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ABSTRACT 

A technique is presented that utilizes an on-axis 

intensity measurement to detect the reflected light from a 

multiple CD-ROM surface. The thesis includes a computer 

simulation of the detected signal for scans of various 

stuctures and discusses finite size detector effects. A 

suitably sized detector passes 77% of the total light flux 

at the detector plane without affecting the depth discrimina

tion property of the technique. Experimentally, a 

breadboard Height Readout System (HRS) could detect height 

differences on test relief structures. A signal to noise 

ratio was obtained that corresponds to a noise equivalent 

height sensitivity of 30 Angstroms. Therefore, the HRS 

could discriminate between five levels on the test struc

ture. An addition to the new technique uses a phase plate 

to determine if the focused beam is going into or out of a 

pit. Thus, the storage capability per unit area on the disk 

surface can be increased. 

viii 



CHAPTER 1 

INTRODUCTION 

In 1972, Philips Research Laboratories produced the 

first laser video disk system. Since then, optical data 

storage technology has grown to include compact disk 

players, direct read and write computer systems, and systems 

that are capable of playing CD's, recording programs and 

producing graphics or text. These systems currently exclude 

magneto-optic (MO) optical data storage. The technology of 

MO erasable data storage has not yet been incorporated into 

commercial applications. 

Optical data storage involves optical writing and 

reading of information onto or from a storage medium. There 

are basically two kinds of optical recording: erasable and 

write-once. The former utilizes the magneto-optic effect to 

write and read the information, while the latter reads 

information by detecting the presence of pits that have been 

optically embossed on a suitable medium. 

The success of optical data storage is in the large 

amount of information that can be read and written on a 

small amount of space. For example, a typical value for the 

bit packing density on compact disk read only memory, 

1 
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CD-ROM, is 600 megabytes on a 12 cm disk. Another advantage 

of CD-ROM is its long shelf life. 

Although tho storage capabilities of CD-ROM media 

are large, they may not be large enough for some applica

tions where magnetic disks are superior. For example, a 

CD-ROM of 500 megabytes is equivalent to 1400 IBM floppy 

disks, 200,000 typed pages, or 10 million telephone 

directory entries. On the other hand, this is only 500 

laser printer pages, one minute of T.V. video, or 500 X-ray 

images. Increased density promises faster access times, 

more on-line data and faster data rates. In short, an 

increase in the storage density of CD-ROMs will provide a 

suitable alternative to magnetic disc storage. 

A way to increase the storage capability of write 

media is to encode multiple levels on the storage surface. 

Currently, binary information is encoded using two storage 

levels. If it is assumed that multilevels structures can be 

written onto a storage disk, the next step would be to read 

that information. This paper discusses a technique used to 

optically read information from a multilevel CD-ROM storage 

surface. 

The thesis is structured in the following way. The 

first chapter deals with the basic concepts of CD-ROM opti

cal data storage. It includes an overview of the topics and 

optical quantities and discusses some of the practicalities 
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in commercial CD-ROM systems. Also in this chapter, a brief 

discussion of why multilevel structure is a more desirable 

way to increase the storage density of CD-ROM. The second 

chapter begins with a section on the theory behind typical 

optical disk readers. The theory is based on the scalar 

Fresnel approximation of diffraction theory. The analysis 

leads to a treatment of current readout techniques and the 

new readout method. A computer program is used to demon

strate the theoretical principles of the new method, and the 

results make up the remainder of this chapter. In the third 

chapter, an experiment is presented that utilizes the new 

readout technique. Experimental techniques and results make 

up most of this chapter. Finally, the thesis concludes with 

a summary, a comparison of the experimental results with the 

theoretical results, and possible reasons why there are some 

discrepancies. A summary of the thesis is given, as well as 

some suggestions for future work and applications. 



CHAPTER 2 

CURRENT CD-ROM OPTICAL DATA STORAGE 

CD-ROM optical data storage reads information by 

optically detecting the presence of pits that have been 

embossed on a suitable medium. Although the basic concepts 

behind CD-ROM optical data storage are fairly simple, there 

are many considerations that go into CD-ROM optical disk 

readers. This section discusses current optical data stor

age methods and parameters. An overview of the optics and 

optical quantities is presented, along with typical disk 

dimensions. 

A typical optical disk reader can be described by 

Figure 2.1. Light is focused by a high numerical aperture 

lens onto the disk surface. Depending on the surface, all 

of the light will reflect off the surface and go back 

through the system, or light will diffract off the surface 

and only some of the light will return through the system. 

The reflected light is diverted by a beamsplitter onto a 

photodetector. The photodetector reads the intensity as the 

disk is rotated, and the presence of relief structure on the 

disk is detected. 

4 
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ILLUMINATION 
PLANE 

DETECTOR 

BEAMSPUTTER 

FCCUSING OBJECTIVE 

•*" DISK SURFACE 

Figure 2.1. Optical disk reader. 
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Focusing Objective 

The heart of the system in Figure 2.1 is the objec

tive lens. The objective lens numerical aperture, N.A., 

determines the resolving power of the system and thus 

determines the minimum dimensions on the disk surface. In 

coherent imaging, a good measure for the resolving power of 

an objective is the coherent transfer function; however, 

since the focusing lens is the same as the receiving lens, 

the transfer function is given by the optical transfer 

function (OTF). The MTF is the modulus of the OTF and deter

mines the maximum spatial frequency that can be passed by 

the system. For two pupils of equal size, the MTF is given 

by the autocorrelation of the pupil function. The MTF and 

its effect on spatial frequencies for unaberrated pupils is 

shown in Figure 2.2. Also shown is the coherent transfer 

function. Note that the cut-off frequency is one-half of 

the cut-off for the incoherent transfer function. 

The effect of the MTF on the object spectrum is to 

reduce the amplitudes of the higher spatial.frequencies and 

cut off those spatial frequencies higher than a specific 

cut-off frequency. The cut-off frequency is given by: 

f = (2 N . A.) /X 
c 

where 

N.A. = numerical aperture of the objective 

X = wavelength of light 



COHERENT TRANSFER 
FUNCTION 

INCOHERENT TRANSFER 
FUNCTION 

0.5 
NORMALIZED SPATIAL FREQUENCY 

Figure 2.2. MTF for an optical disk reader. 
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For N.A. = .40 and X = .6328, the cut-off frequency = 1300 

mm Thus, for a pattern on a disk surface whose spatial 

period = .79 microns, the disk reader could just not resolve 

this structure. Larger periods could be resolved, and 

Bouwhuis and Braat (1978) discuss that the modulation depth 

be at least .05. This leaves a spatial frequency of 1150 

mm 1 or a period of .87 microns. Note that this spatial 

frequency is for a well-corrected diffraction limited lens. 

If the lens produces some aberration, the MTF or frequency 

response is reduced. For example, spherical aberration, 

astigmatism and coma all reduce the MTF of the system and 

increase the spot size of the focused beam. These aberra

tions may be minimized by proper design, alignment of the 

system, and operation over small field angles. It should be 

noted that a protective layer over the disk surface produces 

spherical aberration in a converging beam. The design of 

the optical system compensates for the spherical aberration 

from the protective layer, but variations in the thickness 

of the layer can produce additional spherical aberration. 

Focus and Tracking Error 

The most critical parameter or aberration in CD 

players is the focus error. The depth of focus determines 

how far the focal plane can move in the axial direction 

before the Airy diffraction pattern degrades beyond a 

certain point. Levi (1968) determines the depth of focus 



when the wavefront is < A/4. The depth of focus is given 

by: 

2 depth of focus = A/(N.A.) 

Defocus causes the focused spot to degrade and can decrease 

the resolution of the objective (degrades the MTF). This is 

a large problem because for the lens mentioned above, the 

depth of focus = 4 microns while the variations in the disc 

flatness is up to 500 microns. The focus is maintained by 

focus error servo techniques. One such technique uses astig

matic focusing, as follows. 

Just before the detector in Figure 2.1, a cylindri

cal lens is placed. When the disk is in focus, a medial 

image is formed at the detector. However, when the disk is 

out of focus, a sagittal or tangential image will be formed. 

Since these images are non-symmetrical, a quadrant photo-

detector is used to read the different intensities that are 

produced by the astigmatic foci. A focus error signal is 

generated, and the axial position of the objective is moved 

so that the focus error signal is minimized. Two other 

methods of focus error are described by Bouwhuis and Braat 

(1978): the skew beam method and the Foucault method. In 

the skew beam method, a small arrow beam passes through the 

objective. Upon reflection, the beam passes back through 

the objective and onto one of two detectors. A difference 
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signal determined by the two detectors measures the focus 

error. In the Foucault Method, a knife edge is located at 

the focus position in the detector plane. If the wavefront 

is unabberated and the knife edge is placed so that its edge 

is just below the optical axis, all of the light will pass 

onto the detector. On the other hand, if defocus occurs, 

the light intensity will darken above or below the knife 

edge location depending on the direction of defocus, 

according to Malacara (1978). A split detector measures the 

intensity changes and generates the error signal. The focus 

error techniques described above keep the beam focused on 

the disk. Of the three methods, the astigmatic technique is 

the most popular. 

The preceding paragraphs discuss how focus error 

influences the performance of a CD player. Another para

meter that influences the performance is the position of the 

beam with respect to the reading track. In an ideal CD 

player, the beam stays centered on the reading track during 

the rotation of a perfectly circular disk. In an actual 

disk system, many tracks move underneath the center position 

of the beam due to the eccentricity of the disk with respect 

to a centering mounting hole. Thus, a method is needed to 

keep the beam on the correct track. The beam needs to be 

kept within .2 to .3 microns of the center position, 

according to Laub (1976) and Bouwhuis and Braat (1978). The 



three spot method is commonly used. Here, a sinusoidal 

diffraction grating is placed in the beam to produce a zero 

order beam and +1 order beams. The focusing objective 

focuses the three beams on the disk surface. The zero order 

beam is the read beam, and the +1 order beams are the 

tracking beams. The orientation of the grating causes the 

diffracted beams to lie in the same track as the read beam; 

however, they are offset so that one beam is slightly out of 

the track on one side, and the other beam is slightly out of 

the track on the other side. The signal that is detected 

from these two beams determines the presence of tracking 

errors, which can be adjusted by a tracking mirror. Another 

radial tracking technique is the wobble method. This 

technique uses an actuated mirror to sinusoidally move the 

spot in the track of interest. The amplitude and frequency 

of the wobble are small in order that the spot does not come 

out of the track and that the wobble signal does not compete 

with the rf signal. In essence, if the spot is in the 

track, the wobble signal is twice the frequency of the 

wobble drive frequency. As with the focus servo, a radial 

error signal is generated and a servo loop keeps the spot in 

the correct track. In summary, both focus control and 

radial tracking control have tight tolerances; however, 

various methods have been discussed that keep the optical 

disk in its proper place. 



Crosstalk Considerations 

Although radial tracking keeps the beam in the 

reading track, one has to consider the signal from adjacent 

tracks. Since it is desired to pack as much information as 

is possible in a given space, adjacent tracks are packed as 

close as possible. However, the readout spot is not 

infinitesimal, and some of the light falls on parts of the 

disk surface other than the reading track. Thus, a signal 

from neighboring tracks is detected, and the readout of the 

reading track is distorted. This is known as crosstalk. 

Crosstalk can be minimized by increasing the track pitch. 

To keep the crosstalk noise to -40 dB, the track density is 

chosen by Bouwhuis and Braat (1978) to be 1/2 the cut-off 

frequency as calculated by the MTF. If the MTF curve is 

approximately linear, then the track density is 600 mm * for 

the parameters mentioned above. 

CD-ROM Storage Media 

Once the optimum optical parameters are met, one 

needs to find the best material for recording information. 

Zech (1979) describes that a suitable medium should have 

high density capability, low cost, and high write/read 

rates. An example of a good phase relief medium is photore

sist. It should be noted such a medium produces pure phase 

variations in the read beam. Jacobs (1978) states that an 

adequate storage medium is Shipley AZ 1350 photoresist on a 



glass substrate. The photoresist is spun into a very thin 

uniform layer onto the substrate. The disk rotates under

neath an intensity-modulated laser beam. The photoresist is 

exposed, and the depth of each pit is determined by the 

exposure and intensity of the laser. Once the photoresist 

is exposed and developed, the disk is plated by a highly 

reflective material and is ready for replication or use in a 

CD player. According to Laub (1976), a typical pit 

structure on a CD surface is a pit that is .6 microns wide 

and .1 microns deep. The pits lie along tracks that are 

spaced 1.6 microns apart, and the spacing is roughly 1.3 

microns on the innermost track. 

Increasing the Storage Density 

The pit dimensions are governed by the resolving 

capability of the objective. A way to increase the 

resolving capability of the objective is to reduce the 

wavelength or increase the N.A. A severe side effect arises 

from larger N.A.'s and smaller wavelength. Recall that the 

depth of focus depends inversely on the square of the N.A. 

and proportionately on the wavelength. It is clear that 

increasing the N.A. and decreasing the wavelength will 

decrease the depth of focus. This is an important effect, 

since the tolerances for typical disk parameters are tight. 

Any push to increase tolerances might not be practical using 

popular focus and tracking control mechanisms. From the 



14 

above discussion, it is obvious that changing optical para

meters is a difficult way to increase the storage density. 

An alternate method for increased density is to encode 

multiple levels on the disk surface. Thus there is more 

information per unit area on the disk surface. For example, 

on a disk with two levels, there are only two states that 

the output can be in. But on a disk with three levels, the 

number of states increases to three. 

There are systems that utilize a multiple-level 

relief structure. For example, pre-grooved optical disks 

with depth of A/8 and A/4 are commonly used. In these 

systems, the. different levels allow for faster access times. 

This is due to the fact that one depth, A/4, is designated 

for sector data while the other depth, A/8, contains the 

recorded information. Simply put, sector data yields a 

different signal than recorded data, which makes it easier 

to find. It should be stressed the the pre-groove 

write-once-read-many (WORM) systems do not use a multiple 

level relief structure to increase the storage capability of 

a single bit. Thus, systems that use a multiple level 

relief structure to encode information on a single location 

are not in use currently; a method is needed to show that a 

multiple level relief structure will yield a practical 

increase in the bit packing density for CD-ROMs. 
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One of the main problems in coming up with a system 

like this is in the readout of the information (we assumed 

that a multiple level structure can be fabricated). Current 

readout techniques use a single beam to read out the infor

mation by detecting a drop in the intensity of the reflected 

beam. 

In a system for multiple level readout, a more 

sensitive readout technique is needed. The technique will 

have to be able to distinguish between height differences on 

the order of 500 Angstroms for a disk with three levels. 

Well-known interferometric techniques are described by 

Makosch and Solf (1981) and Sommargren (1981) that can 

detect height differences on the order of 1 Angstrom but are 

not fast enough in determining height differences on a 

CD-ROM. For example, the measurement of an 8 MHz FM encoded 

signal would have to be made at a rate of .12 microseconds 

per bit. Makosch and Solf (1981) report a surface profiling 

system with a response time of 1 msec. It is clear that any 

optical readout system for use in multiple level readout 

will need to make a virtually instantaneous height measure

ment . 

The following sections discuss a new method that can 

rapidly read out multilevel CD-ROM relief structure. A 

theoretical analysis of current readout techniques and the 
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new one is given below and is followed by some experimental 

results. 



CHAPTER 3 

THEORETICAL DISCUSSION 

The following pages discuss the theory behind the 

optical disk reader. At this point it is convenient to 

distinguish between conventional optical disk readers and the 

optical disk reader that incorporates a new readout tech

nique. The latter will be referred to as the Height Readout 

System, or HRS. Quantitative and qualitative arguments will 

be presented for the various kinds of readout techniques. 

Conventional methods are treated first, followed by a treat

ment on the HRS. But first, this section reveals the 

assumptions that are made in the treatments that follow. 

Theoretical Approximations 

In optical disk readers, diffraction of light plays a 

major role in the reading of the disk structure. To analyze 

diffraction effects and readout signals, it is necessary to 

make some approximations. For example, most optical disk 

reader theory is based on scalar diffraction theory. Scalar 

theory is much easier to work with than a vector approach, 

which requires a solution of a boundary value problem to 

determine the diffracted amplitude, and has to consider 
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polarization effects. It is important to mention that only 

an exact vector calculation will give the correct result. 

This is mainly due to the very small relief structure of the 

disk surface. Scalar theory holds when the diffracting 

aperture is much larger that the wavelength of light being 

used; however, the disk dimensions are on the order of a 

wavelength. Although the vector approach gives correct 

results, Hopkins (1969) states that, since the disk surface 

is quasi-periodic, the main difference between the scalar and 

vector approaches is in the coefficients of the Fourier 

series used in determining the diffracted field. Thus, only 

the magnitudes and phases of the coefficents need to be 

changed in order that the scalar theory approach the vector 

theory. Note that the preceding statement does not include 

polarization effects. Also, it has been shown that scalar 

calculations are adequate in predicting the readout. For 

example, Sheng (1978) states that, in scalar diffraction 

calculations of a focused spot reflecting off a one-dimen-

s i o n a l  p h a s e  g r a t i n g  ( o f  a  d e p t h  <  X / 8  a n d  a  p e r i o d  >  2 X )  ,  

the scalar results differ by < 25% from the vector results. 

Thus for pit structures satisfying the above conditions, 

scalar theory gives good results. 

The scalar light approximation simplifies the analy

sis of a disk reader. Another simplification involves a one-

dimensional approach to the theory of the optical disk 

reader. Although relief structures on an optical disk 
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surface are two-dimensional, disk scanning occurs in one 

direction. The main contributions to the output signal rely 

on the information in the scanning direction. This is not to 

say that the structure orthogonal to the scan direction does 

not affect the output signal. Also, only one track will be 

considered; i.e., it is assumed that the signal from neigh

boring tracks, crosstalk, does not come into play. Recall 

that crosstalk is a function of the track spacing, and in any 

real system the spacing is kept so that the crosstalk is 

minimized. Finally, the one-dimensional analysis will deal 

with 100% reflective edge, pit, and periodic phase 

structures. The edge and pit structures are included since 

these are the building blocks of the quasi-periodic relief 

structure of the common CD-ROM surface. Thus, a one-

dimensional treatment will yield good physical insight on the 

effects on the light beam in the HRS. 

Now that the basic assumptions have been made, the 

scalar treatment of the optical disk reader and the HRS 

follows. The discussion relies on the notation and methods 

of Gaskill (1978) and Wilson and Sheppard (1984). Using the 

Fraunhofer approximation, the Rayleigh-Sommerfield diffrac

tion formula can be expressed in one-dimension by: 

2 
U l(x) = e-^/jXz e"3k x  /2 a  u (a)eijkax/zXcta 

— 00 

where u^(x) = the light amplitude a distance, z, from a plane 

containing the light amplitude uQ(a) and k = 2tt/A; A is the 
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wavelength of light. Note that the expression in the integ

ral resembles a Fourier transform with x/Xz as the Fourier 

kernel. Thus, the Fraunhofer approximation leads to the 

Fourier transform of the light amplitude uQ(a). The Fraun

hofer approximation is valid if z >> kx^2/2. In most cases, 

z is a very large distance. The need for large distances can 

be reduced by the use of a lens. It is well known that a 

lens in the proper arrangement will form the Fourier trans

form of the light amplitude u0(a). Luckily, most optical 

readers use an optical system that utilizes the Fourier 

transform properties of lenses. 

A typical optical disk geometry is shown in Figure 

3.1. A lens is illuminated by a plane wave and is brought to 

a focus at the object plane. The light amplitude in the 

object plane is given by the Fourier transform of the light 

amplitude at the front focal plane of the lens. For a plane 

wave, the light amplitude in the object plane is given by: 

u^x^ = e~ j k f / jAf  e 1  P^Je" ~dr  
J —CO 1 

where P(£i )  is  the pupi l  funct ion for  the lens and contains 

information regarding the l ight  ampli tude and any aberrat ions 

produced by the lens.  In  the case of  plane wave i l luminat ion 

and zero aberrat ions:  

-jkx?/2f r+°° j27TX 1£ 1 /  f  

P(£l) = 1 for -d/2 < > d/2 

= 0 for > d/2 



plane wave detector 

Figure 3.1. Optical disk geometry. 

PC*2> 

point source detector 

u2(x2) 

Figure 3.2. Sketch of confocal microscope. 
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The light progagates through the second lens, and in 

the back focal plane of the second lens the light amplitude 

is given by: 

2 -jkx~/2f r°° jkx,x„/f 
— O J /-I f n ^ v ^ +• / v \ cs u 2 (x 2 )  =  e / jXf  e u1(x1)t(x1)e dx1 

•—00 

where t(x^) is the optical disk transmittance or reflectance. 

It is in the back focal plane where a detector is placed and 

the readout signal is read. The detector reads the intens

ity, which is given by: 

I(x2) = | u (X2) | 2 

Note that the multiplying phase facts cancel and that the 

term 1/Af can be left out. Thus, in the detector plane the 

output is proportional to the Fourier transform of the light 

amplitude after just passing through the object. This can be 

expressed as the Fourier transform of the product of impulse 

response (point spread function) and the object transmittance 

or reflectance. Using linear systems theory, the output is 

proportional to the convolution of the pupil function with 

the Fourier transform of the object transmittance or reflect

ance . 

Current Readout Theory 

The preceding statements are the basis for most 

optical disk readers. For example, Firester et al. (1978) 

use a convolution of a unit pupil function with the Fourier 
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transform of a reflective square wave grating to model the 

output to the RCA optical disk reader. Their method is 

described here. A collimated light beam is focused through 

an objective onto a reflected square wave relief structure of 

physical depth, h (in Figure 3.1 the object is shown as a 

transmissive object) . As the light passes through the phase 

object it is diffracted into various orders. In the back 

focal plane, the diffracted orders arise from the Fourier 

transform of the grating. If the period of the grating is 

chosen correctly, it is possible to have the (0,+l) and 

(0,-1) orders overlap. It is important to note that there is 

a definite phase relationship between orders; i.e., if the 

object were stationary then there is a +90° phase shift of 

the +JL orders with respect to the zero order. For a moving 

square wave grating, the phase relationships depend on the 

depth of the grating, the period of the grating and the 

position of the beam on the grating. The phase relationships 

cause destructive or constructive interference in the image 

plane of the illuminating aperture; i.e.., the (0,+l) orders 

may interfere constructively while the (0,-1) orders 

interfere destructively. 

The principles behind the interference effects are 

used in two conventional readout methods. The single 

aperture and push-pull techniques use constructive and 

destructive interference to obtain a readout signal. In the 

single aperture method, a detector reads high or low 
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intensity levels. If the beam is centered on a flat region 

of the grating, a high level is detected, but if the beam 

lies on an edge of the grating, a low level is detected. At 

the edge, one may say that one-half of the beam interferes 

with the other half of the beam. The amount of interference 

depends on the phase depth of the edge. The intensity in the 

detector plane is given by Firester et al. (1978): 

I (x) = cos2(<}>/2) + (2/TT2) sin2 (c(>/2) 

+ (8/TT2) sin2 (<J>/2) cos (4TTX/L) 

where 

L = period of grating 

x = direction of movement 

<j> = 4iTh/A 

It is clear from the above expression that the depth of the 

grating should be A/2 to obtain the largest modulation in the 

signal. 

In the push-pull method the interference between the 

overlapping orders is utilized in the output. A split 

aperture reads the overlapping intensities which are given by 

Firester et al. (1978) : 

l(0, + i)(x) = cos2 (<J>/2) + (4 /tt 2) sin2 (<J>/2) 

- (2/TT) sin (<J> ) sin (2TTX/L) 

I(Of-i) (x) = cos2 (<F> /2) + (4 /TT 2) sin2 (CF> / 2) 

+ (2/TT ) sin (<J)) sin (2TTX/L) 
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The push-pull method obtains maximum contrast when the depth 

of the grating = A/8. It is a differential method that can 

distinguish between the beam going into the pit of the 

grating and coming out. It should be noted that this is true 

for depths that are less than or equal to A/8. 

Both the push-pull and single aperture readout 

methods yield practical output signals. The basis for the 

measured signal depends on a periodic two-level structure and 

interference phenomena. 

Now that conventional methods have been examined, the 

theory behind the HRS can be looked at and compared to 

conventional techniques. 

Theory of Height Readout System (HRS) 

The HRS reads the on-axis intensity in the image 

plane of the object. This is similar in operation to a 

confocal scanning microscope and can be modeled as such. A 

sketch of a one-dimensional scanning microscope is shown in 

Figure 3.2. Light from a point source passes through Lens 1, 

illuminates the object, t(xi), and is passed through Lens 2 on 

towards the image plane,u (X2) , where a point detector is 

located. The following is a step-by-step analysis of the 

image-forming properties of the optical system in Figure 3.2. 

The analysis uses the notation of the previous section, and 

phase factors and multiplying constants have been neglected. 
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The amplitude of the beam as it passes through a 

moving object is given by the convolution of the object 

transmittance with the point spread function of the lens. 

Note that if the object is stationary, the amplitude is given 

by the product of the object transmittance with the point 

spread function of the lens. Assuming a stationary object 

for the moment, the amplitude is given by: 

u(Xi) = hi(Xi)t(Xi) 

where 

h1(x1) = P (£]_) exp [ (i2ir (SiXi) ) / Xd] d£i 

P(?1) = lens pupil function 

t(x^) = object transmittance 

Note that this is simply the Fourier transform of the lens 

pupil function times the object transmittance. If this 

amplitude propagates to the next lens, the amplitude 

is: 

Amplitude at lens = U(^2^= u(?2)p(?2^ 

where 

u(S2) = h1(x1)t(x1)e [i2 [( 2xl)/dldxl 

P( 2) = lens pupil function 

Once again, a Fourier relationship exists; i.e., the ampli

tude after the second lens is proportional to the Fourier 

transform of the amplitude distribution in the object plane 

multiplied by the lens pupil function. 
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From the above analysis, it is clear that the Fourier 

transform of the amplitude in the plane of the second lens 

will yield the amplitude in the image plane of the scanning 

microscope. The amplitude can be expressed as: 

u(x2) = FT[U(£2)P(?2) 1 

= FTtFTfhtXi) t(Xl) }P(€2> 1 

= FT[FT[FT[ (P(C1)-lt(x1)]P{?2) ] 

where 

FT = Fourier transform 

If the object is scanned underneath the beam, the object 

transmittance becomes: 

t (X]_) = t (xi - xs) 

where 

Xg = position of the object at time, t 

and a convolution of the object transmittance with the point 

spread function of the lens occurs. 

Computer Analysis 

The preceding theoretical considerations were used in 

a computer program written to calculate the on-axis intensity 

of a phase object as it is passed underneath a focused mono

chromatic light beam. The program utilizes convolution and 

complex FFT routines. The program is one-dimensional and all 

phase objects vary in a direction that is parallel to the 



28 

incident light with spatial variation along the scan direc

tion . 

The following pages give the theoretical results from 

the computer program written to model the detected intensity 

as a multilevel relief structure is scanned under a focusing 

objective. The plots are scaled via the spot size of one-

dimensional point spread function. The spot size is defined 

as the distance between the first minima of the one-

dimensional point spread function. 

Figures 3.3 through 3.6 show the on-axis intensity in 

the image plane as a phase edge is scanned. Note that when 

the object is centered on-axis, the on-axis intensity varies 

as: 

1(0) = cos^ (Acj>/2) 

where 

A<f> = phase depth = 4frh/X 

h = physical depth of object 

This is the result obtained by Wilson and Sheppard (1984) for 

the on-axis intensity of a phase edge in a confocal scanning 

microscope. 

Figures 3.3 through 3.6 show a definite transition as 

the edge is traversed; i.e., it is clear where the minima are 

and when the detected signal returns to its initial state. 

However, in practice, the edges in optical recording media 
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Figure 3.3. Detected signal as A/16 edge is scanned. 
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Figure 3.4. Detected signal as X/8 edge is scanned. 
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F igure 3 .5 .  Detected signal  as 3A/16 edge is  scanned.  
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Figure 3.6. Detected signal as X/4 edge is scanned. 



have sloping transition regions. The following is a discus

sion of the output as phase edges with various transition 

slopes are scanned. In this analysis, it is assumed that the 

slope in the transition region is linear and no roll-off 

exists. 

Figures 3.7 through 3.10 show the results of the 

computer simulation for transition slopes. The slopes are 

given in terms of the spot size. For example, a slope of 1 

spot size describes a phase edge that has a transition length 

of 1 spot size. In Figures 3.7 through 3.10, it is clear 

that the slope length has a noticeable effect on the output. 

For a slope length of 0 to < 1/2 times the spot size, the 

detected signal varies over a larger scan distance and the 

minimum detected signal indicates that the edge is more shal

low than it actually is. This result is somewhat expected 

since the slope in the edge transition is short with respect 

to the spot size of the beam. As the slope increases from 

1/2 to 3/2 times the spot size, the minimum detected signal 

increases more, as does the scan distance. The adjacent 

minima occur when the beam passes the beginning of the 

transition. In this range of slopes in the edge transition 

region the output is severely distorted. This can be 

explained by the phase shift produced by the slope in the 

transition region. For example, the detected signal is 

proportional to the phase difference of the edge. For a 

sharp transition, the phase relationship is simple and the 
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SLOPED EDGE 
CENTERED ON AXIS 

-3 0 3 
O B J E C T  L O C A T I O N  ( S P O T  S I Z E )  

Figure 3.7 Detected signal for A/4 edge with a . 375 spot 
size slope. 
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O B J E C T  L O C A T I O N  ( S P O T  S I Z E )  

Figure 3.8. Detected signal for ^/4 edge with a spot size 
slope. 
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Figure 3.9. Detected signal for A/4 edge with a 2 spot size 
slope. 
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Figure 3.10. Detected signal for A/4 edge with a 6 spot 
size slope. 
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detected signal can determine what this relationship is. On 

the other hand, for a sloping transition, the phase relation

ship is not direct. This causes a phase-distorted detected 

signal. As the slope in the transition region is increased 

further, the central minimum detected signal starts to 

increase and eventually a maxima occurs. This is expected 

since the long slope gradually changes the phase of the beam. 

Figure 3.9 and 3.10 show the effect of long transition 

slopes. The adjacent minima still exist as the beam begins 

its ascent of the phase edge. Therefore, the beginning of 

edge transition acts as an edge itself. 

The result of the simulation show that for edge 

transitions of less than .375 times the spot diameter, there 

is virtually no effect in the minimum detected intensity and 

a minimal effect on the distance that the edge traverses in 

order that the detected signal returns to its original state. 

Thus, as long as the slope or transition length is short, 

there is minimum effect on the output signal. The assumption 

that the slope distance is small agrees with a model 

described by Hopkins (1979). In his model, the slope length 

in the transition from the pit to the flat surface was 

approximately .03% of the spot size. 

The program is also used to find the on-axis inten

sity in the image plane as a phase pit is scanned. Theoreti

cal results for various pit widths and phase depths are given 

in Figures 3.11 through 3.15. Figure 3.11 shows the output 
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Figure 3.11. 
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Detected signal for A/4 pit, pit width = spot 
size. 
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Figure 3.12. Detected signal for X/4 pit, pit width = 2 
spot size. 
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Figure 3.13. Detected signal for A/4 pit, pit width 
spot size. 
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Figure 3.14. Detected signal for A/8 pit, pit width = spot 
size. 
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Figure 3.15 Detected signal for A/8 pit, pit width 
spot size. 
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Figure 3.16 Detected signal for A/4 grating, period 
spot size. 



as a phase pit of width equal to the spot size is scanned. 

For A/4 phase depth the intensity drops to zero when the beam 

is centered on either edge while at the center of the pit, a 

small peak exists. The small peak is due to the fact that a 

large portion of the beam is on a flat area even though the 

flat area is in the pit. The peaking effect can be seen more 

clearly when the width of the pit increases. This is shown 

in Figures 3.12 and 3.13. A pit of twice the spot size 

allows the beam to regain a zero phase shift while it is in 

the pit. As the pit width is increased to six times the spot 

size, the peaking effect results in the beam regaining its 

original phase. Figures 3.14 and 3.15 show the effect for a 

phase depth of A/8. 

Finally, the program was used to examine the detected 

intensity as a phase grating is scanned. Due to the limita

tions in the program the length of the grating is three times 

the period. The scans for three different periods are shown 

in Figures 3.16 and 3.18. The depth of the grating is A/4. 

In Figure 3.16, the period is equal to the spot size. Notice 

the height of the secondary maxima and the overall magnitude 

of the signal as the grating is scanned. The maximum 

intensity is only 1/5 of the intensity when the beam is 

traversing a flat area. This is due to the MTF response of 

the objective. At higher spatial frequencies, the output 

decreases until the cutoff frequency is reached. The effect 

of the MTF is seen in Figures 3.17 and 3.18. The periods of 
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Figure 3.17 Detected signal for A/4 grating, period 
spot size. 
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Figure 3.18 Detected signal for A/4 grating, period 
spot size. 
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the gratings in Figures 3.17 and 3.18 are 1.5 times and twice 

the spot size, respectively. In Figure 3.17, the primary 

maxima are slightly higher than the primary maxima in Figure 

3.18. On the other hand, the shape of the scan in Figure 

3.18 comes closer to the shape of a grating. One can see 

that as the period increases the modulation depth increases, 

as predicted by linear theory. Comparing these plots to the 

pit scan plots in the preceding pages yields similarities. 

For example, the scan of the spot size width pit indicates 

low resolution, while the wider pits show greater resolution. 

The results of the program show that phase edges, 

pits,, and gratings with phase depths and narrow widths can be 

resolved in a scanning microscope arrangement. 

HRS With Bipolar Phase Plate 

So far, the HRS describes the on-axis intensity 

measurement of various phase structures. An addition to the 

HRS is the bipolar phase plate. This section discusses the 

effects that a bipolar phase plate has on the HRS. 

A bipolar phase plate produces a phase shift in the 

beam and can be described as a plane parallel plate that is 

coated on one-half of its surface by a nonabsorbing thin 

film. The thickness of the film determines the amount of 

phase shift. For a given phase shift the thickness is given 

by: 

tphase = ( A0 ) / [2t t  (n-1) ] 
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where 

A0 = desired phase shift in radians 

n = index of refraction of the thin film 

The bipolar phase plate is inserted at a conjugate point to 

the object plane. An example of where the phase plate may be 

located is shown in Figure 3.19. Neglecting phase factors, 

multiplying constants and assuming that the extent of the 

pupil function is so large that is has a minimal effect on 

the image, the image of the phase edge is given by the 

geometrical image. The geometrical image is a scaled version 

of the real object. Thus the geometrical image of the phase 

edge can be written as 

t2 (x') = step(x/m)ej^ + step(- x/m) 

where 

step(x) = 1 for x > 0 

= 0 for x < 0 

step (-x) = 0 for x > 0 

= 1 for x < 0 

A<J) = phase depth of the edge in radians 

in = magnification 

The geometrical image is then multiplied by the bipolar phase 

plate, which is a similar function. The amplitude of this 

product is given by: 
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Figure 3.19. Phase plate location in HRS. 
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(x) = e 3(Acj>+A6)/2 cos[ (Acf>+A0 )/2 ] {step (^-) + step(-—)} 
j m in 

where 

A0 = phase shift produced by the phase plate 

This amplitude is reimaged and following the results of the 

standard HRS, the normalized on-axis intensity is given by: 

1(0) = cos2 [ ( Acf> + AG) /2 ] 

The above expression shows the effect of the bipolar phase 

plate in the HRS. For example, if AG is chosen to be tt , the 

on-axis intensity in the image of a flat object (Ac|> = 0) will 

be zero. If A0 is TT/2, the on-axis intensity will be biased 

at .5. In this case, a phase edge centered on-axis will give 

an intensity measurement above or below the biased .5 level. 

The increase or decrease in intensity is due to the sign of 

Ac}> in the object. The sign of Acf> depends on whether the 

phase edge is going up or down. Note that there is a linear 

response in the on-axis intensity with respect to the phase 

depth of the edge. The linear region occurs for phase depths 

of X/8. For a wavelength of 632.8 nm, this phase depth 

corresponds to 79.1 nm. 

Going up or down in intensity reveals that a bipolar 

readout is possible with the HRS produces an increase in the 

storage density per unit area. This allows an absolute phase 

measurement to be made. The phase plate-is a simple addition 
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to the HRS that provides a bipolar absolute phase measure

ment . 

The above discussion dealt with the HRS in its 

standard format and with the addition of the phase plate. In 

order to estimate the impact of the HRS readout technique it 

is necessary to compare it with the single aperture and push-

pull techniques that were mentioned in the beginning of this 

chapter. 

The standard HRS can be best related to the single 

aperture readout method. Both techniques utilize the concept 

of self interference. The maximum modulation in both cases 

occurs when the phase depth is A/4. The differences between 

the two readouts is that the HRS measures the on-axis inten

sity in the image plane, while the single aperture method 

detects almost all of the intensity in the pupil plane. 

The output of the HRS with the phase plate resembles 

the output of the push-pull method. Both have bipolar 

readouts, and the maximum modulation occurs for a phase depth 

of A/8. In contrast, the push-pull technique uses a split 

aperture in the pupil plane. The method has to differentiate 

the two signals from the split aperture detector. On the 

other hand, the HRS with phase plate uses a point detector in 

the image plane. The phase plate differentiates the signal 

so the electronics will not have to, and it determines the 

height difference of the relief structure. In the push-pull 



method, the height difference determines the modulation depth 

in the detected signal. 

The discussion above mentions some similarities and 

differences between current readout techniques and the HRS 

methods. All of the methods can measure height differences. 

It is important to stress that the HRS relies on taking the 

on-axis intensity measurement, while the other methods rely 

on a total intensity measurement. A problem in 'taking the 

on-axis intensity measurement is in the finite size of the 

detector. This chapter concludes with a discussion on the 

effect of a finite size pinhole on the HRS. 

Effects of Pinhole Size 

Scanning optical microscope theory relies on a delta 

function pinhole or a pinhole of infinitesimal size to meas

ure the on-axis intensity. In practice, this is impossible 

to achieve. Therefore, one needs to examine the effect of 

the finite size pinhole on the on-axis intensity measurement. 

This can be done by integrating the image plane intensity 

over the pinhole area. For any kind of object that might be 

observed in the HRS, the analytical expression for the inte

grated intensity over the pinhole is very complex; however, 

using the computer model of the HRS to produce the image 

intensity and numerically integrate over the pinhole area 

should yield sufficient results on the effect of the finite 

size pinhole. 
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Figures 3.20 and 3.21 show the results of the compu

ter simulation. Figure 3.20 gives the intensity measurement 

versus phase depth of a phase edge centered on-axis for three 

different pinhole sizes. The sizes are measured with respect 

to the spot size diameter. For pinhole diameter of 0 times 

the spot size, the intensity follows a cosine squared curve, 

as described earlier. For pinhole sizes of one and 1.2 times 

the spot size, the on-axis intensity versus phase depth 

deviates from the cosine squared curve. Although the shape 

of the curve changes as the pinhole size increases, measure

ments can still be made with larger pinholes. This can be 

seen upon close examination of Figure 3.20. If a pinhole of 

1.2 times the spot size were used and the detected signal was 

.5, the calculated phase would be . 6 tt. The phase difference 

between this value and the value that is calculated in the 

ideal case is . 1 TT . Using the cosine squared relationship, 

this phase difference yields a depth variation of 94 

Angstroms. On the other hand, if an edge of known depth is 

scanned, the variation in the detected signal is roughly 13%. 

In the linear region of the cosine squared curve, this is 

equivalent to a depth variation of 133 Angstroms. Thus, the 

effect from a larger pinhole size is to decrease the modula

tion of the on-axis intensity measurement but still provide 

an intensity to phase conversion so that depth can be 

measured. It is interesting to note that for shallow phase 

depths, < .05tt, a large pinhole would prevent the edge from 
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being detected. This effect can be seen in Figures 3.20 and 

3.21. In Figure 3.21, the on-axis intensity is given as a 

function of the pinhole diameter for four different phase 

depths. Figure 3.21 shows that the detected signal from 

relief structure does not vary from the cosine squared if the 

pinhole diameter is less than .70 times the spot size. This 

result agrees will with a result published by Wilson and 

Carlini (1987). They report that in a confocal scanning 

microscope the depth discrimination does not degrade until 

the pinhole diameter approaches .66 times the spot size as a 

point object is moved through focus. 

The most important result of the computer simulation 

is the fact that the pinhole size can be roughly less than.or 

equal to the Airy spot size. Thus, in the HRS where the 

reimaged Airy spot size is approximately 50 microns in 

diameter, a pinhole diameter of 25 microns should be able to 

be used without losing any depth discrimination. Also, if 

one used a pinhole diameter of .70 times the spot size, the 

light power received by the detector is approximately 77% of 

the total light power at the detector plane. It is important 

to note that although the vertical resolution is virtually 

unaffected by a pinhole radius of < .70 times the spot size, 

the lateral resolution begins to decrease when the pinhole 

diameter is > .13 times the spot size. 

The preceding arguments reveal that an on-axis inten

sity measurement is feasible. With this in mind, the next 
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chapter implements the concepts of this chapter into an HRS 

experiment. 



CHAPTER 4 

HRS EXPERIMENT 

The preceding chapter dealt with the analytical 

aspects of the HRS. The results showed that the HRS should 

be capable of distinguishing many depth levels. This 

chapter presents the experimental HRS and its results. 

System Parameters 

The HRS consists of the optical and electrical compo

nents of a Pioneer LD660 video disk player. The optical 

set-up is shown in Figure 4.1, Light from a low power He-Ne 

Laser is focused through a lens. The expanding beam passes 

through a polarizing beam splitter and A/4 waveplate. After 

deflections from tracking mirrors, the beam is focused by a 

high numerical aperture objective onto the disk surface. 

The beam reflects off the disk surface, goes back through 

the A/4 plate and is diverted 90 degrees by the polarizing 

beam splitter. The beam focuses at plane PI, where in the 

original LD660 system, a detector reads the reflected beam 

intensity. In the HRS, it was not feasible to place a point 

detector in this plane. The base optical system is very 

compact and commercially available components were not 

51 



52 

H H+-H» LAW | 

x/4 

•^-.0 Ifi 
* 
• Q 

— HOUSMQ PON OPTICAL 
components 

ywNNOta 

.4-4^ ^D-

XYZ STAOB 

OmCTOR 

TOR OPTICAL COMPONENTS 

-J" 
Z Y 

OMCmi LIN8 

xrz staos 

Figure 4.1. Diagram of height readout system, HRS. 
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available at this compact size; therefore, the plane PI was 

reimaged by an imaging lens onto a pinhole. The pinhole 

allowed only the on-axis intensity to pass, and a detector 

was used to read the transmitted intensity. 

To model a typical CD-ROM system, the HRS needed to 

have a convenient phase object. The ultimate surface would 

be an actual multilevel disk CD-ROM disk; however, the 

theoretical arguments of the preceding sections needed to be 

proven before any actual implementation. In order to do 

this, one-dimensional phase objects of various phase depths 

were made. 

The manufacturing of the samples involved photolitho

graphic methods. A typical sample was made the following 

way: si02 was deposited onto a 2" silicon wafer. The 

thickness of the Si02 eventually determines the phase depth. 

Next, a thin layer of photoresist was spun onto the wafer. 

The wafer was inserted into a 10:1 wafer stepper, and a 

structure containing grating and edge patterns was imaged 

onto the wafer. The wafer was exposed to UV light, which 

causes the exposed or unexposed region of the photoresist to 

develop, depending on the polarity of the photoresist. The 

wafer was then chemically treated to further develop the 

photoresist and clean the undeveloped areas. Once the photo

resist covered the desired areas on the Si02» the undesired 

Si02 regions were etched away, leaving only the mask pattern 
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on the wafer surface. Finally, the remaining photoresist 

was removed and the wafer was coated with aluminum to 

achieve a high reflectivity. Figure 4.2 shows a photograph 

of the resulting sample. Note that grating and edge struc

ture exist and that the smallest structure is a grating of a 

period of roughly 6 microns. 

It is important to note that a given sample does not 

contain multiple phase levels but only one phase depth. It 

is assumed that phase depth readings over a range of samples 

will indicate the HRS's capability to readout multilevel 

structure. 

Before any edge or grating data could be taken, it 

was necessary to obtain a diffraction limited spot on the 

disk or sample surface. 

The main difficulty in achieving this was due to the 

fact that the optical system of the commercial player has 

spherical aberration. It is introduced since an optical 

disk will typically have a 1.2 mm thick protective plastic 

layer on the disk surface. The protective layer resembles a 

plane parallel plate and produces spherical aberration in a 

converging beam. Thus the system is designed to have spheri

cal aberration to cancel out with the spherical aberration 

produced by the plastic coating. To mimic the protective 

layer, a microscope slide and a cover slip (combined thick

ness of 1.13 mm) was used. The amount of residual spherical 
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aberration can be determined by knowing the difference in 

the optimum thickness of the cover sheet and the actual 

thickness of the cover sheet in the HRS. For an optimum 

thickness of 1.2 mm, an actual thickness of 1.13 mm, a 

numerical aperture of .45 and a wavelength of .6328 microns, 

the residual spherical aberration is approximately .21 

waves. 

Although the spherical aberration was not elimin

ated, a fairly good Airy disk pattern was obtained when the 

beam was focused on the disk. This Airy pattern is shown 

via a photograph in Figure 4.3. Figure 4.3 gives the Airy 

disk diameter to be approximately 1.7 microns. Note that 

the reimaged spot size in the pinhole plane is roughly 50 

microns. The photograph indicates that the position of the 

object is between the paraxial and medial focus and that 

astigmatism and coma are present. 

Once the materials for the HRS were obtained or 

manufactured, the experiment could begin. The following 

paragraphs discuss some of the technical difficulties of the 

breadboard HRS. The difficulties that arise are due to 

experimental limitations. 

Technical Difficulties 

In a package CD-ROM system, the focused beam is kept 

in focus via servo systems. The servo mechanisms provide 

quick and reliable focus control; however, in the breadboard 
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Figure 4.3. Photograph of focused spot. 



HRS, there are no servo systems and the object must be kept 

in focus manually. This causes two problems: (1) visually 

finding best focus, and (2) keeping the beam in focus as the 

object is scanned. The first problem is readily solved by 

utilizing the concept underlying lateral interferometry. 

The beam is focused onto a phase grating. As the light 

passes through the grating, diffraction effects produce dif

fracted orders. If the grating period is chosen correctly, 

there will be overlapping orders. These overlapping orders 

can interfere and produce fringes in the region of overlap. 

It has been shown by Firester et al. (1978) that at focus, 

there will be a null fringe in the region of overlap. 

Defocus causes straight fringes in the overlapping regions 

(this is much like tilt fringes in a Twymann-Green 

Interferometer) . In the HRS, the focus region is readily 

found by moving the object through focus. Moving the object 

through focus indicated that a good degree of spherical 

aberration was present. The defocus fringes were curved 

about a diameter of the light spot. 

Keeping the object in focus was achieved by scanning 

the beam across the disk surface. The distance the beam 

covers is roughly 20 microns (10 microns on either side of 

the optical axis) . If the object is flat, or is tilted 

slightly, the beam will not go out of focus. It has been 

observed in the HRS that the output signal is constant as 
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the beam traverses the in-focus object. If the object is 

defocused, a ramp in the output signal is produced and the 

slope of the ramp depends on what side of focus the object 

is on. The ramp arises from a tilted defocused object. 

The two methods for focusing described above 

provided a decent solution for finding focus. A related 

problem was in finding the proper location for the pinhole. 

This was achieved by using a microscope to find the imaged 

spot. The pinhole could then be inserted in the beam path 

and placed so that the pinhole was imaged by the microscope. 

The proper perpendicular location was found by scanning a 

flat area on the substrate surface and moving the pinhole so 

that a maximum no-slope signal could be obtained. Once the 

pinhole location was found, it did not need to be changed as 

different scans were made. 

Besides finding the correct alignment for the HRS, 

noise measurements of the HRS were made. In the HRS, there 

are three noise sources to consider. They are: laser 

noise, detector noise, and substrate surface roughness. 

Laser noise is minimized by using polarizing optics 

to minimize feedback and by using a stabilized power supply 

to have a steady power output. The HRS contains polarizing 

optics; however, it was observed that a significant amount 

of light was diverted upon the first pass through the polar

izing beam splitter (the laser is polarized) . This would 



indicate that some of the reflected light goes back through 

the system and fed back into the laser. This would cause 

fluctuations in the output power of the laser and noise in 

the system. 

The detector noise is included in the system noise. 

It should be noted that the detector used came with the 

system and was designed for video rates. In the HRS, the 

maximum scanning allowed by the galvanometer was 90 Hz. The 

90 Hz signal was distorted by an inherent 120 Hz signal 

picked up by the electronics. The 120 Hz signal increased 

in magnitude as the intensity of light increased, but was 

also present when there was no light. Clearly the detector 

and the electronics were not designed for such slow scan

ning and the presence of longer cabling in the breadboard 

setup. 

Finally, surface roughness on the disk surface 

arises from imperfections in the manufacturing processes. 

The roughness of the disk would cause light to scatter from 

the optics and cause the signal level to fluctuate. 

The noise levels obtained in the HRS are determined 

via three experiments. They are (1) noise level when no 

light is in the system, (2) noise level when the maximum 

intensity passes through the pinhole, and (3) noise level 

when a flat area is scanned on the test surface. The acqui

sition times in the preceding experiments were .5 seconds. 
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The first experiment (where no light is passed through the 

system) showed a 20 millivolt peak-to-valley, 120 Hz peri

odic signal with an RMS value of 4 millivolts. The second 

showed that for an average signal of 2 volts, a peak-to-

valley noise of 41 millivolts withr an RMS value of 7.2 

millivolts was found. Finally, the third experiment 

produced peak-to-valley noise of 43 millivolts with an RMS 

value of 8.0 millivolts for an average signal of 2 volts. 

The results suggest that a peak-to-valley signal-to-noise 

ratio of 50:1 is possible in the HRS. This corresponds to a 

peak-to-valley roughness of 30 Angstroms, as determined by 

the HRS. It should be noted that the results of experiments 

2 and 3 indicate that, within experimental error, the HRS 

could not determine the surface roughness of the test 

surface. 

Finding the noise levels and aligning the HRS were 

the last steps before any scans were done. The remainder of 

this chapter deals with experimental scans of the phase 

structures. The main concentration of the experiment was in 

determining phase edge depths. The phase edge is the main 

building block in a CD-ROM surface. Also•included in the 

experiment are scans of phase gratings and scans of phase 

edges and gratings with the phase plate inserted into the 

system. 
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Experimental Results 

Standard HRS 

The bulk of the HRS experiments relates to edge 

scans. The edge scans consist of scanning the beam over an 

edge. For a given edge, three scans were recorded. It is 

important to note that these were not consecutive scans; 

i.e., the scan frequency was approximately .3 Hz and each 

measurement required, on the average, one minute to complete 

(this was due to the data acquisition system). 

From the output of the edge scan, one could 

determine the phase depth of the edge via the relationship 

2 determined by the cos curve in the previous section. This 

relationship is: 

Physical depth h = A/2TT COS /Imin/Imax 

where 

A = wavelength 

Imin = minimum measured intensity 

Imax = maximum measured intensity 

Imin was determined by one measured value and Imax was found 

by averaging over time the intensity levels on both sides of 

the minimum value. It should be noted that taking only one 

value per scan for Imin is not the best way to take data; 

however, enough scans of the same edge were made to get an 

average value for h and an average value for Imin. 
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Edge scans were made on four samples of different 

depths with two different pinhole sizes. These depths were 

measured with a DEKTAK mechanical stylus profiler. The HRS 

edge scan measurements are compared with the DEKTAK measure

ments in Table 4.1. This table gives the average for 

measurements made via the two techniques. From Table 4.1, 

it is clear that the HRS measurements give consistently 

lower physical depths than the DEKTAK measurements, and that 

the .2 times the spot size pinhole scans give lower depths 

than the .5 times the spot size pinhole scans. This result 

is best explained by considering the computer simulation of 

the previous section. There, the depth resolution decreased 

with pinhole size. A larger pinhole causes the contrast in 

max to min to decrease. The simulation predicts the 

decrease to occur when the pinhole is approximately 70% of 

the spot size. Pinhole sizes of .2 and .5 times the spot 

size show that this degradation should occur at smaller 

pinhole sizes than that predicted by the computer analysis. 

This discrepancy is most likely due to aberrations in the 

HRS. Recall that the computer analysis assumed a diffrac

tion limited optical system and that there was evidence of 

spherical aberration, coma, and astigmatism in the HRS. 

Also, there may be some focus error present. 

Table 4.1 also gives the peak-to-valley variation in 

the measured depths for the entire region that the sample 



Table 4.1. Average depths of test relief structures (Angstroms). 

DEKTAK w/.2 Spot 
HRS 
Size PH* w/ . 5 

HRS 
Spot Size PH 

Sample 
No. Avg. Q * * * P-V** Avg. 0 P-V Avg. a P-V 

1 1478 48 107 1379 12 32 1226 11 31 

2 1037 70 263 875 20 60 796 46 121 

3 892 69 203 764 41 106 681 35 93 

4 578 69 184 553 32 75 456 15 34 

* PH = pinhole 

** P-V = peak to valley 

*** a = standard deviation 



was measured; i.e., the edges that were scanned cover an 

area of roughly 1 square centimeter on the test surface. 

There were three measurements for each edge. It is 

important to note that large errors involved in the DEKTAK 

measurements. There are two possible sources for this 

error: (1) the sample surface is made of soft aluminum and 

the stylus digs into the sample as the measurement is made; 

the aluminum may be pushed in the direction of the edge and 

cause the stylus to give a higher edge height or dig in so 

much that a lower value is recorded; and (2) for each edge, 

the measurement was not made in the exact same location due 

to the scratching effect. Not measuring the exact edge 

location may produce some error, but the larger source is 

the digging in of the edge. The variation from edge to edge 

on a given sample is expected since the photolithographic 

process will produce minor variations in the surface 

thickness. These minor variations are indicative of the P-V 

values from the HRS in Table 4.1. The variations are seen 

more clearly in Figure 4.4. Here, the P-V values for an 

2 edge are shown on the cos curve. The values correspond to 

the .5 times the spot size pinhole measurements in Table 

4.1. The average depth of the sample is given next to the 

curve. Although there is an error in measuring the depth of 

a sample, it is clear that they can discriminate height 

differences. 



66 

N 
0 

fi 
456 X 

z 
E 
D 

796 £ 

N 
T 
E 
N 
S 
I 
T 
Y 

1226 X 

05 TT 

PHASE DEPTH 

2 Figure 4.4. Plot of P-V spread on the cos curve for scans 
with a .5 times the spot size pinhole. — 
Average values are shown next to spread. 



67 

The edge data of Table 4.1 were for many edges. For 

each edge, three scans were made. Since the experimental 

method to measure the depth of an edge requires averaging of 

the minimum detected intensity, twenty scans were conducted 

on a single edge. 

The results of these scans are shown via a histogram 

in Figure 4.5. The histogram shows that the average for the 

height of the relief structure is 1199 Angstroms, the P-V 

variation is 95 Angstroms, and the standard deviation, a, is 

22 Angstroms. N is the number of scans. These results show 

that the breadboard HRS can accurately determine the height 

of the test relief structure. 

To complete the edge analysis of the HRS, normal

ized edge scans of test samples #1 through 4 are shown in 

Figures 4.6 through 4.9. It is interesting to note the 

similarity in shape of these experimental plots to the plots 

of the previous chapter. The figures show that a definite 

signal is detected as a test surface is scanned, and from 

the results presented in Table 4.1, it is clear that the 

breadboard HRS can detect 5 different levels on the 1-D 

relief structure. 

A brief comparison in the shapes of the scans for 

the measurements made with the .2 and .5 times the spot size 

pinholes can be made by examining Figure 4.10. Figure 4.10 

shows the scan of sample #1 with a .2 times the spot size 
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Figure 4.7. HRS detected signal of edge on sample 2. 



N  
0 
R  
M 
A  
L  
I 
Z 
E  
0 

I 
N  
T  
E  
N  
S  
[  
T QjO 

QJ5 • 

D E P T H  6 9 0  S 

2 0 2 

O B J E C T  L O C A T I O N  ( S P O T  S I Z E )  
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Figure 4.11. HRS detected signal of grating. 



pinhole. Comparing Figure 4.10 with Figure 4.6 shows that 

the general shapes are similar. Therefore, the .2 times the 

spot size measurement does not show better resolution 

(except in the depth of the sample) than the .5 times the 

spot size pinhole. 

The edge scans were the heart of the HRS experi

ment. However, a true optical disk surface consists of 

two-dimensional, quasi-periodic structure. One-dimensional 

phase gratings come close to modeling a CD-ROM surface. 

Figure 4.11 shows the detected signal from the HRS as a 

one-dimensional phase grating is scanned. The period of the 

grating was measured by the DEKTAK and found to be approxi

mately 6 microns. The duty cycle of the grating could not 

be measured accurately by the DEKTAK. The calculated depth 

is 1150 Angstroms. It is interesting to note the shape of 

the detected signal. The scan in Figure 4.11 is smooth, and 

the secondary maxima indicate that the width of a line is 

approximately one and a half to twice the spot size of the 

beam. 

The plot in Figure 4.11 shows that the HRS can 

measure or read out high-resolution phase objects. The 

results are promising since the measured depths of the phase 

grating correspond to the measured depths of the phase edges 

in the above cases. This would strengthen the idea that 
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modeling a multilevel structure by various bilevel struc

tures is valid. 

This concludes the experi-mental results of the stand

ard HRS. To demonstrate the bipolar property of the HRS 

with phase plate, a phase plate was inserted into the system 

and a step structure was scanned. 

Phase Plate Experiment 

As mentioned in the theoretical discussion of the 

TT/2 phase plate, a bipolar readout and an absolute phase 

measurement is possible. With a TT/2 phase plate inserted 

into the HRS (shown in Figure 3.19), it was predicted that 

the TT/2 plate would cause the on-axis intensity to be 

reduced to .5 of the maximum intensity, and that as a phase 

edge was scanned, an increase or decrease in intensity would 

occur, depending on the orientation of the phase plate and 

the direction of the phase edge. This effect can be clearly 

seen in Figure 4.12. This figure shows the scan of a phase 

step of width roughly equal to 3 microns. The (a) scan is 

from the standard HRS and the (b) scan is from the HRS with 

the phase plate. The (b) scan shows that as the beams go up 

the step, the intensity increases while the intensity 

decreases when the beam falls down the step. The direction 

of the step was determined by noting the scan direction and 

structure on the test surface. The direction can also be 

determined by the orientation of the phase plate and the 
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scan direction. Note how the relative depth of each edge 

changes in the two scans. This is due to the phase bias in 

the cosine squared curve. Figure 4.13 clarifies this point. 

In Figure 4.13, a hypothetical test structure of depth X/8 

is scanned. With no TT/2 plate in the system, the intensity 

drops to .86. But with a TT/2 plate, the intensity rises to 

.69. The apparent increase in the modulation is due to the 

phase biasing. Also shown is the effect that a IT phase 

plate would have on the scan. Looking back to Figure 4.12, 

one can notice the average level of the intensity for the 

TT/2 plate and without the IT/2 plate. Theory predicts that 

the intensity should be .5 of the maximum intensity. It is 

clear from Figure 4.12 that the bias intensity is somewhat 

less than .5. The discrepancies might arise from a 

non-ideal phase plate. Figure 4.14 shows a photograph of an 

interferogram of the phase shift produced by the TT/2 plate 

in a Twymann-Green Interferometer. Note how the fringe 

shift is not precisely pi and that the transition region has 

some slope to it. The non-ideal thickness and the presence 

of aberrations cause a different bias point and the slope 

transition region reduces the contrast. 

In summary, a thorough calibration was done with the 

on-axis intensity measurement in the breadboard HRS. Many 

edges were scanned and noise levels were recorded. In the 

case of the TT/2 plate, an exhaustive experiment was not 
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done. This was not the purpose of the TT/2 plate. The idea 

was to show that a bipolar absolute phase measurement of 

one-dimensional structures could be done. The results show 

that this is the case. Although the TT/2 plate has inter

esting applications in multilevel readout, the on-axis 

intensity measurement alone could have a positive impact. 

Experiment with an IC Chip 

As was stated at the beginning of this chapter, the 

test relief structures contained one depth. Although a 

multilevel optical disk surface could not be obtained, the 

HRS results indicate that a transition to a multilevel 

relief surface would produce similar results. 

As a final experiment, an integrated circuit chip 

was placed in the HRS. Most integrated circuits contain 

multilevel relief structure, and the HRS should be able to 

detect the different levels. 

Figure 4.15 shows the detected signal as a section 

of the integrated circuit is scanned. It should be noted 

first that the surface of the chip does not have a uniform 

reflectivity. In fact, parts of the chip have virtually no 

reflectivity. This drastically affects the HRS since it is 

based on the premise that the test surface has a high 

uniform reflectivity. Thus, without knowing anything about 

the structure of the chip, it is difficult to interpret 

Figure 4.15. For example, at the object locations of 0 and 
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Figure 4.15. Detected signal as IC chip is scanned. 
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-5, the detected signal indicates that there are pit-like 

structures. This is observed by the two minima about a 

central maximum. Figure 4.15 suggests that these "pits" are 

the same width but have different depths. This may also be 

interpreted by saying that the two "pits" have different 

reflectivities. Although ambiguous, Figure 4.15 does deter

mine the existence of some kind of structure on the IC chip. 

Discussion 

It is convenient to conclude this section with a 

brief discussion on the errors in the HRS and what kind of 

improvements are necessary. Some of the errors in the HRS 

were due to the laser and electronics of the LD-660. The 

LD-660 was not designed for low-frequency signals. Also, 

the laser output was sufficient for detecting the entire 

reflected intensity but probably not sufficient in detecting 

the on-axis intensity. The biggest improvement here would 

be to design a detector that could perform well at low fre

quencies and intensity levels. A higher output laser could 

be used, but it might be impractical if this technique was 

to be used in the actual system where low-frequency 

operation would not come into play. Thus, to make a better 

breadboard HRS, one needs to speed up the measuring of the 

on-axis intensity. An obvious improvement is to have the 

test relief structure mounted on a turntable. 
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Another source of error was in the systematic 

setting-up the HRS for each scan; i.e., for each scan the 

object needed to be focused in order to find another edge to 

scan. Also for different samples, the cover slip needed to 

be adjusted. This could have caused a change in the optical 

performance of the HRS for each sample. Improvements here 

could be in completing a focus servo loop and mounting a 

cover slip on the objective. The above suggestions should 

be taken into account if further work is desired. 



CHAPTER 5 

CONCLUSIONS 

The preceding chapters dealt with CD-ROM optical 

data storage. An overview of the basic optical principles 

was given; however, the emphasis of the thesis was in a new 

readout technique that utilizes an on-axis intensity measure

ment in the image plane of the storage medium. 

In order to present the new readout technique, 

current readout methods were discussed, compared, and con

trasted. It was shown that current methods such as the 

single aperture and push-pull techniques detect virtually 

all of the reflected intensity while the Height Readout 

System (HRS) utilizes the on-axis intensity measurement. 

A computer model was developed to model the HRS as 

various one-dimensional phase objects moved underneath a 

focused beam. The results of the program showed how the 

detected signal varied as the object moved. It was shown 

that relief structure with sharp transitions from one: depth 

to the next yielded signals where the height difference 

could easily be determined. Another result of the computer 

analysis was that the size of the pinhole in the detector 

affected the ability of the HRS to determine a given height 
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difference. It was found that a pinhole diameter of > .70 

times the spot size produced deviations in the calculated 

height differences. Although some deviations occur, pinhole 

sizes larger than .70 times the spot size can accurately 

determine step heights. 

Once the theoretical model was presented, an experi

ment was conducted on test relief structures that contained 

edge, line and grating structures. The results of the exper

iment showed close comparison to the theoretical result. 

For example, the shapes of the experimentally detected 

signals resembled the theoretical model. The main emphasis 

of the experiment was in the detection of step heights. 

The results of the experiment showed that the bread

board HRS could measure at least four height differences. 

The measurements were made with pinhole sizes of .2 and .5 

times the reimaged spot size and with a DEKTAK mechanical 

stylus profilometer. It was shown that the DEKTAK measure

ments measured greater depths than the HRS measurements; 

however, the .2 times the spot size pinhole measurements 

produced greater depths than the .5 times the spot size 

pinhole measurements. The differences in height between the 

three methods were on the order of 100 Angstroms. This 

value is on the order of magnitude of the height differences 

caused by larger pinholes. These discrepancies were primar

ily due to aberrations in the breadboard HRS. Nevertheless, 
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the use of both pinhole sizes showed the HRS' ability to 

measure step heights. 

Two final experiments were conducted to show the 

bipolar property of the HRS with phase plate and to test the 

breadboard HRS on a multilevel surface. The basic principle 

of the bipolar readout was shown by the scanning of a line 

structure of approximate width 3 microns. There were some 

deviations from the predicted result, but these were primar

ily due to an imperfect phase plate and aberrations in the 

system. In detecting the signal from the multilevel relief 

surface, an integrated circuit chip, it was not determined 

that a multilevel structure was detected since the relief 

structure was not of a uniform reflectivity, and little 

information was known about the chip. 

The experimental results agreed well with the 

theoretically predicted values. The deviations were 

primarily due to the breadboard system and not in the 

general readout method. Some improvements to the system 

have been already discussed. A few will be mentioned here. 

It is stressed that these improvements are with respect to a 

practical system that can be implemented into current 

systems. Improvements can be made in the detection scheme; 

i.e., incorporating a pinhole in the detector without 

disturbing current methods that use more than one detector 

to generate error signals. This could be done by placing a 



small detector in the center of the original detector. The 

scanning mechanism should be addressed. The HRS utilized a 

galvonometer to scan the surface and was fairly slow. A 

high-speed turntable would produce fast scanning of the 

object. Finally, a multilevel disk needs to be examined in 

detail so that its practicality in a real system can be 

resolved. 
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