=1.0 pm, A=1.0 pm, d=1.0 pm, and D=0.5. The incident medium is air 

(n1=1.0), and the substrate is gold (n2=0.22 + i6.71). Fig. 2-5a is a plot of the Oth and 

1st reflected order diffraction efficiencies as a function of the truncation order N for 

s polarization incident on this grating. (N is the number of spatial harmonics used 

in the field expansions in the grating region for the CWM. For the MM, N is the 

number of modal fields retained in the analysis.) Note that while the CWM results 

converge to the MM predictions for both orders, the results deviate substantially for 

small N. This deviation is much more pronounced for p polarization, as can be seen 

in Fig. 2-5b (Th.l versus N) and Fig. 2-5c (Th.o versus N). In these figures, the MM 

results converge rapidly. However, significantly more than 100 spatial harmonics 

must be retained in the CWM to obtain a relative error between the methods ofless 

than 1%. Because the CWM results converged toward the MM results in all cases 

tested and because the MM converges convincingly, the MM results are assumed to 

be the correct values. The poor convergence of the CWM for metallic gratings casts 

doubt on the results of Moharam and Gaylord [1986], because at their truncation 

order (N=65), the relative errors in the first and zeroth order diffraction efficiencies 

calculated with the CWM are 85% and 14%, respectively. 

Figs. 2-5d and 2-5e are similar plots for a dielectric grating. This grating has the 

same geometry and incidence parameters as the grating used for Figs. 2-5a-c, except 

n2=1.5. In this case, the MM results are not shown because ofthe nearly immediate 

convergence. Note that for s polarization (Fig. 2-5d), the efficiencies for both the 

zeroth and first diffracted orders converge rapidly. For p polarization (Fig. 2-5e) the 
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Oth and 1st transmitted order efficiencies converge slightly slower than in Fig. 2-5d. 

From Figs. 2-5a-e, two conditions for slow convergence ofthe CWM can be identified: 

p polarized incident beams and metallic gratings. Note that the slowest convergence 

occurs for metallic gratings illuminated with a p polarized plane wave. 

Little has been written about the convergence and experimental validation of the 

CWM for surface-relief gratings. Yamakita and Rokushima [1984] commented on 

slow convergence of the CWM as compared to their modal model for treating 

lamellar dielectric gratings. Moharam and Gaylord [1982] obtained good agreement 

with other rigorous methods for treating diffraction from dielectric surface-relief 

gratings for s polarization. Experimental verification for metallic gratings at optical 

frequencies has been limited to s polarization [Schimert and Magnusson 1990]. 
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Because the observed poor convergence cast doubt on the usefulness of the CWM for 

metallic gratings, and because no comprehensive analysis of the convergence of the 

CWM appears in the literature, this analysis was undertaken in collaboration with 

L. Li [Li and Haggans 1992a, 1992b]. In Subsection 2.2.1, the differences between 

the MM and the CWM are summarized. In Subsection 2.2.2, the use of Fourier 

series expansions in the CWM is presented as being the cause of the slow 

convergence of the method. 

2.2.1 CWM-MM COMPARISON 

The CWM and the MM are both modal differential methods for treating 

diffraction from surface-relief gratings. In this subsection, we consider only the case 
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of conventional incidence (<I>j=OO) on a lamellar profile grating for s and p polarized 

plane waves. For s polarization, the wave equation for the electric field is 

()2Ey (X,z) ()2Ey (X,z) ,2 () ( ) 
---=<-~--+ +i{oer X Ey x, z =0. 

ax2 az2 
(2.55) 

In the MM, the electric field in the grating region is expanded in a series of modes, 
CD 

Ey(X, z) =E Em (X, z) • (2.56) 
m-O 

where each of the modes, Em (x, z) , individually satisfies (2.55). Next, a separation 

of variables technique is used, with 

Em (X, z) =Am fm(x) gm(z) • (2.57) 

Substituting (2.56) and (2.57) into (2.55) gives a separable differential equation for 

each mode. The dependence of the mth modal field on the z component satisfies the 

differential equation 
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The field dependence on z thus has the form 

gm (z) =Bmexp (iIlZlllZ) • 

The field dependence on x satisfies the differential equation 

43 

(2.59) 

d 2 f (x) 
M + [k 2e (x) -112 ZIJl f m (x) =0 • (2.60) 

dx2 

The MM is one of a class of methods [Collin 1956, Botten et al. 1981a-c, 

Surrateau et al. 1983] where (2.60) is solved without Fourier series expansion of the 

lamellar permittivity function e (x) or the modal fields fm (x) . We term any of this 

class of methods to be a modal method with modal expansions (MMME). For an 

MMME, solutions for (2.60) are generated in the areas of the grating with 

and g2=nsl. The general solution for the x dependence of the field in the grating 

region is obtained by matching the solutions in the two areas across the boundaries 
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at x=a and x=A. Satisfying the boundary conditions and a pseudo-periodicity 

condition (f (x+d) =f (x) exp (kxd) ) gives rise to a trancendental equation [Li 

1992a]. The roots of this equation are the wavevectors Ilzm. The solution then 

proceeds by satisfying the boundary conditions at z=O and z=d. 

In the CWM, the electric field Ey (x, z) and permittivity er (x) in (2.55) are 

expanded in Fourier series. The field expansion is given by 
.. 

(2.61) 
,n--ea 

The series expansicn for the permittivity is given by (2.9). When these expansions 

are substituted into (2.55), a set of coupled differential equations for the Sn (z) 

expansion coefficients is obtained. Solution of these equations gives the z component 
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wavevectors llzm (-jAm in (2.38» and the general form of the Sn (z) coefficients: 

Sn (z) =E cmwlllIlexp (ip.zmz ) • (2.62) 
m 

The field dependence in the z direction for the mth mode is thus 

gm (z) =Cmexp (ip.zmz) • (2.63) 

This approach has been used by several authors, including Burckhardt [1966] and 

Knop [1978]. We term i~ a modal method by Fourier expansion (MMFE). The 

solution then proceeds as in Subsection 2.1.2. 

For the case of p polarization, the magnetic field is directed in the y direction. 

The wave equation is 

( ) a ( 1 aHy ) CP Hy k 2 () _ 
E:r X -a () a + 2 + oer x Hy-O. 

'X E:r X 'X az 
(2.64) 

In the MM, a separation of variables technique is again used, obtaining (2.59) and 

a more complicated analogue to (2.60). Once again, the z component wavevectors 

J.Lzm are obtained by the solution of a trancendental equation. In the CWM, the 

magnetic field is expanded as 
.. 

(2.65) 
D-.... 

and E:r (x) and 1/ E:r (x) are expanded as in (2.9) and (2.30). The solution proceeds 

as above, giving the z component of the wavevector J.Lzm. 

Equations (2.59) and (2.63) are identical. Thus, mathematically the MMME and 

MMFE are equivalent in that they arrive at the same values of I1zm for N--)oo. 

However, in practice, the series expansions in (2.9), (2.61), and (2.65) are truncated. 

This truncation limits the accuracy of the CWM in the determination of thel1zm 

values and is the topic of the next subsection. 
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2.2.2 ORIGIN OF CWM CONVERGENCE DIFFICULTIES: 

FOURIER SERIES EXPANSIONS 

The slow convergence of the CWM (and the MMFE in general) is due to the use 

of Fourier series expansions for expressing the permittivity and fields in the grating 

region. The use of a truncated series expansion to express the permittivity changes 

the physical problem that is being solved. This is shown in Figs. 2-6a-c, where a 

lamellar permittivity profile for a grating at an air-glass interface and the series 

approximations to this profile using (2.9) with :1:10 and :1:25 terms are plotted. Note 

that deviation from the lamellar profile of Fig. 2-6a occurs even for N'=25 (Fig. 2-6c) 

due to the Gibbs phenomenon [Harvey 1981]. Since the MMME uses the 

permittivity profile of Fig. 2-6a, the z component wavevectors .... lDIl obtained with the 

MMFE will differ from those generated with the MMME. This difference will slowly 

decrease as N increases according to the asymptotic form of the expansion 

coefficients of (2.12): 

(2.66) 

Use of a Fourier series expansion for the fields in the grating region also causes 

convergence difficulties. The origin of the convergence difference for sand p 

polarizations can be seen by analyzing the series expansion of the fields for 

these cases. As shown in Appendix A, the asymptotic form of the Fourier coefficients Un ( z) 

for p polarization is 
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U =o(.l:...). n n 2 
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(2.67) 

(The wave equation for the magnetic field is solved in the case of p polarization 

(2.64), so the convergence of the Un (z) coefficients determines the convergence of 

the solution.) The asymptotic form for the 8 n (z) Fourier coefficients for s 

polarization is 

8 =o(.l:...). n n 3 
(2.68) 

(For s polarization, the convergence ofthe expansion coefficients for the electric field 

determines the convergence of the solution.) These two equations show that the 

expansion coefficients for the fields in the CWM converge faster for s polarization 

than for p polarization. The logarithmic convergence rates of (2.66)-(2.68) are 
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responsible for the slow convergence of the CWM. 

The slowest convergence case for the CWM must still be addressed: metallic 

gratings illuminated with p polarized plane waves. For s polarization, both the 

electric field and its derivative are continuous at the discontinuities of e (x) . Thus, 

we expect the electric field to be well approximated by a series expansion because 

of the "smooth" nature of the field at the permittivity discontinuity. However, for 

p polarization, the magnetic field is continuous at the discontinuity in e (x) , but its 

derivative is discontinuous: 

[! ~L=[! ~L· (2.69) 

(In this relation, the + and - signify the limiting value on either side of the 

discontinuity.) Thus, we would anticipate that more terms would be required in the 

Fourier series expansion to approximate the field in the p polarization case. 

The series approximation of Hy is even more difficult when eg2 is metallic. To 

demonstrate this, let e+=eg1 and e_=eg2 be real (dielectric media). In this case, the 

permittivity of the magnetic field is discontinuous across the boundary, but the 

discontinuity is small, because eg1 and eg2 are both positive. However, fore+ =eg1 

real (dielectric) and e_=eg2 complex (metallic), Re (eJ is positive but Re (e_) is 

negative. This give rise to a large discontinuity of the derivative of the magnetic 

field at the boundary. Thus, more higher order Fourier coefficients are required to 

obtain a good approximation of the field than in the case of the dielectric grating. 

Thus, the CWM for p polarization converges faster for dielectric gratings than for 

metallic gratings. 
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The z component of the wavevectors in the grating region (JIzm) obtained with the 

CWM converge to the values given by the MM as N increases. The convergence 

behavior of the wavevectors mirrors that of the diffraction efficiencies shown in 

Figures 2-5a-e. Because the z component wavevectors are not determined accurately 

for small values of N, the modal fields in the grating region are not correct. Thus, 

the slow convergence of the eigenvalues causes the slow convergence of the 

efficiencies observed in Figs. 2-5a-c. This behavior is fully documented elsewhere [Li 

and Haggans 1992a, 1992b]. For brevity, those results are not repeated here. 

In conclusion, although the CWM is easy to implement and is flexible for treating 

non-lamellar permittivity profiles, it must be used with caution for surface-relief 

gratings. A convergence test must be run for each grating case to ensure accurate 

results, especially for p polarization and metallic gratings. 



CHAPTER 3 

POLARIZATION PROPERTIES AND EFFICIENCIES 

OF ZEROTH ORDER LAMELLAR GRATINGS 
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In this chapter, the basic properties of zeroth order gratings are characterized. 

To simplify this process, all zeroth order gratings are first organized into three 

classes based on the composition ofthe incident, grating, and substrate media. This 

classification and basic definitions are discussed in Section 3.1. In Section 3.2, a 

grating from each class is analyzed extensively using the CWM and the MM. 

3.1 INTRODUCTION TO ZEROTH-ORDER LAMELLAR GRATINGS 

A grating has no more than two propagating diffracted orders if the grating 

period (A), incident wavelength (A,), azimuthal angle of incidence (<I>j), and polar angle 

of incidence (ej~OO) satisfy 

A<min[ CO!(9j( 1lo!+~~in®i)' CO!ib i ( n1 (1+!in9i ) )], (3.1) 

assuming n 1 and 1lo! real. Gratings that satisfy these relations are called zeroth 

order gratings. 

Zeroth order gratings can be organized into three classes based on the 

composition of the incident (n1), grating (nS1 and llg2)' and substrate (n2) media. 

These three classes are: 

1) gratings for which nu llgl' ng2' and n2 are real (dielectric media) and 
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2) gratings for which nl and 11g1 are real, ng2 is complex (a metallic 

medium), and ~ is either real or complex, and 

3) gratings for which nl , ngt, ng2' and ~ are real, nt>n2, and 9>9crilicnJ' 

The diffraction geometries for these three classes are shown in Figs. 3-1 through 3-3. 

(Detail of the incidence geometry and grating region is given in Figs. 2-1 and 2-2). 

3.2 ANALYSIS OF ZEROTH ORDER LAMELLAR GRATINGS 

In this section, the polarization and energy distribution properties of the three 

grating classes are analyzed using the CWM and the MM [Li 1992a]. To simplify 

this analysis, only lamellar profile gratings are considered. However, the basic 

properties observed in this section can be generalized to arbitrary profile gratings. 

Twelve independent parameters fully describe the grating diffraction problem for 

lamellar profile gratings: 1) grating depth (d), 2) period (A), 3) duty cycle (D), 4) 

input refractive index (nt), 5) refractive index of area 1 in the grating region (ngt), 

6) refractive index of area 2 in the grating region (~), 7) substrate (external) 

refractive index (~), 8) polar angle of incidence (9), 9) azimuthal angle of incidence 

«1», 10) vacuum wavelength of the incident wave (A.), 11) incident polarization 

amplitude ratio angle (ai), and 12) incident polarization phase difference angle OJ. 

Of these parameters, seven are normally detennined by the configuration in which 

the grating is to be used (OJ' A., A, OJ' aj, and nt=ngt). The impact of the remaining 

five parameters (<I>j, D, d, ng2, and ~) on the polarization properties of the three 

classes of zeroth order gratings are investigated in Subsections 3.2.1-3.2.3. For 

simplicity, in most of these analyses, llg2 and ~ are assumed to be equal. 



Fig. 3-1. Dielectric-dielectric 
grating (n1<n2). 

Fig. 3-2. 
grating. 

Dielectric-metallic 

Fig. 3-3. Dielectric-dielectric 
grating (n1>n2 and 8>8c)' 
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3.2.1 DIELECTRIC-DIELECTRIC ZEROTH ORDER GRATINGS (n1<n2) 

The first grating class to be considered has dielectric input and substrate regions 

(Fig. 3-1). In this case, the majority of the incident beam is transmitted. For most 

applications, 9 j=0° for elements used in this configuration (as shown in the figure). 

Previous workers have concentrated on minimizing the reflectivity (Th,o) [Ono et al. 

1987, Gaylord et al. 1986, Enger and Case 1983] or maximizing the phase difference 

introduced upon transmission (~o) [Enger and Case 1983, Cescato et al. 1990] for , 

elements of this type by optimizing the grating profile and grating depth. 

An example of this zeroth order grating type is a grating formed at the interface 

between air and glass (n1=1\1=1.0, n2=ng2=1.5). For this example, the grating and 

3.2.1.1 PROPERTIES AS A FUNCTION OF GRATING DEPTH (d) 

Fig. 3-4a is a plot of the zeroth transmitted order phase difference (~,o) for the 

grating detailed above as a function of d. In this plot, I °2,0 I increases nearly 

linearly with d. This is expected behavior because a zeroth order grating exhibits 

birefringence analogous to a uniaxial anisotropic film [Cescato 1990]. Thus, 

increasing the thickness of the grating linearly increases the introduced phase 

difference. Fig. 3-4b is a plot of 112,0 versus d for the same grating and incidence 

parameters. At d=0.175 }lm, the zeroth transmitted order efficiency (112,0) is ::::0.9975, 

where for an unmodulated surface (d=O), 112,0=0.96. Thus, this figure demonstrates 

the previously documented antireflective behavior of zeroth order surface-relief 

gratings [Enger and Case 1983, Gaylord et al. 1986, Ono et al. 1987]. Also, a 
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decaying oscillation of the transmitted diffraction efficiency as a function of the 

grating depth is observed in this figure. This oscillation in 112.0 is due to the 

periodicity of the field structure in the grating region as a function of grating depth 

[Popov et al. 1990]. This periodicity gives rise to an oscillatory behavior in 112.0 and 

111.0 with respect to d. The weak oscillatory behavior of Fig. 3-4a shares the 

periodicity of Fig. 3-4b. 

Fig. 3-4c is a plot of ~.o over this same range of depths. This figure shows that 

~.o also exhibits oscillatory behavior. The oscillation of the polarization ratio angle 

~.o as a function of d is due to variation of the transmittances (efficiencies) of the 

two orthogonal polarizations. Once again, these transmittances vary due to the 

resonant nature of the fields in the grating grooves. The impact of the field 

structure in the grating region on the far field properties of diffracted beams has 

been documented by Popov et al. [1990]. 

For the grating discussed in the previous paragraphs, 1\2 was equal to n2• 

This is the case for a dielectric grating etched into a substrate. In the case of a 

photoresist grating, ng2;cn2• An example of a photoresist grating is a grating with all 

the parameters of Fig. 3-4a except with ng2=1.64. Fig. 3-4d is a plot of ~.o versus d. 

Comparing this figure with Fig. 3-4a, we see that the slope of ~.o as a function of d 

has increased with the increase of~ from 1.5 to 1.64. This agrees with the findings 

of Cescato et al. [1990] for sinusoidal photoresist gratings. The shapes of the 112.0 

versus d and <X..!.O versus d curves are very similar to the curves of Figs. 3-4b and 3-

4c. However, the maximum value of 112.0 is reduced to ""0.992, as opposed to 0.9975 

for ng2=n2• 
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3.2.1.2 PROPERTIES AS A FUNCTION OF DUTY CYCLE (D) 

Fig. 3-4e is a plot of ~,o as a function of D for d=0.5 pm. Note that the phase 

difference introduced to the zeroth transmitted order is asymmetric with respect to 

D=0.5 (equal areas of glass and air in the grating region). For this grating, the 

maximum value of ~,o occurs for D=OA5. This asymmetry is more evident in Fig. 

3-4f, which is a plot Of1h,0 versus D. This figure shows that maximum 112,0 occurs at 

D=OA. Note that 112,0 returns to the value for an unmodulated interface (0.96) for 

D=O (the grating region composed totally of air) and for D=l (the grating region 

totally composed of glass). Fig. 3-4g is a plot of <X:a,o versus D for the same grating. 

This plot shows that the s polarized light is preferentially transmitted for D<0.4 

because <X:a,0>45°. Similarly, p polarized light is preferentially transmitted for D>OA 

<X:a,0<45°. This preferential transmission as a function of D is another indication of 

resonance behavior in the grating region. 

3.2.1.3 PROPERTIES AS A FUNCTION OF SUBSTRATE 

REFRACTIVE INDEX (n2=ng2) 

()2,0 and 112,0 are plotted as a function of the substrate refractive index (~=~) for 

D=0.5 and d=0.5 in Figs. 3-4h and 3-4i. Note that as ~ increases, the phase 

introduced to the transmitted beam increases (Fig. 3-4h). However, the efficiency 

of the transmitted order decreases with increasing ~ due to increased Fresnel 

reflection losses (Fig. 3-4i). The increase of ~,o with increasing ng2 was reported by 

Cescato et aZ. [1990]. However, they neglected to discuss the corresponding decrease 

in 112,0' which limits the practical application of this approach for achieving larger 

phase differences. 
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3.2.1.4 SUMMARY OF PROPERTIES 

Zeroth order dielectric gratings with n1<n2 have been shown to reduce the 

reflection coefficient at an interface and to introduce a phase difference to the 

transmitted beam. In practice, the maximum value of O:z,o which can be obtained 

with a single grating is limited by the grating depth. (Gratings with depths of more 

than twice the grating period are exceedingly difficult to fabricate). Thus, the 

maximum phase difference achievable with the grating of Fig. 3-4d is only :::::-400 (at 

a depth of 2A=0.6 pm). Gratings with larger values of O:z,o have been fabricated by 

increasing A above the zeroth order grating limit of (3.1). However, it was still 

necessary to cascade t.wo gratings to obtain 0:z,0=-90° (a quarter-wave plate) [Cescato 

et al. 1990]. Finally, it must be emphasized that increasing ~ does increase O:z,o' but 

at the expense of reducing the Oth transmitted order efficiency (Th,o)' 

3.2.2 METALLIC ZEROTH ORDER GRATINGS 

For the second class of zeroth order gratings, n1 is real (dielectric), ng2 is complex 

(metallic), and n2 is either real or complex (Fig 3-2). Gratings with real n2 act as 

wire-grid polarizers [Hecht 1987]. Since the properties of these elements are well 

documented, these gratings are not considered in this section. Instead, we 

concentrate on the case of complex ~, for which the zeroth transmitted order does 

not propagate. Gratings of this type have been proposed for use in reflection as 

totally absorbing elements [Gaylord et al. 1987] and as retardation [Kok and 

Gallagher 1988, Naqvi and Gallagher 1990, Haggans et al. 1992b] and polarization 

conversion elements [Haggans et al. 1992b]. 
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An example ofthis grating type is a grating at a glass-gold interface (n1=ng1=1.51, 

n2=ng2=0.175+i4.91). The grating and incidence parameters for this example are 

A.=0.780 J.1Dl, A=0.3 J.1Dl, D=0.5, <Xt=45°, OJ=O°, 0 j=45°, and <l>j=O°. 

3.2.2.1 PROPERTIES AS A FUNCTION OF GRATING DEPTH Cd) 

Fig. 3-5a is a plot of °1,0 versus d for the grating detailed above. Note the slow 

change of °1,0 with respect to d for this grating. Also, a discontinuity in °1,0 is visible 

near d=0.22 J.1Dl. Figs. 3-5b and 3-5c are plots of111,o and (X1,O as a function of d for 

the same grating. Note that a resonance occurs at a depth of approximately 0,22 J.1Dl 

for both figures. 
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Fig. 3-4c. Same as Fig. 3-4a except for zeroth transmitted 
order amplitude ratio angle. 
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The behavior at the resonances in Figs. 3-5b and 3-5c is similar to that observed 

when a surface plasmon is excited. For plasmon excitation, the polarization 

component which has a nonzero projection on the grating vector is absorbed [Inagaki 

et al. 1983]. For this grating geometry, <I>j=Oo, so the p polarization component has 

a nonzero projection on the grating vector. Thus, we would expect the p polarization 

component to be absorbed if this resonance is due to a surface plasmon. Fig. 3-5c 

confirms that the p component is absorbed at the resonance because the reflected 

beam is strongly s polarized (alo»45°). The existence of a surface plasmon at , 

d=0.22 }lm was confirmed using the method of Neviere [1980]. 

Fig. 3-5d is a plot of 01,0 versus d for <I>j=90°. This plot shows that 01,0 is strongly 

dependent on d, in contrast to Fig. 3-5a. The plot of TllO versus d in Fig. 3-5e , 

exhibits absorption resonances near d=O.08 J.lffi and d=0.35 }lm. These resonances 
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Fig. 3-5a. Zeroth reflected order phase difference versus 
grating depth for a glass-gold grating. Data generated using 
the MM. 
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are also visible for the plot of <X1,a versus d in Fig. 3-5f. At the locations where the 

<X1,a curve dips, the s polarization component is preferentially absorbed. This is 

consistent with the behavior of Fig. 3-5c in that the polarization component with a 

nonzero projection on the grating vector is absorbed at the resonances. 

3.2.2.2 PROPERTIES AS A FUNCTION OF DUTY CYCLE (D) 

Fig. 3-5g is a plot of 01,0 versus D for the grating of Fig. 3-5a at d=0.21 pm 

(because of the strong oscillatory behavior of 01 a as D-70 and D-71 and the long , 

execution time required for this run with the CWM, the data is plotted in a scatter 

plot format). In this figure, the phase difference is -156.03° for D=O and D=l (the 

value for the unmodulated interface). However, between these values ofD, the 

absolute phase difference changes by 360°. 
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Fig. 3-5f. Same as Fig. 3-5d for the s-p amplitude ratio angle 
of the zeroth reflected order. 
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3.2.2.3 PROPERTIES AS A FUNCTION OF AZIMUTHAL 

ANGLE OF INCIDENCE (<I>j) 
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Zeroth order gratings in conical mountings modify the amplitude ratio angle (ex) 

of the orthogonal polarization components upon reflection [Haggans et al. 1992b, 

Azzam and Bashara 1972a, Bryan-Brown et al. 1990]. In this subsection, we discuss 

the two mechanisms responsible for this modification: selective absorption due to 

the excitation of surface plasmons [Bryan-Brown et al. 1990, Inagaki et al. 1983, 

Inagald 1986, Gupta 1987], and polarization conversion with minimal absorption 

[Haggans et al. 1992c]. 

Fig. 3-6a is a contour plot of the polarization component amplitude ratio angle 

CX l •O versus <I> and d for the glass-gold grating of Fig. 3-5a with D=0.5. The plane 
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wave incident on the grating is linearly polarized «Xj=45°, OJ=OO). In this figure, <Xt,o 

differs significantly from <Xj in two regions: a relatively symmetrical minimum of (XI,O 

centered near <1>=72° and d=O.l pm, and an asymmetrical maximum of (Xl centered 

near <1>=27° and d=O.05 pm. In the following paragraphs, we will demonstrate that 

the minimum of (XI,O is a result of polarization conversion «XI,O:;C(Xj with minimal 

absorption). We show that the second of these regions «XI,0~900) is due to two 

phenomena: a combination of polarization conversion (with a maximum centered 

near <1>=30° and d=0.05 pm) and preferential absorption due to the excitation of a 

surface plasmon (centered at <1>=18° and d=0.02 pm). 

First, we consider the behavior of (XI,O and 'h,o for a mounting where polarization 

conversion does not occur (<I>j=900). Fig. 3-5f is a plot of (XI,O versus d for the grating 

of Fig. 3-5a (with <Xj=45°, OJ=OO). Fig. 3-5e is a plot of zeroth order efficiency for the 

same grating. These figures show that the s polarization component is selectively 

absorbed at the dips in the (XI,O curve of Fig. 3-5f. Thus, rather than polarization 

conversion, selective absorption is the origin of the change of (XI,O as compared to <Xj. 

We now investigate the change of (X upon reflection which occurs for nonzero 

azimuthal angles of incidence. As discussed above, Fig. 3-6a is a contour plot of (Xl ,0 

versus d and <I> (MM results) which exhibits one maximum and one minimum of (Xl ,0' 

Fig. 3-6b is the corresponding contour plot for total reflectivity (Th,o)' Note that the 

first s polarization absorption dip shown in Fig. 3-5e is visible across the top of this 

plot. Also, note that minimal absorption occurs at the point of minimum (XI,O in Fig. 

3-6a (<I>j=72° and d=O.l pm). This indicates that s-)p polarization conversion (as 

opposed to selective absorption) occurs at this point. 
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The second extremum in Fig. 3-6a is more complex due to the absorption 

maximum (at <I>j=15° and d=O.Ol pm in Fig. 3-6b) which occurs near the point of 

maximum <Xl,o' The maximum value of (Xl,O (::::90°) occurs near <I>j=27° and d=0.05 pm 

(see Fig. 3-6a). In order for this maximum to be caused by selective absorption, the 

reflectivity (Tl! 0) at this point would have to drop significantly. Fig. 3-6b shows no 

dip in reflectivity at these values of d and <I>j. Thus, this point of maximum <Xl,o is 

due to s~p polarization conversion, not surface-wave excitation. 

We now analyze the asymmetry of this peak in <Xl,o' Fig. 3-6c is a plot of <Xl,o as 

a function of d at <l>j=18°. The point of maximum <Xl,o occurs at d=0.02 pm. Fig.3-6d 

is a similar plot for total reflectivity. Note that the total reflectivity drops 

significantly at d=0.02. The excitation of a surface plasmon at this point can be 
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0.20 

anticipated due to phase matching relations. As shown in Yariv and Yeh [1984], the 

magnitude of the propagation vector for a surface plasmon at the interface between 

a dielectric (n1) and a metal (n2=n-iK) (exp(irot) time convention) is 

PCDPI=! n; (n2-1~) l~ k
o

' 

n;+ (n 2 -lc2 ) 

(3.2) 

For a wavelength of 0.780 }lIIl and the refractive indices of the glass-gold grating 

under consideration, this relation gives I~I =1. 595ko=1. 0514k1 • The condition 

for grating assisted plasmon excitation by the free-space beam is 

~= (kisin®icosw i-nIe) .i?+kisinSjsinW iP, (3.3) 

(with all parameters as defined in Chapter 2). The square modulus of this relation 



is 

1 

Ik DJlI2= [(k1sin8jcos{bj-nK) 2+ktsin28jsin20j] "2 • 
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(3.4) 

Substituting (3.2), n=l (first order coupling), and the grating parameters into (3.4) 

gives <l>j=15.05° as the azimuthal angle of incidence for maximum plasmon excitation. 

Since the maximum absorption in Fig. 3-6b occurs for <l>j=15°, this approximate 

treatment suggests that the origin of this absorption peak is the excitation of a 

surface plasmon. (This analysis is approximate because it assumes that the 

propagation constant of the plasmon for an unmodulated surface remains the same 

for nonzero grating depths. Although this is not rigorously true, this assumption has 

been shown to be valid for small grating depths [Inagaki et al. 1983].) Using the 

method of Neviere [1980], this absorption was rigorously verified to be due to surface 

plasmon excitation. 

Fig. 3-6e is a contour plot of °1.0 for the grating of Fig. 3-6a. There are two 

regions in this figure where the phase difference varies rapidly. These regions are 

at the points of maximum polarization conversion in Fig. 3-6a. When passing 

through the upper phase singularity (<l>j=72° and d=O.l pm) as a function of d or <l>j, 

a phase shift of 180° occurs. Similar behavior has been experimentally observed and 

theoretically analyzed by Simon and Simon [1984], Depine et al. [1987], and 

Andrewartha et al. [1979a, 1979b]. At the point of minimum <XI •O in Fig. 3-6a, the s 

polarization component vanishes. Intuitively, a singularity in °10 at <XI 0=0° or 90° is . . 
to be expected, because °1.0 is not unique for purely p or s polarized light. 

The behavior is more complicated at the minimum of <XI•O (<l>j=27° and d=0.05 pm) 

in Fig. 3-6e due to the existence ofthe surface plasmon resonance centered at <l>j=15° 
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and d=O.Ol pm (see Fig. 3·6b) and the polarization conversion maximum at <l>j=27° 

and d=0.0475 pm. At both of these points, the 1800 phase shift is observed. A 

further discussion of this phenomenon involves a study of the microscopic field 

properties in the grating region and goes beyond the scope of this dissertation. 

3.2.2.4 SUMMARY OF PROPERTIES 

In the previous subsections, zeroth order metallic gratings have been shown to 

exhibit strong polarization properties. Specifically, large amounts of retardation and 

polarization conversion have been observed to occur for very shallow metallic 
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gratings. Absorption resonances are prominent in the efficiency and amplitude ratio 

angle curves for these gratings. Two of these resonances have been confirmed to be 

due to the excitation of surface plasmons. 

There are two mechanisms for modifying the amplitude ratio angle upon 

reflection from a grating at a glass-metal interface: selective absorption due to 

plasmon excitation and polarization conversion due to the form birefringence of the 

grating. The first of these cases has been discussed extensively in the literature 

[Bryan-Brown et al. 1990, Inagaki et al. 1983, Inagaki et al. 1987, Gupta 1987]. The 

second phenomena can be observed in the experimental data of Azzam and Bashara 

[1972a] (the residual polarization conversion away from the plasmon resonances) and 

is discussed extensively by Haggans et al. [1992c]. However, to my knowledge, the 

first discussion of this phenomena was by Haggans et al. [1992a, 1992b]. 

3.2.3 DIELECTRIC ZEROTH ORDER GRATINGS (n1>n2, 0 j>0c) 

The final class of zeroth order gratings has dielectric incident and substrate 

media. For this class of gratings (Fig. 3-3), n1>n2, and 0 j exceeds the critical angle, 

so total internal reflection occurs at the interface. Thus, the incident beam is 

specularly reflected with 100% efficiency. Recently, gratings of this type were 

propm;ed for use as retarders and polarization rotators operating on the specularly 

reflected order [Haggans et aI. 1992b]. 

An example of this grating type is a grating at a glass-air interface (n1=ng1=1.51, 

n2=ng2=1). The grating and incidence parameters for this grating are A.=0.780 pm, 

A=0.3 pm, D=0.5, <xj=45°, OJ=O°, O=45°, and <!>j=O°. For this grating geometry, 111,0=1.0 
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because of the total internal reflection condition. Additionally, <XI,o is 45° when <1>=0° 

or 90° because the reflection coefficients for s and p polarization are both 1.0. 

3.2.3.1 PROPERTIES AS A FUNCTION OF GRATING DEPTH (d) 

Fig. 3-7a is a plot of (iI,O as a function of d for the grating detailed above. Note 

that the phase difference introduced to the zeroth reflected order as a function of 

grating depth for this geometry greatly exceeds that introduced to the transmitted 

order in the geometry of Fig. 3-4a (where n l was less than ~). Fig. 3-7b is a similar 

plot for <1>=90°. Note that the rate of introduction of phase difference with depth is 

very similar to that of Fig. 3-7a. However, the dependence of (ii,o on d for both of 

these figures is very weak compared to the metallic grating of Fig. 3-5d. 

3.2.3.2 PROPERTIES AS A FUNCTION OF DUTY CYCLE CD) 

Fig. 3-7c is a plot of (ii,O versus D for the grating of Fig. 3-7a with d=0.5. In this 
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Fig. 3-7b. Same as Fig. 3-7a except <l>j=90°. 

case, the maximum value of I °10 I occurs near D=0.5. In this figure, no absolute . 
phase difference occurs between D=O and D=1. This differs from the metallic grating 

case of Subsection 3.2.2.2 in which a 360° phase change occurs. The peak in 01.0 

occurring at D=0.B2 is due to the resonance nature of this problem, and thus cannot 

be explained from intuitive arguments. 

3.2.3.3 PROPERTIES AS A FUNCTION OF AZIMUTHAL ANGLE 

(<I>j) OF INCIDENCE 

Fig. 3-7d is a contour plot of the polarization angle <X1•0 versus d and <l>j for the 

grating of Fig. 3-7a with D=0.7. Linear polarization is incident on the grating 

(<Xj=45° and OJ=OO). In this conical mount, at a depth of approximately 1.72 pm and 
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<I>i=57°, the reflected wave is almost completely p polarized (a1,o""00). Since the 

reflectivity is 1.0 for this grating (there are no propagating transmitted orders), this 

means that the s polarization component is being converted to p polarization upon 

reflection from the grating (polarization conversion). 

Fig. 3-7e is a similar plot for the s-p phase difference 010, In this plot, a sudden , 

phase change of approximately 180° occurs near the depth and azimuthal angle of 

incidence corresponding to maximum S-7P polarization conversion. This behavior is 

typical of that observed upon reflection from any medium for which one of the two 

orthogonal polarization components vanishes. A detailed discussion of the origin of 

this phase behavior goes beyond the scope of this dissertation. The interested reader 

is referred to Andrewartha et al.[1979] and Depine et al. [1987]. 

3.2.3.4 SUMMARY OF PROPERTIES 

For this class of dielectric gratings, retardation and polarization conversion 

occurs upon reflection. However, very deep gratings are required to equal the 

performance of much shallower metallic gratings. The absence of absorption 

resonances and the TIR condition for this grating type yields 100% efficiency in 

reflection. 
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CHAPTER 4 

LAMELLAR GRATINGS AS POLARIZATION COMPONENTS 

FOR SPECULARLY REFLECTED BEAMS 
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High spatial frequency lamellar gratings are shown to function as phase 

compensators, quarter-wave and half-wave retarders, and polarization converters 

that operate on specularly reflected (zeroth order) beams. These gratings are 

designed using rigorous coupled-wave and modal grating diffraction theories. 

Controlling the geometrical parameters of these gratings allows for engineering the 

s-p phase difference (010) and s-p amplitude ratio (at 0) of reflected beams. . . 

4.1 INTRODUCTION 

Several authors have studied the polarization properties of beams specularly 

reflected from gratings. Azzam et al. [1972a, 1972b, 1991] experimentally observed 

polarization conversion upon reflection from a metallic grating. Bryan-Brown et al. 

[1990,1991] discussed polarization conversion upon reflection from sinusoidal profile 

metallic gratings. Additionally, perfectly conducting twist polarizers for microwave 

applications have been studied extensively [Kok and Gallagher 1988, Naqvi and 

Gallagher 1990, Hannan 1961, Hanfling et ai. 1981, Kastner and Mittra 1982]. 

However, no authors have rigorously analyzed gratings at glass-air and dielectric-

metal interfaces to generate designs for optical wavelength phase compensators, 

quarter-wave and half-wave retarders, and polarization conversion elements. These 

components are essential if substrate-mode devices [Kostuk et al. 1990, Jahns and 
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Huang 1989, Jahns and Brumback 1990] ~re to be used for polarization sensitive 

applications. In this chapter, we comprehensively describe the polarization 

components for the specularly reflected order that can be obtained using lamellar 

profile diffraction gratings. Similar components can be obtained using arbitrary 

profile surface-relief gratings. For brevity, a discussion of these elements is omitted. 

As discussed in Chapter 3, when light is reflected from a high spatial frequency 

lamellar grating at a glass-air (E»E>c) or dielectric-metal interface, a phase shift 

between the orthogonal polarization components is introduced. No polarization 

conversion between the components occurs when the grating vector is contained in 

or is perpendicular to the plane of incidence. By utilizing this grating depth 

dependent phase shift (with no associated polarization conversion), gratings can 

function as phase compensation and retardation elements operating on a specularly 

reflected (zeroth order) beam. In addition, if light is conically incident on a grating 

of this type (grating vector not in the plane of incidence), polarization conversion 

between the orthogonal polarization components occurs upon reflection (the ratio of 

the orthogonal polarization component amplitudes is modified with negligible loss 

of efficiency). For certain geometries, polarization conversion occurs without the 

introduction of a phase difference. For these cases, the gratings function as linear 

polarization rotators. For other geometries, if a phase compensation element is 

cascaded with the polarization conversion element, a linear polarization rotator can 

be obtained. 

The performance of these gratings is limited by manufacturing and operational 

tolerances. These effects are also investigated in this chapter. Variations in the 
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geometrical parameters of a grating (period, depth, duty cycle, and grating profile) 

from design values typically result from fabrication inaccuracies. In addition, if a 

laser diode is used as the illuminating source, t~e wavelength will vary due to 

manufacturing tolerances and thermal effects. Finally, the angle of incidence on the 

grating will vary due to alignment tolerances. These three factors degrade grating 

performance. Designs for a quarter-wave retardation grating at a glass-air interface 

and a polarization conversion grating at a glass-metal interface are used to 

determine which geometrical and operational parameters have the greatest effect on 

grating performance. 

The diffraction geometry used in this chapter is the same as for Fig. 2-1. The 

polar angle of incidence is large enough so that the zeroth transmitted order is 

evanescent for all gratings at glass-air interfaces considered in this chapter (the 

third grating class considered in Chapter 3). The CWM and the MM were used to 

analyze the polarization properties of the gratings. The MM performed well for both 

dielectric and metallic gratings, but the CWM converged poorly for metallic gratings, 

as discussed in Section 2.2. For convenience, whenever possible, the CWM was used 

for computations. Where this model failed to converge, the modal method was used. 

In Section 4.2, design results are presented for compensation, retardation, and 

conversion gratings for both glass-air and dielectric-metal interfaces. In Section 4.3, 

the impact of manufacturing and operational tolerances on the performance of a 

quarter-wave retarder and a polarization conversion grating is evaluated. Finally, 

in Section 4.4, conclusions from the design and tolerancing studies are summarized. 
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4.2 DESIGN RESULTS 

In this section, several designs are presented for gratings which introduce phase 

retardation and polarization conversion to the zeroth order reflected beam. Both 

dielectric and metallic gratings can function as phase compensators, quarter-wave 

and half-wave retarders, and polarization conversion gratings. Absorption upon 

reflection by metallic gratings makes dielectric gratings more desirable for 

retardation elements. Metallic gratings are more attractive for polarization 

conversion gratings because of the large depth required for dielectric conversion 

gratings. Therefore, dielectric designs for phase compensation and retardation 

gratings are presented in Subsections 4.2.1 and 4.2.2, and designs for metallic 

polarization conversion gratings are presented in Subsection 4.2.3. 

A 45° polar angle of incidence was used for all designs (giving total internal 

reflection for the dielectric gratings). To ensure that only the zeroth order would 

propagate, a grating period of 0.3 pm was selected with A.=0.780 pm. The grating 

depth, duty cycle, and azimuthal angle of incidence were varied to obtain the desired 

polarization properties. For the dielectric grating designs, the input and external 

(substrate) media were glass and air, respectively (n1=1.51, ~=1.0). Gold was used 

as the external medium for the metallic polarization conversion grating design 

(~=0.175+i4.91 at A.=0.780 pm [Palik 1985]). The incident medium for the metallic 

grating was also glass (n1=1.51), although retardation and polarization conversion 

can be demonstrated for incidence from any medium (e.g., air). Design parameters 

and the truncation order (N) for the models are listed in the figure captions. 
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4.2.1 PHASE COMPENSATORS 

Fig. 4-1 is a plot of °1,0 as a function of grating depth for a grating at a glass-air 

interface. This is the same grating as for Fig. 3-7b, except D=0.7 (9=45°, <1l=90°, 

A=0.3 pm, D=0.7, n1=ng1=1.51, ~=~=1.0, A.=0.780 pm, a j=45°, and OJ=OO). Note that 

output phase differences from -180° to -85° and -40° to 180° can be obtained for 

grating depths between 0 and 1.0 pm. For this special conical mount (<1>=90°), no 

polarization conversion occurs. Thus, a 1,o=45° and the Oth reflected order diffraction 

efficiency is 1.0 because there is no transmission or absorption. All remaining phase 

difference values (-85° to -40°) can be obtained with a slightly different dielectric 

grating design with <1l=0° and D=0.5 (Fig. 3-7a). Since any phase difference between 

±180° can be imparted onto an incident beam by reflection from a dielectric grating, 

any elliptically polarized incident beam can be converted to a linearly polarized beam 

after reflection from a grating with the appropriate depth. This makes these 

gratings useful as phase compensators in polarization sensitive substrate-mode 

devices [Haggans et al. 1992b]. 

Total internal reflection at a glass-air interface introduces a phase difference 

between the orthogonal polarization components of an incident beam. Reflection 

with 100% efficiency without introduction of a phase difference is possible when a 

grating is present at the interface. An example of a grating that preserves linear 

polarization upon reflection (a1,o=aj and 0I,O=Oj=OO) is shown in Fig. 4-1 at a depth 

of approximately 0.18 pm. In addition to preserving the incident state of 

polarization, this grating has an efficiency of 1.0 because there is no absorption or 

transmission at the glass-air interface. Gratings with 0l,O=Oj are useful in 
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polarization sensitive substrate-mode devices where the signal must propagate over 

large distances, requiring many internal reflections. 

4.2.2 QUARTER-WAVE AND HALF-WAVE RETARDERS 

A lamellar dielectric grating at a glass-air interface operates as a quarter-wave 

retarder when 01,0= ±90°. From Fig. 4-1, °1,0=-90° at a grating depth of 

approximately 0.85 pm. Reflection from a grating with this depth converts a linearly 

polarized incident beam (cx j=45°, OJ=OO) into a left circularly polarized beam. 

Similarly, °1,0=90° at a depth of approximately 0.42 pm. Reflection from this grating 

converts a linearly polarized beam (cxj=45°, OJ=OO) into a right circularly polarized 

beam. 

A lamellar dielectric grating at a glass-air interface operates as a half-wave 
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retarder when 0l,o=±180°. This phase difference is obtained at a depth of 

approximately 0.6 J.1Ill for the grating of Fig. 4-1. Reflection from this grating rotates 

the field vector from <Xl,o above the p axis to <Xl,o below the p axis. 

4.2.3 POLARIZATION CONVERSION GRATINGS 

Reflection of conically incident light from a lamellar grating at a glass-gold 

interface causes polarization conversion (<X1,o;f;<Xj)' Fig. 3-6a is a contour plot of <Xl,o 

versus d and <I> for a linearly polarized incident beam (<Xj=45°, OJ=OO) reflected from 

a grating at a glass-gold interface. Note that values of <Xl 0 from <5° to >85° can be , 

obtained for d<0.2 J.1Ill. Near <1>=75° and d=O.l pm, the reflected beam is almost 

purely p polarized (<Xl,o",OO). Similarly, near <1>=27° and d=0.05 pm, the reflected 

beam is nearly s polarized (<Xl,o",900). By varying the azimuthal angle of incidence 

and the depth, gratings which give intermediate values of <Xl,o can be selected. Fig. 

3-6b is a similar plot for total diffraction efficiency. This figure shows that high 

efficiency regions exist for the selection of most rotation angles. Fig. 3-6e is a 

contour plot of °1,0 versus d and <I> for the same grating geometry. Points lying on 

the 0° or 180° phase difference contours indicate designs for linear polarization 

rotators. Contours with phase differences other than 0° or 180° require that a phase 

compensator be cascaded with the conversion grating to obtain a linearly polarized 

output beam (Ol,O,MJlI=O° or ±1800). When Ol,O,total=Oo, orientations of the field vector 

from 0° to 90° above the p axis (see Fig. 2-1) can be obtained using these cascaded 
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elements. Similarly, when 010total=±1800, orientations of the field vector of the , , 

reflected beam from 0° to 900 below the p axis can be obtained. 

As discussed in Chapter 3, there are two regions in Fig. 3-6c where the phase 

difference varies rapidly. These regions are near the points of maximum polarization 

conversion. Regions of rapid phase variation must be avoided in the design of 

polarization conversion elements because it is difficult to control the phase in these 

regions during fabrication. The exception to this occurs when (Xl,O""O° or 90°. At 

these points, the beam is nearly linearly polarized. Thus, the rapid variation of °1,0 

at these points is not significant. 

4.3 TOLERANCES FOR GRATING FABRICATION AND OPERATION 

The analyses of the previous section suggest that lamellar surface-relief gratings 

can function as phase compensation and polarization conversion elements. In this 

section, we consider the effect of fabrication and operational errors on the 

performance of a quarter-wave dielectric retardation grating and a linear to circular 

metallic polarization conversion grating. 

4.3.1 DIELECTRIC QUARTER-WAVE RETARDATION GRATING 

The grating and incidence parameters of the grating to be analyzed are 8 j=45°, 

d=0.55 J.lm <I>j=O°, A=0.3 J.lm, D=0.5, n1=1.51, n2=1.0, A=0.780 J.lm, <Xj=45°, and OJ=O°. 

The beam reflected from this grating would nominally be linearly polarized with 

(Xl,o=45° and °1,0=-90°. A tolerance analysis of this element must consider the 

sensitivity of the polarization state of the reflected beam to: 1) d, 2) A, 3) D, 4) 8 j, 
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and 5) <I>j. The allowable range over which each of these parameters can vary while 

equalling the retardation performance of a high quality quarter-wave retarder 

(4a=1.2° (1/300» is discussed in the following paragraphs. These results are 

summarized in Table 4.1. 

CWM calculations for this quarter-wave retarder indicate that a retardation 

error of <tJ300 is maintained for period variations of ± 0.003 pm. Thus, variation 

of the grating period should not be a limiting factor in the fabrication of this 

element, because the period can be repeatably fabricated to a tolerance of ± 0.002pm. 

The accuracy with which a specHied grating depth can be obtained depends on 

the fabrication procedure. For an etching process with a glass substrate, gratings 

can be repeatedly fabricated with a depth accuracies controlled within 0.01 pm. 

Model results indicate that depth variations of ± 0.02 pm allow this retarder to 

maintain a retardation error of <tJ300. Thus, the depth tolerance exceeds the 

manufacturing limitations. 

The precision to which the duty cycle can be controlled is also fabrication process 

dependent. Modeling indicates that duty cycles ranging from 0.4 to 0.66 give 

retardation errors of less than tJ300 for this element (nominal D=0.5). Our 

photoresist (and etched) grating fabrication efforts indicate that the duty cycle is 

difficult to control during fabrication. However, this wide range of acceptable duty 

cycles should allow for repeatable fabrication of this element. 

If a laser diode is used as the illumination source, the quarter-wave retarder 

must be designed to function over a wide range of wavelengths. (This wavelength 

range is due to a change in the center wavelength of the diode as a result of 
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variable nominal value tolerance for 
Ao1•O<1.2° 

d 0.55 pm ± 0.02 pm 

A, 0.780 pm - 0.004 pm 
+ 0.006 pm 

D 0.5 - 0.1 
+ 0.16 

e 45° ± 0.4° 

<I> 0° ± 4° 

Table 4-1. Design and tolerances of dielectric quarter-wave 
retardation grating. 

manufacturing tolerances and wavelength variations due to laser diode temperature 

and drive current.) The wavelength of a high power laser diode (15 m W Sharp 

LT021 [Sharp Corporation 1988]) with a specified wavelength of 0.780 pm can be 

expected to vary from 0.768 pm to 0.796 pm. For this retardation grating, only a 

Al100 (±3.6°) retardation error is maintained over the anticipated wavelength range. 

Al300 (±1.2°) retardation performance is maintained for wavelengths of 0.776 to 

0.786 pm. 

The polar angle of incidence (0) of light on the polarization elements will vary 

in practice due to alignment tolerances. Analysis of this grating indicates that a 

±0.4 ° range of the polar angle of incidence reduces the retardation performance to 

approximately Al300 (±1.2°). Thus, tight alignment tolerances must be maintained 

for system application of this element. 
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4.3.2 METALLIC POLARIZATION CONVERSION GRATfNG 

As will be discussed in Section 6.1, a grating which converts linearly polarized 

in a write-once optical storage head. For application specific reasons, it is desirable 

for this grating to have air as the incident medium. One possible design for this 

element has incidence and grating parameters of 0 j=45°, d=0.103]llll <l>j=56.5°, A=0.3 

As before, a tolerance analysis ofthis element must consider the sensitivity of the 

polarization state returning to the beamsplitter to grating depth, wavelength, duty 

cycle, polar angle of incidence, and azimuthal angle of incidence. The allowable 

range over which each of these parameters can vary while equaling or exceeding the 

performance of a conventional write-once head using a quarter-wave retarder (QWR) 

variable nominal value tolerance for 
~al o=±2°and 
~ol.o=±5° 

d 0.103 Jlm ± 0.002 Jlm 

A. 0.780 llln > ± 0.015 Jlm 

D 0.7 ± 0.1 

e 45° ± 5° 

<I> 56.5° ± 3° 

Table 4-2. Design and tolerances for a polarization conversion grating. 
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(with a typical retardation tolerance of Aa =±i\./100 (3 .6°) ) is shown in Table 4.2. 

(The conventional QWR is oriented with its fast axis at 45° to the p axis. In this 

orientation, ~=45°, Oi=Oo, <x:'!.o=45°, and ~.o=-90°.) Based on the manufacturing 

limitations and operational requirements discussed in Subsection 4.3.1, these 

tolerances are very feasible for A, 0 i, and <I>i' However, the tolerance on the duty 

cycle is very demanding, and the tolerance on the depth is impractical at visible 

wavelengths. 

This particular design would be exceedingly difficult to fabricate using 

conventional techniques. With the development of optimization routines for driving 

the CWM and MM, it may be possible to obtain more realistic designs by reducing 

the tolerance on those parameters that have a very large tolerance in the existing 

design. The development of optimization methods is discussed in Chapter 7 as being 

an important area for future research. 

4.3.3 CONCLUSIONS FROM THE TOLERANCE ANALYSES 

The results of Subsection 4.3.1 suggest that zeroth order dielectric lamellar 

gratings that operate as retarders in reflection may be practical from both a 

manufacturing and an operational standpoint. Given the rapid execution of the 

rigorous models for dielectric gratings, it is possible to obtain optimized designs that 

are manufacturable using trial and error optimization. 

For metallic polarization conversion gratings, the models take much longer to 

execute. The example polarization conversion grating design discussed in Subsection 

4.3.2 was also obtained by "brute force" optimization. Unfortunately, because oftime 
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limitations, it was impossible to simultaneously vary all of the free design 

parameters to obtain a fully optimized design. The development of driving routines 

for optimization may allow for the design of practical polarization conversion 

elements by decreasing the tolerance on noncritical parameters and increasing the 

tolerance on limiting parameters. 

4.4 DISCUSSION AND SUMMARY 

Phase compensation, quarter-wave and half-wave retardation, and polarization 

conversion gratings that operate on specularly reflected beams have been presented. 

Additionally, a grating element has been designed which preserves the state of 

polarization of light upon reflection. 

Shallow metallic gratings can be used to achieve the same performance as deep 

dielectric gratings. Also, metal coated substrate incidence gratings are 

environmentally sealed, which eliminates scattering losses due to surface 

contamination. There are two main disadvantages associated with the use of 

metallic gratings. First, the throughput efficiency is less than 1.0 because of 

absorption. This differs from the dielectric case, where total internal reflection 

ensures that the efficiency for the Oth reflected order is 1.0. The second drawback 

is the rapid variation of °1,0 as the grating depth changes. This strong depth 

dependence means that metal gratings require greater accuracy in the fabrication 

process than dielectric gratings. 
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Methods for fabricating zeroth order gratings and characterizing their structural 

and polarization properties are discussed in this chapter. Additionally, experimental 

results that validate the coupled-wave model and confirm the designs of Chapter 4 

are presented. Section 5.1 details the holographic fabrication of photoresist gratings. 

Section 5.2 summarizes the characterization of the structural and polarization 

properties of these gratings. In Section 5.3, experimental measurements of the 

polarization state of diffracted waves are compared to the predictions of the coupled

wave method. Finally, in Section 5.4, limitations in the comparison of the 

calculations of rigorous theory to experimental results are discussed. 

5.1 HOLOGRAPHIC FABRICATION OF ZEROTH ORDER GRATINGS 

Zeroth order gratings must have periods of less than 0.4 ).lm for use at visible 

wavelengths. This period exceeds the resolution achievable with conventional 

contact printing techniques. Thus, either direct-writing techniques or holographic 

methods must be used to form the grating pattern in photoresist. In this research, 

the second option was chosen due to its compatibility with conventional integrated 

circuit fabrication techniques and its suitability for mass production. Many authors 

have documented the holographic fabrication of gratings in photoresist [Beesley and 
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Castledine 1970, Tsang and Wang 19'/4, Enger and Case 1983, Stepanovet al. 1980, 

Werlich et al. 1984, and Li et al. 1987]. The procedure used in this work closely 

follows that of Li et al. [1987]. 

The fIrst step in the grating fabrication process is preparation of the soda-lime 

glass substrates (conventional microscope slides). This preparation follows a process 

developed by Weller-Brophy [1987] and modifIed by Roncone [1991], which is 

summarized in Appendix B. The purpose of this process is to remove all surface 

contamination from the substrates, including adsorbed water. The removal of the 

substrates from the ethanol bath in step 6 and all subsequent steps are done in a 

class 100 clean room. This is necessary to avoid defects in the photoresist fIlms due 

to particulate contamination. 

Mter this process, substrates are coated with primer and photoresist using a 

Headway Research Co. spinner. A special chuck with a recessed area for holding the 

substrate is used with the spinner (Fig. 5-1). This prevents the formation of 

standing waves in the photoresist during spinning. As the first step in the spinning 

process, the substrates are flooded with Shipley Type P primer using a syringe with 

a 0.2 pm pore filter. Mter a settling time of fIve seconds, the substrates are spun 

for 30 seconds at 4000 rpm. The substrates are then flooded with diluted Shipley 

1805 photoresist (2 parts 1805 to 1 part Type P thinner) using a 0.2 pm pore fIltered 

syringe. The substrates are immediately spun at 4000 rpm for 30 seconds. This 

gives a photoresist thickness of approximately 0.25 pm. The substrates are then 

soft-baked at 95°C for 30 minutes. 

A Lloyd's mirror setup first discussed by Malag [1980] was used for exposing the 
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substrates (Fig. 5-2). The fixturing for this setup was designed by L. Li. In this 

setup, half the area of an argon ion laser beam (A=457.9 nm) is directly incident on 

the photoresist-coated substrate. The other half of the beam is reflected onto the 

substrate by a planar mirror. As shown in the figure, the mirror and the substrate 

are perpendicular, and their meeting point is coincident with the center of rotation 

of a high precision rotation stage. An absorber was index-matched to the back 

surface of the substrate to eliminate back-reflections. This absorber was fabricated 

Argon laser 
457.9 nm 

Planar Mirror 

Photoreslst-coated 

Fixturing for Holding 
Mirror and Substrate 

Substrata Center of 
Rotation 

Fig. 5-2. Grating exposure setup. 
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in two steps. First, one surface of a substrate was ground to give a diffusing surface. 

Then, that surface was painted with flat black paint. By varying the orientation of 

the rotation stage (which changes the half angle (8) between the two beams), the 

period of the fringes at the exposure plane can be precisely controlled according to 

A "'457.9 
2sin9· 

(5.1) 

For gratings fabricated in this work, the substrate and mirror were perpendicular 

to within ±0.2°. This was determined by measuring the reference angles on the 

rotation stage for back-reflection from the mirror and back-reflection from the 

substrate. The difference between these angles would have been 90° for 

perpendicular alignment. The angular precision of the rotation stage exceeded 

±0.05°. Thus, the interbeam half angle could be set to an accuracy of ±0.25°. 

The goal of this work was to fabricate zeroth order gratings for use in reflection 

(Figs. 3-2 and 3-3) at a wavelength of 632.8 nm. So that only the specularly reflected 

order would propagate, the grating period could not exceed 

A= "'632.8 • 
n1 (1+sin8j ) 

(5.2) 

For the geometry shown in Fig. 3-3 with 8 j=45° and n1=1.52, the maximum period 

was 0.2439 pm. From (5.1), this meant that the interbeam half-angle for exposure 

(8) had to exceed 

~=sin-l A~5A·9 ~6 8.84 0 
• (5.3) 

For the gratings fabricated in this work, the interbeam angle was chosen to be 72°. 

Using (5.1) and the tolerance on the interbeam angle of ±0.25°, the period of the 

fabricated photoresist gratings was expected to be A=0.2407±0.0004 pm. In practice, 

periods of 0.2407 ±0.0002 pm were obtained, as will be discussed in Section 5.2. 



97 

The energy per unit area during exposure was chosen to give a nominal 

development time of 60 seconds. This exposure energy was approximately 400 

mJ/cm2 at the exposure wavelength of 0.4579 pm. For the exposure setup of Fig. 5-2, 

the irradiance at the substrate was approximately 6.5 Mw/cm2
• Thus, the exposure 

times were about one minute. The gratings were developed in a 1:3 mixture of 

Shipley 351 developer and deionized water. Following Li, et al. [1987], the 

development process was monitored with a Helium-Neon laser (A.=0.6328 pm). This 

was done to ensure development of the photoresist to the substrate and provide some 

control of the grating profile. The development setup is shown in Fig. 5-3. In this 

setup, the beam was incident on the grating in the developer solution (Ducvclcpcr=1.33). 

The grating was mounted so that the + 1st reflected diffracted order and the incident 

beam were counterpropagating (a first order Littrow mount). The detector was 

placed so that the power in the +lst transmitted diffracted order would be monitored 

during development. The incidence angle for the Littrow mount was determined 

from 

8=sin-1 1632 • 8 

2AndElVoloper 
(5.4) 

The gratings fabricated in this work had a nominal period of 0.2407 pm. Thus e was 

set to approximately 81°. When the power of the +lst transmitted order reached a 

maximum, the substrate was removed from the developer and was placed in a fixing 

bath of deionized water for 60 seconds. For this monitoring method to be successful, 

it was essential for the power diffracted into the first transmitted order to increase 

monotonically with time until the photoresist was removed to the substrate. For 

these gratings, the first maximum of the diffraction efficiency (versus depth) was not 
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reached before the photoresist was removed to the substrate. Thus, this 

development monitoring method worked well. Mter removal from the water, the 

grating was blown dry with nitrogen. Subsequently, the grating was uniformly 

exposed to deep UV radiation for 30 seconds and was hard baked at lloac for 30 

min. 

In order to obtain a better approximation to a lamellar grating profIle, the 

grating pattern in the photoresist could be transferred to the substrate by ion milling 

or reactive ion etching. Ion milling with Argon was attempted, but the effort was 

suspended due to time limitations. 

The photoresist gratings were directly used as dielectric gratings for the 

polarization measurements of Section 5.3. To obtain metallic gratings, either silver 

or gold-palladium (60%Au-40%Pd) was sputtered onto the photoresist gratings with 

a Polaron E5100 sputtering system. The vertical thickness of the resulting metal 
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fIlms was 0.2 pm. The depth in a metal fIlm where the amplitude of an incident 

beam is reduced to l/e of its initial value is called the skin depth of the metal. The 

skin depth (z) is a function of the wavelength of the light (A.) and the imaginary part 

of the metallic refractive index (K): 

1 Z=-. (5.5) 
2mt 

As will be discussed in Section 5.2, the imaginary part of the AuPd refractive index 

was measured to be 2.54. For Ag, this value was 3.4. Using (5.5), the skin depths 

for these metals at A.=0.6328 JIm were 0.0428 J.1ffi and 0.0296 pm, respectively. Thus, 

the fIlm thicknesses of 0.2 JIm greatly exceeded the skin depths of the metals. 

5.2 ZEROTH ORDER GRATING CHARACTERIZATION 

There are two steps in the characterization of a grating: the determination of its 

compositional and structural properties, and measurement of its optical properties. 

In Subsection 5.2.1, the techniques used to measure the grating profIle, the substrate 

refractive index, and the refractive indices of the metallic fIlms are detailed. In 

Subsection 5.2.2, procedures for measuring the polarization properties and efficiency 

of light diffracted by the gratings are presented. 

5.2.1 MEASUREMENT OF COMPOSITIONAL AND STRUCTURAL PROPERTIES 

Scanning Electron Microscope (SEM) images (micrographs) were used for 

determining the profile of the gratings. These images were superior to Scanning 

Tunneling Microscope or Atomic Force Microscope images because those methods 

could not resolve the deep groove structure of the gratings. In preparation for the 
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SEM, the gratings were cleaved parallel to the grating vector to give an accurate 

profile. The substrates were cooled with liquid nitrogen before cleaving to obtain a 

clean break of the viscous photoresist. Approximately 20 nm of AuPd was sputtered 

onto the gratings prior to malting the SEM scans. To obtain good coverage of the 

gratings during sputtering, the cleaved surface was oriented upwards in the 

sputtering chamber. The SEM scans were made by Kris Law of the Arizona 

Materials Laboratory, University of Arizona. 

Mter the scans, the grating depth/period ratio and the duty cycle were measured 

from the micrographs. Because the groove shapes were irregular along the grating 

profile, the measurements for each groove were averaged. None of the grating 

profiles were perfectly lamellar. Thus, the profiles were approximated by either the 

best fit lamellar profile, or by a discretized profile with L lamellar profile slabs. The 

best fit duty cycle of the approximating lamellar grating (or the duty cycles of the 

lamellar slabs) was measured from the micrograph. The grating period was 

measured optically to generate a reference length for the micrograph. The grating 

depth was then calculated using this period and the depth/period ratio measured 

from the micrograph. 

The grating period was measured optically by placing the grating in a first 

order Littrow mounting. The angle of incidence in this mounting was used to 

compute the grating period using (5.1). The accuracy of this method was exceptional 

due to the precise Littrow alignment that was obtained. For the setup used for this 

measurement, the first reflected diffracted order deviated from the incident beam by 

less than 1 mm over a 500 mm distance. This corresponds to an angular 
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misalignment of approximately 0.10
• The gratings fabricated for this work had a 

nominal period of 0.2407 pm. A 0.10 misalignment from Littrow for a grating with 

this period at A.=0,4579 pm corresponds to an accuracy for the period of ±O.OOOI pm. 

The refractive indices of the substrates and the metallic films were measured 

using a Gaertner LU6C ellipsometer. This ellipsometer will be discussed in 

Subsection 5.2.2. The driving program for the ellipsometer calculates the refractive 

index of a substrate based on the polarization change introduced to a probe beam 

after reflection from the substrate. During measurement of the substrate refractive 

index, an absorber was index matched to the back surface of the substrate under test 

to eliminate back-reflections. The refractive index of the soda-lime glass substrates 

was measured to be 1.52. This value agrees well with the manufacturer's 

specification of 1.517. 

The refractive indices of the two metallic films used in this work (Ag and Au-Pd) 

were measured using a similar method. These measurements were made 

immediately after deposition of the films to minimize the effect of oxidation. The 

refractive index of the silver film was measured to be 0.08+i3,4 at A.=O.6328, as 

compared to the handbook value ofO.066+i4.0 (interpolated from Table 6g-1 of Gray 

[1972]). The refractive index of the AuPd film was measured to be 1.67+i2.54 at 

A.=O.6328. This compares favorably with the values from Table 6g-1 of Gray [1972] 

for Au (O.16+i3.1) and Pd (2.3+i2.7). 

5.2.2 POLARIZATION AND EFFICIENCY MEASUREMENTS 

The optical properties of the gratings were characterized by measurement of the 
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efficiencies [(2.45) and (2.46)] and polarization angles [(2.5) and (2.6)] of the reflected 

diffracted orders. Most gratings measured in this work were designed for a 

reconstruction beam incident from the substrate. To allow for incidence from the 

substrate during measurement ofthe specularly reflected order, a 45°-45°-90° prism 

was index matched to the surface of the substrate opposite the grating. 

Experimental diffraction efficiencies were calculated from the relation 

P 
., - l.n 1-1 2 
'Il.n- (0.917) Pi ' -" 

(5.6) 

where Pi is the incident power and Pl •n is the power of the diffracted order. The 

correction factor of 0.917 is the Fresnel transmission coefficient for a glass air 

interface (Ilglass=1.517, 0 j=00) squared (Th.02
). This factor was included to account for 

Fresnel reflection losses at the two air-prism interfaces. 

The polarization angles of a diffracted beam were measured using three 

techniques: automated measurement with an ellipsometer, manual measurement 

using a Babinet-Soliel compensator and a linear polarizer, and manual measurement 

with a linear polarizer and a quarter-wave retarder. 

The ellipsometer was found to be the most accurate way to measure the 

polarization state of the zeroth reflected order when <Xj was 45°. A computer 

controlled Gaertner Ll16C ellipsometer was used in these measurements. The 

driving program for this ellipsometer retmned the ellipsometric angles psi (900-a) 

and del (-0) for each measurement. The measurement contiguration is shown in Fig. 

5-4. The light source for the ellipsometer was a low power helium-neon laser 

(A.=0.6328 llm) with a beam diameter of approximately 0.5 mm. The sample stage 
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allowed for translational control, making it possible to quickly make measurements 

over the entire grating. A prism with vertex angles of 44.8°-90.02°-45.2° (n=1.517) 

was index matched to the top of the substrate to allow for incidence from the 

substrate at an angle exceeding the critical angle. Back-reflections from this prism 

were used to set the arms of the ellipsometer for 0 j=45°±1° (the beams were 

perpendicular to the prism faces within ±0.8°). cI>j was set to within ±3° by rotating 

the prism on the substrate. The absolute accuracy of the ellipsometer was 

determined for straight-through operation (0j=90° with no sample on the stage (see 

Fig. 5-4». In this configuration with <xj=45° and OJ=O°, the measured polarization 

angles were <x=44.77° and 0=0.16°. The system was calibrated prior to each set of 

measurements with a glass slide of known index (n=1.517). With the prism index

matched to the front surface of the substrate, the polarization angles (£1.0 and 01.0 

were measured for <Xj=45°, OJ=O°, and 8=45°. These angles were then compared to 

the correct values as calculated with the CWM (<X1.0=45°, °1.0=-39.78°). The 

ellipsometer arms were then adjusted to set 01.0 to -40±2° and cx1.0 to 45±1°. 

The ellipsometer was not suitable for measurements with <Xj=00 or 90°, because 

in these cases, the straight-through measurements were in error. This is evident 

because for <Xj=00 and OJ=O°, <X was 6.5° and ° was -87.7° (instead of the correct 

values of <x=0° and 0=0° for no sample in the system). For <Xj=90° and OJ=O°, <X was 

83.83° and ° was 89.77° (instead of <x=90° and 0=0°). 

For measurements with <Xj=00 or 90° or for measurement of higher diffracted 

orders the method utilizing a Babinet-Soleil Compensator (BSC) was used. This 

experimental setup is shown in Fig. 5-5. The BSC used in these measurements was 
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manufactured by the Karl Lambrecht Corp. (model number BSC-17 -1). In this setup, 

the laser was aligned so that the output polarization state was either perpendicular 

to (<Xj=900) or parallel to (aj=OO) the tabletop. The polarization ratio of the laser head 

was 500:1 in power (22.36:1 in amplitude). Thus, for the laser nominally aligned 

Hallum·Neon Laser 

Sablnat·Soliel 
Compensator 

Detector Analyzer Index·Matching Grating 
Fluid 

p 

Fig. 5-5. Measurement setup using a 
Babinet-Soliel Compensator. 
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with <Xj=oo, the tolerance on the alignment of <Xj was ±2.56°. (This value could have 

been decreased by inserting a linear polarizer into the beam immediately following 

the laser.) The sample was mounted on a rotation stage with the grating facing 

away from the incident beam. A 45.2°-90.02°-44.8° prism was index matched to the 

substrate. The back-reflection from the first prism face was used to ensure that the 

angle of incidence on the grating was 45°±1°. The micrometer axis of the BSC was 

aligned parallel to the tabletop (parallel to the tJ direction). In this arrangement, 

when the micrometer reading was increased, the phase of the p polarization 

component was modified. The setting of the micrometer for zero introduced phase 

difference (no modification to the beam passing through the BSC) was determined 

by placing the BSC between crossed polarizers and adjusting the micrometer to give 

minimum throughput. Once the zero reading on the micrometer was recorded (-0.18 

mm), a given phase difference between the polarization components was introduced 

by setting the micrometer to a particular position. For example, a micrometer 

reading of 2 mm at 1..=0.6328 pm corresponds to 01,0=75.3° (using the conversion 

factor of 0.096 waves/mm and the total micrometer movement of 2.18 mm). 

Alignment accuracies with this system were A<I>j=±2°, A0j=±1°, and A<Xj=±2.5°. 

In order to make measurements with this setup, the linear polarizer (analyzer) 

was first oriented for minimum throughput power. The BSC micrometer was then 

adjusted to minimize the throughput power a second time. Several iterations of this 

process gave the orientation of the polarizer for minimum throughput power (y) and 

the micrometer reading for complete elimination of the ellipticity of the beam (1). 

The angle <X1,o was computed from the extinction angle (y) by taking the difference 
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between 1+900 and the polarizer reading with a horizontal transmission axis. 01,0 

was calculated by taking the difference between the micrometer reading at extinction 

and the reading for 3=00 (-0.18 mm) times the conversion factor of 0.096 waves/mm. 

Finally, a method for measuring a 1,n and 01,n with a linear polarizer and a 

quarter-wave plate was used in the early stages of this work. Fig. 5-6 shows the 

vibrational ellipse of the electric field vector for elliptical polarization. The 

amplitudes Al and ~ are the major and minor axes of the polarization ellipse. 

Amplitudes ~ and Ap are the amplitudes in the p and s directions. It can be shown 

[Born and Wolf 1980] that 101 can be expressed in terms of these amplitudes 

according to 

(5.7) 

The modulus squared amplitude terms in this equation are proportional to the power 

measured for a given orientation of the polarizer. (For example, with the 

transmission axis of the polarizer aligned parallel to the saxis, Ps is proportional to 

1 ~ 12). Since the constant of proportionality is the same for all four measured 

powers, (5.7) reduces to 

181=8in-l(~ ~). 
P1Pa 

(5.8) 

This method is not reliable for small values of 101 because P2 becomes very small. 

The angle a of (2.5) is the angular ratio of ~ and~. Because Po and Pp are 

proportional to the square root of Au and Ap. a can be defined as 
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Fig. 5-6. Vibrational ellipse of electric 
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(5.9) 

In this method, the sign of the angle 0 must be obtained from the sign of the 

angle X shown in Fig. 5-6. In this figure, 'I' is the angle between the major axis of 

the ellipse and the p axis. X is the angular ratio of the major to minor axes of the 

ellipse. In the laboratory, 'I' was measured by orienting a linear polarizer to give 

maximum transmission. With this polarizer orientation, the angle between the 

polarizer transmission axis and the p axis was '1'. X was measured by aligning the 

fast axis of a quarter-wave plate with the major axis of the ellipse. This eliminated 

the 90° phase difference between the polarization components along the major and 

minor axes, giving a linearly polarized output. The plane defined by the linear 

polarization was rotated an angle X from the major axis. The sign of this angle 

determined the sign of 0 [Born and Wolf 1980] (for X>Oo, 0>0°). 
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5.3 COMPARISON OF MEASUREMENTS AND CWM CALCULATIONS 

In this section, measured values of 1'11,0' (ll,o' and °1,0 are compared to CWM 

calculations. In Subsection 5.3.1, measurements of the polarization state of the +lst 

order diffracted by a photoresist grating are presented. These measurements 

validate the predictions of the CWM. In Subsection 5.3.2, measurements of the 

polarization state of the Oth order beam reflected from a photoresist grating (with 

incidence from the substrate) are presented. Measurements of the polarization state 

of the zeroth order reflected from a photoresist grating coated with Au-Pd are 

presented in Subsection 5.3.3. The measurements presented in these subsections 

validate the retarder concept of Section 4.1. In Subsection 5.3.4, measurements of 

the polarization state of the zeroth order reflected from a silver coated photoresist 

grating are presented. These measurements validate the polarization conversion 

grating concept of Section 4.1. 

The gratings measured in Subsections 5.3.2-5.3.4 were fabricated using the 

techniques detailed in Section 5.1. All gratings in this section were measured using 

the techniques detailed in Section 5.2. 

5.3.1 PHOTORESIST GRATING WITH INCIDENCE FROM AIR 

Fig. 5-7 is a SEM micrograph of a photoresist grating fabricated by Keith Bates 

of the Optical Data Storage Center, University of Arizona. This grating was 

fabricated holographically in Shipley 1811 photoresist using techniques similar to 

those detailed in Section 5.1. The grating period was determined optically using the 

technique of Subsection 5.2.1 to be 0.429 ±0.0005 pm. The grating depth was 
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estimated from the micrograph to be 0.22 ± 0.01 J.lDl. The refractive index of the 

substrate (n1) was measured to be 1.51, and the refractive index of the photoresist 

(I1g1) was specified by the manufacturer to be 1.64 at A:=. 0.6328 }.lm. For comparison 

with experimental measurements, a 10 slab approximation to the grating profile 

(1.=10) was made by averaging the profiles of the six visible grating ridges. The 

values for the duty cycles of these slabs used in the CWM were [D(1) ... D(10)]=[0.16 

0.270.360.41 0.46 0.5 0.54 0.59 0.63 0.67] and 11 spatial harmonics were retained 

in the analysis (N=l1). 

The angles a 1,l and °1,1 were calculated from power measurements (using (5.8) 

and (5.9» as detailed in Section 5.2.2. Measurements were made in reflection with 

an absorber index-matched to the back surface of the substrate to eliminate Fresnel 

Fig. 5-7. Scanning electron micrograph of 
a photoresist grating. 
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reflections from that surface. The incident beam was linearly polarized with 

A.=0.6328, OJ=O°, and a j=45°. The sign of 01,1 was determined from X as detailed 

above. 

Figs. 5-8 and 5-9 compare the experimental and calculated values of 01,1 and a 1,1 

versus 0 j • (The measurement geometry prevented measurement of 01,1 and a 1,1 for 

45°~0j~50°.) Note that excellent agreement was obtained over the entire range of OJ' 

Fig. 5-10 is a similar plot of 111,1 as a function of OJ' This order has low effIciency 
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because of the grating geometry. However, even for this weak +lst reflected 

diffracted order, the agreement with calculated results is very good. 

5.3.2 PHOTORESIST GRATING WITH INCIDENCE FROM THE SUBSTRATE 

Fig. 5-11 is a SEM micrograph of a photoresist grating fabricated in our 

laboratory. This grating was formed holographically with diluted Shipley 1805 

photoresist using the process detailed in Section 5.1. The grating period was 

measured optically to be 0.240 ±0.001 pm, and the grating depth was estimated from 

the micrograph to be 0.135 ± 0.01 pm. The refractive index of the substrate (n1) was 

measured to be 1.517, and the refractive index of the photoresist (ng1) was specified 

by the manufacturer to be 1.64 at 'Ar= 0.6328 pm. For comparison with the 

experimental data, the grating was approximated by a lamellar grating with a duty 

cycle of 0.55, and calculations were made using the CWM with N=35. The angles 

0:10 and 010 were measured using the ellipsometric technique detailed in Section . . 
5.2.2. The incident beam for this measurement was linearly polarized with <Xj=45°, 

Fig. 5-12 is a plot of the experimental and calculated values of 010 versus <l> 

forthe grating of Fig. 5-11. Although the general trend is the same for the 

experimental and calculated values, the agreement is not as good as for the dielectric 

grating of Subsection 5.3.1. Several CWM runs with multistep profile 
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Fig. 5-11. SEM micrograph of a photoresist grating. 

approximations were made to investigate the discrepancy between the curves. 

However, the calculated results for other profiles did not agree with the 

measurements as well as the lamellar profile calculations plotted in Fig. 5-12. With 

the current formulation of the CWM, it was not possible to investigate if the 

difference in the slope of the experimental and calcuhted 81,0 versus <D curves was 

due to the presence of the unmodulated photoresist region in the grating. (Because 

the photoresist was not developed to the substrate (Fig. 5-11), the thin layer of 
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photoresist should be included in the model.) Fig. 5-13 is a plot of calculated and 

measured values of <Xl 0 versus <I> for the same grating. Note that good agreement . 
was obtained. Th.o was measured to be 98.5% for this grating. 

The measured values of 010 shown in Fig. 5-12 experimentally confirm the . 
retardation properties of the third class of zeroth order gratings discussed in Chapter 

3. For <1>=90°, this grating nearly operates as a polarization preserving reflector 

(01•0=5° instead of 0° and <X1•0=45.5° instead of 45°). Thus, this grating also confirms 

the polarization preserving grating concept of Subsection 4.1.1. 

5.3.3 AU-PDIPHOTORESIST GRATING WITH INCIDENCE 

FROM THE SUBSTRATE 

Fig. 5-14 is a SEM micrograph of a photoresist grating fabricated in our 
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Fig. 5-12. Sop phase difference versus the azimuthal angle of 
incidence for the zeroth order reflected from the grating of Fig. 
5-11. CWM results are for L=1 and N=35. 
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laboratory. This grating was fabricated holographically with diluted Shipley 1805 

photoresist using the process detailed in Section 5.1. The grating period was 

measured optically to be 0.241 ±0.001 }.lm. The grating depth was estimated from 

the micrograph to be 0.26 ± 0.02 }lm. The refractive index of the substrate (n l ) and 

the was measured to be 1.517. The refractive index of the photoresist (ngl) was 

specified by the manufacturer to be 1.64 at A= 0.6328 }lm. As discussed in Section 

5.2, the refractive index of the Au-Pd coating (~=ng2) was measured to be 1.67+i2.54. 

For comparison with the experimental data, the grating was approximated by a 

lamellar grating with a duty cycle of 0.6, and calculations were made with the CWM 

with N=79. The angles <Xl •O and 01,0 were measured using the ellipsometric technique 

detailed in Section 5.2.2 and verified using the BSC method. The incident beam was 
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Fig. 5-14. SEM micrograph of a photoresist grating. 

linearly polarized with ~=45°, OJ=O°, and 8 j=45°. 

Fig. 5-15 is a plot of the experimental and calculated values of °1,0 versus <1>. The 

calculated and measured values agree relatively well (±300) over the range of 

azimuthal angles with the exception of200~<I>$45°. Fig. 5-16 is a similar plot for a 1,o. 

Although the measured values do deviate from the calculated values ofa10 by ±15°, 

the distribution of the experimental values is similar to the theoretical curve. The 

measured value of 111,0 at <D=O° was 0.11, while the value calculated with the f!WM 

was 0.078. At <1>=90°, the measured efficiency was 0.162, and the calculated value 

was 0.097. A multi slab approximation was not possible due to computational 
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Note that the polarization state of the reflected beam is much more sensitive to 

<I> for this grating than for the grating of Fig. 5-11 (~01.0=150° as compared to 40°, 

and ~((10=25° as compared to 4°. For <1>=90°, this Au-Pd grating nearly acts as a 

quarter-wave retarder (01•0=-90° and ((1.0=45°). Thus, it demonstrates the quarter-

wave retarder concept of Subsection 4.1.2. 

5.3.4 AGIPHOTORESIST GRATING WITH INCIDENCE FROM THE SUBSTRATE 

As a final experimental example, the efficiency and polarization state of the 

zeroth reflected diffracted order were measured for a silver coated photoresist 

grating. Fig. 5-17 is a SEM micrograph of the grating which was fabricated in our 
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laboratory. The grating period was measured optically to be 0.241 ±0.001]lIll. The 

grating depth was estimated from the micrograph to be 0.28 ± 0.02 pm. The 

refractive index of the substrate (nt) was measured to be 1.517. The refractive index 

ofthe photoresist (ng1) was specified by the manufacturer to be 1.64 at A:= 0.6328 ]lIll. 

As discussed in Section 5.2, the refractive index of the Ag coating (~) was measured 

to be 0.08+i3.4. For comparison with the experimental data, the grating was 

approximated by a lamellar grating with a duty cycle of 0.65, and calculations were 

made using the CWM with N=79. The angles <Xt,o and 01,0 were measured using the 

BSC method detailed in Section 5.2.2. The incident beam was linearly polarized 

Fig. 5-18 is a plot of the experimental and calculated values of 010 versus <1>. 
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Fig. 5-17. SEM micrograph of a photoresist grating. 

The calculated and measured values agree poorly over most of the azimuthal angle 

range. Fig. 5-19 is a similar plot for <Xl o. The measured and calculated values of <Xl 0 . . 
have a similar dependence on <1>. However, the actual values differ substantially for 

<1><50°. The zeroth reflected order efficiency (Th.o) was relatively constant as a 

function of <1> for the measured (Th 0=55°±5°) values . . 
At <1>=45°, this grating converts p polarized light (01 0=0°, <Xl 0=0°) into nearly right . . 

circularly polarized light (01•0=85°::::-90° and <Xl •o=500::::45°) with 55% efficiency. 
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5.4 LIMITATIONS IN COMPARING CWM RESULTS TO EXPERIMENT 

The agreement of experimental efficiency and polarization measurements with 

rigorously calculated results is limited by several factors. Three of the most 

significant sources of disagreement are: 1) inaccurate depth and profile 

determination, 2) incomplete coating of the groove walls with the metal, and 3) 

inability to approximate the profile accurately due to convergence limitations of the 

CWM in the current implementation. 

First, in each period of the grating, the depth and groove profile are not uniform. 

(This fact is apparent from examination of the SEM micrographs of the previous 

subsection.) Thus, the light incident on the grating sees an average depth and 

grating profile. To use the CWM, the average depth and grating profile must be 
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Fig. 5-18. Phase difference as a function of azimuthal angle of 
incidence for the zeroth order reflected from the grating of Fig. 
5-17 after coating with Ag. The CWM calculations are for L=l 
and N=79. 
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obtained by averaging the parameters over several periods of the grating. Because 

of the limited detail in the micrograph, the accuracy with which the average depth 

and profile can be obtained is limited. This leads to deviations between the 

measured and calculated parameters. 

A related source of error is inaccurate estimation of the depth of the grating due 

to the tilt of the grating during generation of the SEM micrograph. Even though the 

period is calibrated optically, the depths measured from the micrograph may differ 

from the actual values due to this tilt. 

A second potential source of disagreement between the theoretical and 

experimental curves of the previous section is incomplete coating of the walls of the 

grooves with the metal (when fabricating metallic gratings). FOl' very deep gratings, 
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it is difficult to obtain a uniformly thick coating of the groove walls. Because a small 

amount of transmission was observed for the metallic gratings of Section 5.3, this 

may have contributed to the deviation of the experimental results from the 

theoretical predictions. 

The most likely source of deviation of the theoretical and experimental curves in 

the previous section is the fact that the metallic gratings were approximated with 

a lamellar profile grating. From the micrographs of the previous section, it is 

obvious that the grating ridges have a trapezoidal profile rather than a lamellar 

profile. Due to computational limitations associated with my implementation of the 

CWM, it was not possible to make multistep approximations of the gratings. 
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Diffractive elements have been proposed for size and complexity reduction of 

optical storage heads. A summary of concepts presented as of July, 1990 was 

documented by Ono [1989]. Surface-relief elements have been proposed for 

generating focus and tracking error signals [Ono 1992, Obha et al. 1989] and for use 

as polarization beam-splitting elements [Maeda et al. 1989, Gupta and Peng 1991]. 

In this chapter, two additional uses of surface-relief gratings in optical storage 

heads are investigated: zeroth order gratings as retardation and polarization 

conversion elements. In Section 6.1, two designs are analyzed for replacing the 

folding mirror and quarter-wave retarder in a write-once head with a zeroth order 

polarization conversion grating. In Section 6.2, a design for reducing the size of the 

detection train of a magneto-optical head is detailed. Finally, in Section 6.3, the 

potential for the use of these designs in optical storage systems is discussed. 

6.1 POLARIZATION CONVERSION GRATINGS FOR WRITE-ONCE HEADS 

Fig. 6-1 is a schematic diagram of a write-once optical storage head. The output 

of the laser diode is polarized in the plane of the figure. The beam reflected from the 

turning mirror is normally incident on the quarter-wave plate (QWP). The fast axis 

of the QWP is oriented at 45° to the plane of the figure (this is equivalent to setting 

a j=45°, where the fast axis of the QWP is defined to be the p direction). The QWP 
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in this configuration introduces a ±90° phase difference to the transmitted beam 

(~,0=45°, 02,0=±900). Thus, the beam incident on the disk is circularly polarized, 

Both polarization components undergo a 180° phase shift upon reflection from the 

disk (assuming no absorption). With the polarization components defined as in Fig. 

2-1, the reflected polarization state is circularly polarized with reversed helicity 

(u1,0=45°, 01,0= =1=90°). On the return pass through the quarter-wave plate, an 

additional =1=90° of phase difference is introduced. Thus, the beam returning to the 

polarization beamsplitter is linearl.>' polarized with field vector perpendicular to the 

plane of the figure. This beam is then reflected into the detection train by the 

polarization beamsplitter. In this way, the laser diode is isolated, which increases 

the signal to noise level of the system. 

The use of a zeroth order grating can potentially simplify this system by 

replacing the turning mirror and the QWP with a single element. Two 

configurations for this modification are possible: a metallic zeroth order 
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grating/turning mirror (Fig. 6-2a) and a metallic zeroth order grating index-matched 

to the hypotenuse of a 45°-45°-90° prism (Fig. 6-2b). For these configurations, the 

incident polarization state as defined using the convention of Fig. 2-1 is cxj=Oo and 

OJ=O°. With the appropriate grating design, the beam reflected from the grating as 

it propagates toward the di~~.( is circularly polarized (cx1.0=45°, 01.0=±90) in both 

configurations. Then, reflection from the disk gives a circularly polarized beam with 

opposite helicity (cx1.0=45°, 01.0==1=90°). The gratings in both configurations are 
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nonreciprocal for circular polarization, since an additional =F 90° of phase difference 

is added to the beam upon the second reflection from the grating. Thus, the 

reflected beam is linearly polarized perpendicular to the plane of the figure 

In conventional write-once drives, the single pass retardation tolerance on the 

quarter-wave plate (8) is typically ±AJ100. For an incident polarization state after 

the beamsplitter of 

the polarization state of the beam returning to the beamsplitter is 

(
Ap1r)=.!.( l-COS2A+iSin2A). 
Aa.r 2 -1-cos2A+isin2A 

(6.1) 

(6.2) 

For 8=AJ100=3.6°, this corresponds to a polarization state returning to the 

beamsplitter of <Xt,s=86.4° and ~s=-90°. Thus, a write-once head using a polarization 

conversion grating must have an output polarization state of Ot,s>86.4° to be an 

attractive alternative to the QWP design. 

A design for the grating in the configuration of Fig. 6-2a is now presented for a 

center wavelength of 0.780 JIm. This is the more desirable of the two configurations, 

because the number of surfaces (and the corresponding aberrations) are minimized. 

The grating/turning mirror consists of a grating etched in a glass substrate that is 

subsequently coated with a metal, with incidence from air. At this wavelength, gold 

has the highest reflectivity and greatest environmental stability of any metal 

(ng2=n2=0.175+i4.91 [Palik 1985]). The thickness of the gold on the substrate must 

exceed the skin depth to give high reflectivity (see Section 5.1). For simplicity, a 
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lamellar profIle grating was selected for this design. The incidence and grating 

parameters are A=0.3 Jl1ll, D=0.5, d=0.103 Jl1ll, 0=45° (a requirement of the 

configuration of Figs. 6-2), n1=1.0, and <1>=56.5°. For this grating, the single pass 

output parameters are Th,o=0.90, (Xl,o=45°, and ()I,o=-90°. 

The tolerancing of this element was discussed in Section 4.3.2. The allowable 

range over which each ofthe grating and system parameters can vary while equaling 

or exceeding the output polarization state of a conventional head (uns>86.4°) is 

shown in Table 6-1. These tolerances are realistic for A., 0, <1>, and the substrate 

birefringence. However, the tolerance on the depth is impractical at visible 

wavelengths. 

Because of the difficulty in realizing the polarization conversion grating for the 

configuration of Fig. 6-2a, the glass-metal polarization conversion grating of Fig. 6-2b 

was analyzed. In this case, the grating/turning mirror consists of a glass substrate 

coated with a metal, which is index-matched to a 45°-45°-90° prism. Once again, a 

lamellar profIle grating was selected for this design. The incidence and grating 

parameters are A=0.3 pm, D=0.5, d=0.154 Jl1ll, 0=45° (a requirement of the 

configuration of Figs. 6-2), nl=nprism=1.51, and <1>=43.5°. For this grating, the single 

pass output parameters are 111,0=0.90, (Xl,o=45°, and ()l,o=90°. 

The tolerances for the grating of Fig. 6-2b are shown in Table 6-2. Note that for 

this grating, the tolerance on the depth is more realistic, but the tolerance on the 

duty cycle is much more demanding. 

The depth and duty cycle tolerances for both gratings exceed the capability of 

existing fabrication processes. For example, ion milling gives excellent control over 



variable nominal value tolerance for 
(Xns=86.4 ° (pol. 
state returning to 
beamsplitter) 

d 0.103 J.Ull ± 0.002 J.Ull 

A. ' 0.780 J.Ull ± 0.015 J.Ull 

D 0.7 ± 0.10 

e 45° ± 5° 

<I> 56.5° ± 2° 

Os (substrate 0° ± 15° 
birefringence) 

Table 6-1. Design and tolerances for the polarization conversion 
grating of Fig. 6-2a. 
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the grating depth due to the slow etch rate of this process. Test runs made with 

Argon in an ion milling system indicate that mill rates of approximately 0.07 pm/min 

for a soda-lime glass substrate are realistic. Thus, achieving a depth to within 

±0.002 pm is not feasible. 

As discussed in Section 4.3, several of the tolerances in Tables 6-1 and 6-2 are 

very large (e.g., the tolerances on the incidence angles and the wavelength). Because 

of time limitations, it was not possible to vary each of the incidence parameters to 

generate a fully optimized design. By driving the CWM with an optimization routine 

with an appropriate merit function, it may be possible to reduce the tolerances on 

these parameters while increasing the tolerances on the depth and duty cycle. In 

Chapter 7, development of an optimizing driving routine is suggested as an 



important area for future research. 

variable nominal value tolerance for 
<X.r=B6.4 ° (pol. 
state returning to 
beam splitter ) 

d 0.154 J1Ill ± O.OOB JIm 

')... 0.7BO J1Ill > ± 0.015 JIm 

D 0.5 ± 0.01 

E> 45° ± 5° 

<I> 43.5° ± 3° 

0
0 

(substrate 0° ± 15° 
birefringence) 

Table 6-2. Design and tolerances for the polarization conversion 
grating of Fig. 6-2b. 

6.2 DETECTION TRAIN DEVICE FOR A MAGNETO-OPTICAL HEAD 
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The optical components in the detection train of a conventional magneto-optical 

(M-O) disk head include a half-wave plate and a polarization beamsplitter. These 

polarization components are bulky and require specialized mounting hardware. In 

order to realize a more compact head, the replacement of these elements with an 

integrated device composed of cascaded volume and surface-relief gratings has been 

investigated. In this section, we describe the proposed system, detail designs for the 

individual elements, compare theoretical and prototype element performance, and 

discuss the operational tolerances of these elements. 

Several authors have reported efforts to replace individual conventional elements 
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in the M-O head detection train with diffractive elements [Ono 1992, Obha et al. 

1989, Aoyama and Yamashita 1992, Maeda et al. 1989]. The most comprehensive 

of these studies was that of the NEC researchers [Obha et al. 1989, Ono 1992] in 

which focus and tracking error signals and the M-O signal were generated using a 

multifunctional holographic optical element (HOE). However, the angular separation 

of the transmitted and diffracted beams generated by this element (1°) limits the 

compactness of the assembled system (Assuming a detector spacing of 500 pm in this 

system, the leaky beam splitter to detector plane spacing must be approximately 30 

mm.) Our proposed device is much more compact because all detection train 

elements are integrated onto two thin substrates. Thus, the leaky beamsplitter to 

detection plane distance is approximately 8 mm for a 4 mm diameter beam. 

6.2.1 DEVICE LAYOUT 

Fig. 6-3 is a schematic diagram of a conventional M-O head. The detection train 

is indicated in this figure. We propose to replace the detection train components 

with a substrate-mode device, giving the system configuration shown in Fig. 6-4. 

The leaky beamsplitter to detector distance with this device is reduced significantly 

from the conventional head design (-8 mm as opposed to -30 mm). The optical path 

of this device is an integrated version of a detection train design presented by 

Milster [1989] and Matsubayashi [1989]. This differs from the conventional 

detection train in that circularly polarized light is incident on the polarization 

beamsplitter due to the presence of a quarter-wave retarder. 

The proposed device is detailed in Fig. 6-5. The beam incident on the device from 
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the leaky beamsplitter is primarily p polarized (the electric field vector in the plane 

of the figure). The beam also contains the small s polarized signal introduced and 

by reflection from the M-O medium as well as any phase difference introduced 

between the two polarizations due to the M-O medium, the disk substrate, the 

folding mirror, and the leaky beamsplitter. This beam is coupled into the substrate 

mode by Element 1. Element 1 is a slanted volume grating fabricated 

holographically in dichromated gelatin. This grating has a high diffraction efficiency 

and causes negligible polarization conversion (rotation) or phase shift between the 

sand p components of the incident beam. Mter propagating through the substrate, 

the beam is reflected from a high spatial frequency lamellar grating at the boundary 

between the glass substrate and a metallic layer. This grating acts as a quarter-

wave retarder in that the reflected beam has an Sop phase difference of 

Objective 

Turning 
M~ror 

M,()Oisk 

r---------------
I Detection Train I 

Split Detectors 
For Focus Error 
Signal Generation 

Lens 

Collimating 
Lens 

Laser Diode 
(with FES and TES) 

----------, 

HaH-Wave Plate 

Polarization 
Beamspmter 

Split Detector 
For Tracking Error 
Signal Generation 

Fig. 6-3. Conventional magneto-optical disk head. 
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approximately -900
• Element 3 is a lamellar grating at the top of the substrate that 

is also formed between the glass and a metallic layer. This grating is oriented so 

that the polarization angle of the reflected Oth order beam is rotated by 450 with 

respect to that of the incident beam. Thus, the polarization angle of the beam 

reflected from this grating is oriented at 450 ± I 0 K I with respect to the p 

polarization component direction. The phase difference between the s and p 

components of the reflected beam is 900
• Thus, the beam reflected from Element 3 

is nearly circularly polarized. Finally, a lamellar grating formed between the 

substrate and air (element 4) acts as a polarization beamsplitter, separating the s 

and p polarization components for differential signal detection with a high extinction 

ratio. 

Focus and tracking error sensing is implemented on the p polarized beam 

returning to the laser diode using the method of Kato et al. [1991] (see Fig. 6-4). In 

this approach, a hologram is placed on the exit window of the laser diode and an 

array of detectors is placed around the laser diode chip. As described by Kato et al., 

the hologram and detectors are arranged to give focus and tracking error signals 
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The polarization properties of the grating elements composing this device have 

been calculated using the CWM and the MM. The notation and conventions of 

Section 2.1 are used. 

The polarization characteristics required for Elements 1-4 of Fig. 6-5 are 

summarized in Subsections 6.2.2.1-6.2.2.4. In each section, grating dimensions and 

incidence parameters are given for an element designed for operation at a 

wavelength of 0.780 JlIll. Finally, in subsection 6.2.2.5, the integrated performance 

of these four elements is detailed. For these computations, the propagation angle 

within the substrate was chosen to be 45° and the substrate refractive index was 

chosen to be 1.517. For Elements 2 and 3, the metallic external medium was chosen 

to be gold (n=0.175, K=4.91) [Palik 1985]. 

6.2.2.1 UNSELECTIVE INCOUPLER 

The first element of this device must couple the normally incident beam into the 
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substrate with high efficiency and negligible polarization rotation or introduced 

phase shift. The period of this grating (A) must be 0.727 pm in order to obtain a 

propagation angle of 45° in the substrate. We investigated the potential for using 

a triangular profile (blazed) grating as the first element. However, rigorous 

modeling indicated that efficiencies greater than 0.5 were not achievable for a 

surface-relief element in this diffraction geometry. Thus, we propose that a slanted 

grating fabricated in dichromated gelatin (DCG) be used for this element. 

The coupled-wave volume grating model [Moharam and Gaylord 1983] indicates 

that a DCG grating can theoretically have an efficiency of 0.9 with negligible change 

to the incident values of <X and O. This is possible for a DCG grating with a period 

of 0.727 pm, an emulsion thickness of 8.75 pm, a bulk emulsion refractive index of 

1.44, and an index modulation of 0.0435. 

6.2.2.2 QUARTER-WAVE RETARDER 

The second element in this device is a metalized lamellar zeroth order grating. 

This grating is oriented with the grating vector either parallel or perpendicular to 

the plane of incidence (<1>=0° or 90°). In Chapter 3, it was detailed that this type of 

grating can function as a quarter-wave retarder. In this device, this element 

introduces a-90° s-p phase difference to the incident beam (<4=±0.5°, OJ=OO) so that 

the reflected beam is nearly circularly polarized. For the parameters chosen for this 

device (see Subsection 6.2.2), the maximum allowable period for this grating is 0.301 

pm. 

A lamellar grating coated with gold can introduce the desired phase shift to the 

incident beam. A grating with d=0.205 pm, A=0.3 pm, and D=0.5 that is oriented 
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with <1>=90° gives 010=-90° and <X10=±0.5° for an inciden~ beam with OJ=O° and , , 

<Xj=±O.5°. The efficiency for reflection from this grating is 0.92. 

6.2.2.3 POLARIZATION CONVERTER 

The third element of this device is used for polarization conversion (modification 

of <Xj) to nearly equalize the s and p polarization component amplitudes of the 

substrate-mode beam. In conventional systems, this operation is performed with a 

half-wave plate (this operation maximizes the differentially generated M-O signal). 

A grating with A=0.3 pm, d=0.155 pm, and D=0.5 oriented with <1>=44° changes the 

state of polarization from <Xj=±0.5° and oj=-90° to <X1,o=45 ± 0.5° and °1,0=90°. The 

reflectance of the grating is 0.90. 

6.2.2.4 POLARIZATION BEAM SPLITTER 

Element 4 is a polarization beam splitter that separates the orthogonal 

polarization components of the incident beam with high efficiency and a high 

extinction ratio. This is accomplished with a lamellar grating at the boundary 

between the first and second substrates of the device. These substrates must be 

assembled so that the grating grooves are filled with air (optical cement or index 

matching fluid must not fill the grating grooves). 

A grating of this type with A=0.364 pm, d=0.98 pm, and D=0.3 oriented with 

<1>=0° functions as a PBS for this device. The p polarization component is 

transmitted by this grating without angular deviation with an efficiency of 0.99 and 

an extinction ratio of 138 (ER=Ap,trunjl\,trnns)' The s polarization component is 

diffracted into the + 1st order which lies in a direction that is perpendicular to the 
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p polarized beam. The diffraction efficiency for s polarized light is 0.92 and the 

extinction ratio is 74. 

6.2.2.5 PERFORMANCE OF CASCADED GRATINGS 

The previous sections indicate that it is theoretically possible for grating 

elements to function as the polarization components required in an M-O head 

detection train. The efficiency of elements 1 through 4 in Fig. 6-5 is 0.9, 0.92, 0.9, 

and 0.99 respectively. The throughput efficiency for elements 1-4 is 0.74 for p 

polarization and 0.7 for s polarization. The amplitude extinction ratio is 138 for the 

Oth order beam transmitted by element 4. The extinction ratio for the 1st 

transmitted diffracted order is 74. 

6.3 POTENTIAL FOR APPLICATION OF ZEROTH ORDER GRATINGS IN 

OPTICAL STORAGE SYSTEMS 

In the previous two sections, two applications of zeroth order gratings in optical 

storage heads have been proposed. The limiting factor in the implementation of 

these designs is the sensitivity of the polarization conversion gratings to depth and 

duty cycle variations. Extensive design runs have been made in which the depth, 

duty cycle, and azimuthal angle of incidence have been varied while the other 

grating and incidence parameters have been held constant. These runs have not 

yielded manufacturable designs for these elements. As mentioned previously, an 

optimizing driver for the CWM based on a merit function is needed to determine 

conclusively if practical designs exist for these elements. 
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CHAPTER 7 

SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH 

7.1 SUMMARY 

In this dissertation, a research program consisting of four phases has been 

presented. The four phases of this work were: 

1) development of a rigorous model for treating diffraction from arbitrary profile 

surface-relief gratings for conical incidence geometries and elliptically 

polarized incident beams, 

2) characterization of the polarization and energy distribution properties of 

zeroth order gratings, 

3) design and experimental demonstration of zeroth order gratings for 

application as retardation and polarization rotation elements operating on 

specularly reflected beams, and 

4) application of these retardation and polarization rotation elements to optical 

storage heads. 

In the first part of this dissertation, a rigorous coupled-wave model (CWM) for 

treating grating diffraction was presented. The convergence of the CWM was 

compared to the convergence of a modal differential method for lamellar gratings 

(MM). The coupled-wave method results were found to converge much slower than 

the modal method results, especially for metallic gratings illuminated with p 

polarized light. This slow convergence was determined to be a result of the use of 

Fourier series expansions for the fields and the permittivity in the grating region. 
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The polarization and energy distribution properties of zeroth order gratings were 

characterized in the second portion of this dissertation. Three classes of zeroth order 

gratings were defined based on the composition of the incident, grating, and 

substrate media. In addition to confIrming several previously reported properties of 

these gratings, several novel properties were presented. Specifically, it was shown 

that controlling the geometrical parameters of these gratings allows for engineering 

the phase retardation and polarization conversion introduced to the reflected and 

transmitted beams. 

In the next part of this dissertation, the design, fabrication, and testing of 

retardation and polarization conversion gratings that operate in reflection was 

documented. Two types of polarization components were developed: zeroth order 

gratings that function as retardation elements in reflection (phase compensators, 

quarter-wave retarders, and half-wave retarders), and zeroth order gratings that 

function as polarization converters (polarization rotators) operating on the specularly 

reflected beam. The impact of fabrication and operational tolerances on the 

performance of these elements was presented. The holographic fabrication of 

photoresist gratings was discussed. Techniques for measurement of the efficiency 

and polarization state of diffracted beams were presented. Finally, experimental 

measurements confirming the retardation and polarization conversion gratings 

designs were compared to the predictions of the CWM. 

In the final portion of this dissertation, two examples of the application of zeroth 

order gratings to optical storage heads were given. First, a design for an element 
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which replaces the turning mirror and quarter-wave retarder in a write-once head 

was presented. Next, a substrate-mode device for reducing the size of a magneto

optical head was detailed. 

Novel work presented in this dissertation includes: 

1) development of a rigorous coupled-wave model for treating diffraction from 

arbitrary profile surface-relief gratings for conical incidence geometries and 

elliptically polarized incident beams, 

2) a convergence analysis of the coupled-wave method, 

3) characterization of the polarization properties of lamellar zeroth order 

gratings, 

4) design and experimental demonstration of zeroth order gratings that function 

as retarders for the specularly reflected order, 

5) design and experimental demonstration of a zeroth order gratings that 

function as polarization rotators and polarization conversion elements for the 

specularly reflected order, and 

6) compact designs for optical storage heads using zeroth order gratings. 

7.2 SUGGESTIONS FOR FURTHER RESEARCH 

Several topics of practical interest were not pursued in this work due to time 

constraints. First, this work was limited to zeroth order gratings. Because of the 

potential uses of gratings as polarizers, beamsplitters, and retarders, the analysis 

of the polarization properties of zeroth order gratings contained in this dissertation 

should be extended to higher order gratings. 
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Several grating design examples using the CWM were presented in this 

dissertation. However, the usefulness of the model for obtaining optimum designs 

could be greatly extended. First, an optimizing driving routine should be added to 

the CWM to allow for computer-aided design of elements with optimum performance. 

Second, the CWM should be extended to treat fInite beams, converging beams, and 

cascaded gratings to allow for more realistic modeling of system performance. 

Development of a computer-aided design program incorporating the CWM as one 

module would be one way of implementing these two extensions. 

The feasibility of zeroth order gratings for use as retardation and polarization 

rotation elements has been experimentally demonstrated in this dissertation. 

However, fabrication techniques must be evaluated to determine if the performance 

tolerances of these elements can be met in practice. 

Finally, the examples in Chapter 6 assume that plane waves propagate through 

the optical storage heads. In reality, the beams in these systems have aberrated 

Gaussian profIles. Additionally, the beams may be converging or diverging due to 

focus errors. The impact of real beams on the performance of the zeroth order 

gratings must be investigated. 
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In this appendix, the asymptotic form of the Fourier coefficients Un and Sn' 

u. =0(-1:...) 
II n 2 

(2.67) 

and 

S =0(-1:...), 
II n 3 

(2.68) 

are derived. This de;dvation was originally developed by L. Li [1992b]. 

For this discussion, the fields in the grating region are considered at one depth 

only. Thus, the z dependence of the fields and the field expansion coefficients is 

suppressed. For p polarization, the only nonzero component of the magnetic field is 

directed along the y axis. Thus, (2.15) has the form 

Hy(X) =~ eo L u.exp (ikxn") . 
lAo n 

(Al.1) 

Multiplying through by the conjugate of the exponential factor and integrating over 

one period gives 

u.=~ ~: ~tHy(X)eXP(-ikxn")dx. (Al.2) 

Because of the discontinuities in er(x) (see Fig. 2-2), this integration is broken into 

three parts, ( (0 ~x<xl) I (x; <x<x;) , and (x; <x~A»). (A superscript of + or -

means the limiting value from above or below the discontinuity.) The integral in 

(Al.2) over a continuous segment of the permittivity from x=a to x=b has the form 



b 

I=fHy(X)exp(-ik~)dX, 
II 

Integrating by parts twice gives 

I= [ '-k1 exp (-ikxzrx) Hy(X) +~exp (-ik.xzzX) 
3. :xn k xn 

1 Jb ('k ) d
2
Hy (X) dx -- exp -3. ~ - , 

k 2 dx2 
xnll 

dH;{X) ]b
a 

For e/x)=em, with m=gl or g2 (k=~l or ~), (2.64) has the form 
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(AI.3) 

(A1.4) 

CJ2Hy (x,z) + CJ2Hy(X'~~+k2H (x,z) =0, (A1.5) 
OX2 OZ2 y 

Since it is known that Hz (x, z) has a z-dependence of the form exp (iJ.Lzz) , (A1.5) 

reduces to 

(32Hy (x) =- (k2_1L2) H (x) • 
OX2 I".B y 

(A1.6) 

Substituting (A1.6) and (A1.3) into (A1.4) and rearranging gives 

[ it"" exp (-ik."x) Hy(X) + k! exp(-ik."x) dHrlx
X

) 1: 
(A1.7) 

[ 
k2- 2lb = 1- t z f exp (-ikxz?C) Hy(x) dx, 

k xn lJ 

Thus, 

b 

J = 1 [ikxnexp ( - ik.xzzX) Hy (x) + 
II k:m- (k2+1.L~) 

( 'k ) dHy (x) ] b 
exp -3. ~d' dx a 

(A1.B) 

=F(x) I~, 

where ths argument of the integral is suppressed (the argument is as in (A1.3». 

Using this result, (Al.2) can now be expressed as a sum of three integrals of the 

form of (AI.3) over the three constant permittivity regions: 



where 

The integrals in (A1.9) can be evaluated using (A1.B) to give 

Un=C[ -F(x"'O+) +F(x"'xl) 

-F(x"'X;)+F(X"'X;) " 

-F(X"'X~:> +F(x ... A-) ] 
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(A1.9) 

(A1.10) 

The first and last terms of this sum cancel. Thus, the nth expansion coefficient for 

the magnetic field is given by 

Un(z) =C[-op(xl ) -op(x2 )] , (A1.H) 

where 

ap(xl ) =lim F( t) -lim F( t) " (A1.12) 
t; .. x· t; .. x-

Because we want to investigate the behavior of Un (z) as a function of n, the 

exponential factor with unit magnitude can be suppressed. Substituting (A1.B) into 

(A1.12) (and realizing that ka=kg2 for x; and kgl for xl) gives 

() -1 [" +) dHy (x;> 1 
01' Xl = 2 2 2 ~kxz/ly(Xl + dx 

k g:J-k xn-llz 

+ 1 [ikdi (x-) + dHy(xl ) l" 
k;l-k!-Jl~ . y 1 dx 

(A1.13) 

Because the magnetic field is continuous across the discontinuity at Xl' this can be 

restated as 
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(A1.14) 

Since kxnocn, the first bracketed term has a 1/n3 dependence, while the second 

term has a 1/n2 dependence. Since the 1/n2 term dominates, from (A1.11), 

1 Uoc-. 
n n 2 

(A1.15) 

A similar analysis can be perfonned for s polarized light. In this case, the derivative 

of the field is continuous across the discontinuities. Thus, in the analogue to (A 1. 14), 

for the electric field, the second term would be zero. Thus, for s polarized light, 

1 Soc-. 
n n 3 

(A1.18) 
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APPENDIXB 

SUBSTRATE PREPARATION AND PHOTORESIS1' DEPOSITION 

This appendix summarizes the substrate preparation and photoresist deposition 

methods used in this work. The substrate preparation method follows Weller-Brophy 

[1987] and Roncone [1991]. The photoresist deposition guidelines are based on the 

Shipley Microposit 1800 series photoresist product manual and discussions with 

Kevin Erwin, Optical Data Storage Center, University of Arizona [1991]. 

Substrate Preparation 

1. Soak substrates in deionized (DI) water and 15 drops of Micro [a product of 
International Products Corporation, Trenton, NJ] for five minutes. 

2. Scrub substrates lightly while wearing gloves or finger cots and place in a 
Pyrex staining dish slide-holder. Place the slide holder in the staining dish. 
(The substrates remain in the slide holder until they are placed on the chuck 
of the spinner with forceps.) 

3. Fill staining dish with fresh DI water and 15 drops of Micro. Place in 
ultrasonic cleaner for four minutes. 

4. Drain staining dish. Rinse substrates thoroughly with DI water. 

5. Fill staining dish with 100% ethanol. Place in ultrasonic cleaner for four 
minutes. 

6. Remove slide-holder from ethanol-filled staining dish in a Class 100 clean 
room. Place the slide-holder (containing the substrates) in a vented oven 
@200°C. Bake for 60 minutes. 

7. Cool in vented oven to ambient temperature. Begin the photoresist 
deposition process immediately after substrates have cooled. 
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Photoresist Deposition 

1. Remove substrate from slide-holder with forceps. Place on spinner chuck. 

2. Flood substrate with primer using a syringe with a 0.2 JIm filter. Let primer 
contact the substrate for 5 seconds. Spin dry at 4000 rpm for 30 seconds. 

3. Flood substrate with photoresist using a syringe with a 0.2 JIm filter. Spin 
immediately at 4000 rpm for 30 seconds. 

4. Bake at 90°C for 30 minutes (after recovery to 90°C). This temperature must 
be controlled to ±1 ° to ensure uniform photosensitivity. 

5. Cool to ambient temperature. 

6. Place in dark box. 
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