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ABSTRACT

This dissertation examines several aspects o f  optical disk data storage with 

particular emphasis on substrate birefringence and how it affects these data storage 

systems. The research topics in this dissertation were chosen to address problems in 

current as well as future optical disk systems. In current drives, substrate birefringence is 

one problem that limits the areal density, but it is relatively tolerable though not 

completely understood. In future generations o f  optical disk systems, to increase the areal 

density, shorter wavelengths as well as larger numerical aperture objectives will have to be 

used to reduce the size o f the focused spot at the storage layer. With shorter wavelengths 

and higher numerical apertures, substrate birefringence will become a large enough 

problem that new methods will have to be developed to eliminate it or compensate for it. 

In accordance with this, measurement and understanding o f substrate birefringence is and 

will continue to be extremely important.

After a brief introduction to substrate birefringence in Chapter 1, we describe a 

novel ellipsometer that allows us to characterize the substrate birefringence accurately and 

completely. The birefringence present in optical disk substrates is due primarily to the 

material, polycarbonate, and to the manufacturing process, injection molding. Since the 

read and write beams are focused through the substrate, the wavefronts become aberrated 

due to this birefringence. Our ellipsometer, described in Chapter 2, has three novel 

features that allow us to completely characterize the magnitude and the orientation o f  the
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substrate birefringence. Also, modeling o f the ellipsometer with the lens design program 

Zemax™ has refined the performance o f  this ellipsometer.

In Chapter 3, we investigate the behavior o f  substrate birefringence as a function 

o f  temperature. The disks are typically expected to operate in the ambient temperature 

range o f 5°C to 50°C. We have investigated the behavior o f the in-plane and vertical 

birefringence o f  a polycarbonate disk substrate in this temperature range using the 

aforementioned custom-built ellipsometer. This study reveals that the in-plane 

birefiringence changes dramatically within the investigated range o f temperatures, while the 

vertical birefringence in good measure remains constant. We suspect that the change in 

birefringence is due primarily to thermally induced stress in the substrate.

Next, in Chapter 4, we investigate a proposed recording scheme for magneto

optical data storage called land/groove recording. This scheme could significantly 

increase the areal density o f  future systems. Specifically, we investigate a major problem 

o f  this method, which is the sensitivity o f cross-talk cancellation to variations o f  

birefringence. In the scheme o f  land/groove recording in magneto-optical disk data 

storage systems, it has been shown that an optimum groove depth exists at which the 

cross-talk from adjacent tracks diminishes. Cross-talk cancellation, however, is very 

sensitive to various parameters o f the system and, in particular, the presence o f  substrate 

birefringence can have devastating effects on system performance. We analyze the origin 

o f the observed effects using scalar diffraction theory, and show the reasons behind cross

talk cancellation. We also explain the relation between substrate birefringence and cross
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talk in simple analytical terms. Extensive computer simulations have been performed to 

verify and extend the theoretical results; the results o f some o f  these simulations will also 

be presented.

In Chapter 5, we will examine some o f the more subtle effects o f  the disk substrate 

in optical data storage systems such as feedback into the laser diode in compact disk 

systems. Our modeling o f  the compact disk system led us to discover a new technique for 

rapid measurement o f  the substrate birefringence. We also investigate how focusing the 

laser through the substrate affects the depth o f  focus.

Finally, we have investigated a certain kind o f manufactured birefringence. High 

spatial frequency surface-relief gratings on dielectric media can behave as homogeneous 

bireffingent materials if  the grating period is less than the wavelength o f  the incident light. 

These gratings can be used as polarization retarders, e.g., quarter-wave plates. Chapter 6 

describes a technique using high refractive index thin films to fabricate submicron gratings 

that provide very large phase retardations. Appendix A  contains detailed instructions for 

the reader who desires to fabricate this type o f  grating.
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CHAPTER 1

AN INTRODUCTION TO SUBSTRATE BIREFRINGENCE

1.1 Introduction. As will be mentioned throughout this dissertation, the disk substrates 

used in optical disk data storage systems, are manufactured from injection molded 

polycarbonate. Since these disks are birefringent, when the beam is focused through the 

substrate the beam becomes aberrated, affecting the performance o f the system. If optical 

drives were to use non-removable media the substrate would have been merely for the 

support o f  the storage layer, and substrate birefringence would not have been an issue as 

the laser beam would be focused directly to the storage layer. However, in removable 

optical data storage, which is the focus o f  this dissertation, contaminants must be kept 

away from the storage layer to prevent scattering and a reduction o f  signal-to-noise ratio 

(SNR). To this end, the beam is focused through the 1.2 mm-thick (0.6 mm-thick in 

future products) substrate so that any contaminants will be far away from the focal plane 

o f  the storage layer. Unfortunately, for removable media, we must now consider the 

effects o f substrate birefringence on the performance o f  the storage system. Among the 

issues we must address are what causes substrate birefringence, how can it be measured, 

what it does to the beam, how system performance is affected, and what steps can be 

taken to compensate for substrate birefringence. All o f  these issues will be visited briefly 

in this chapter and will be discussed in detail throughout the dissertation.



17

1.2 Substrate Birefringence. What causes optical data storage disk substrates to be 

birefringent? Much research has been performed to answer this question (Galic, 1990; 

Wimberger-friedl, 1990; Skumanich, 1992; Wimberger-fnedl, 1994). There are primarily 

two factors that cause these disks to be birefringent. The first is that the disk is made o f  

polycarbonate. Polycarbonate is a long-chain, linear molecule. The fact that it is linear in 

nature causes it to respond differently to an input beam parallel to the backbone o f  the 

molecule than to one that is perpendicular to the backbone (see Fig. 1-1).

Disassociated electrons

fc>n H

Figure 1-1. Schematic diagram o f a linear polymer molecule like polycarbonate. The 
disassociated electrons along the polymer backbone cause an anisotropy in the refractive 
index parallel to the polymer backbone, % and perpendicular to the polymer backbone, n± 
(typically nj > n j .

This anisotropy is due to the disassociated electrons along the polymer backbone that give 

a higher refractive index in the direction parallel to the backbone than the one 

perpendicular to it. Therefore, if  the molecules become oriented, this anisotropy o f the 

individual molecules can lead to anisotropy in the bulk material. The second cause o f  

substrate birefringence is the injection molding process. The substrates are made by
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heating the polycarbonate until it melts and then forcing it through an injection nozzle into 

a master mold (see Fig. 1-2). The polymer is then allowed to cool as pressure is applied 

to force the plastic to conform to the master mold. The process o f forcing the polymer 

melt to flow radially outward from the center o f the form and the pressure o f  the 

compression plate causes the molecular chains to partially align in the radial direction and 

in the plane o f  the disk. This partial alignment causes the birefringence to be non-uniform 

in the radial direction from the inner diameter to the outer diameter (Fu et al, 1995). The 

cooling o f  the polymer melt while under pressure during flow and during the final cooling 

steps causes residual stress in the substrate.

Compression plate

aster mold
Injection nozzle

Figure 1-2. Schematic diagram o f  the injection molding process. The polymer melt is 
forced through the injection nozzle into the master mold under compression.
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This residual stress is another source o f anisotropy and causes the substrate birefringence 

to be non-uniform through the thickness o f the substrate (Wimberger-fiiedl, 1990; 

Wimberger-friedl, 1994; Fu et al, 1994). The linear nature o f the polymer in conjunction 

with the injection molding process has a net result o f causing an optical disk substrate to 

have different refractive indices in the radial direction (nr), the tangential direction (n*), 

and the normal direction (nz) (see Fig. 1-3).

Figure 1-3. Schematic diagram showing the typical orientation o f  substrate birefringence 
(typically nr > n* > nz).

The difference in refractive index between the radial direction and the normal direction is 

called vertical birefringence (Anj_ ■= nr - nz; a typical value o f Anx is 6 x 10"4). The 

difference in refractive index between the radial direction and the tangential direction is 

called lateral (in-plane) birefringence (An,, = nr - n ;̂ a typical value o f  An'| is 2 x 10"5).
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1.3 Problems due to substrate birefringence. Since the incident beam is focused 

through a birefringent substrate in removable optical disk data storage systems, the 

incident beam becomes aberrated and, consequently, system performance is degraded. 

Vertical birefringence adds aberration to the incident beam that is similar to astigmatism 

when the beam is focused through the substrate with a high numerical aperture (NA) 

objective lens Any aberration on the beam causes the rms spot size to increase, thus 

reducing the achievable areal density o f  the disk. Also, vertical birefringence causes large 

amounts o f  polarization rotation and ellipticity in the four corners o f  the return beam, thus 

causing the polarization state o f the return beam to be non-uniform (Bernaki and 

Mansuripur, 1993). For optical disk data storage systems that rely on intensity 

modulation as the method o f reading data marks, such as (write-once read-many 

(WORM), compact disks (CD), CD-recordable (CD-R), digital video disks (DVD), and 

phase-change disks (PC)), polarization non-uniformity is a minor problem. For magneto

optical (MO) disk data storage, polarization non-uniformity can seriously degrade the 

system performance as magneto-optical readout uses detection o f the polarization state o f  

the beam reflected from the data marks. Lateral (in-plane) birefringence acts as a retarder 

and causes the polarization state o f  the return beam to be elliptical. Ellipticity o f the 

polarization causes a reduction in the SNR since simple MO read channels only detect 

polarization rotation. While lateral birefringence is usually less o f a problem than vertical 

birefringence, we will see in Chapter 3 and Chapter 4 that, in certain situations, lateral 

birefringence can cause serious problems with system performance.
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There are methods for dealing with the effects o f substrate birefringence. One can 

modify the read channel o f a magneto-optical disk data storage system to convert the 

polarization ellipticity into data signal, thus compensating for the effects o f lateral 

birefringence. This can be accomplished by strategically placing a quarter-wave plate or a 

Soleil-Babinet compensator in the read channel o f  the magneto-optical system 

(Mansuripur, 1995). The effects o f  vertical birefringence are more difficult to eliminate. 

Early in the history o f optical disk data storage^ glass disk substrates, which have no 

birefringence, were used. However, because o f expense and weight, glass disks were 

replaced with cheaper, lighter plastic disks. Now, glass disks are prohibitively expensive 

and heavy and are not a solution for substrate birefringence. One way to reduce the 

effects o f  vertical birefringence is to decrease the thickness o f the substrate. Future disk 

substrates are going to be 0.6 mm-thick (reduced from 1.2mm-thick). This not only 

reduces the effects o f substrate birefringence, but it also decreases the systems sensitivity 

to disk tilt (Gerber, 1995). In another approach, much research is being conducted to 

develop a non-birefringent plastic disk. A  class o f  polymers called cyclic-polyolefins 

appear to be promising. As these materials are being developed, good, accurate methods 

and instrumentation for measuring the substrate birefringence will be needed.

T.4. M easuring .substrate birefringence. We have developed a new ellipsometer for 

measuring substrate birefringence (Chapter 2). Tp appreciate the advantages o f our new  

ellipsometer, it is helpful to understand how typical commercial ellipsometers function.
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Figure 1-4 is a schematic o f a typical ellipsometer. An arm containing the “incident” 

optics (source, filters, shaping and polarizing optics) provides a probe beam to the sample 

at some incident angle, 9;, and the reflected beam is analyzed by the “analysis” optics 

(quarter-wave plate (QWP) and polarizing beamsplitter cube (PBS)). The analysis arm is 

typically coupled to the incident arm such that the angle of reflection, 0 r is equal to 0j.

Incident" optics

Analysis" optics

Sample

Sample stage

Figure 1-4. Schematic diagram of the typical configuration of commercial ellipsometers.
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To make a measurement, a beam o f a known wavelength, polarization state, and angle o f  

incidence is made incident on the sample. Birefringence and Fresnel reflection coefficients 

then alter the polarization state o f  the reflected beam (see Fig. 1-5).

Incident Beam
Reflected Beam

Polarization
Vector

Figure 1-5. Schematic diagram o f  the ellipsometric probe condition and parameters 
necessary to measure the refractive indices and thicknesses o f  the material layers o f  the 
sample.

The polarization rotation, 6rot, and ellipticity, sr, o f the reflected beam are then measured 

with the QWP and the PBS (see Fig. 1-6). By determining 0rot and sr as a function 0;, the 

refractive indices or the thicknesses o f one or several material layers can be obtained.

This standard ellipsometer has some distinct disadvantages. First, because the 

ellipsometer has two arms, one to hold “incident” optics and one to hold the “analysis” 

optics, a normally incident probe beam cannot be realized. Therefore, this ellipsometer 

cannot measure lateral birefringence independently from vertical birefringence and all
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measurements made with this ellipsometer will reflect the combined effects o f  the vertical 

birefringence and the lateral birefringence. Secondly, the probe beam is refracted upon 

entering and exiting the sample and, thus, is limited by Snell’s Law to a maximum angle o f  

incidence within the sample. For disk substrates with refractive index 1.58, this maximum 

angle within the sample is -39°. This relatively small angle o f incidence limits the 

sensitivity o f  the ellipsometer to the effects o f  vertical birefringence. Our ellipsometer was 

designed to overcome both o f these limitations. Our ellipsometer can make normally 

incident measurements since it is retrorefrecting and, therefore uses only one arm. This 

allows us to measure lateral birefringence independently from vertical birefringence. Also, 

in our ellipsometer refraction has been entirely eliminated. Therefore, w e have extended 

the maximum angle o f incidence to ~70° which gives us a much more sensitive 

measurement o f vertical birefringence. The novel features o f our ellipsometer and its 

performance are discussed in detail in Chapter 2.

Figure 1-6. Schematic diagram o f the polarization state o f the reflected probe beam. By 
measuring 0rot and erot, the material properties can be determined.
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CHAPTER 2

A  RETROREFLECTING ELLEPSTOMETER FO R M EASUREM ENT OF 

BM EFRING ENCE IN OPTICAL D ISK  SUBSTRATES

2.1 Introduction. Optical data storage disk substrates, whether they are used for 

Compact Disks (CD) or for Magneto-Optic (MO) disks, are commonly made from 

injection molded polycarbonate plastic. Because the injection molding process tends to 

align the molecular chains o f  the plastic, these disks exhibit birefringence that degrades the 

performance o f  optical data storage systems (Treves and Bloomberg, 1986; Marchant, 

1986; Challener and Rinehart, 1987; Takahashi et al, 1988; Siebourg et al, 1990; Prikryl, 

1992; Sugaya and Mansuripur, Aug. 1994; Sugaya and Mansuripur, Sept. 1994). The 

read and write beams focused through such a substrate become astigmatic. The 

astigmatism increases the focused spot, size, which adversely affects the storage capacity 

o f the disk. Also, if  the axis o f astigmatism is aligned at an angle to the data tracks, an 

error is produced in the focusing signal (Bernaki, 1992). Usually, it is assumed that the 

birefringence is bi-axial with one axis o f the index ellipsoid normal to the plane o f the disk 

and the others parallel and perpendicular to the data tracks. Vertical birefringence is the 

difference in the refractive indices along the normal and in-plane directions o f  the disk. In

plane birefringence is the difference in refractive indices along the directions parallel and
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perpendicular to the data tracks. For most disks, the vertical birefringence is 

approximately one order o f  magnitude larger than the in-plane birefringence and is the 

cause o f the astigmatism in the read and write beams. In most of the publications regarding 

characterization o f substrate birefringence (Shirouzu et al, 1989; Hayden and Jacobs, 1993; 

Skumanich, 1993; Fu, Sugaya, Erwin, and Mansuiipur, 1994; Mansuripur and Hsieh, 1994; Fu, 

Sugaya, and Mansuripur, 1994; Fu, Yan, and Mansuripur, 1994) ellipsometers with two 

adjustable arms have been used in the measurements. These conventional ellipsometers have 

two limitations: i) It is hard to realize normal incidence due to their mechanical obstructions; 

thus the minimum angle o f incidence is usually greater than 10°. ii) It is hard to adjust the 

azimuthal angle <&inc o f the incident beam, i.e., the angle between the projection o f the incident 

beam onto the substrate's plane and the radial direction o f  the disk. As we have pointed out 

(Fu, Sugaya, Erwin, and Mansuripur, 1994; Fu, Sugaya, and Mansuripur, 1994) normal 

incidence is important for accurately determining the substrate's lateral (in-plane) birefringence, 

and the adjustability of <Dmc is necessary for measuring the tilt o f the index ellipsoid and the 

variation o f birefringence through the substrate thickness, both o f which are found to be 

common occurrences in injection-molded polycarbonate substrates. Retro-reflecting 

ellipsometers have been described in the literature in the past (Azzam, 1976; Azzam, 1977; 

Azzam, 1977; Azzam, 1978) but none o f them provide all the features that we think are 

necessary for a comprehensive measurement o f substrate birefringence. These include the 

possibility o f both normal and oblique incidence, the ability to provide transmission, reflection, 

and total internal reflection (TIR) measurement data, the adjustability o f both the polar and
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azimuthal angles of incidence, and the elimination of refraction of the probe beam upon 

entering and exiting the substrate material. This chapter describes a retro-reflecting 

ellipsometer that is designed to overcome the above limitations.

2.2 Description of the variable angle ellipsometer. Figure 2-1 sketches the optical path of 

our retro-reflecting variable angle ellipsometer (the VAE780 system).

Laser diode (A, = 780 nm) 
and collimating lens

A/4 - plate Detectors

Beam-splitter cube

Wollaston prism

Focusing lens

Hemispheres

Figure 2-1. Schematic diagram of the variable angle ellipsometer used for measuring the 
substrate birefringence. The angle of incidence, 0;, is variable in the range of 0° to 65° and 
the azimuthal angle, ( J ) i ,  is variable in the range of 0° to 90°. In the measurements reported 
in this chapter, (j); was fixed at 0° and the wavelength was 780 nm.
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The semiconductor laser diode generates linearly polarized light at X = 780 run. The 

polarization angle i|/Poi o f the incident beam, which is measured in the p-s plane relative to p- 

polarization, is selected by rotating the laser in its socket. The beam, after collimation by a 

lens, passes through the beamsplitter and is incident normally on a glass hemisphere sitting atop 

o f the substrate sample (The plano-convex glass hemisphere lens is a product o f the Melles- 

Griot Company (product number: 01 LPX 041)). A  second hemisphere is mounted below the 

substrate, such that the two hemispheres, together with the portion o f the substrate which they 

encompass, comprise a complete sphere. The focusing lens (ftnumber = 15) is designed to 

focus the beam at the geometrical center o f the spherical assembly, which is on the back surface 

of the substrate. The setup o f hemispheres is such that the beam passing through the substrate 

retraces its incident path. The returning beam is then routed by the beamsplitter into the 

detector channel consisting o f a quarter-wave plate (QWP), a Wollaston prism and two 

detectors. By going through the birefringent substrate, the returning beam becomes elliptically 

polarized. The polarization ellipse o f the beam is described by the orientation angle Baxis o f the 

major axis relative to the p-polarization, and the angle o f ellipticity, e, which is defined as

s = ± tan" * (L minor /L major), where L^or and Lmajor are the minor and major axes o f the

polarization ellipse, and the plus (minus) sign applies for a right-handed (left-handed) elliptically 

polarized beam. By rotating the QWP and the Wollaston prism until the light at one o f the 

detectors is extinguished, one can determine the values o f  Baxis and s. In our experiments, the 

accuracy o f measuring 6 and s  is better than 0.5°, which is determined by the purity of the 

polarization state o f the laser and by the resolutions o f  the various protractors used in the
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system. All the moving parts are mounted on one arm, which allows rotation in both polar and 

azimuthal directions: the polar angle o f incidence, ©me, can be varied from 0° to 70°, and the 

azimuthal angle (Dmc can be adjusted between 0° and 360°.

In this design, different ways o f  using the two hemispheres are envisioned, depending 

on whether the sample is a bare substrate or a substrate coated with reflection layers. For a 

bare substrate, both hemispheres are used, as shown in Fig. 2-2(a). The hemisphere on the top 

is transparent, the one at the bottom is coated with aluminum on its convex surface. The two 

hemispheres and the substrate form a complete geometric sphere. In this transmission mode 

the beam passes twice through the substrate, For coated samples, we use one hemisphere 

sitting on top o f the sample, see Fig. 2-2(b). In this case one half o f the convex surface is 

coated with aluminum, the other half is transparent and has an anti-reflection coating for X=780 

ran.

Bare Substrate

Aluminum Coating
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Aluminum Coating

Coated Substrate

Figure 2-2: Diagram o f  the hemispherical glass assembly in (a) transmission and (b) 
reflection modes.

The glass hemisphere and the substrate make an exact geometric hemisphere. The beam enters 

normally from the transparent side o f the hemisphere, gets reflected from the bottom o f the 

sample, bounces off the coated side o f the hemisphere, and retraces its path. Thus, in this 

reflection mode, the beam passes four times through the substrate. Optical contact between 

hemispheres and the substrate is assured by using index-matching fluid. The use o f  

hemispheres helps to route the returning beam back to its incident path (retro-reflection). It 

also helps to eliminate refraction o f the beam upon entering a flat substrate, thus improving the 

measurement sensitivity. Since the beam remains perpendicular to the spherical surfaces at all 

incident angles, the use o f hemispheres does not introduce phase-shifts or change o f relative 

amplitude between the p and s components of the beam upon entering and exiting the spherical 

assembly. The positioning o f  the hemisphere(s) needs to be highly accurate. To achieve this, 

we monitor the sum o f the detector signals and adjust the positions o f the hemisphere(s) for
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each setting o f ©me and 0mc, until the sum signal reaches its maximum value. A  detailed 

discussion concerning the optics of the hemispherical assembly and the effects o f index 

mismatch is given in Section 2-4.

The beamsplitter that separates the incident and reflected beams introduces a phase- 

shift, A(j)Bs = 4>s - <t)p, between the p and s components o f the polarization as the beam passes 

through it and is subsequently reflected from it. To determine A ^s, we directed the beam 

normally upon an aluminum front-surface mirror and measured the rotation angle 0 = ©axis - v|/Poi 

and the ellipticity s o f the reflected beam as it arrived in the detector channel. The measured 0 

and s as functions o f x|/poi are associated with A^gs by the following relations:

tanp^mnj = tanf2 y/pol)  co sfA ^ Bs; ,  1(a) 

sin(2s) = - sin(2y/pol) sm(A<j>BS) .  1(b)

Since A(|)bs is small, the rotation angle 0 = ©axis - x|/poi must be small as well. Substituting ©axis 

with \|/poi + 0 and expanding Eq. 1 (a) in terms o f A(|)bs and 0, we obtain

0 ~  (1/8) (A(|)bs)2 sin(4\|/Poi),

which is too close to zero to be measured accurately. On the other hand, the ellipticity is o f the 

same order as A<|>bs and can be readily measured. Experimentally, we measured the ellipticity 

generated by the beam splitter to obtain a phase shift o f A<|>bs =  5.9°. The measured rotation
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data are scattered between ±0.5° due to the limited accuracy, and cannot be used to calculate 

A((>bs. In processing the measurement data, we assume that this constant phase-shift, A(|)bs, 

occurs upon reflection from the beamsplitter and subtracted it from the phase-shift measured 

for the reflected beam; the remaining phase-shift is then solely due to substrate birefringence. 

In the remainder o f this thesis, the experimental data shown for 0 and s have been corrected to 

remove the effects of A<|)bs

By using the retroreflecting ellipsometer described above to measure the 

birefringence o f  disk substrates, we found that the vertical birefringence is not always 

oriented normal to the disk surface (Fu, Sugaya, Erwin, and Mansuripur, 1994); in fact, 

the ellipsoid o f birefringence can have a significant tilt away from the normal.

2.3 Role of Retroreflection and Azimuthal Angle in measuring the birefringence. 

Typically in commercial ellipsometers, there are two arms, one to hold the incident source 

and optics, the other to hold the analyzing optics. These arms are at the incident and 

reflective angles, respectively. Because the source and analyzing optics are separate, the 

polar angle o f  incidence probing the disk can never be zero. Some ellipsometers are 

limited to a minimum angle o f incidence o f  30°. Because the ellipsometer shown in Fig. 2- 

1 is retroreflecting, the polar angle o f incidence can go to zero and the data range is 

extended. This ellipsometer uses the partially coated glass hemispheres and a non

polarizing beam-splitter cube (BSC) to achieve retroreflection. Since the polarization 

state o f the returning beam is analyzed to determine the birefringence, any change in the
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polarization state due to the imperfect BSC must be removed from the data. Because all 

o f  the optics are mounted on an arm that rotates about the geometrical center o f  the 

spherical assembly, the polar and azimuthal angles o f  incidence can be varied. This allows 

an entire octant o f a sphere to be probed instead o f just a cross-sectional plane, (see 

Figure 2-3). This ability has allowed the orientation o f the birefringence ellipsoid as well 

as its distribution through the disk thickness to be determined by providing access to a 

wide range o f measuring angles (Fu, Sugaya, and Mansuripur, 1994). Figure 2-4 shows 

the model o f  a substrate artificially divided into five layers with differently tilted ellipsoids. 

This model has been used to match the data obtained with the ellipsometer. Table 2-1 

contains a typical set o f values obtained for the model, i.e. thickness, refractive index, 

birefringence, and tilt o f  the ellipsoids.

Substrate

Hemisphere

Track direction

Radial direction

Figure 2-3: Octant available for analysis by the retroreflecting ellipsometer. The polar and 
azimuthal angles o f incidence are ©me and <Dine, respectively.
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Substrate normal (z)

Layer 1

Layer 2
Track direction (<|))

Substrated =  1.2 mm Layer 3

^  Layer 4

Layer 5

Radial direction (r)— M O Q uadrilayer—

Figure 2-4: Five layer model o f  the birefringent substrate. The tilt o f  the birefringence 
ellipsoid away from normal is a.

Layer Thickness ni An,, x 10+5 Am x 10+4 a

1 0.24 mm 1.58 +5.4 5.9 +0.4°

2 0.24 mm 1.58 +2.1 5.6

3 0.24 mm 1.58 -0.8 5.3 +5.6°

4 0.24 mm 1.58 +1.3 5.6 +1.6°

5 0.24 mm 1.58 -0.2 5.4 +0.1°

Table 2-1. Typical values found by using our multilayer model to analyze experimental 
data obtained using the VAE780 ellipsometer. Ann is the lateral (in-plane) birefringence. 
An j is the vertical birefringence, and m is the bulk refractive index.
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2.4 Optics of the Hemispherical Assembly. An important feature o f  this ellipsometer is 

the hemispherical lenses that are placed in contact with the substrate (Figure 2-2). In most 

ellipsometers, the sample is probed as a flat slab. As a result, the maximum angle o f  

incidence inside the sample is limited by Snell's law. For an optical disk, bulk refractive 

index ~  1.58 at X = 780 nm, the maximum possible angle is 39.3° at grazing incidence. 

Because this angle is relatively small, the incident polarization component affected by the 

vertical birefringence is small; thus the output polarization will be altered only slightly. By 

placing a hemisphere in optical contact with the disk, the probe beam will hit the entering, 

reflecting, and exiting surfaces at normal incidence, thus eliminating refraction.

Angle of Incidence (®inc)

Figure 2-5: Typical rotation and ellipticity measurement o f a birefringent substrate in 
transmission mode. The experimental polarization rotation and ellipticity data are denoted 
by empty and filled circles, respectively. The solid curve and the dashed curve are the best 
theoretical match to the experimental polarization rotation and ellipticity data, 
respectively. The theoretical curves were computed using the computer program 
MULTILAYER™.
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This allows the polar angle o f  incidence in the substrate to be increased to almost 90° 

theoretically (70° practically). By increasing the polar angle o f incidence past 39°, there is 

a greater sampling o f  the vertical birefringence, which makes the measurements more 

sensitive. Figure 2-5 shows the results o f a typical measurement. The measured data is fit 

by a computer program that solves Maxwell's equations for wave propagation in a 

multilayer structure and minimizes the error between the measured and calculated data by 

adjusting the unknown parameters o f the multilayer, i.e., the ellipsoids o f  birefringence in 

the present case. In Figure 2-5, the measured rotation and ellipticity o f  the exiting 

polarization starts to oscillate at about 40° angle o f  incidence. It is the demand for a 

stricter fit due to this oscillation that allows us to determine the substrate birefringence 

more accurately.

All o f this would work perfectly if  the hemispheres and the index matching oil had 

the same index o f  refraction as the disk substrate. To effect this setup easily and quickly, 

commercially available hemispheres and index matching oil were used. The hemispheres 

are made o f BK7 glass with a refractive index o f  1.518 and the matching oil has a 

refractive index o f 1.515. The differences in the refractive indices o f  the hemispheres, the 

oil, and the disk cause enough refraction to create some problems. The focusing lens, 

shown in Fig. 2-1, is designed to focus the beam at the geometrical center o f the spherical 

assembly in both transmission and reflection modes, shown in Figures 2-6(a) and 2-6(b), 

respectively. This allows for normal incidence on the entering, reflecting, and exiting 

surfaces. However, at large angles o f incidence, the refraction at the oil/substrate
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interface causes the focused spot to be offset from the geometrical center; thus the probe 

beam hits the reflective and exiting surfaces at a non-normal angle in both transmission 

and reflection modes, (see Figures 2-6(c) and 2-6(d)). Because of refraction, the angle of 

incidence inside the disk is less than the angle set on the ellipsometer. For example, if the 

incident angle is set at 70°, the angle within the substrate is actually 64.5°; the data fitting 

program will have to take this into account. However, the substrate is being probed with 

a focused beam not a plane-wave. Because the focused beam has a range o f angles the 

beam will no longer be perfectly symmetric after refraction.

3 0  LAYOUT

T ransm ission M ode (a)

30  LAYOUT

T ransm ission M ode (c)

[Geometrical CenterHemispheres
if Sphere

Optical Disk

Probe Beam

Index Matching Oil

3D LAYOUT

Unfolded View of Reflection Mode (b)

[Geometrical CenteT
if Sphere

Exiting Beam

Entering Beam

3D LAYOUT

Unfolded View of Reflection Mode (d)

Figure 2-6. (a) ZEMAX™ model of the hemispherical assembly in transmission mode. 
The polar angle of incidence is 0°. The substrate is the shaded region, (b) ZEMAX™ 
model of the hemispherical assembly in reflection mode. The polar angle of incidence is 
0°. The substrate is the shaded region, (c) ZEMAX™ model of the hemispherical 
assembly in transmission mode. The polar angle of incidence is 70°. (d) ZEMAX™ model 
o f the hemispherical assembly in reflection mode. The polar angle of incidence is 70°.
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This will cause the return beam to have a slightly different angle inside the disk than the 

incident beam. This is something that the fitting program is not designed to handle. 

Figures 2-7(a) and 2-7(b) show the polar angles inside o f the substrate as a function o f  the 

external polar angle for transmission and reflection modes, respectively.

Mental Polar An^e o f Entering Beam

Mental Polar Angle ofEtatingBeam

External Incident Angle (degree)

Mental Polar Angle o f  Entering Beam

Mental Polar Ang^e ofEtitingBeam

. 10.

External Incident Angle (degree)

(a) (b)

Figure 2-7. Polar angle inside o f  the substrate vs. the external polar angle for both the 
entering and exiting beams in (a) transmission mode and (b) reflection mode.

In reflection mode, this effect is the most pronounced because o f  the greater optical path 

through the substrate. The returning beam’s polar angle inside the substrate can differ by 

as much as 3.5° from that o f  the entering beam. Another problem is that since the 

ellipsometer is no longer exactly retroreflecting, the incident and return beams go through 

slightly different regions o f the disk. The separation o f these regions, measured at the 

front facet o f  the disk, increases with angle o f incidence, (see Figure 2-8). In effect, w e
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are not probing a single spot, but an area o f the disk that can be as large as 6 square 

millimeters.

czj 0 .5

External Incident Angle (degree)

Figure 2-8: Separation o f the entering and exiting beams measured at the front facet o f  the 
substrate in reflection mode.

Also, since the incident beam does not hit the reflective surface at normal incidence, there 

is an angular displacement o f  the beam returning through the system. This angular 

displacement causes the spots on the detectors to move off center as the angle o f  

incidence on the disk is increased, (see Figure 2-9). The walking o f  the beam off the 

center o f  the detectors can be as much as 2 mm. If the detectors are not large enough, the 

measured signal amplitude will decrease as a result o f  this beam wandering. By modeling 

the ellipsometer with the lens design program ZEMAX™, it is found that, if  the 

hemispherical assembly is moved off-axis, there is a new refraction at the front facet o f the 

first hemisphere that can be used to balance the refraction at the oil/substrate interface and
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thereby to restore retroreflection in both transmission and reflection modes, (see Figures 

2 -10(a) and 2 -10(b)).

O 0 .5

External Incident Angle (degree)

Figure 2-9: Off-center movement of the return beam on the detectors in reflection mode.

3 0  LAYOUT

T ransm ission Mode (a)
3D LAYOUT

Unfolded View of Reflection M ode (b)

Figure 2-10. ZEMAX™ model of the hemispherical assembly in (a) transmission mode 
and (b) reflection mode. The polar angle of incidence is 70°. The hemispherical assembly 
has been moved off-axis to restore retroreflection. There is now refraction at the front 
surface of the assembly for both the entering and exiting beams.
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In doing so, the offset at the detectors can be eliminated and normal incidence on the 

reflecting aluminum surface is restored; however, now there is a small amount o f  

extraneous rotation added to the polarization state due to the new refraction. The off-axis 

movement o f  the spherical assembly is such that the resulting refraction at the front 

surface o f  the hemisphere opposes the refraction at the oil/substrate interface; thus one 

refraction balances the other such that the entering beam strikes the reflecting surface at 

normal incidence and retroreflection is re-established. Also, since this off-axis movement 

(needed to restore retroreflection) increases with the angle o f  incidence in both 

transmission and reflection modes, (see Figures 2 -11(a) and 2 -11(b)), the ellipsometer will 

be continuously sampling a different spot. So, while the entrance and exit beams are again 

coincident, the results o f ellipsometric measurements are essentially an average over an 

area determined by the mismatch between the refractive indices o f  the glass hemispheres, 

oil, and the disk substrate.

to  0.2

External Incident Angle (degree) External Incident Angle (degree)

(a) (b)

Figure 2-11. Off-axis movement o f the hemispherical assembly needed to restore 
retroreflection in (a) transmission mode and (b) reflection mode.
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2.5 Summary. The new ellipsometer with glass hemispheres provides an extended range 

o f angles over which one can measure the substrate birefringence more accurately than 

conventional ellipsometers. However, there can be some problems if the glass 

hemispheres and the index matching oil do not have the same refractive index as the 

substrate. One way to avoid these problems is to use custom made oil and glass 

hemispheres that have refractive indices o f  -1 .58. If oil and glass hemispheres with 

refractive indices other than -1 .58  are used, then the hemispherical assembly must be 

offset or the returning beam will wander and the detector signals will drop. If there is any 

mismatch between the refractive indices o f the glass hemispheres, the oil, and the substrate 

there will be some refraction. This refraction will cause the system to measure an average 

birefringence over a certain small area o f the substrate. Also, the refraction o f a focused 

beam causes asymmetry in the beam following the refraction. Therefore, the returning 

beam will have a different angle inside the substrate than the incident beam. The correct 

angle o f  the beam inside the substrate must be computed in order to obtain a good match 

between the theoretical and experimental data.
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CHAPTER 3

TEM PERATURE DEPENDENCE OF THE BIREFRINGENCE OF OPTICAL

D ISK  SUBSTRATES

3.1 Introduction. In optical disk data storage systems, optical anisotropy o f  disk 

substrates can be a major source o f problems. Birefringence is caused by preferential 

alignment o f  polycarbonate molecular chains and by residual stresses induced during the 

injection molding process (Wimberger-friedl, 1990, Wimberger-ffiedl, 1994). Generally 

speaking, the refractive indices nr, %, and nz o f the substrate along the radial, azimuthal, 

and vertical directions differ from each other by small amounts. Substrate birefringence 

has been the subject o f  much recent research (Galic, 1990; Prikryl, 1992; Skumanich, 

1992; Fu, Sugaya, Erwin, Mansuripur, 1994; Fu, Yan, Mansuripur, 1994; Fu, Sugaya, 

Mansuripur, 1994; Kono et al, 1994). For read-only, phase-change erasable, and write- 

once read-many (WORM) media, birefringence is less o f a problem because the read/write 

scheme in the corresponding drives is fairly insensitive to polarization and phase. In 

contrast, in magneto-optical (MO) data storage systems, substrate birefringence is a 

significant problem because the detection scheme utilizes both the phase and the 

polarization o f  the return beam (Prikryl, 1992; Fu, Sugaya, Erwin, Mansuripur, 1994; 

Kono et al,1994). Typically, the vertical birefringence (VB), An±, which is the difference 

between the refractive indices nr and nz, is an order o f magnitude larger than the lateral (or
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in-plane) birefringence (LB), Ann, which is the difference between the refractive indices nr 

and Since LB is usually small and, moreover, can be compensated for in the detection 

scheme (Mansuripur, 1995), VB is the larger contributor to the degradation o f system 

performance. Vertical birefringence produces astigmatism on the focused beam, which 

adversely affects the performance o f  the focusing and tracking servos as well as the quality 

o f the data readout signal (Bernaki and Mansuripur, 1993). It is stated in the industry 

standards that optical data storage systems should be functional in the ambient 

temperature range o f 5°C to 50°C (Yardy et al, 1990; Ohara et al, 1991). In this chapter, 

we investigate the behavior o f  the substrate birefringence in the above range o f  ambient 

temperatures.

3.2 Experimental Setup. Our variable angle ellipsometer for measuring the birefringence 

o f  substrates has been described in Chapter 2. A schematic diagram o f  this instrument is 

shown in Fig. 3-1. For the present study, we have modified this ellipsometer to include a 

Peltier heating/cooling device beneath the sample substrate. The modified ellipsometer 

can only be used in the reflection mode, with a coated substrate, as shown in Fig. 3-2. All 

o f the ellipsometric measurements reported in this chapter were carried out at a 

wavelength o f 780 nm. We measured the birefringence o f a commercially available MO 

disk, which utilizes a polycarbonate substrate and is coated with the multilayer structure 

depicted in Fig. 3-3.
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Laser diode (X = 780 nm) 
and collimating lens

X/4 - plate Detectors

Beam-splitter cube

Wollaston prism

Focusing lens

Hemispheres

Figure 3-1. Schematic diagram of the variable angle ellipsometer used for measuring the 
substrate birefringence. The angle of incidence, 0;, is variable in the range of 0° to 65° and 
the azimuthal angle, ( | > i ,  is variable in the range of 0° to 9 0 ° .  In the measurements reported 
in this chapter, fa was fixed at 0° and the wavelength was 7 8 0  nm.

It is known that, at room temperature, LB varies from inner to outer radius o f the disk, 

while VB remains approximately constant over the entire surface area (Fu, Goodman, 

Sugaya, Erwin, Mansuripur, 1995). Therefore, we measured LB at both the inner and 

outer radii and VB at the inner radius only. The substrate is placed in thermal contact 

with the Peltier device using a silicone heat-conducting compound. The in-plane 

birefringence is measured at normal incidence, with the hemisphere removed.
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Figure 3-2. The hemispherical assembly used to achieve retro-reflection. The Peltier 
heating/cooling plate is placed in contact with the MO disk with the aid of a heat- 
conducting silicone compound. As a result, disk substrates can only be measured in the 
reflection mode of the ellipsometer.

Figure 3-3. Structure of the quadrilayer MO disk 
used in our measurements. The substrate 
thickness is 1.2 mm. This multilayer structure 
with the corresponding material parameters was 
used in our theoretical analyses, which gave the 
best fit to the data.
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In this measurement the incident polarization is rotated from S (tangential direction) to P 

(radial direction) while we monitor the polarization state o f  the reflected beam. We 

measured LB at temperatures between 5°C and 50°C at increments o f  5°C. To measure 

VB, the direction o f polarization o f  the incident beam is fixed at 30° from the P- 

polarization direction, and the polar angle o f incidence is varied from 0° to 60°. The 

polarization state o f the emergent beam then carries information about the birefringence o f  

the substrate. Vertical birefringence was measured at temperatures o f  10°C, 25°C, and 

50°C.

3.3 M easurement Results. Table 3-1 summarizes the results o f the in-plane and vertical 

birefringence measurements at temperatures between 5°C and 50°C. As examples o f  the 

data acquired for the measurement o f  Ann, Figs. 3-4(a) and 3-4(b) show the polarization 

rotation angle and ellipticity versus the incident polarization direction for the temperatures 

5°C (solid circles) and 50°C (open circles) as well as the best theoretical match to this data 

(continuous curves). The raw data in these plots were fitted to the theoretical curves 

using the thin-film analysis computer program, MULTILAYER™ (Mansuripur, 1990). 

The plots in Fig. 3-5 show Ann versus ambient temperature for both the inner and outer 

radii. The in-plane birefringence varies linearly with the ambient temperature with a slope 

o f  +2.6 x 10"6 per °C at the inner radius and with a slope o f -2.3 x 10"6 per ° C at the outer

radius.
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Figure 3-4. Polarization rotation (a) and ellipticity (b) versus incident polarization angle, 
measured at the outer radius of the disk. Solid circles represent the in-plane birefringence 
data obtained at 5°C, while the open circles correspond to 50°C. The continuous curves 
represent the best theoretical match to the data as determined by the MULTILAYER™ 
computer program.
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Figure 3-5. Measured values o f in-plane birefringence versus ambient temperature. Open 
circles represent the data obtained at the outer radius o f the disk, while solid circles 
correspond to the inner radius. A  linear fit to the measured data yields slopes o f  
+2.6 x lO™6 per °C (inner radius) and -2.3 x 10~6 per °C  (outer radius).

Figures 3-6(a), 3-6(b), and 3-6(c) show the measured data and the best theoretical match 

for VB at 10°C, 25°C, and 50°C, respectively. In each case the horizontal axis shows the 

angle o f incidence. The measured polarization rotation angles are shown as open circles, 

and the measured values o f ellipticity are shown as solid circles. The continuous curves 

show the best match obtained with the MULTILAYER™ program using VB values o f  

Anx (10°C) = 4.6 x lO"4, Anx (25°C) = 4.2 x KT4, and Anx (50°C) = 3.7x lO"4. In all o f  

these measurements, the azimuthal angle o f incidence, (j);, was fixed at 0° (see Fig. 3-1); in 

other words, the projection o f the incident beam on the disk was always along the radial 

direction.
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Figure 3-6. Polarization rotation angle 
and ellipticity versus the angle o f  
incidence, measured at the inner radius 
o f  the MO disk at (a) 10°C, (b) 25°C, 
and (c) 50°C. The symbols represent the 
measured values o f  rotation (open 
circles) and ellipticity (solid circles). 
The continuous curves represent the best 
theoretical match to the data as 
determined by the MULTILAYER™  
program. These fits yielded vertical 
birefringence values o f  (a) 

=4.6x10-%  (b) An± = 4 .2 x l0 ~ 4, 
and (c) = 3.7 x 10"4.

Angle of incidence (degree)
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3.4 Discussion. Since the vertical birefringence remains fairly constant over the 

temperature range under consideration, any method used to compensate for the effects o f  

VB (Prikryl, 1992) will likely be effective over the entire range o f ambient temperatures. 

However, between 5°C and 50°C, LB varies substantially. It is well known that placing a 

quarter-wave plate in the magneto-optical readout channel cancels the polarization 

ellipticity o f the beam induced by a fixed amount o f LB (Mansuripur, 1995). In the 

ambient temperature range under consideration, however, LB changes sign and varies by 

approximately an order o f  magnitude. This component o f  birefringence, therefore, can 

become a significant cause o f  MO readout signal degradation and must be compensated 

for dynamically in the readout scheme. An approach to dynamically monitoring the 

polarization ellipticity o f the return beam and correcting its effects in a servo-controlled 

fashion has been put forward in a current paper (Goodman and Mansuripur, 1995).

Substrate birefringence is caused by a combination o f  the inherent anisotropy o f  

the plastic material (molecular orientation and residual stress due to injection molding) and 

the stresses induced during thermal cycling. The thermally induced stress is probably due 

to the mismatch o f  the thermal expansion coefficients o f  polycarbonate (~  75 /mi /m / °  C ) 

and the multilayer MO coating ( ~ 2 3 //m /m /° C )  (Yoder, 1993). This expansion 

mismatch causes the disk to “bow” slightly when it is subjected to elevated temperatures, 

thus causing additional stress birefringence. This “bowing” o f the substrate is reversible in 

the sense that measurement data taken after repeated thermal cycling are the same as those

taken before.
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To demonstrate the “bowing” of the substrate, we placed a compact disk (CD) in a 

Twyman-Green interferometer as shown in Fig. 3-7.

Reference mirror

Optical disk

Beam expander and 
spatial filter

He-Ne Laser (X = 633 nm)

C B A

CCD Camera

Tested area

Figure 3-7. Schematic diagram of the Twyman-Green interferometer used to obtain the 
interferograms of Figs. 3-8 to 3-11. The heating/cooling plate is in contact with the test 
substrate using a silicone heat-conducting compound. Points A, B, and C are 
approximately one centimeter in diameter, and are located at radii o f 3.5 cm, 3.65 cm, and 
4.0 cm, respectively.
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We used a CD for this experiment because it has a substrate similar to that of the MO 

disk, but its metallic layer has a higher reflectivity, yielding higher contrast interference 

fringes. We then obtained interferograms at the two locations on the disk marked A and B 

for the three temperatures: 15°C, 35°C, and 55°C. All of the interferograms shown in 

Figs. 3-8 to 3-11 have had the absolute tilt removed from them, and what is shown is the 

local curvature at the indicated positions. Figures 3-8(a) and 3-8(b) are the interferograms 

obtained at 15°C for points A and B, respectively. Figures 3-8(c) and 3-8(d) are visually 

determined theoretical matches to these interferograms using the computer program 

DIFFRACT™ (Mansuripur, 1996). These matches indicate that the interferogram in Fig. 

3-8(a) contains IX of astigmatism and no curvature while that in Fig. 3-8(b) contains 2X of 

astigmatism and 1X of curvature.

(a) (b)
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(c) (d)

Figure 3-8. Interferograms showing the local substrate curvature for two non-overlapping 
areas o f the disk surface at 15°C. (a) Interferogram obtained at point A indicated in Fig. 
3-7. (b) Interferogram obtained at point B indicated in Fig. 3-7. (c) Best theoretical 
match to the interferogram in (a), which indicates 1X of astigmatism and no curvature, (d) 
Best match to the interferogram in (b) which indicates 2X of astigmatism and IX of 
curvature.

Figures 3-9(a) and 3-9(b) are the interferograms obtained at 35°C for points A and B, 

respectively. Figures 3-9(c) and 3-9(d) show visually determined theoretical matches to 

these interferograms. These matches indicate that Fig. 3-9(a) exhibits X/4 of astigmatism 

and 1.25X of curvature while Fig. 3-9(b) exhibits 2X of astigmatism and 1.5X of curvature. 

Figures 3 -10(a) and 3-10(b) are the interferograms obtained at 55°C for points A and B, 

respectively. Figures 3-10(c) and 3-10(d) show visually determined theoretical matches to 

these interferograms. These matches indicate that Fig. 3 -10(a) exhibits 1.5X of 

astigmatism and 6X of curvature while Fig. 3-10(b) contains 2X of astigmatism and 6X of 

curvature. The appearance of increasing curvature with rising ambient temperature is a 

strong indication that the initially flat substrate is becoming curved.
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(c) (d)

Figure 3-9. Same as Fig. 3-8, but corresponding to a temperature o f 35°C. The best 
match to the interferogram in (a) indicates ~X/4 of astigmatism and 1.25X of curvature. 
The best match to the interferogram in (b) indicates 2A, of astigmatism and 1.5 A of 
curvature.



(c) (d)

Figure 3-10. Same as Fig. 3-8, but corresponding to a temperature of 55°C. The best 
match to the interferogram in (a) indicates ~1.5X of astigmatism and 6A, o f curvature. The 
best match to the interferogram in (b) indicates 2X of astigmatism and 6X of curvature.
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We believe that the thermally-induced curvature is symmetric about the center o f the disk 

and, therefore, the previous interferograms were taken at off-axis points o f  a curved 

surface. This would explain the astigmatism observed in the interferograms, since, at an 

off-axis point, the radial curvature is, in general, different from the tangential curvature. 

To show that points A  and B are off-axis points on a curved surface, we compared the 

interferograms obtained at 55°C for points A, B, and C; these are shown in Figs. 3 -11(a),

3 -11(b), and 3-11(c), respectively. The visually determined match to the interferogram in

3-11(a) indicates 1.5X o f astigmatism oriented at an angle o f 10° from the horizontal axis 

and 6X o f  curvature. The visually determined match to the interferogram in 3-11(b) 

indicates 2X o f  astigmatism oriented at an angle o f  45° from the horizontal axis and 6X o f  

curvature. The visually determined match to the interferogram in 3 -11(c) indicates 2X o f  

astigmatism oriented at an angle o f  70° from the horizontal axis and 5.75X o f  curvature. 

The orientation o f astigmatism is seen to be rotating as we move from A to C, which is 

consistent with a tangential, off-axis scan o f a curved surface.

As stated earlier, the absolute tilt has been removed from the above interferograms 

so that w e could investigate the local curvature. The local bending o f  the surface, 

however, is as much as 6X over a one centimeter diameter area, which could translate into 

a fairly significant amount o f  local tilt. If a data storage system is operated well above or 

below the nominal room temperature o f ~25°C, the thermally-induced tilt might actually 

exceed the specified tilt tolerance o f ±5 milliradians.
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(a) (b) (c)

Figure 3-11. Interferograms of the local substrate curvature obtained in a tangential scan 
of the disk. The interferograms were obtained at three non-overlapping areas at 55°C. 
Frames (a), (b), and (c) were obtained at points A, B, and C indicated in Fig. 3-7.

3.5 Summary. We have investigated the behavior of both the in-plane and vertical 

birefringence as functions o f ambient temperature. We found that vertical birefringence 

remains reasonably constant over the ambient temperature range o f 5°C to 50°C. 

However, the in-plane birefringence was found to vary linearly with the ambient 

temperature. This is probably due to a mismatch in the thermal coefficients o f expansion 

of the plastic substrate and the multilayer coating, which causes the substrate to bow, thus 

inducing stress birefringence.
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Temperature (°C) Radius An,, x 105 Ani. x 104 ||
■ 5 inner -3.4

10 inner -1.9 4.6
15 inner 0
20 inner 1.0
25 inner 1.1 4.2
30 inner 3.2
35 inner 4.3
40 inner 5.8
45 inner 6.6
50 inner 9.2 3.7
5 outer 5.7 •

10 outer 4.3
15 outer 2.8
20 outer 1.7
25 outer 0.7
30 outer -0.6
35 outer -1.6
40 outer -2.7
45 outer -3.8
50 outer -4.9

Table 3-1. Summary o f  the in-plane and vertical birefringence values over the investigated 
temperature range o f 5°C to 50°C. These values represent the parameters used that gave 
the best theoretical match to the measured data.
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CHAPTER 4

OPTIM IZATION OF GROOVE DEPTH FO R CROSS-TALK CANCELLATION  

IN THE SCHEM E OF LAND/GROOVE RECORDING IN M AGNETO-OPTICAL

DISK SYSTEM S

4.1 Introduction: The technique o f land/groove recording has been recently proposed 

for magneto-optical (MO) disk data storage (Fukumoto et al, 1994; Honma et al,1994). 

In this scheme, which utilizes both land and groove for the recording o f data, the land and 

the groove have equal widths, and the depth o f the groove is chosen to yield minimum 

cross-talk from adjacent tracks. Under ideal conditions the cross-talk cancellation is 

nearly perfect. However, small deviations from these ideal conditions re-introduce cross

talk into the readout signal. Such deviations from ideal include defocus, off-track errors, 

the presence o f small amounts o f disk tilt (which produce comatic aberrations on the 

focused spot), deviations o f  groove depth from its optimum value (caused by 

imperfections o f  the manufacturing process), and the presence o f  birefringence in the disk 

substrate.

In this chapter, we analyze the origin o f  cross-talk cancellation using the scalar 

theory o f  diffraction. Section 4.2 describes the diffraction o f a focused, linearly polarized 

beam o f light from the grooved surface o f a magneto-optical disk, first for the component 

o f  polarization that is parallel to the incident polarization, and then for the perpendicular
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component, which is generated by the magneto-optical interaction between the incident 

beam and the magnetic medium. In section 4.2.2, we discuss the effects o f  polarization 

ellipticity (arising either from the magnetic medium itself or from the in-plane 

birefringence o f the substrate), and show that ellipticity, left uncorrected, will make the 

optimum groove depth for land-reading different from that for groove-reading. 

Polarization ellipticity, however, can be corrected (statically) with the aid o f  one or more 

wave-plates inserted in the return path o f  the beam. We also propose a technique for 

monitoring the polarization state o f  the beam dynamically, and using this information for 

adjusting the wave-plates in a closed loop, servo-controlled fashion, thus automatically 

correcting the undesirable effects o f birefringence. As a result o f this dynamic correction 

for ellipticity, the variations o f birefringence over the surface area o f any given disk (or 

variations from disk to disk) will no longer undermine the stability o f  the cross-talk 

cancellation scheme.

In section 4.3, we present the results o f computer simulations for a realistic MO 

system. In these simulations, we incorporate the effects o f both in-plane and vertical 

birefringence o f the substrate, and find the tolerance range for defocus, tracking errors, 

and disk tilt, as well as the tolerance for birefringence variations (in the absence o f closed 

loop cancellation o f ellipticity). Final thoughts and closing remarks appear in section 4.4.

The following example sets the stage for discussions that follow. It defines the 

system under consideration throughout this chapter and shows cross-talk levels for the 

presently standard groove depth o f 0 .125Xo.
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Example 1. We examine the MO readout system depicted schematically in Fig. 4- 

1. For the sake of simplicity, we assume that the incident beam is uniform, the objective 

lens, having NA = 0.5, is free from aberrations, and the disk substrate material is non- 

birefringent (e g., glass). Also, in the absence of polarization ellipticity, there is no need 

for the quarter-wave plate in the return path, and, therefore, for the present example, we 

shall assume that this plate is absent.

Figure 4-1. Magneto
optical readout system 
utilizing the differential 
detection scheme. The 
differential module consists 
of a polarizing beam-splitter 
(or wollaston prism), two 
identical photodetectors, 
and a differential amplifier. 
The output of this amplifier, 
AS, is the magneto-optical 
read signal. A quarter- 
wave plate (QWP) with its 
fast axis oriented at 45° to 
the direction of incident 
polarization precedes the 
differential module in some 
practical systems in use 
today. The QWP is used to 
eliminate the ellipticity of 
polarization of the beam, 
which may be present in the

MO layer itself or may be induced by the substrate birefringence. When the QWP is 
present, the differential module is rotated around the optical axis until the readout signal 
AS from a recorded pattern of domains is maximized; this would yield an optimal setting 
for the module. In the absence of the QWP, the optimum setting of the module is at 45° 
to the direction of incident polarization.
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The grooved structure of the disk is shown in Fig. 4-2, where the assumed groove depth is 

0 .125X0, corresponding to a phase shift of 0  = 90° between reflections off the land and 

off the groove. The land and the groove are each one wavelength wide.

(a) (b)

Figure 4-2. Magneto-optical data marks of varying length and spacing written on (a) the 
central track (in this case, a groove) and (b) the two adjacent tracks (in this case, lands). 
These patterns of data are used to compute the MO read signal and the cross-talk signal, 
respectively, which are then used to compute the cross-talk ratio.

Shown in Fig. 4-2(a) are six magnetic domains recorded on the central groove. These 

domains have length and spacing varying between X,0 and 2X0, but they all have the same 

width o f 0.9Xo. The neighboring tracks, which are lands in this case, are fully erased and,
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therefore, do not contain any domains. In contrast, Fig. 4-2(b) shows a central track 

(groove) that is erased, but adjacent tracks that contain three domains each. For 

calculating the magnitude o f the readout signal, we shall use the pattern o f  domains shown 

in Fig. 4-2(a), while for calculations pertaining to cross-talk from adjacent tracks, we shall 

use the pattern o f  Fig. 4-2(b). The computed signal and cross-talk for the patterns o f Fig. 

2 are shown in Fig. 4-3.

Q Q Q  Q  Q Q ,

Distance Along Track (X0)

Figure 4-3. Differential signal output as the central track in Fig. 4-2 is scanned, (a) The 
MO read signal computed using the data pattern in Fig. 4-2(a). (b) The cross-talk signal 
computed using the data pattern in Fig. 4-2(b).

For these calculations, we assumed | r\\ \ .= 0.7, | r± \ = 0.005, and = |̂ - =  0,

corresponding to a Kerr rotation angle 0k = 0.41° and a Kerr ellipticity Sk = 0. (By 

definition, /| =  ̂ exp(z^n) and ^  ^  exp |z^  j are the amplitude reflection coefficients for
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the components o f polarization parallel and perpendicular to the direction o f incident 

polarization.) In Fig. 4-3(a), the peak-to-valley amplitude o f the data signal arising from 

the domain pattern o f Fig. 4-2(a) varies depending on the size and separation o f  the 

domains. The smallest amplitude is AS «  3 , corresponding to what is known in practice 

as the 3T signal amplitude (i.e., the highest recorded frequency in a (2,7) modulated 

system). Under the same readout conditions, the calculated cross-talk signal arising from 

the recorded pattern o f Fig. 4-2(b) is shown in Fig. 4-3 (b). (Note that the vertical scales 

in Figs. 4-3 (a) and 4-3 (b) are different.) The maximum peak-to-valley amplitude o f this 

cross-talk signal is A S «  0.482. The cross-talk ratio in this example may thus be 

determined as follows:

Cross-talk ratio = 20 logic (cross-talk amplitude /  data signal amplitude) « -1 6  dB

We will see in the next section, that optimizing the groove depth will have a dramatic 

effect on this cross-talk ratio.

4.2 Diffraction analysis o f m agneto-optical' readout in . the land/groove scheme: 

Figure 4-4(a) is a cross-sectional diagram o f the objective lens focusing the beam onto an 

optical disk in the land/groove scheme. The land and the groove have equal widths W, 

and the assumed groove depth is d.
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Objective lens

Substrate

Magneto-optic layer

+ 1 st order

(a) ! Figure 4-4. (a) In
land/groove recording, 
the information is 
recorded on both lands 
and grooves. During 
read/write/erase 
operations, the
objective lens, having 
a numerical aperture 
NA, focuses the laser 
beam on the land 
center (or on the 
groove center).
Typically, the land and 
the groove have 
rectangular cross- 
sections with equal 
width W. The groove 
depth is d, causing a 
phase shift o f = 
47msd/ Xo between the

(C) light reflected from the
land and that reflected 
from the groove. (ns is 
the refractive index of 
the substrate and X0 is 
the vacuum
wavelength of the laser 
beam.) (b) A normally 
incident beam on the 
disk surface is 
diffracted into several

orders upon reflection. Only the 0th order, the + lst order, and the - 1 st order are shown in 
the figure. The deviation angle (from the normal) of the first order beams is 0  = sin"* 
(X0/2W). For W = Xo, we have 0  = 30° (c) The ‘baseball pattern” at the exit pupil of the 
objective lens consists of the superposition of the 0th order, + lst order, and -1 st order 
diffracted beams. The overlap areas are indicated by Ao+i and Ao-i, each covering a 
fraction equal to 2/3 - V3/(2%) « 0.39 of the aperture. The remaining area, Ao, which is 
solely occupied by the zero-order beam, has a fractional area equal to V ^/tt - 1/3 « 0.22.
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Figure 4-4(b) shows the reflection of a normally incident beam from the grooved surface 

of a disk having equally wide lands and grooves. Assuming that the incident beam is 

linearly polarized along the X-direction, and since, for the moment, we are concerned only 

with the X-polarized reflected light, the diffraction orders o f interest will be 0, +1, and -1. 

(Here, we are using the standard techniques of diffraction analysis for grooved optical 

disks in the scalar approximation (Hopkins, 1979;Bouwhuis and Braat, 1983).) The ± l st 

order beams propagate in directions that make an angle 0  = s i n”1 / 2JF) with the Z- 

axis. For W  = A0, which we will assume throughout the present section, the diffraction 

angles will be 0  = ±30°. At the exit pupil of the objective lens the diffracted orders 

overlap and produce the so-called baseball pattern shown in Fig. 4-4(c). For the sake of 

simplicity, we assume that the objective lens has numerical aperture NA = 0.5, in which 

case the + lst order beam just touches the -1st order beam. The overlap areas o f the various 

orders are indicated as Ao+i and Ao-i in the figure.

Presently, we are concerned with that part of the reflected beam that has the same 

polarization as the incident beam (i.e., linear polarization along X). For this component, 

the relative magnitudes of the 0th, + lst, and -1st order beams can be readily obtained from a 

Fourier analysis of the (scalar) beam reflected from the grooved disk surface, as follows:
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Complex amplitude o f±  1st order beams = — \ r.
71

Here, we are assuming that the beam is exactly centered on the groove, that the land and 

the groove have identical widths, and that F  = 47m^d/?io is the phase difference between 

the light reflected from the land and that reflected from the groove. As before, r\\ is the 

(complex) amplitude reflection coefficient for the component of polarization parallel to 

that of the incident beam. (The reader must be warned here that these results are not 

exact and certain corrections must be made in order to bring them in line with the vector 

diffraction theory of grooved structures. In particular, the fact that the groove dimensions 

are comparable with the wavelength of the light being used is cause for concern (Sheng, 

1978; Bouwhuis et al, 1985). Experience has shown, however, that scalar diffraction 

theory is a good first approximation for many optical disk problems. Although the exact 

values of the signals cannot usually be predicted, the trends in signal behavior may be 

obtained with simple scalar diffraction calculations (Sheng, 1978; Hopkins, 1979). Within 

the various regions denoted by Ao, Ao+i, and Ao-i in Fig. 4-4(c), the total reflected 

amplitude, a \\, for the parallel component o f polarization is thus given by

in Ao
a ,  = ( o . 5  +  0 . 5 e ' < p )  r ,
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The above expressions for the reflected parallel polarization at the exit pupil are valid for 

all magnetization distributions on lands and grooves, the reason being that the parallel 

component of polarization does not "sense" the magnetization pattern. If, instead of a 

groove, a land is being read by the beam, then, in the expression for a,,, we must substitute 

O  with - 0 .  All other considerations mentioned so far in conjunction with reading from 

grooves apply equally to reading from lands.

4.2.1 The magneto-optically generated component of polarization: The situation is 

somewhat different for the component of polarization that is perpendicular to the direction 

of incident polarization. This component o f the reflected light, which is generated by the 

interaction between the incident beam and the magnetic medium, has a certain dependence 

on the magnetization pattern at the disk surface. For simplicity, we assume that the 

magnetization is uniform along the tracks (i.e., in the Y-direction), and focus our attention 

solely on the variation of magnetization along X. As shown in Fig. 4-5(a), a periodic 

magnetization distribution along X, having a period of 4W, will be sufficient for all 

practical purposes. This assumption will enable the study of various combinations of 

magnetization states on adjacent tracks (i.e., those immediately next to the central track 

that is being read). While the central track is magnetized up, the two neighboring tracks 

may be both up (case I), both down (case II), or one up and the other down (case III). 

These combinations will cover all the important cases concerning cross-track cross-talk. 

Since the focused beam diameter (~>VNA) is comparable with the width W of lands and



70

grooves, it will not "see" much of the tracks beyond the immediate neighborhood o f the 

central track.

Incident beam 
-----(X-polarized)

Diffracted orders 
(Y-polarized)

Figure 4-5. (a) A normally incident beam, linearly polarized along the X-direction, is 
diffracted into multiple orders upon reflection from the disk surface. The magnetization 
pattern is assumed to be uniform along Y, but varying along X with a period of 4W. The 
magneto-optically generated component of the reflected light is polarized along Y, and its 
nth order diffracted beam has angle 0n= sin'^nXoMW) with the Z-axis. For W = X0, the 
diffraction angles are 0±i = 14.5°, 0±2 = 30°, and 0±3 = 48.6°. (b) The baseball pattern at 
the exit pupil o f the objective lens for the magneto-optically generated component of 
polarization, showing the superposition of 0th order, ± lsl order, ±2nd order, and ±3rd order 
diffracted beams.
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As a result, the assumption of periodicity with a period of 4W for the cross-track pattern 

of magnetization should not be overly restrictive. (We remind the reader of the 

fundamental difference between the two directions of polarization: For the reflected

component of the beam that is polarized parallel to the direction o f incident polarization, 

the magnetic pattern on the disk plays no role and, therefore, the relevant period o f the 

structure on the disk surface is 2W. In contrast, the reflected component of the beam 

whose polarization is perpendicular to that o f the incident beam is generated by magneto

optical interactions and, as such, its phase is affected by the pattern of magnetization on 

the disk surface. That is why we used a period of 2W for the reflection coefficient o f the 

disk, whereas, the analysis of the present section requires a periodicity o f at least 4W.)

With a period of 4W and the assumptions made earlier (namely, W = Xo, NA=0.5), 

the exit pupil of the objective lens will contain the 0th, ± l st, ±2nd, and ±3rd diffraction orders 

for the perpendicular polarization. The various overlap areas for the perpendicular 

component thus appear as in Fig. 4-5(b). Schematic plots of the reflected amplitude a ^ x )  

at the disk surface for the three cases of interest are shown in Figs. 4-6(a), 4-6(b), and 4-

6(c).
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Figure 4-6. Three cases of practical interest for the reflected amplitude a ^ x )  at the disk 
surface of Fig. 4-5(a). The Fourier coefficients of each function are shown in the box 
below the graphical representation of the function itself. The central groove and its 
nearest neighbor grooves are always magnetized in the same direction (up). The two 
neighboring lands are either both magnetized up (a) or both magnetized down (b), or one 
is magnetized up while the other is magnetized down (c). The phase coefficient exp(id>) 
represents the difference in the height of the lands relative to the grooves. The (local) 
reflection coefficient is multiplied by -1 whenever the magnetization direction is reversed.
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Now, in the differential detection scheme o f MO readout, the output signal AS 

from the differential amplifier is the real part o f ay a±*, integrated over the area o f  the exit 

pupil. The symmetry o f  ay on the right and left halves o f the pupil o f  Fig. 4-4(c), and the 

fact that the incident beam has been assumed uniform, permit the formation o f  the 

following combinations o f the various segments o f the aperture o f Fig. 4-5(b).

Average Oi from regions A o + 1 + 2 + 3  and A o -1 -2 -3

*0 +  0  [ai + a - l )  + n (a2 + # - 2 ) + o (a3 + ^ - 3 ) r±

Average a  1 from regions Ao+1-1+2 and Ao+1-1-2 : a 0 +(a, +a_,)+ (a2 + a _ 2) r±

Average a± from regions Ao+1+2 and Ao.1-2 : a0 +  2  ( t t l +  a-l)  +  2  ( a 2 +  ^ - 2  ) r±

Average a± from regions A0+1 and A0.1 : ao + 2 (a i + a -i) ri

<3i  within region Ao+n = [ti0 + (ti, + ti_Jj r±
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For all cases o f practical interest shown in Fig. 4-6, we find a, + a  , = 0 and a3 + a 3 = 0. 

The various regions o f  the exit pupil o f  Fig. 4-5 (b) can be further combined to yield

Average a i  from regions Ao, Ao+ij Ao-i, Ao+i-i = a0r i

Consequently, there are only two different regions with which we have to be concerned. 

The first region is the area Ao o f  Fig. 4-4(c), which is the same as the union o f  areas Ao, 

Ao+i, Ao-i, Ao+i-i in Fig. 4-5(b). In this region, which covers approximately 22% o f the 

aperture area o f  the lens, we have

a, = (0 .5 + 0 .5 6 ^ )^

|o.5 +  0.5ez^ j  rL e a s e l

0.5 rL

case II 

case III
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Figure 4-7(a) shows the various complex amplitudes appearing in the above equations as 

vectors in the complex plane.

(b)

=  ̂ 0.82- 0.1

Figure 4-7. Reflected complex amplitudes a\\ and aL at the exit pupil of the objective lens, 
(a) In the region denoted by Ao in Fig. 4-4(c), where only the 0th order beam resides, (b) 
In the regions denoted by Ao+i and Ao-i of Fig. 4-4(c) where the 0th order beam interferes 
with the ± l st order beams. In each region, a\\ is a function of &  and of r\\, independent of 
the magnetization pattern, a i  , on the other hand, is a function of 0 ,  r±, and the 
magnetization pattern. The three cases of shown in each diagram, namely, a±(I), 
f l r i ( I U ) ,  correspond to the magnetization patterns depicted in Fig. 4-6.
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The differential signal, AS, arising from the region Ao o f  the aperture o f  Fig. 3 - 4(c) is the 

integral o f  Real (an aj.*), namely the dot product o f a\\ and a± in Fig. 4-7(a) if  these vectors 

are treated as ordinary Euclidean vectors rather than complex vectors. Thus, in order to 

eliminate cross-talk (over the particular area Ao o f  the aperture presently under 

consideration), the projections o f  aj. onto a\\ in Fig. 4-7(a) must be the same in all three 

cases. This is possible only for & = 180°, which is not very useful in the present situation, 

since it forces the signal to zero along with the cross-talk. There are ways to overcome 

this problem, however, as we shall see shortly.

The second region o f  the aperture consists o f the overlap areas Ao+i and Aq-i o f  

Fig. 4 - 4 (c ), which is the same as the union o f the areas A o + 1+2+3, Ao+1+2, Ao+m +2, Ao+1-1-2, 

Ao-1-2, and Ao-i-2-3 o f  Fig. 4-5(b). In this region, which covers the remaining 78% o f  the 

aperture area o f the lens, we have

Figure 4-7(b) shows the various complex amplitudes appearing in the above equations as 

vectors in the complex plane. In order to eliminate cross-talk (over the particular area o f

,̂ = (0.82+0.186^)^

case II 

case III

e a s e l
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the aperture presently under consideration), it is necessary and sufficient to choose &  = 

102.83°, because, under this condition, the projections of onto a\\ in Fig. 4-7(b) become 

the same for all three cases. The signal appearing at the output o f the differential detector 

will thus have the same value regardless of the magnetization pattern on the tracks 

adjacent to the central track.

Example 2 . We consider the same pattern of grooves and magnetic domains as in 

Example 1. This time, however, we place the mask shown in Fig. 4-8 before the detector 

module in order to block off the region Aq.

Figure 4-8. Mask placed before the differential detection module in the system of 
Example 2. The region blocked by the mask is the region Ao of Fig. 4-4(c).

Also, we will assume that the grooves’ optical depth is 0.143X0, corresponding to a phase 

shift of 0 =  102.83°. Figure 9(a) shows the data signal obtained from the six domains on 

the central track when the adjacent tracks are fully erased. This is comparable to Fig. 4- 

3(a), with the exception of the signal amplitude being somewhat lower, due mainly to the
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blocking of 22% of the useful aperture in the present case. The calculated cross-talk 

signal arising from the marks on adjacent tracks is shown in Fig. 4-9(b). The peak-to- 

valley amplitude of this signal has dropped by a factor of 13.4 (i.e., 22.5 dB) compared to 

that in Fig. 4-3(b). It is thus clear that masking of the zero-order beam in conjunction 

with the optimum choice o f groove depth has resulted in near-elimination o f cross-talk 

from adjacent tracks.

: O O C D  O  O C D

Distance Along Track Oq)

Figure 4-9. (a) Differential readout signal obtained by scanning the six MO marks shown 
on the central track in Fig. 4-2(a). The mask shown in Fig. 4-8 has been placed before the 
detectors and the assumed groove depth is 0.143Xo. (b) Differential readout signal
obtained by scanning the erased central track in Fig. 4-2(b), containing the cross-talk 
signal from the six MO domains on the two adjacent tracks. Again the mask shown in Fig. 
4-8 is used and the groove depth is 0.143X0. The peak-to-valley amplitude of the cross
talk signal is 0.036.
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We must emphasize that masking o f the exit pupil is not essential for cross-talk 

cancellation. The mask was used in this example to demonstrate the validity o f the theory 

o f the preceding section. In the absence o f the mask, when the entire distribution o f  light 

within the exit pupil reaches the detectors, cross-talk cancellation still occurs albeit at a 

different groove depth. The optimum groove-depth in the absence o f  a mask will be such 

that the cross-talk appearing in region Ao will have a sign opposite to that appearing in the 

overlap regions o f  the baseball pattern, namely, Ao+i, and Aq-i, and, in addition, the 

magnitudes o f  the cross-talk in the two regions will have to be inversely proportional to 

the corresponding areas o f  these regions. Our simulations indicate that a groove depth o f  

0 .16X0 (corresponding to <P = 115°) will eliminate cross-talk without requiring a mask 

before the detection module.

4.2.2 Difference between readout from the land and readout from the groove: The 

preceding analysis would apply to lands as well as to grooves, provided that the 

retardation angle O in one case is replaced with - 0  in the other. The complex-plane 

diagrams o f  Fig. 4-7 will have to be replaced with their mirror images in the horizontal 

axis, but this hardly affects the analysis. In particular, the optimum groove depth will be 

the same whether one is reading a land and is concerned about cross-talk from adjacent 

grooves, or vice versa. There is one significant exception to the above rule, however. 

The reader is reminded that up to this point any mention o f polarization ellipticity has been 

absent from our discussions. We have deliberately concentrated on the case where the
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MO Kerr signal originating at the disk is free from ellipticity; in other words, it has been 

assumed that ry and r±, complex numbers as they may be, are in phase with each other. 

The problem with ellipticity is that, when present, it will influence the readout signals 

differently depending on whether the track under consideration is a land or a groove. The 

situation is depicted in Fig. 4-10, where the complex vector diagram of Fig. 4-7(b) has 

been redrawn in the presence of a phase shift A(|) between ry and rj_.

(a)

(b)

Figure 4-10. A phase shift of A<t> between r± and ry will rotate the three complex 
amplitudes, <2i (I), tf±(ffl), away from ay. The effect of this rotation on cross-track 
cross-talk is different for the case of readout from land ( 0  > 0) shown in (a) and readout 
from groove ( 0 <  0) shown in (b).
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The three reflectivity amplitudes, a ^ \ a ^ ,  have been rotated by an angle A(|)

relative to their original positions. In Fig. 4 -10(a) the track under consideration is a land 

(i.e., O > 0), while in Fig. 4 -10(b) it is a groove (d> < 0). In the first case, 0  must be 

reduced (i.e., shallower groove) in order to equalize the projections o f  the three oj, vectors 

onto ti||. In the second case, 0  must be increased in order to achieve the same goal. We 

conclude that, in the presence o f  polarization ellipticity, the optimum groove depth for 

reading from a land will be different than that for reading from a groove. The ellipticity, 

o f  course, can be eliminated if one uses a retardation plate in the return path (Mansuripur, 

1995), in which case the groove depth may be optimized for reading from either a land or 

a groove, without regard for ellipticity.

A problem with substrate birefringence (which is responsible for most, if  not all, o f  

the ellipticity o f the reflected beam) is that it varies slowly from track to track on a given 

disk. In particular, for injection-molded polycarbonate substrates, the in-plane 

birefringence decreases as one moves from the innermost to the outermost track (Fu et al, 

1994). Substrate birefringence also varies among the disks produced ■ by different 

manufacturers. Thus, in order to apply the scheme o f land/groove recording with 

sufficient cross-talk cancellation, one must eliminate the effects o f  substrate birefringence 

(or, generally speaking, the ellipticity o f the beam) in a dynamic, servo controlled, fashion. 

The following scheme o f  automatic detection and dynamic correction o f  the ellipticity is a 

potential candidate for this purpose. Let the differential detection module (or a half-wave 

plate placed in front o f  it) be subjected to a low frequency (e.g., a few kilohertz) wobble
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around the optical axis, as shown schematically in Figs. 4 -11(a) and 4 -1 1(b). By thus 

modulating the relative angle o f  the differential module and the incident polarization, one 

can cause a modulation o f  the envelope o f the readout signal at the wobble frequency. 

Synchronous detection o f  this envelope will produce a bipolar feedback signal, which may 

subsequently be used to control the orientation o f  the differential module (or the half-wave 

plate in front o f  it). Since the variations o f birefringence around a given track are slow, it 

is expected that a voice-coil type mechanism will have sufficient bandwidth to follow these 

variations and, upon closing o f  the feedback loop, to effectively cancel the birefringence. 

If voltage-controlled phase plates become practical for this type o f  application, one can do 

away with the quarter-wave and the rotatable half-wave plates altogether. In this case, 

which is shown schematically in Fig. 4 -11(c), the electronically-controlled phase 

retardation will be used to eliminate the ellipticity o f  the beam through a voltage 

adjustment. The wobble signal, o f  course, may also be obtained from the same device by 

electronically modulating its phase.
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Direction of wobble

Figure 4-11. 
Three slightly
different 
methods
proposed for the 
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correction of the 
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mechanism (or actuator) that produces the wobble can also be used to adjust the relative 
phase of r± and ry. In (a) the differential detection module as a whole is placed in a voice- 
coil-type actuator and is wobbled around the optical axis. In (b) the differential detector is 
stationary and a half-wave plate is used to rotate the direction of polarization relative to 
the module. The system in (c) uses a voltage-controlled adjustable phase plate whose fast 
and slow axes are parallel and perpendicular to the direction of incident polarization. The 
voltage driving the variable phase plate has a single-frequency wobble component plus a 
slowly varying feedback signal that automatically adjusts the phase difference between t± 
and T\\.

Adjustable phase-plate
(axes || and _L to incident polarization)
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4.2.3 Effect of beam non-uniformity on cross-talk cancellation: Our analysis up to 

this point has been based on the assumption that the incident beam at the entrance pupil o f  

the objective lens has a uniform amplitude and phase distribution. This assumption and 

the placement o f  the mask o f Fig. 4-8 in the return path were only necessary for 

simplification o f  the analysis. The actual beam entering the objective lens in practical 

optical disk drives is not uniform, nor does it have to be for the cross-talk cancellation 

scheme to work. The mask used in the preceding analysis can also be removed from the 

path without serious consequences. In general, there will be an optimum groove depth at 

which cross-talk cancellation still occurs At this optimum depth the projections on an o f  

tii®, a±(n), and a1(m) will all be different at any given point within the exit pupil. What 

causes the cross-talk to disappear in this case is the fact that the differential detector 

output is an integral over the entire aperture, and, when positive and negative 

contributions are weighted properly, the net result o f integration tends toward zero.

We mention in passing that the cancellation o f cross-talk by averaging also occurs 

in the system o f  Example 2 (where the beam is uniform) when the mask o f  Fig. 4-8 is 

removed from the path, provided that the groove depth is chosen to be close to O.I6X0. 

At this depth, the cross-talk in region Ao o f Fig. 4-4(c) has one sign, while that in regions 

A0+1 and A0-1 has the opposite sign. When the entire beam within the exit pupil is allowed 

to reach the detectors, the various contributions to cross-talk will average each other out 

and the net signal becomes free from cross-talk.



85

4,3 Results o f computer simulations: We have used the computer program

DIFFRACT™ (MM Research Co., 1995; Mansuripur, 1989; Mansuripur, 1990) to 

simulate a realistic MO system. In these simulations, the system o f  Fig. 4-1 is modeled 

with the specifications listed in Table 4-1.

Objective lens f -  3.76 mm, N A  = 0.55
Gaussian input beam X = 0.8  pm

Truncation radius = 2.068 mm 
1/e amplitude radius-  3.2 mm

Groove geometry 1.6 pm track pitch
0.8  pm land / 0.8  pm groove
rectangular cross-section

Magneto-optic reflection 
coefficients

| pi |= 0.7,1 r± I = 0.005 
<l>ii= <l>i

Table 4-1. Parameters used to model the magneto-optical readout system described in 
section 4.3 and shown schematically in Fig. 4-1. These parameters, which are typical o f  
available MO drives, are the same for all the simulations described in the section 4.3.

These simulations, which correspond to the various situations described in section 4.2, 

confirm that cross-talk cancellation with a non-uniform ( i .e , truncated gaussian) beam 

profile occurs due to the averaging o f  the signals over the aperture o f  the pupil. All 

simulations reported here were made without a mask in the return path and, in all cases 

considered, the beam traveled through the substrate (either glass or polycarbonate plastic) 

before reaching the MO layer.

4.3.1 The case of a non-birefriugent (glass) substrate: We study the tolerance o f  

cross-talk cancellation to defocus, off-track errors, and comatic aberrations caused by disk
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tilt. The data patterns used for these simulations were pairs of 3T marks placed on the 

central track or on the adjacent tracks, as shown in Fig. 4-12. The data signal and the 

cross-talk signal are obtained by scanning the central track (land-reading) in Figs. 4 -12(a) 

and 4 -12(b), respectively.

(b)

Figure 4-12. Pairs of marks representing a 3T data pattern on a grooved MO disk. These 
patterns are used in the computer simulations to analyze the cross-talk ratio, (a) data on 
the central land for calculating the MO read signal, (b) data on both o f the adjacent 
grooves for calculating the cross-talk signal.
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Groove depth (x0)

Figure 4-13. The peak-to-valley (P-V) amplitude of the readout signals for an MO disk 
with a glass substrate, (a) The solid curve corresponds to the MO read signal arising 
from the data pattern shown in Fig. 4 -12(a), and the dashed curve corresponds to the 
cross-talk signal arising from the pattern in Fig. 4 -12(b). (b) The cross-talk ratio as a 
function of groove depth shows a minimum at d = 0.154X0.
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To determine the optimum groove depth at which cross-talk is minimized, the magnitudes 

o f these two signals were computed for depths ranging from 0 to 0.25X0. The peak-to- 

valley amplitudes of both the data signal and the cross-talk signal as functions of groove 

depth are shown in Fig. 4-13(a), and the cross-talk ratio corresponding to these signals is 

shown in Fig. 4 -13(b). Complete cancellation is found to occur at a groove depth of 

0.154Xo in this case. To demonstrate this cross-talk cancellation in an alternative way, we 

computed the signals from the random set of domains on the grooves adjacent to an 

erased central land, shown in Fig. 4 -14(a). Figure 4 -14(b) shows the computed cross-talk 

signals for two different groove depths. At d = 0.117X0 (solid curve), the cross-talk 

signal is fairly large, but it drops to negligible amounts when d = 0.15X0 (dashed curve). 

This simulation also shows that cross-talk signals having different frequencies will be 

minimized at the same (optimum) groove depth.

(a)
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Distance Along Track (Xq)
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Figure 4-14. (a) Random pattern of marks on adjacent tracks of an erased central track, 
(b) Cross-talk signal from the random pattern of marks shown in (a) for two different 
groove depths. The solid curve is obtained with d = 0.117X0, corresponding 
approximately to a Xo/8 groove depth used in current MO disks. The dashed curve is 
computed with d = 0.15X0, corresponding approximately to the optimum groove depth 
necessary for cross-talk cancellation.
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Defocus (w aves)

Figure 4-15. (a) The peak-to-valley amplitude of the readout and cross-talk signals versus 
defocus for a disk with a glass substrate and a groove depth of d = 0.154X0. The data 
pattern used to compute the readout signal (solid curve) is that o f Fig. 4 -12(a) and the 
pattern used to compute the cross-talk signal (dashed curve) is shown in Fig. 4 -12(b). (b) 
The cross-talk ratio versus defocus indicates that a defocus of ±0.25Xo will not increase 
the cross-talk above -40 dB.

To determine the sensitivity of cross-talk cancellation to defocus, we varied the 

position of the disk by ±X0 about the plane of best focus while maintaining the groove 

depth at its optimum value of 0.154Xo. The magnitudes of the data signal and the cross

talk signal versus defocus are shown in Fig. 4-15(a), and the cross-talk ratio is shown in 

Fig. 4 -15(b). These results indicate that the disk can be out o f focus by as much as 

±0.25Xo while maintaining a -40dB or better cross-talk ratio.

To analyze the sensitivity of cross-talk cancellation to tracking errors, we 

computed the data signal for the pattern of Fig. 4 -12(a) and the cross-talk signal from the
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pattern of Fig. 4 -12(b) while maintaining the optimum groove depth o f 0.154Xo and 

moving the focused spot from one edge of the central track (land, in this case) to the 

other. The computed signals and the corresponding cross-talk ratio are shown in Figs. 4- 

16(a) and 4 -16(b), respectively.

Signal

Off-track Error (x0)

S

1X-
£

Off-track Error ( \ )

Figure 4-16. (a) The peak-to-valley amplitude of the readout and cross-talk signals versus 
off-track error for a disk with a glass substrate and a groove depth of d = 0.154X0. The 
data pattern used to compute the readout signal (solid curve) is that o f Fig. 4 -12(a) and 
the pattern used to compute the cross-talk signal (dashed curve) is shown in Fig. 4 -12(b). 
(b) The cross-talk ratio versus off-track error indicates that a slight shift towards an 
adjacent track will increase the cross-talk, but a tracking error of ±0.15Xo should be 
acceptable.
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Observe that the cross-talk signal in this simulation behaves as expected and, in particular, 

it increases as the focused spot moves toward adjacent tracks which contain recorded 

marks. However, as long as the off-track error remains below ±0.15Xo (and this is typical 

o f  practical systems), the cross-talk ratio stays below -40dB.

Disk tilt is known to produce a significant amount o f  coma in the read beam. 

Coma causes the focused spot to flare in a particular direction depending on the direction 

o f tilt. In our analysis o f cross-talk cancellation, we are mainly concerned with tilts that 

cause a comatic tail in the cross-track direction. Optical disk data storage systems are 

typically specified to have less than ±5 milliradians o f disk tilt. This corresponds to 

±0.28Xo o f  coma on a NA = 0.5 objective lens, when the substrate is 1.2 mm thick and 

has a refractive index o f n = 1.581 . To analyze the sensitivity o f  cross-talk cancellation 

to comatic aberration, we computed the data signal and the cross-talk signal for the 

patterns shown in Fig. 4-12 over the range o f  comatic aberration corresponding to ±5 

milliradians o f disk tilt in the cross-track direction. The groove depth was maintained at 

its optimum value o f  0.154Xo during these calculations, and the location o f  the spot was 

adjusted to reduce the push-pull tracking signal to zero. The computed signals and the 

corresponding cross-talk ratio are shown in Figs. 4-17(a) and 4-17(b), respectively. These 

results show that, over the accepted range o f disk tilt, the cross-talk ratio will remain

below -45dB.
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Coma due to substrate tilt

Coma due to substrate tilt (^.)

Figure 4-17. (a) The peak-to-valley amplitude of the readout and cross-talk signals versus 
comatic aberration o f the objective lens for a disk with a glass substrate and a groove 
depth o f d = 0.154Xo. The orientation of coma is chosen to place the tail o f the focused 
spot in the cross-track direction. The data pattern used to compute the readout signal 
(solid curve) is that of Fig. 4 -12(a) and the pattern used to compute the cross-talk signal 
(dashed curve) is shown in Fig. 4 -12(b). (b) The plot of cross-talk ratio versus the
magnitude of coma shows that over the range of comatic aberration considered, the cross
talk ratio remains below -45dB. (Note. ±0.28X0 of coma corresponds to ±5 milliradians of 
disk tilt.)
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4.3.2 The case o f a birefring'ent (polycarbonate) substrate: To analyze the effects o f  

substrate birefringence on cross-talk cancellation, we simulated the case o f  a disk having a 

polycarbonate substrate with the nominal refractive indices n r = 1.581 ,

An|| = n r - =  2 x 10*5, and An^ = nr - nz = 6 x 10"4 . In these simulations,

the data signal was obtained from the patterns shown in Fig. 4-12. Figure 4-18 shows the 

computed cross-talk ratio versus the (optical) groove depth for several cases o f  interest. 

When both in-plane and vertical birefringence are present, we obtain the solid curve for 

land-reading and the dotted curve for groove-reading.

Groove Depth (X0)

Figure 4-18. Cross-talk ratio versus groove depth, computed using the patterns shown in 
Fig. 4-12. The assumed disk substrate is polycarbonate, having a vertical birefringence o f
An | -  6 x 10"4 and an biplane birefringence o f Ang = 2 x 10"5 . The solid curve

represents the case o f land-reading while the dotted curve corresponds to groove-reading. 
Also shown are cross-talk ratios for the case o f  land-reading with only in-plane 
birefringence (dashed curve) and with only vertical birefringence (dash-dot curve).
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N ote that the optimum groove depth for land-reading is different from that for groove

reading in the presence o f  birefringence, (As we shall see shortly, however, correction for 

eUipticity will solve this problem by bringing the two optimum depths together.) To 

determine which type o f  birefringence is most responsible for the observed effects, we 

calculated the cross-talk ratio for each type o f  birefringence alone. The results (for the 

case o f  land-reading only) are shown as the dashed curve and the dash-dotted curve in Fig.

4-18. The dashed curve corresponds to the case where in-plane birefringence is the only 

type o f  birefringence present (i.e., An^ = 0). The dash-dotted curve represents the case

o f vertical birefringence only (i.e., Anj = 0). While the vertical birefringence shifts the

optimum depth slightly, the majority o f  the shift comes from the in-plane component o f  

birefringence. Apparently, most o f  the undesirable effects o f  substrate birefringence in this 

respect arise from the in-plane component alone, with the vertical birefringence playing 

only a secondary role. (We will see shortly that the effect due to vertical birefringence, 

while small, still causes land-reading to be somewhat different from groove-reading.)

When the phase difference between p, and r±, induced by the substrate 

birefringence, is compensated for by a quarter-wave plate in the return path, the optimum 

groove depth should ideally (i.e., in the absence o f vertical birefringence) return to 

0.154A.O for both land-reading and groove-reading. Figure 4-19 shows the computed 

cross-talk ratio versus detector module’s Orientation angle for the two cases o f  land

reading and groove-reading.
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Detector rrodule's orientation angle (degree)

Figure 4-19. Gross-talk ratio versus detector module orientation for a disk with a 
birefringent substrate, having a groove depth o f  0.154Xo. The solid curve shows the case 
o f  land-reading, while the dashed curve represents the case o f  groove-reading. The 
substrate contains the nominal amounts o f  both in-plane and vertical birefringence. A  
quarter-wave plate, set at 45° to the direction o f the incident polarization, is assumed 
present in the read path.

Both types o f birefringence were present in these calculations, and the groove depth was 

fixed at its pre-birefringence optimum value o f 0.154X0. With both types o f  birefringence 

present, the optimum orientation angle o f the detector module was computed to be 82° for 

land-reading, whereas the cross-talk ratio for reading a groove went to zero at an angle o f  

78°. This difference is caused by the vertical birefringence o f  the substrate, but, in any 

event, it is no cause for concern. It should be noted in Fig. 4-19 that, if  the detector 

module were to be positioned at the intermediate angle o f 80°, the cross-talk ratio would 

be at an acceptable ratio o f about -38 dB for both land-reading and groove-reading.



97

In practice, birefringence is not uniform over the disk surface area, nor is it 

constant from disk to disk. Since the in-plane birefringence is the major contributor to 

problems that plague cross-talk cancellation in the scheme o f land/groove recording, we 

show the computed cross-talk ratio versus the magnitude o f  in-plane birefringence in Fig.

4-20 (solid curve). Note that if  the in-plane birefringence varied by as much as ± 25% o f  

its nominal value, the cross-talk ratio would still be below -40 dB. For larger deviations, 

dynamic adjustment o f the orientation o f the detector module might become necessary. 

The dashed curve in Fig. 4-20 shows the calculated cross-talk ratio when the detector 

module is automatically adjusted to reduce the ellipticity o f  the returning beam.

3.5 4.0

In-plane birefringence (An|| x 1 0 5)

Figure 4-20. Cross-talk ratio versus the magnitude o f in-plane birefringence for land
reading o f  a disk through its polycarbonate substrate. The vertical birefringence o f the 
substrate is fixed at An^ = 6 x 10"4, the assumed groove depth is d =  0.154X0, the

read channel utilizes a quarter-wave plate set at 45° to the direction o f incident 
polarization, and the detector module’s orientation angle, 0 ,  is chosen to correct the 
effects o f  birefringence. In the case o f the solid curve, 0  is fixed at 82°, correcting for the 
nominal value o f Ann = 2  x 10'5 . In the case o f  the dashed curve, the detector module 
is assumed to be controlled dynamically, its angle changing linearly from 88° to 76° as An,, 

increases from 0 to 4 x 10"5.
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Thus far, we have assumed that the orientation o f  the principal axes o f  

birefringence is such that nr is along the radial direction and along the direction

tangential to the tracks. However, in practice the actual orientation o f  the principal axes 

may be rotated away from this assumed orientation.

To analyze the sensitivity o f cross-talk cancellation to such deviations o f  the 

principal axes, we computed cross-talk ratio versus the orientation angle o f  the in-plane 

birefringence; the results are shown in Fig. 4-21. Note that deviations even as large as 

±20° seem to have a rather small effect on cross-talk cancellation, leaving the cross-talk 

ratio b elow -40 dB.

Rotation of the principal axes of in-plahe birefringence (degree)

Figure 4-21: Cross-talk ratio versus the orientation o f the principal axes o f  in-plane
birefringence for land reading o f  a disk through its polycarbonate substrate. The assumed 
groove depth is d = 0.154X0, the read channel utilizes a quarter-wave plate set at 45° to 
the direction o f incident polarization, and the detector module’s orientation is set at 82° 
for the nominal value o f An̂  = 2 x 10"5 . The curve indicates that the principal axes o f
in-plane birefringence can deviate from the nominal directions (i.e., radial and tangential to 
tracks) by as much as ±20° without raising the cross-talk ratio above -40 dB.
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4.4 Summary: The scheme o f  land/groove recording is potentially very useful in

magneto-optical disk data storage, since it can eliminate the cross-track cross-talk under 

suitable conditions. The fact that the cross-talk signal does not disappear simultaneously 

at all points within the objective’s exit pupil, but only its average value taken over the 

entire pupil goes to zero, indicates that the shape o f the incident beam must be taken into 

consideration when the groove depth is being optimized. In other words, an optimum 

value o f the groove depth for one readout system may not apply to other systems, unless 

the diameter o f  the collimated laser beam, its degree o f circularization, its truncation by 

the pupil o f the objective, its polarization direction, etc. are all standardized. Another 

problem with land/groove recording is caused by the presence o f  birefringence in plastic 

disk substrates. This problem, which was addressed extensively in this chapter, was found 

to be tolerable provided that one o f the following solutions is adopted. (1) The magnitude 

o f the substrate birefringence (especially the in-plane component) is kept within tight 

tolerances. (2) A  servo scheme is used to adjust the read path for automatic cancellation 

o f the polarization ellipticity caused by the in-plane birefringence.

We also addressed the problems o f sensitivity o f  cross-talk cancellation to defocus, 

track error, and disk tilt. It was found that, within reasonable limits, all these errors 

should be manageable in practice, that is, cross-talk can be maintained below acceptable 

levels. We did not study the case o f compound errors, when more than one source o f  

error is present in the media/system. Such studies are beyond the capabilities o f our 

computer program insofar as they require an inordinate amount o f time for exhausting all
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possible combinations o f  media/system deficiencies. In our opinion, the study o f  

compound errors and their effects on cross-talk cancellation is something that is best done 

experimentally on a dynamic test bed.



.100

CH A PTER S

SUBTLE EFFECTS OF THE SUBSTRATE IN OPTICAL B ISK  DATA STORAGE

SYSTEM S

5.1 Introduction: In the field o f  optical data storage, disk substrates and their effects on 

system performance have been studied extensively (Wimberger-friedl, 1990; Galic, 1990; 

Prikryl, 1992; Skumanich, 1992; Bernaki and Mansuripur, 1993; Wimberger-friedl, 1994; 

Kono et al, 1994; Fu et al, pp. 1938-1949, 1994; Fu et al, pp. 5994-5998, 1994; Fu et al, 

pp. 7406-7411, 1994; Fu et al, 1995; Goodman and Mansuripur, 1996). It is well known 

that substrate birefringence causes many problems in magneto-optical data storage 

systems. Much effort has been made to measure the vertical birefringence (VB) and the 

lateral (in-plane) birefringence (LB) (Wimberger-friedl, 1990; Galic, 1990; Skumanich, 

1992; Wimberger-friedl, 1994; Kono et al, 1994; Fu et al, pp. 1938-1949, 1994; Fu et al, 

pp. 5994-5998, 1994; Fu et al, pp. 7406-7411, 1994; Fu et al, 1995) as well as to 

understand how substrate birefringence affects the performance o f these systems (Prikryl, 

1992; Bernaki and Mansuripur, 1993; Goodman and Mansuripur, 1996). In particular, 

substrate birefringence causes astigmatism and polarization ellipticity in magneto-optical 

systems (Marchant, pp. 154-157, 1990), both o f  which can degrade the overall system 

performance. In this chapter, we address a more subtle effect o f substrate birefringence, 

namely, the feedback o f  light into the laser’s cavity. An interesting result o f this
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investigation was the discovery of a new method for measuring the substrate 

birefringence. Also in this chapter, we address the effect on the depth o f focus when 

focusing the laser beam through the disk substrate.

5.2 Feedback into the laser: To improve power throughput and to prevent feedback into

the laser cavity, compact disk (CD) systems employ a laser isolation scheme similar to that

shown in the diagram of Fig. 5 -1(a) (Marchant, pp. 195-197, 1990).

Y

PBS

C o m p a c t D isk - 
b ire fringent substrate  and  

a lum inum  reflecto r

1/4-plate

Laser diode

Objective lens 
NA = 0.55

(a)
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C o m p a c t D isk

Laser diode

Objective lens 
NA = 0.6

Collimating lens 
NA = 0.40

(b)

Figure 5-1. (a) Simplified schematic diagram of a typical optical head in a compact disk 
player. The reflected light is isolated from the laser diode by the polarizing beamsplitter 
(PBS) and the quarter-wave plate (QWP). The beam becomes slightly aberrated because 
it is diverging while passing through the PBS and the QWP. (b) Simplified schematic 
diagram of the optical head in a digital video disk player. The reflected light is isolated 
from the laser by the polarizing beamsplitter and the quarter-wave plate. Since the beam is 
collimated while passing through the PBS and the QWP, it remains free from aberrations.

Since the beam in Fig. 5-1(a) is diverging while passing through the polarizing 

beamsplitter (PBS) and the quarter-wave plate (QWP), it becomes aberrated, resulting in a 

somewhat larger focused spot at the storage layer of the disk than a diffraction-limited 

system would yield. Also, sending a diverging beam though the PBS and the QWP causes 

the isolation o f the laser from the reflected light to be imperfect. Because of the relatively
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low data density and slow rotation speeds in current CD systems, the margin for signal-to- 

noise ratio (SNR) is large enough and these problems are tolerable. However, in the next 

generation of CD’s, specifically in the digital video disk (DVD) system, the data marks 

will shrink in size and the disk will spin faster. As a result, DVD manufacturers will have 

to be much more careful with the beam quality in order to achieve acceptable levels of 

SNR. Therefore, a system similar to that shown in Fig. 5-1(b) will have to be employed in 

DVD systems. In this system, if a glass disk were to be used, there would be almost 

perfect isolation o f the laser. We modeled the system of Fig. 5-1(b) with a glass disk 

using the computer program DIFFRACT™ (DIFFRACT, MM Research, Inc. 1995), and 

found that the light reflected back into the laser is essentially zero (see Fig. 5-2).

(a) (b)

Figure 5-2. (a) Intensity and (b) phase of the reflected light returning to the laser, 
computed for a glass disk substrate. The fraction of the total reflected light that returns to 
the laser is very small, ~ 0.01%, and is due to the Fresnel reflection coefficients at the 
metal layer.
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We then modeled the same system with a birefringent plastic disk, and found that, for a 

typical polycarbonate substrate, approximately ten percent of the reflected light returns to 

the laser. The light that returns to the laser has interesting intensity and phase patterns, as 

shown in Fig. 5-3.

(a) (c )  (e )

(b) (d) (f)

Figure 5-3. (a) Computed and (b) measured intensity distributions of the reflected light 
returning to the laser for the system shown in Fig. 5-1(b) using a 1.2 mm-thick 
polycarbonate disk substrate and a 0.6 NA objective lens. The fraction o f the total 
reflected light that returns to the laser is -10% , and is due primarily to the birefringence of 
the substrate. The values of substrate birefringence used in this simulation are: 
An, = 6 x 10"4 and An,, = 2 x 10 5. To determine the phase of the returning beam,
we performed interferometry with a series of phase shifted plane waves, (c) Computed 
interference pattern with a plane wave, (d) the corresponding experimental pattern. Using 
a series of such interferograms, the phase pattern of the light returning to the laser was 
determined (e) computed phase distribution, (f) measured phase distribution.
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Figure 5-3 (a) shows that the intensity pattern reflected back to the laser has two dark 

regions. These dark regions and how they relate to the substrate birefringence will be 

discussed in Section 5.3. Fig. 5-3(b) shows the experimentally measured intensity pattern, 

which compares well with the modeling results. Figures 5-3 (c) and 5-3(d) show the 

interference pattern (computed and measured, respectively) between a reference plane 

wave and the beam returning to the laser. We also computed the phase pattern o f  this 

beam (see Fig. 5-3(e)), and, using a series o f phase-shifted interferograms, measured the 

same pattern experimentally (see Fig. 5-3(f)); the two results are in good agreement.

Next, we modeled the behavior o f the beam returning to the laser as the disk is 

moved through the plane o f best focus. We found that the intensity pattern and the 

amount o f feedback remained constant within ±1.4 microns o f  defocus, but the phase 

pattern varied significantly over this same range o f  defocus (see Fig. 5-4). Again, using a 

series o f phase shifted interferograms, we confirmed the theoretical phase patterns o f  Fig.

5-4 (see Fig. 5-5). Since the model accurately predicts the behavior o f  the system o f  Fig.

5 -1(b), we used this model to determine how the feedback varies with the amount o f  

birefringence in the disk substrate.
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Figure 5-4. Computed phase distributions for the light that returns to the laser, as the disk 
is moved through the plane of best focus.
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5 = -0.2 jLim best focus 5 = 0.2 \im

5 = 0.6 5 = 1 . 0  nm 5 = 1 . 4  |im

Figure 5-5. Measured phase distributions of the light that returns to the laser as the disk is 
moved through the plane of best focus.



108

Figure 5-6 shows the computed fraction o f the reflected light that returns to the laser as 

the birefringence goes from zero (glass) to twice the magnitude typically found in CD 

substrates.

Lateral Brefringence, An,| (xlQ5)

2  0.25

o 0.10

Vertical Birefringence, A n L (x10"4)

Figure 5-6. Fraction of the reflected light that returns to the laser as the lateral 
birefringence increases from 0 to 4 x 10"5, and, at the same time, the vertical 
birefringence increases from 0 to 12 x 10"4. The solid curve corresponds to the 1.2 mm 
CD substrate and X=0.8 |am; the dashed curve represents the 0.6 mm DVD substrate and 
X=0.650 pm.

The solid curve shows that, for a 1.2 mm-thick substrate, the magnitude o f the feedback 

varies approximately quadratically with the birefringence. For a 0.6 mm-thick substrate 

(dashed curve in Fig. 5-6), the amount of the light fedback into the laser is substantially 

reduced. By inserting waveplates at appropriate points within the system one might be
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able to reduce the feedback. We used DIFFRACT™ to simulate the effect o f placing a 

half-wave plate (HWP) between the PBS and the QWP of Fig. 5-1(b) (see Fig. 5-7).

Compact Disk

Laser diode

Collimating lens 
NA = 0.40

Objective lens 
NA = 0.6

Figure 5-7. Schematic diagram of the system in Fig. 5-1(b) modified with a narrow, 
rectangular, half-wave plate (HWP) placed between the PBS and the QWP. With the fast- 
axis of the HWP at 5° to the x-direction, the light returning to the laser is reduced by 
almost 50%.

Figure 5-8 shows the intensity and phase patterns o f the light returning to the laser in the 

modified system of Fig. 5-7. For this modified system, simulation showed a maximum 

reduction of feedback when the HWP was oriented with its fast axis at 5° relative to the x- 

direction; the HWP reduced the feedback by about 50%. For computational simplicity,
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we used a rectangular HWP; however, if a waveplate with a shape matching the intensity 

pattern o f Fig. 5-3 (a) were used, the feedback would have been reduced even more.

Figure 5-8. (a) Intensity and (b) phase of the light returning to the laser, computed for the 
system of Fig. 5-7 with the rectangular half-wave plate (HWP) placed between the PBS 
and the QWP, and for a birefringent disk substrate. The fast axis of the HWP is at 5° 
relative to x-polarization. The intensity of the light that returns to the laser is ~ 5%, a 
reduction o f nearly 50% due to the HWP.

5.3 Using the pattern of the reflected light to measure substrate birefringence: When 

modeling the feedback into the laser of the system of Fig. 5-1(b), we observed two dark 

regions in the intensity pattern shown in Fig. 5-3(a). These dark regions are caused by a 

net zero phase retardation from the combined effects of the VB and the LB. To 

demonstrate this, we eliminated LB from the model; with only VB present, the light 

reflected back to the laser is reduced by 30% and has the symmetric pattern shown in Fig.

5-9.
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(a) (b)

Figure 5-9. (a) Intensity and (b) phase of the light returning to the laser, computed for the 
system of Fig. 5-1(b), with a disk substrate that is only vertically birefringent. These 
computations show that the dark regions in the intensity patterns of Figs. 5-3(a) and 5- 
3(b) were caused by the combined effects of LB and VB. Without the LB, the intensity of 
the light that returns to the laser is ~ 7%, a reduction o f 30%.

Since the disk substrate is biaxially birefringent, it has two optic axes, and the observed 

dark spots correspond to rays that propagate along these optic axes and, hence, 

experience no phase retardation (see Fig. 5-10).

n2
Inc id en t ray

Figure 5-10. Ellipsoid of birefringence of the plastic 
disk substrate. The incident ray along the optic axis 

A  “sees” an isotropic medium and suffers no phase 
retardation. Consequently, this ray is perfectly 
isolated from the laser, and creates one of the dark 
regions within the exit pupil of the objective lens.
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The dark spots can therefore be used to determine the magnitude o f substrate 

birefringence. To measure the substrate birefringence, we can make a simple 

measurement o f  LB, independent o f  VB. This measurement consists o f  obtaining the 

polarization rotation angle and ellipticity o f the reflected beam, as the polarization state o f  

a normally incident beam is rotated from S-polarization to P-polarization. Previously, w e  

used this measurement in conjunction with a rather complex measurement at oblique 

incidence to determine the VB (Fu et al, 1995). Now, however, w e may use the simple 

measurement o f  LB described above with the similarly simple measurement o f  the location 

o f  the dark spots in the exit pupil o f  the objective lens to determine the VB. A  

relationship can be derived between the magnitude o f VB and LB, and the position o f the 

dark spots within the exit pupil o f the obj ective lens, based on the correspondence o f the 

dark spots with the optic axes o f the substrate:

In the above equation, An± is the magnitude o f  VB, Ann is the magnitude o f  LB, n is the 

average refractive index o f the substrate, and 0 is the angular position o f  the dark spots 

(see Fig. 5-11). If we assume small angles, this expression can be further simplified to 

relate An± with the radial position o f the dark spots, as follows:

A/7j_ # (1)
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n ^ \  A n ,
A n ± * ~

7

2 '

Here /  is the focal length of the objective lens, and r  is the radial position of the dark

spots.

Figure 5-11. Schematic rendering of the dark regions within the exit pupil of the objective 
lens, and the physical parameters that are needed to determine the birefringence of the 
substrate from these dark spots.

It is important to note that, if the disk is tilted with respect to the optical axis of the 

measuring system, the dark spots will move to different positions within the objective’s 

exit pupil. Therefore, for the above relationships to be accurate, it is critical that the disk 

be perpendicular to the optical axis of the system. Another interesting property of the
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dark spots is that their orientation in the exit pupil corresponds to the orientation of the 

LB. Therefore, from two simple measurements, one can determine the magnitudes o f VB 

and LB, as well as the orientation of LB.

5.4 Depth o f focus: In optical disk data storage, because the storage media is removable 

and not in a sealed environment, it is necessary to focus the beam of light through the 

substrate onto the storage layer. This removes any contaminants from the plane of the 

storage layer, so that there is no loss of signal due to small particles (Marchant, pp. 321- 

327, 1990). The objective lens is a molded, aspheric singlet that is corrected for the 

spherical aberration generated by focusing through the disk substrate. Figure 5-12 shows 

a layout o f a typical objective lens focusing the incident beam through a 1.2 mm-thick 

substrate.

1.2 mm

Figure 5-12. 
Layout of a 
typical molded 
aspheric singlet 
lens used in 
optical disk 
systems. The lens 
is corrected for 
focusing through 
the disk substrate.
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As dictated by Snell’s law, the cone o f rays within the substrate subtends a smaller angle 

than in air. It might therefore appear that, in the substrate, one can move farther away 

from the plane o f best focus than in air, before the rms spot size becomes intolerably large. 

A  superficial analysis o f  this sort leads to the erroneous conclusion that the depth o f  focus 

(DOF) has increased by a factor o f 77, the refractive index o f  the substrate, as a result o f  

focusing through the substrate.

In data storage systems, the spinning disk moves towards or away from the 

objective lens within the DOF. When the storage layer is in the plane o f  best focus, the 

amplitude o f  the tracking error signal (TES) is a maximum. As the disk moves away from 

the plane o f  best focus, the TES amplitude decreases. The distance the disk can move 

before the amplitude drops below some agreed-upon value defines a DOF for the system. 

Therefore, in order to determine whether or not the DOF increases by focusing through 

the substrate, we used a static test bed (see Fig. 5-13) and measured the TES through 

focus for the following two cases: (a) focusing in air directly to the storage layer, and (b) 

focusing through the substrate to the storage layer.
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Figure 5-13. Schematic diagram of the static test bed used to experimentally investigate 
the system of Fig. 5-1(b). This system was also used for the phase shifting interferometry 
that led to Fig. 5-3(f) and Fig. 5-5.

Figure 5-14 shows the normalized TES amplitude versus defocus for both of these cases.



117

Air-
incident

Disk translation through-focus (in microns)

Figure 5-14. Plots of normalized TES amplitude versus defocus for the cases o f air- 
incidence (solid curve) and substrate-incidence (dashed curve). These measurements were 
made at X = 0.633 pm on the static test bed shown in Fig. 5-13, and show that there is no 
difference in the depth o f focus between the two cases. In this experiment the track pitch 
of the grooves was 0.8 pm and the NA was 0.8. In the substrate-incidence case, the 0.8 
NA objective was corrected for focusing through the substrate.

Following Gerber (1995), we define DOF as the axial translation of the disk required to 

decrease the TES amplitude to 70% of its maximum value. For a disk with a track pitch 

equal to X/NA, a theoretical expression for Az is

X

N A 2
Az = ±0.42 (3)
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For X = 0.633 (im and an objective lens o f N A  = 0.8, this expression gives a DOF o f ±0.42  

ja.m. The plots in Fig. 5-14 show a DOF o f ±0.48 jam for both air and substrate incidence. 

We have a good match to the expected value, however, there is no difference in the DOF 

between air incidence and substrate incidence cases, as might have been expected from our 

simplistic argument. The fact that the DOF is the same for both cases can be explained as 

follows. If the disk moves towards the objective lens by some distance t, in the case o f  air 

incidence, the storage layer moves the same distance t closer to the objective lens.
. ; ' i ■

However, in the case o f  substrate incidence, if  the disk is shifted towards the lens by a 

distance t, the storage layer moves towards the objective lens by t, while at the same time

the best focus moves towards the objective lens by (n -l)t  (see Fig. 5-15(a)).

Disk shifted t = 0.2 mm towards lens.

1.2 mm

Focus shifted nt = 0.316 mm 
away from reflective layer.
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Disk shifted t = 0.2 mm away from lens.

Focus shifted nt = 0.316 mm 
away from reflective layer.

Figure 5-15. Layout o f the aspheric singlet with the disk substrate (a) 0.2 mm closer to the 
lens and (b) 0.2 mm away from the lens. These layouts show that while the storage layer 
is shifted 0.2 mm away from the best focus, the position o f the focused spot has also 
changed such that its distance from the storage layer is 0.316 mm in both cases.

Therefore, in the substrate incidence case, after the disk has been shifted by t, the storage 

layer is a distance nt away from the best focus and, as a result, the spot size at the storage 

layer is the same for both the air-incidence and substrate-incidence cases. This argument 

also works if  the disk is moved away from the objective lens (see Fig. 15(b)).

5.5 Summary: We have investigated certain subtle effects o f the substrate in optical disk 

data storage systems, including feedback into the laser diode and the depth o f focus 

through the substrate. In the laser isolation scheme shown in Fig. 1(b), the feedback into
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the laser diode is due primarily to the substrate birefringence. In compact disk (CD) 

systems, the feedback was found to be approximately ten percent o f  the reflected light, 

and varied quadratically with the magnitude o f  the birefringence. In the digital video disk 

(DVD) systems, because the substrate is much thinner, the feedback is approximately 3% 

o f  the reflected light. However, in the DVD system, as the wavelength o f  the light 

becomes shorter, the feedback will increase. The interesting intensity pattern o f the light 

that returns to the laser diode, led us to the discovery o f a simple method o f determining 

the substrate birefringence. This method could perhaps be used as an inspection tool in 

disk manufacturing. Finally, we have shown that focusing through the disk substrate does 

not increase the depth o f focus, as might have been expected from a superficial analysis o f  

the system.
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CHAPTER 6

TRANSM ISSIVE ZERO-ORDER DIFFRACTION GRATINGS FO R  USE AS

POLARIZATION OPTICS

6.1 Introduction: Waveplates are versatile and useful polarization components used in 

optical systems. With the trend o f  these systems to become cheaper and more compact, 

waveplates that are inexpensive to manufacture and that can be integrated with another 

component are desirable. In optical disk data storage systems, waveplates are an essential 

component. In compact disk (CD) and digital video disk (DVD) systems, quarter-wave 

plates are used to isolate the laser from reflected light (Marchant, 1990). In magneto

optical (MO) systems, waveplates are used to compensate for polarization ellipticity thus 

boosting the signal-to-noise ratio (SNR) (Mansuripur, 1995). Multiple-order waveplates 

can be made inexpensively from mica. However, multiple-order waveplates are not 

accurate enough for many systems. In optical disk systems, zero-order waveplates, made 

from birefringent materials such as calcite, are used. Zero-order waveplates are expensive 

to manufacture due to the difficulty o f cleaving the crystal such that the orientation o f the 

optic axes is correct for the required magnitude o f  retardation and the wavelength o f  

interest. An alternative to crystal waveplates is the artificial (form) birefringence o f  sub- 

micron (zero-order) diffraction gratings that can be used to fabricate waveplates. Much 

research has been conducted on using sub-micron diffraction gratings as waveplates
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(Flanders, 1983; Enger and Case, 1983; Cescato et.al, 1990; Gluch et al, 1992; Glytsis and 

Gaylord, 1992; Haggans, Fujita, and Kostuk, 1992; Haggans et al, 1992; Haggans et al, 

1993; Kipfer et al, 1994; Blair et al, 1995; Saarinen et al, 1995; Babin and Tomnikov, 

1995). Large phase retardations have been achieved with a single reflective diffractive 

element (Glytsis and Gaylord, 1992; Haggans et al, 1993). In transmission, large 

retardations are more difficult and have been achieved by cascading several small 

retardation transmissive elements (Cescato et al, 1990). The main drawbacks o f these 

diffraction gratings as waveplates are that they can be damaged by high-power lasers and

71
it is difficult to obtain large phase retardations (A^ > —) in transmission with a single

diffractive element. In optical disk systems, the laser power is low enough that these wave 

plates should not be damaged. In this chapter, we will describe a method o f  fabricating a 

single diffraction grating to achieve large phase retardations in transmission.

6.2 Theory o f form birefringence: Several authors.have used rigorous coupled wave 

theory to analyze the performance o f sub-micron, surface-relief structures (Haggans et al, 

1993). This approach is computationally intensive. For the type o f  surface-relief 

structures we are fabricating, i.e. one-dimensional, rectangular, sub-micron gratings, w e 

can use the simpler form birefringence model (Bom  and Wolf, 1983) without losing much 

accuracy. Figure 6-1 shows the geometry o f  a form bireffingent grating. The theory o f  

form birefringence as described in Born and Wolf, states that a one-dimensional.
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rectangular diffraction grating that has a period less than the wavelength o f  the incident 

light will behave like a uniaxial crystal.

n2

Figure 6-1. Schematic diagram o f a form birefringent surface-relief grating. The grooves 
must be rectangular and the period P must be less than the wavelength o f the incident 
beam. The duty cycle, q, is the ratio o f  t/P.

Therefore, the refractive index in the direction parallel to the grooves o f the grating, % 

will be different than the refractive index in the direction perpendicular to the grooves o f  

the grating, ni. This difference in refractive index can be expressed as follows:

A/in, = », = [M  + «2(1 -'/)] 2 -
\f l ) r  1 1  

2 ( 1 - 9 )L v " i  J \n2 y
( 1)
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In this equation, n% is the refractive index o f the grating material, n2 = refractive index o f  

surrounding material ( in air n2 = 1), and q is the duty cycle, the ratio o f line width to 

grating period (P). Figure 6-2 shows a plot o f An versus q for a few values o f  ni assuming 

the grating is in air n2 = 1.

a, = 2 4

Duty cycle (q)

Figure 6-2. Plots o f form birefringence versus the duty cycle, q, for several values o f  
grating material refractive index, ni. Maximum form birefringence occurs at q = 0.6.

From these plots we find that a duty cycle closer to 0.6, not 0.5, yields the maximum 

birefringence. The resulting phase retardation can be expressed as follows:
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A0 = — (2)

Here Ana, is the form birefringence o f Eqn. 1 and d is the depth o f  the zero-order 

diffraction grating.

Figure 6-3 is a plot o f the grating depth necessary for A^ = — (quarter-wave 

retardation) versus the refractive index o f the grating material, ni.

Refractive index (n,)

Figure 6-3. Plot o f groove depth required for quarter-wave retardation at X = 0.633 pm 
versus the refractive index o f the grating material, ni.

This plot shows that the higher the refractive index the shallower the diffraction grating 

needs to be. Of course, from a manufacturing viewpoint shallower gratings are easier to 

make than deep ones. Since the grating is fabricated on the surface o f a substrate, to
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prevent coupling to non-specular propagating orders in the substrate, the condition ofP<X  

becomes P<X/ns, where ns is the refractive index o f the substrate. Normally, the substrate 

index, ns, is the same as the grating material index, n%, and due to the condition to prevent 

substrate coupling, P < X/ns, the higher the index o f  the substrate, the smaller the period o f  

the grating has to be; smaller period gratings are harder to manufacture that longer, period 

ones. Therefore, to get large phase retardations, for low refractive index materials, the 

period can be relatively large, but the grating must be very deep. Conversely, for high 

refractive index materials, the grating can be relatively shallow, but the period must be 

very small: In Section 6.3, we will see that rts does not necessarily have to be equal to n%. 

Indeed, to obtain large phase retardations, it is beneficial to make them have different 

refractive indices.
v. v:v ; . v :

6.3 Fabrication and measurement of large phase retardation diffraction gratings: As 

mentioned in the previous section, ns usually is the same as n, which causes some 

fabrication problems when attempting to achieve large phase retardations, namely, either 

very deep or very small period gratings. Ideally, we would like to be able to get large 

phase retardations with relatively shallow and large period gratings. To accomplish this, 

we needed ni to be as large as possible and % to be as small as possible. We did this by 

coating a microscope slide (ns-1 .5 ) with a thin (0.35 pm) layer o f titanium dioxide (TiO?; 

ni=2.4) and then forming the grating in the thin TiOz layer (see Fig. 6-4).
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Holographic exposure

Ion beam etch 
© © ® ®

I n l r n l m l *
__________________________

Figure 6-4. Schematic diagram o f the processes necessary to fabricate the T i0 2 zero-order 
diffraction gratings. The holographic exposure was at X = 0.442 pm and the ion beam 
etch was done with Freon (C2F6).
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Appendix A describes the detailed procedure for the fabrication o f these TiO] diffraction 

gratings. In short, the gratings were made using holographic exposure and development 

o f  a photoresist mask followed by ion beam etching o f the T i0 2 material with Freon 

(C2F6). Figure 6-5 shows a SEM picture o f a typical T i02 grating fabricated in this 

fashion.

(a) (b)

Figure 6-5. SEM photographs o f a zero-order diffraction grating in T i0 2 at (a) 19.9k 
times magnification and at (b) 29k times magnification. The grating had a period P=0.4 
pm, a depth o f 0.3 pm, and a duty-cycle, q, o f approximately 0.6.

After the diffraction gratings were fabricated, their birefringent properties were 

measured using a custom ellipsometer (nicknamed the ‘Ultimate Ellipsometer’)  (Simpson, 

1994). Figure 6-6 shows a schematic o f the layout and optics o f this ellipsometer. Since 

these gratings act as phase retarders, to measure the amount o f phase retardation, we 

placed the detector arm opposite o f the laser arm and place the grating in between such 

that the incident beam is normal to the grating surface. The incident polarization is then
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rotated from 0° to 90° and the polarization rotation angle and ellipticity is measured by the 

detector arm.

Sam ple
holder

Electro
-m agnet

Sample

Variable
attenuator

D etectors

Laser

Figure 6-6. Schematic diagram o f the ‘Ultimate Ellipsometer” showing (a) the major 
subassemblies (i.e., Laser arm, Detector arm, Sample holder, and removable electro
magnet) and (b) the optical components encountered by the laser beam with their angular 
relationships.
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Figure 6-7 shows the plots o f polarization rotation angle and ellipticity for the grating 

shown in Fig. 6-5.

Incident polarization angle (degree)

Figure 6-7. Plots o f polarization rotation angle and ellipticity measured on the ‘Ultimate 
Ellipsometer” with X = 0.633 fim. The circles correspond to the measured rotation angle 
(open) and the measured ellipticity (solid). The curves correspond to the theoretical 
match o f the rotation angle (solid) and the ellipticity (dashed).

We then used the computer program MULTILAYER™ to match the measured 

data (open and closed circles). In the computer program MULTILAYER™, the user is 

allowed to design a multilayer, thin-film structure. This structure can be simple dielectrics 

or a complex thin-film stack o f dielectrics and metals. After the multilayer has been 

defined, the program solves Maxwell's equations for wave propagation in the specified 

multilayer structure. The program will then define the reflected or transmitted beam as a
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function o f  the input polarization state or incident angle. Our best match resulted in the 

solid and dashed curves o f Fig. 6-7 and a Arifb=0.538, Given the 0.3 pm groove depth and 

X=0.633 pm, this grating provides a phase retardation o f 91.87° and is essentially a 

quarter-wave plate. Therefore, the scheme o f fabricating a zero-order grating in a high 

index thin film on a lower index substrate gives large phase retardations without coupling 

the beam into the substrate.

6.4 Applications for nom-pmiform, zero-order, diffraction gra tin g ,. waveplates: In 

optical disk data storage systems, wave plates, specifically quarter-wave plates, are used 

to control the polarization state. In the case o f  CD and DVD systems they are used to 

improve laser power throughput and reduce feedback to the laser (Goodman and 

Mansuripur, 1996). In MO systems, they are used to remove polarization ellipticity from 

the beam to improve SNR (Mansuripur, 1995). In all systems the quarter-wave plate used 

is a separate element made from a crystalline material such as calcite. These zero-order 

transmission gratings are much cheaper to manufacture than crystal wave plates. Also, 

these gratings can be fabricated on the surface o f  an existing element o f the system, thus 

integrating two elements into one. Therefore, transmissive grating wave plates are 

cheaper and more compact than their crystal counterparts.

Since these gratings can be fabricated with holographic exposure or electron- 

beam writing, the can be formed in almost any pattern imaginable. This could be 

extremely useful in the high numerical aperture (NA) optical disk systems. When the
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beam is focused through a birefringent substrate with a high NA objective, the polarization 

state o f the reflected beam is no longer uniform as shown in Fig. 6-8 (Bernaki, 1992; 

Bernaki and Mansuripur, 1993).

(a) 0 )

Figure 6-8. Pattern o f (a) polarization rotation angle and (b) ellipticity in the exit pupil o f  
the objective lens after the beam has been focused through a plastic substrate. The 
maximum rotation angle is 30.5° and the maximum ellipticity is 39.25°.

As a result, in MO systems, the non-uniformity o f polarization reduces the SNR by 

decreasing the usable signal and the rejection o f common mode noise. If one were to 

place wave plates strategically within the cross-section o f the beam, the polarization state 

could be restored to uniformity and the lost SNR could be reclaimed. This could be done 

with transmissive diffractive wave plates but not with crystal wave plates. In any system 

with a non-uniform polarization pattern, these diffractive wave plates could be useful in 

altering the polarization state o f certain sections o f  the beam while leaving the rest alone.
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6.5 Summary: High-frequency, zero-order diffraction gratings can be used as polarization 

components, specifically waveplates. If the gratings are manufactured in a non-absorbing 

dielectric, then these gratings can be used as transmissive waveplates. To achieve large 

phase retardations, if  the grating material has a low refractive index (n=T.5) then the 

period o f  the grating can be relatively large, but the grating must be relatively deep. If the 

grating material has a high refractive index (n=2.4) then the depth o f the grating can be 

relatively shallow, but the grating period must be very small to avoid substrate coupling. 

By fabricating a zero-order diffraction grating in a thin film o f high refractive index on a 

substrate o f  low refractive index, we have developed large phase retardation transmission 

gratings that are shallow and have a relatively large period. Transmissive phase 

retardation elements can be used in optical disk data storage systems to isolate the laser 

from feedback, eliminate polarization ellipticity in the beam, and, since they can be 

fabricated in any pattern, reduce polarization non-uniformity o f the beam. These gratings 

can be manufactured on the surface o f an existing element in the system; thus they are 

more compact and cheaper to manufacture than their crystal counterparts.
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APPENDIX A

PROCEDURES FO R FABRICATION OF TRANSM ISSIVE ZERO-ORDER

DIFFRACTION GRATINGS

This appendix has been provided to allow anyone reading this dissertation to repeat the 

diffraction grating fabrication described in Chapter 6.

A .l  Substrate preparation:

The substrates for this work were:

Corning Micro Slides
Pre-cleaned 3”x l ” plain
Thickness: 0.96 to 1.06 mm
No. 2947 1/2 gross

1. The 3”x l ” micro slide must be cut down to either 2” x l ” or 1” x l ” and labeled for 
identification with a diamond scribe. The label should be on the opposite side o f the 
surface used for the grating. Place the substrates on a clean room wipe to keep the

. surfaces from being scratched.

2. Pre-heat an oven to greater than 200°C.

3. The substrates are transported in pyrex petri dishes. These must be cleaned first with 
de-ionized (DI) water and soap (Liquinox). Then rinse the petri dish with acetone and 
again with DI water. Place the petri dishes in the oven to dry.

4. Scrub the substrates well with soap (Liquinox), DI water, and a cotton ball. Then 
rinse the substrate with acetone, ethanol, and again with DI water.

5. Blow the substrates dry with nitrogen and placed them scribe-side down in the clean, 
dry petri dishes.

6. Place the substrates into the oven for approximately 30 minutes at greater than 200°C, 
then remove them and let them cool to room temperature.
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7. The next use o f the oven is pre-baking the photoresist so set the oven to 95°C. When 
the substrates are cool, they are ready to be coated with photoresist.

A.2 Photoresist coating:

1. Since the He-Cd laser takes some time to warm up, turn it on before coating the 
substrates!

2. The photoresist used is Shipley 1805 and the thinner used is Shipley Microposit Type 
P. The photoresist should be mixed with the thinner to obtain a viscosity that will 
result in the desired coating thickness. Fig. A -l shows plots o f photoresist coating 
thickness versus spin rate for several ratios o f photoresist:thinner (PR:TH). We 
wanted the photoresist to be 0.3 pm thick, so we used a PR:TH ratio o f 4:1 and spun 
the substrate at 4500 rpm for 40 seconds.

= 0.4 - -

g 0.3 - -

0.1 X:. —---

Spin  R ate (rpmllx 1000)

• ISPRiTH (10%) 

- o — 1:4PR:TH (20%)

.....X.....  3:7PR:TH (30%)

— -a—  23PR:TH (40%)

---- o----  1:1 PR:TH (50%)

----------  35PR:TH (60%)

---------- 73PR:TH (70%)

----------4:1 PR:TH (80%)

---------- 9:1 PR:TH (90%)

---------- Pure PR (100%)

PR =P h o t  resist 
TH =Thimer

Figure A -l. Plots o f  photoresist coating thickness versus spin rate for several ratios o f  
photoresist to thinner. These curves are accurate if the substrate is spun for 40 seconds. 
The curves are based on the formula: //7/c£we.ss = (0.75139 x t /1411492 )exp (-0 .14034xs)  
where d is the dilution ratio (PR TH) and s is the spin rate.
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3. Place a “dummy” substrate on the spin coater and check that the rpm and timer is set 
correctly.

4. Put a syringe filter on a 5 ml plastic syringe and fill the syringe with the
photoresist/thinner solution by removing the plunger and pouring the solution into the 
syringe. :.

5. Blow off the clean substrate with nitrogen and place it on the spin coater chuck.

6. Flood the substrate surface with filtered photoresist/thinner solution, let it settle for 5 
seconds, and then start the substrate spinning.

7. When the substrate has finished spinning there is photoresist on the back surface o f  the 
substrate. Remove the photoresist from this surface by wiping it with a clean room 
wipe damp with acetone. Place the coated substrates in a clean petri dish.

8. When all o f the substrates are coated and in the petri dish, place the petri dish into the 
prc-heated (95°C) oven for exactly 30 minutes; This is the pre-expose bake. The next 
use for the oven is the post-bake. Set the oven to 105°C.

9. While the substrate is in the oven for the pre-expose bake, prepare the photoresist 
developer. The developer we use is Shipley Microppsit 351. Mix a batch (~1000ml) 
o f 4:1 (800ml:200ml) water:developer solution.

10. After the substrates have been in the oven for 30 minutes at 95°C, remove them and 
allow them to cool to room temperature.

11 When the substrates are cool, place them photoresist side down on a clean room wipe 
and paint the back o f  the substrate with the black paint in the clean room. When the 
paint is dry the substrates are ready for holographic exposure.

A.3 Holographic preparation, exposurej and development:

EXPOSURE:

1. When you are ready to start exposing the photoresist on the substrates, check and log  
the voltage and current on the He-Cd laser power supply.

2. U se a power meter to check the power o f the laser beam at the Lloyd’s mirror 
substrate mount. The power should be between 0:2 mW and 0.3 mW. For the TiOa 
gratings the power was 0.3 mW. Make sure the isolation table is floating.
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3. Place an aluminized micro slide in the substrate position o f the Lloyd’s mirror mount 
(see Fig. A-2) and rotate the stage until the beam is retroreflecting.

Helium-Cadmium laser at X = 0.442 jim

Electronic shutter

Substrate mount

Figure A-2. Schematic diagram o f the modified Lloyd’s mirror holographic exposure 
system. This system can also be used at X = 0.325 pm.

This is the point where the substrate is at an angle o f zero with respect to the beam. 
Now, for the laser wavelength (X=0.442 pm) and the required grating period, d, set 
the angle on the substrate mount to an angle prescribed by the following formula:

6 sin
_X_

-2d-

4. Place a micro slide covered with white paper into the substrate position o f the 
substrate mount and translate the substrate mount so that the two beams completely 
overlap.

5. The system is now ready to expose the photoresist. Make sure the shutter is closed 
and place the substrate into the holder. Use a Sharpie pen and make a mark on the 
back o f the substrate 1/8” to 3/16” from the surface o f the mirror. This mark is used 
to line up the grating for development.
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6. Set the shutter timer for the exposure time required and activate the shutter. When the 
shutter closes remove the substrate and peel the paint off o f the back. The substrate is 
now ready to be developed.

DEVELOPM ENT:

1. Turn the red He-Ne laser on and fill the developer tank with DI water.

2. Position the developer tank such that the laser beam is lined up with the center screw 
on the tank lid substrate holder.

3. Empty the tank and refill it with the previously mixed developer solution.

4. Place the undeveloped grating in the substrate holder on the lid o f  the developer tank. 
The pen mark on the substrate should be lined up with the center screw o f  the holder.

5. Turn on the tank stirrer.

6. To monitor the development o f the grating, we measure the power o f the + l st 
transmitted diffraction order. Place the lid onto the developer tank so the substrate is 
immersed in the developer solution. Rotate the grating in the tank until the + l st 
reflected diffraction order is returning to the laser (Litrow configuration). Then place 
the power meter such that the + l st transmitted diffraction order is hitting the detector.

7. When the power in the + 1st transmitted diffraction order reaches a maximum, remove 
the substrate from the developer tank and place it immediately in DI water to stop the 
development.

8. Rinse the developed photoresist grating well with DI water, blow it dry with nitrogen, 
and place it in a clean petri dish.

9. When all o f  the gratings have been exposed, developed, and placed in the petri dish, 
place the petri dish in the oven at 105°C for 30 minutes. This is the post-bake. The 
substrate is now ready for ion beam etching.

A .4 Ion beam etching and photoresist removal:

Preparation for ion beam etching:.

It is very important that before anything is done that the ‘butterfly” valve (high vacuum 
valve! is CLOSED!
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1. Turn OFF the power supply and pressure meter. These are used as a cut-off if  the 
pressure in the chamber suddenly rises.

2. The air inlet valve (admittance) should be OPENED to allow air into the chamber.

3. OPEN the bell jar.

4. Remove the mask holder.

5. If a mask is to be used, screw the mask onto the bottom o f the mask holder and make 
sure that the mask is aligned with the ion beam grid.

6. Remove the mask holder again.

7. Put silver paste on the back o f the substrate (the paste also provides heat sinking) and 
place the region o f the substrate that is to be etched on the center line o f  the 
translation stage.

8. Replace the mask holder and lower it until there is just enough clearance to move the 
samples.

9. Replace the bell jar making sure the rubber seal is clean. If necessary put some more 
silicone grease on the rubber for a better seal.

10. CLOSE the air inlet valve (admittance).

11. Turn the backing valve OFF.

12. OPEN the roughing valve.

13 . When vacuum gauge “A ” reaches 100 mTorr, CLOSE the roughing valve, OPEN the 
backing valve, and OPEN the “butterfly” valve (high vacuum valve).

14. To turn the water ON lift up on both o f the switches that are on the side o f  the etcher. 
The water must be on before the ion beam can be activated.

15. Add liquid nitrogen to the trap above the diffusion pump.

16 Turn on the ionization gauge and wait for the chamber to reach a pressure o f < 2x10 , 
This might take up to an hour.
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Turn the ion beam on:

1. OPEN the argon and the freon tank valves. Do NOT adjust the regulators on the 
tanks, just open the valves. For stability the ion beam should be started with argon 
and allowed to run for about 10 minutes until the gun is warm. After the gun is warm, 
the switch can be made to freon.

2. Make sure the needle (bleed) valve is completely CLOSED (gently).

3. OPEN the freon knob (or argon) completely.

4. Bleed in the desired gas with the needle valve until the target pressure is reached. 
(Target pressure: ~ 6x1 O'4 torr for freon and 3 x l0 '3 tprr for argon.

5' Push the MAINS (GREEN) button on the power supply,

6. Make sure the shutter above the substrate is CLOSED.

7. Turn the high-voltage (black button) ON. The gas pressure may have to be adjusted 
with the needle valve to get the plasma to ignite.

8. Adjust the gas pressure with the needle valve until the ion beam runs reliably at 1.9 
kilovolts and 165 mA. The ion beam should be run for about 10 minutes before any 
etching is done.

Ion beam etching:

1. Etch the substrate for the prescribed time by opening and closing the shutter above the 
substrate. v ; ;; 1 : . ' '  '

Turn the ion beam o ff : .

1. Turn the high-voltage (black button) OFF.

2. Turn the power supply OFF by pushing the MAINS (green) button.

3. CLOSE the needle valve, the gas knobs, and the tank valves.

4. Let the ion gun cool for 15 minutes before opening the bell jar to remove the sample.
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Rem ove the sample from the chamber:

1. CLOSE the “butterfly” valve thigh vacuum valve). Very Imvortant!

2. Make sure the roughing valve is CLOSED.

3. Turn the ionization gauge OFF, first the filament then the power.

4. OPEN the air inlet valve (admittance) to vent the chamber.

5. Turn the water OFF (both valves) and lift the bell jar.

6. Remove the substrates using acetone for the silver paste and clean the translation 
stage. ;

7. Replace the bell jar and re-evacuate the chamber and leave it that way.

Strip the photoresist off the substrate:

1. Use a cotton swab soaked in acetone to lightly scrub the substrate. Once the 
photoresist has been removed, rinse the substrate well with DI water and blow dry 
with nitrogen. The grating is now ready to be tested!
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APPENDIX B

INFORM ATION ABOUT THE COM PUTER PROGRAM  DIFFRACT™

This appendix is included to provide the reader with a description o f the computer 
program DIFFRACT™ used in this dissertation. This appendix is the contents o f a 
procure on DIFFRACT™ issued by MM Research, Inc. More information about 
DIFFRACT™ is available on the world wide web at the address: 
http://www.netstar.com/diffract/.

DIFFRACT

An Optical System Simulation Software

from

MM Research, Inc,

M M  R esearch , In c ., 5748 N. Camino del Conde, Tucson, Arizona 85718 Fax: (520) 299-7996
E-mail: mmresearch@theriver.com

http://www.netstar.com/diffract/
mailto:mmresearch@theriver.com
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To place an order or to obtain' more information about 
DIFFRACT please contact

MM Research, ImCo 
5748 N. Camino del Conde 

Tucson, Arizona 85718

Fax: (520) 299-7996 
E-mail: mHiresearch@theriver.com

mailto:mHiresearch@theriver.com
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Information in this document is subject to change without notice and does not represent a 
commitment on the part o f  MM Research. The software described in this document is 
furnished under a license agreement or nondisclosure agreement. The software may be 
used or copied only in accordance with the terms o f the agreement. It is against the law to 
copy the software on any medium except as specifically allowed in the license or 
nondisclosure agreement. The purchaser may make one copy o f the software for backup 
purposes. N o part o f  this brochure may be reproduced or transmitted in any form or by 
any means, electronic or mechanical, including photocopying, recording, or information 
recording and retrieval systems, for any purpose other than the purchaser’s personal use, 
without the express written permission of MM Research.

© 1987-1996 by MM Research, Inc. All rights reserved.



145

DIFFRACT is a powerful software package that helps you simulate coherent beams o f  
light as they propagate through an optical system. Many general-purpose features o f  
DIFFRACT enable you to analyze and study diverse optical systems. DIFFRACT 
empowers you to accurately tolerance your optical design by stepping through a set o f  
adjustments for any part o f the system and allowing you to inspect the resulting optical 
patterns at various cross-sections o f  the beam. Using DIFFRACT you can:

°  Completely and accurately analyze your optical system.

°  Fully keep track o f  polarization, inspecting the amplitude, phase, and polarization state 
o f the beam at various stages throughout the system.

O Tolerance your optical system -  from source to detectors -  including: lasers, lenses, 
mirrors, polarization optics, diffraction gratings, prisms, apertures, phase/amplitude 
masks, multilayer stacks, detectors, and more.

o Study some o f the most interesting phenomena o f classical optics such as: the optics o f  
biaxially birefringent crystals, magneto-optical Faraday and Kerr effects, The 
phenomenon o f conical internal refraction, the Goos-Hanchen effect, and many more.

This brochure is designed to convey to the reader the strength o f the program, and to 
showcase some o f  the problems that can be addressed with DIFFRACT. We hope that this 
brief introduction will excite you and encourage you to join the growing list o f  our 
customers.

The examples appearing in the following pages show several challenging cases that 
are easily analyzed by DIFFR AC T...



146

Distribution o f intensity at various cross-sections of an astigmatic focus-error
detection system

This example shows the effect o f disk defocus on the distribution o f light intensity arriving 
at the photodetector chip o f  a laser disk drive.

The basic elements o f an astigmatic focus-error detection system used in many laser disk 
drives are shown in the above diagram. The beam from a semiconductor diode laser is 
focused on the disk surface through a high-NA objective lens. The reflected beam is 
directed towards an astigmat and a quadrant photodetector. The various combinations o f  
the four detector signals yield not only the magnitude and sign o f the disk defocus, but 
also (in the case o f  grooved disks) they produce a push-pull track-error signal.

The pictures on the following page show the intensity distribution o f  the beam at the 
entrance pupil o f the astigmat (left), and in the plane o f the detector (right). Two pictures 
corresponding to two different amounts o f disk defocus are shown in each case.
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Intensity patterns at the astigmat (left) and at the detector (right) corresponding to -5X of
disk defocus

DIFFRACT enables you to scan the beam in the focusing direction to compute the 
focus-error signal; move across tracks to find the track-error signal; determine the 
tolerance o f servo signals to tilt, decenter, aberrations of the beam, birefringence of 
the substrate, and many other sources of error.
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Focusing of polarized light through a tilted glass plate using an aspheric singlet

Disk tilt is one o f the major problems facing designers o f laser disk systems. This example 
shows the case o f a high-NA, bi-aspheric lens focusing the collimated beam o f a diode 
laser through a tilted disk substrate. The coma caused by the 1° tilt in this example turns 
out to be so large as to be unacceptable in practice.

Aspheric
singlet

* Z

1.2 mm -thick 
glass plate

In the above system the incident beam, a truncated Gaussian, is linearly polarized along 
the X-axis. The 0.55 NA lens is corrected for the thickness o f the glass plate, but the 1° 
tilt o f the plate causes comatic aberrations on the focused spot. The pictures on the 
folowing page show the computed patterns o f intensity and phase at the exit pupil o f the 
lens (top o f  the page), and the intensity distribution at the focal plane (bottom o f the 
page). The three pictures in each row correspond to the three components o f  polarization 
o f the beam.

Using the Ray Trace option of DIFFRACT, you can simulate complex systems of 
lenses, mirrors and apertures. Study the effects of tip, tilt, and decenter of the 
various elements on the amplitude, phase, and polarization state o f the beam as it 
propagates through your optical system.
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Distributions of intensity (top) and phase (bottom) at the exit pupil of the lens. Left to 
right: X-, Y-, and Z-components of polarization.

Plots o f intensity (top) and log intensity (bottom) at the focal plane o f the lens. Left to 
right: X-, Y-, and Z-components of polarization.
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Simulated patterns o f grooves, preformat pits, and recorded marks on various
optical disk surfaces

W ith DIFFRACT you can simulate the various optical disk systems that are either 
in use today, or are being developed for the future. Choose from a menu of lasers, 
beam-shaping optics, polarization-sensitive elements, collimator and objective 
lenses, optical disks, focusing and tracking elements, and photodetectors to simulate 
a variety o f conventional and novel systems.

Writable disk
(CD-R, Ablative, Phase-change)

Sections o f magneto-optical (MO) disk, showing preformat pits and recorded domains. 
Left: regular marks. Right: chevron marks
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Coherent Imaging

From projection imaging to scanning optical microscopy to holography, coherent beams of 
light are used in a variety of image-forming applications. Spatial-frequency limitations, 
diffraction-related phenomena, and spurious multiply reflected rays contribute to image 
quality degradation. Using Propagation in Free Space, Mask, and Lens options of 
DIFFRACT, you can analyze many aspects of coherent imaging systems in general, and 
the effects o f phase/amplitude masking and spatial filtering in particular. The example 
below shows a simple case of projection imaging using a finite-aperture lens.

Object Lens Image

Object At the Lens Image

Using a variety of masks, apertures, and polarization elements, you may create 
complex patterns of amplitude, phase, and polarization on a coherent beam. These 
patterns may then be propagated to the near field and the far field, or projected to 
other planes using lenses and mirrors.
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Geometric-optical ray tracing and wavefront reconstruction from traced rays

This example shows some of the capabilities of the Ray Trace option o f DIFFRACT. 
Note, in particular, that the emerging beam at the destination plane is not just a collection 
o f rays, but a fully reconstructed wavefront (i.e., amplitude and phase distributions).

Conical
mirrorFlat

mirror
Laser
diode

i Destination 
| plane

TIR
prism

The above diagram shows a system that has been simulated using the Ray Trace option of 
DIFFRACT. The diode laser sends a diverging beam through the opening of the flat 
mirror. The beam is collimated by the parabolic mirror, and is redirected by the flat mirror 
towards the glass prism. Upon entering the prism, the beam suffers total internal reflection 
at the rear facet of the prism. It then re-emerges into the air, and is viewed at the 
destination plane. The intensity and phase plots for the components o f polarization parallel 
and perpendi-cular to the polarization direction o f the incident beam are shown on the 
following page. The astigmatism of the beam (visible in the phase plots) is caused solely 
by the inherent astigmatism of the diode laser.
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Intensity patterns for the parallel and perpendicular components of polarization at the
destination plane

Phase pattern for the parallel and perpendicular components of polarization at the
destination plane

DIFFRACT allows you to convert wavefronts to geometric-optical rays, then trace 
these rays through your optical system. (The system may consist of an arbitrary 
number of lenses, mirrors, prisms, and apertures.) When ray tracing is complete, 
DIFFRACT will reconstruct the wavefront at the exit pupil, at which point beam 
propagation in diffraction mode may resume.
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Interferograms showing several third order (Seidel) aberrations o f a beam

Interferometry is one of the standard laboratory techniques for analyzing coherent 
wavefronts and their defects. The following example shows several interferograms 
obtained by combining aberrated beams with a reference plane wave in DIFFRACT.

Astigmatism Spherical + Coma + Astigmatism

Create beams with arbitrary distributions o f amplitude and phase, having any 
desired state of polarization. Investigate the properties of these beams by setting up 
any one o f a number of interferometers within DIFFRACT.
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Double Refraction in Optically Anisotropic Media

This example shows the effect of a birefringent crystal slab on an obliquely incident laser 
beam. Upon entering the crystal, the elliptically polarized beam breaks up into ordinary 
and extraordinary beams, both of which are linearly polarized. DIFFRACT allows you to 
monitor the intensity, phase, and polarization state of the beams as they emerge from the 
slab and continue to propagate in free space.

Elliptically polarized beam of light entering a birefringent crystal slab (left) and the 
emergent intensity distribution at the rear facet of the crystal (right)

Using the Multilayer option in DIFFRACT, you can create an optical stack consisting of 
an arbitrary number of metallic, dielectric, birefringent, and optically active layers. You 
can then propagate the beam through or reflect it off the front facet of the stack. Here is a 
partial list o f what the Multilayer option enables you to do.

•  Observe the complex patterns o f intensity, phase, and polarization created by multiple 
reflections from the various interfaces.

•  Simulate the action of uniaxial and biaxial crystals on laser beams.
•  Investigate the magneto-optical Kerr and Faraday effects in magnetic thin films and 

multilayers.
•  Study the reflection and transmission of coherent beams of light through Fabry-Perot 

resonators.
•  Investigate the effects of focusing through birefringent substrates.
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Diffraction o f Focused Beam from Tilted Grating

Gratings are used in many optical systems as beam-splitters, beam-combiners, spectral 
analyzers, scanners, etc. As the following example shows, DIFFRACT allows you to 
analyze (to a first order of approximation) the effects of gratings on the incident beam, and 
provides you with the distributions of intensity, phase, and polarization for the various 
diffracted orders.

x

-< d, ►

Grating

Left: Intensity pattern in the XY-plane at z = / - ^ i  in the absence o f the grating. Right: 
Logarithmic plot o f intensity distribution at the focal plane of the lens, showing -1st, 0th, 
and +1st diffraction orders.

Use DIFFRACT to place phase/amplitude diffraction gratings in the optical path, 
tilt and rotate the grating by arbitrary amounts, and observe diffracted orders as 
they emerge from the grating.
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Conical Internal Refraction

The built-in power of DIFFRACT allows you to investigate some o f the more exotic 
phenomena of Classical Optics. For example, you may send a collimated beam of 
circularly polarized light along one of the optical axes of a biaxially birefringent crystal, 
and observe the emerging double-cone of light with its unusual state o f polarization.

Optical axis

Incident beam

# # # # # #v 7 __

Slab of biaxial crystal

Emergent intensity distribution (left) and distribution of polarization orientation (right)
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The Goos-Hanchen Effect

Total internal reflection from the rear facet of a prism causes a small (but measurable) 
displacement o f a beam. A comprehensive analysis of this phenomenon, which is known as 
the Goos-Hanchen effect, involves decomposition of the incident beam into its plane-wave 
spectrum, computation of the Fresnel reflection coefficients for each such plane-wave, and 
superposition of the reflected plane-waves. DIFFRACT performs all these tasks 
routinely and automatically. In the system shown below, where the lens has a numerical 
aperture of 0.05 and the refractive index of the glass prism is 1.5, the focused spot will be 
displaced along the positive Z-axis by about 1.5A,.

Observation
plane

Lens TIR Prism

Logarithmic plots of intensity distribution at the observation plane, including the effects of 
total internal reflection at the rear facet of the prism. The three frames represent the 
focused spot’s components o f polarization along the X-, Y-, and Z-axes, although the 
majority of the optical power (more than 99%) is contained in the middle frame. The 
diameter of the Airy disk (central bright spot in the middle frame) is approximately 25A,. 
The Goos-Hanchen effect is manifested in the 1.5X downward shift o f the distributions.
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Focusing a beam of polarized light through a slab of aragonite (biaxially
birefringent) crystal

Light propagation through birefringent media is a complex process involving double 
refraction, polarization rotation, and nonuniform phase shifts. The following example 
illustrates the case of a linearly polarized beam focused through a slab o f aragonite. The 
aluminum coating at the bottom of the slab acts as a mirror, reflecting the beam back 
towards the lens. The recollimated beam passes through a crossed polarizer, and is 
monitored at the observation plane.

Lens Birefringent
Polarizer RAnm-snliftAr A crystal \

Regular (left) and logarithmic (right) plots of intensity distribution at the observation plane
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These and many other optical systems can now be modeled and analyzed in DIFFRACT. 
From the simplest system consisting o f  a single optical element, to complex systems with 
tens o f  optical surfaces, lenses, mirrors, gratings, polarization optics, etc., the fascinating 
world o f classical coherent optics is yours to explore.

Here is a list o f  the menu options presently available in DIFFRACT:

Incident B eam ' .
Propagate in Free Space 
Clear Aperture 
Polarization Element 
M ultilayer Structure 
Diffraction Grating 
Change Coordinate System  
Convert to Rays 
Extract Phase /Amplitude 
Phase /Am plitude Object 
M easure Peak and FW HM  
File M anagem ent /Graphics 
Store Distribution

Retrieve Distribution  
Lens
Phase /Amplitude M ask
Flat M irror /TIR  Prism
Optical Disk Surface
Rescale the M esh
W eak Biprism
Trace Rays
Detector
Interfere
Process Signals
Plot Data
Quit

Many o f  the above options themselves provide a multitude o f  choices to select from For 
instance, the Polarization_EIement could be a quarter-wave or a half-wave plate, a 
Soleil-Babinet compensator, a polarizer, or a leaky polarizing beam-splitter. The 
M ultilayer option allows the user to simulate a structure having an arbitrary number o f  
layers: metals, dielectrics, birefringent crystals, anisotropic plastics, and magneto-optically 
active layers are allowed. One can thus tailor the Multilayer to represent a Faraday rotator, 
a uniaxial or a biaxial crystal slab, a dielectric mirror, an antireflection coated surface, a 
Fabry-Perot resonator, and countless other devices. Within the Ray_Trace option it is 
possible to model an arbitrary system consisting o f lenses, mirrors, and apertures, with the 
provision that each optical surface be flat, spherical, conical, or aspherical.

The user may select any number o f optical elements from the menu o f  DIFFRACT, place 
them in various spatial relations to each other, and investigate the properties o f  a coherent 
beam o f light as it propagates through such a system. The possibilities are endless.
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The computer programs DIFFRACT™ and MULTILAYER™ are commercially available 
from MM Research Inc., Tucson, Arizona. The theoretical basis o f  these programs is 
described in the papers: (Mansuripur, 1989) and (Mansuripur, 1990).


