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ABSTRACT 

This dissertation presents nondestructive optical characterization methods 

developed for thin films and bulk materials. These methods can be used to accurately 

measure polarization rotation and ellipticity, the reflection and transmission coefficients, 

the wavelength dependence of birefringence, Kerr rotation and ellipticity; the dielectric 

tensor of magneto-optical (MO) media, as well as the optical constants and thickness of 

thin film stacks. A series of optical, magneto-optical and magnetic recording media 

have been studied. A variable angle, multi-wavelength ellipsometer, and a MO Kerr 

spectrometer were used for these measurements. A general-purpose computer program 

has been used to analyze the experimental data. The in-plane and vertical birefringence 

of polycarbonate plastic substrates of optical disks have been measured for wavelengths 

between 360 nm and 860 nm, which covers the full range of interest for blue as well as 

for the current red and infrared recording. A dielectric tensor database for MO thin film 

materials of (BiDyh(FeGa)sOI2 gamet, MnBi, multilayered Co/Pt, amorphous 

TbFeCoTa, fcc cobalt, and Heusler alloy PtMnSb has been established in the 

wavelength range of 400 - 780 nm. These materials are then evaluated based on the 

intrinsic MO figure of merit. In the area of hard disk magnetic recording, the optical 

constants of nickel phosphorous (NiP) coated substrate, CoNiINiP magnetic film on NiP 

coated substrate, and the carbon overcoating layer have been obtained at several 
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wavelengths. The excellent agreement between theory and experiment has shown that 

this nondestructive method is a sensitive tool for the characterization of optical thin film 

stacks. 
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CHAPTER 1 

INTRODUCTION 

1.1 Optical Recording Historical Perspectives 

The developments in information storage are motivated by the need for more 

convenient access and more efficient storage. As the information age intensified its 

search for new storage techniques, many of the resulting inventions emphasized the 

importance of light and optics for information storage and communication. The concept 

of optical data storage refers to systems that use light to record as well as to recover 

information. The main advantage of optical recording, compared with magnetic tape and 

disk products, is high data density - the amount of information that can be stored per 

unit area on the media surface. The other advantage is the potential for much greater 

reliability and removability, as the optical recording systems provide a large working 

distance between any part of the head and the rotating disk. The primary disadvantages 

of optical recording systems are the slow access times, due to a heavy optical head, and 

the relatively high cost of both media and systems. As the technology matures, the 

disadvantages should be substantially remedied. 

Although the concept of high density data recording in magneto-optical films 

dates back at least to 1957, when Williams, Sherwood, Foster and Kerry suggested that 

a magnetic memory could be designed using a MnBi storage layer and a magneto-
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optical readout system, the history of optical recording began in earnest when the first 

Write-Once-Read-Many (WORM) optical drive appeared in 1982. Applications for 

these devices were limited primarily to large library and archive databases. In 1983, 

audio Compact Disc (CD) technology was released by both Philips Corp. and SONY 

Corp. for audio applications. In 1985, The CD-ROM (Compact Disc Read-Only 

Memory) appeared on the market as a low-cost alternative to support software 

publication of information such as encyclopedias, dictionaries and large information 

databases. Yet, CD-ROM and WORM were limited by lack of data erasability, which in 

tum became the principal obstacle to the growth of the optical recording market, simply 

because they were not fully functional replacements for any existing recording system. 

Then in 1988, the first rewritable magneto-optical (MO) disc system appeared in the 

market. 

The first generation MO disk drives consisted of full height 5.25-in drives that 

stored 650 Mbytes unformatted on a double-sided removable cartridge. The first 3.5-in 

MO cartridge drives were able to store 128 Mbytes of formatted data on a single 

surface, and were the same size as a 3.5-in floppy cartridge, though slightly thicker. 

Current MO systems not only retain high-capacity data storage potential, but also are 

more reliable than magnetic recording and have the potential to functionally replace 

existing data storage systems. As a result, the implementation potential for MO devices 

are tremendous. Furthermore, because of their extensive image recording capabilities, 
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MO devices show great promise for significantly impacting the future development of 

multimedia applications. 

Although there are many more mature optical data storage systems on the 

market, the search for a high-capacity data storage system with rapid, cheap and 

compact features is still the main aspiration of the present research in optical recording 

media and systems. Improvements in the next generations of MO systems will likely 

include the direct overwrite, the use of a shorter wavelength laser; tighter track pitch 

recording; zoned format recording; pulse-width recording, and higher rpm drives. In 

order to achieve these goals, substantial study of the physical properties of MO media is 

vital. 

1.2MO Media 

To increase the storage capacity is the main concern of the present research. 

There are several ways to approach this goal, for instance, by using a short wavelength 

diode-laser (such as blue laser) to reduce the dimensions of the optical stylus. The 

material used in MO disks on the market now is a rare earth-transition metal (RE-TM) 

ferrimagnetic thin film (mainly TbFeCo). Unfortunately, this RE-TM film lacks a large 

MO effect in the shorter wavelength range. Thus seeking and characterizing MO media 

which are suitable for shorter wavelength recording is also a main subject of the present 

research. 
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This dissertation describes the research based on ellipsometry, which is widely 

used in measuring optical properties of materials. With adequate modifications, 

ellipsometry has proven to be an effective tool in characterization of optical and 

magneto-optical recording media. 

1.3 Experimental Systems 

1.3.1 Ellipsometer 

The ellipsometer is a powerful measurement tool to the optics and physics 

research communities. It is an opto-mechanical device used to measure the complex 

refractive index (n, k) and thickness (D) of thin films. Figure 1-1 shows one of our 

experimental setups. This instrument requires the following: A monochromatic light 

source, an optical element to convert unpolarized light to linearly polarized light, an 

optical element to convert elliptically polarized light into linearly polarized light, an 

optical element to determinate the state of polarization of the resultant light beam, a 

detector to measure the light intensity (or to determine the presence of a nUll). 

It should be noted that, although it was not called by that name, ellipsometry was 

practiced in the late 1800s. Monochromatic light sources have been available for a long 

time in the form of sodium or mercury arc lamps. These sources give out several 

discrete wavelengths. All but one are filtered out. Optical elements such as polarizer and 

quarter-wave plate have also been available for some time. In a small treatise on 
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Figure 1-1. System setup for the multi-wavelength variable-angle ellipsometer 

polarization of light published in 1874, Spottiswoode described how polarized light can 

be obtained by passing light through a Nicol prism and by reflection. Ten years before 

the end of the last century, Drude gave the fundamental equation of ellipsometry. In his 

book "Theory of Optics" which was published in 1901, Drude showed an instrument 

which was similar to our modem ellipsometers. However, the name "ellipsometry" was 

introduced in 1945 in an article published in "Review of Scientific Instruments" by 
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Alexandre Rothen entitled "The ellipsometer, an Apparatus to Measure Thickness of 

Thin Films". For many years, the detector used to determine the null position of the 

analyzer was the human eye. 

An ellipsometer measures the rotation and ellipticity associated with the ellipse 

of polarization. When polarized light interacts with a material, either at an interface or 

through a thin film, the state of polarization will, to some extent, change. 

The change of the state of polarization upon reflection can be expressed in terms 

of the ratio of the two complex reflection coefficients rll and r.L for light polarized 

parallel and perpendicular to the plane of incidence, r is the ratio of reflected and 

incident electric field strengths. The ratio 

iii 
- = tan'llexp(i~) 
'1. 

defines the relative phase change ~ and the relative amplitude attenuation tan'll that are 

measured in ellipsometry. The amount of change in polarization depends on the optical 

constants (n, k, D) of the material. By fitting the measured ~ and'll with the relevant 

solutions of the Maxwell equations, one can determine the unknown parameters. For 

example, for an isotropic reflecting medium, one can determine the two optical 

constants n (refractive index) and k (absorption coefficient) from ~ and'll based on the 

Fresnel's formulas. In many cases, the measurement is done by varying the incident 

angle and polarization direction in order to determine the unknown optical and/or 
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structural parameters of the sample. Obviously, the more data points collected, the more 

accurate will be the estimation. 

1.3.2 Magneto-Optical Kerr Spectrometer 

Data readout for the MO storage systems utilizes the magneto-optical (polar) 

Kerr effect. When a linearly-polarized laser beam shines on a MO disk, the reflected 

beam is elliptically polarized with the axis rotated by angle ek and an induced ellipticity 

of Ek. ek is called Kerr rotation angle, and Ek is the ellipticity of the magneto-optical Kerr 

effect. The Kerr rotation angle and ellipticity depend on the magneto-optical interactions 

within the MO material. If the direction of magnetization of the sample is reversed, the 

Kerr angle is reversed. Detection of the Kerr rotation angle identifies the state of 

magnetization, hence the recorded binary information on the disk. The figure of merit, 

defined as FOM = ~R(ek2 +E~), where R is reflectivity of the sample, describes the 

disk performance. 

For MO recording media, the Kerr rotation ek and ellipticity Ek amount to a few 

tenths of a degree only. A sensitive method of detecting both ek and Ek is desirable. Data 

storage devices utilize diode lasers for read/write/erase operations, and since the trend in 

semiconductor diode laser development is towards shorter wavelengths, it is important 

to characterize the storage media over a broad range of optical frequencies. The range of 

interest may in fact span the visible wavelengths in addition to the near infrared and 
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near ultraviolet. Progress in understanding the physics of magneto-optical interactions is 

also dependent upon the availability of experimental data on the wavelength

dependence of the Kerr effect signals. 

The present dissertation describes a new photometric ellipsometric system to 

characterize the wavelength dependence of Kerr rotation angle 8k, ellipticity Ek and 

reflectivity R of MO recording media; the system is called a magneto-optical Kerr 

spectrometer (MOKS). Figure 1-2 shows a schematic diagram of the MOKS system. 

Light from an arc lamp passes through a monochromator to provide light with 

wavelengths ranging from 350 nm to 1050 nm. The light is polarized at 450 to the x axis 

by the polarizer, and is relayed and focused on the MO sample. An electro-magnet 

behind the sample provides a magnetic field up to 14 Koe, which can switch the 

magnetization of most samples of practical interest. The reflected light passes through a 

Fresnel rhomb (a wide-band IJ4 plate) with fast axis oriented in the x direction; a 

Wollaston prism, which divides the incident light into p and s polarized lights. Two 

detectors behind the Wollaston prism detect the light. The Wollaston prism and the 

photodetectors sit on a rotation stage whose axis is aligned with the beam. A stepper 

motor is used to rotate the rotation stage in small steps between -900 and +900 for 

automated measurements. Since the difference signal from detectors 1 and 2 will 

eventually be normalized by their sum signal, there shall be no need for calibration with 

respect to the responsivity of the photodetectors. 



PoJarizer 

Monochromatic 
UghtSource 

+ .... ---.1 

V Electromagnet 

Magneto-optical ----...-...:.....1 Sample 

Polarizing 
Beam-spUtter 

Fresnel Rhomb 

(l/4 plate) 

f::: 450 

Detectron Module 

Spilt F'hotodetector 

Stepper Motor -~ 

Figure 1-2. The experimental setup of the magneto-optical Kerr spectrometer 
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1.4 Structure of Dissertation 

This dissertation contains seven chapters. Chapter 1 gives a brief overview of 

optical recording, the motivation of research, and our measurement systems. Chapter 2 

describes the construction of our ellipsometer, and compares our analysis method with 

the classical methods. There are also measurement results for bulk materials described 

in Chapter 2. Chapter 3 provides an error analysis for our ellipsometry system. Both 

random and systematic errors are considered. Chapter 4 describes ellipsometric 

measurements of the wavelength dependence of in-plane and vertical birefringence for 

the bare polycarbonate substrates of MO disks. It is found that the birefringence 

generally decreases as the wavelength is increased. Chapter 5 describes the 

measurements of dielectric tensor elements of MO thin films. The diagonal element is 

related to rpp and rss, and can be readily measured by the ellipsometer. The off-diagonal 

element is related to the MO Kerr effect, and can be measured by our MOKS system. 

These data are used to evaluate the next generation MO recording media with potential 

application in the blue laser regime. Chapter 6 describes ellipsometric characterization 

of very thin films, and provides a nondestructive method for characterizing the various 

layers of a magnetic hard disk. Chapter 7 summarizes the various results of our research 

work. 



2.1 Introduction 

CHAPTER 2 

STANDARD MIRROR 
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The accuracy of most optical instruments is now so good that the most common 

single source of error is usually the sample itselfY·2] The standard mirror is very useful 

for optical calibration so that the accuracies of individual instruments is assessed on a 

routine basis,[3] especially in spectroreflectometry and spectroellipsometry for bulk 

materials and thin-film characterization. This would reduce the possibility of systematic 

error in data bases. 

We need standard mirrors in our MOKS system to measure reflectance R of the 

MO media versus A.. The reflectance R is used to determine the Polar Kerr effect 

induced by a linearly polarized light[4] and to estimate the n, k and thickness range of the 

MO layer ( see Chapter 5 ). 

To do the reflectance measurement, we use a standard mirror as reference. 

(i) By mounting the standard mirror on the sample stage, we measure the sum 

signal of two detector channels as a function of wavelength, i.e., !ref = linc X Rref. 

(ii) Replacing the standard mirror with the sample, we get the sum signal for the 

sample as a function of wavelength, i.e., Isarnp = linc X Rsarnp. 
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(iii) The wavelength dependence of the reflectance of the sample is calculated as 

Rref x [tamp 
Rsamp = I 

rtf 

From the above equation we see, only when Rsamp is close to Rref, the reflectance 

measurement is good. If Rsamp » Rrer, then Isamp / I ref » 1. A small error in Iref or Isamp 

measurement will introduce a large Rsamp error. The same thing will happen if Rsamp « 

Rref • So, for high, intermediate and low reflectance materials, we need to have high, 

moderate and low reflectance standard mirrors. Since purchasing of standard mirrors 

from the National Institute of Standards and Technology was too expensive, we decided 

to make them ourselves. Several methods have been developed for fabricating a 

convenient optical standard mirror. [5.61 Aluminum, silicon and ordinary glass are 

considered to be good standard mirrors. We used MWV AE system to measure the nand 

k for these three materials and calculated their reflectance. It is this calculated 

reflectance that serves as our Rrer . 

2.2 Ellipsometer System and the Measurement Method 

2.2.1 The Multi-wavelength Variable-angle Ellipsometer (MWVAE) 

Figure 2-1 shows the experimental setup. [71 This ellipsometer uses a mercury 

lamp as the light source, different wavelengths in the range of 360 nm ~ A. ~ 860 nm can 

be selected by using one of the fourteen available filters. Figure 2-2 shows the measured 

bandwidth 11A. (full width at half maximum) at 632.8 nm. For all of these filters, the 
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bandwidth is about 10 nm, yielding a coherence length (= 0.5".2/8"-) on the order of 10 

11m. The angle of incidence Sine in MWV AE is adjustable within the range of 350 :$; Sine 

:$; 800, with an accuracy better than 0.020. 

Light Source 
Detector 

Analyzer 

Al4 Plate 

Substrate 

Figure 2-1. System setup for the multi-wavelength variable-angle ellipsometer 
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2.2.2 The Measurement Principle 

We use MWV AE to shine linearly polarized light on the sample and measure the 

rotation angle S and the ellipticity angle E of the reflected beam, which are determined 

by the relative amplitude and phase shift of the p and s components (see Appendix A). 

These angles depend sensitively on the optical properties of the sample. The definitions 

of Sand E are illustrated in Figure 2-3, where "'pol is the polarization angle of the 

incident beam as measured from the p-direction, and can be read from the setting of the 

polarizer. S is the rotation angle, and E is the ellipticity angle of the reflected 

polarization ellipse. In general, due to phase retardation between the p and s 

components, the reflected beam is either left or right handed elliptically polarized (LEP 

or REP). The ellipse can be characterized by the orientation of its major axis Saxis and 

the ellipticity angle E. By definition I tan E I is the ratio of the minor to major axis, and E 

< 0 for LEP and E > 0 for REP. Thus, -45° ::;; E ::;; 45°. In particular, E = -45° (+45°) 

corresponds to LCP (RCP), and E = 0 corresponds to linearly polarized light. When the 

fast-axis of the QWP is parallel to the major axis of the ellipse, the beam passing 

through it becomes linearly polarized. This polarization angle Sn (the subscript a refers 

to the fact that this angle can be determined by the analyzer) can be less than or greater 

than Saxis, depending on whether the beam before the QWP is LEP or REP. Saxis and Sn 

can be measured simultaneously by adjusting the orientations of QWP and the analyzer, 
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until the detector receives no light. Once extinction is achieved, the orientation of the 

fast-axis of the QWP gives Saxis, while the analyzer gives Sn. The rotation and ellipticity 

angles of the reflected beam are then given by: 

S = Saxis - "'pol. E = Sn - Saxis . 

The accuracy of measuring Sand E in our instrument is usually better than 0.05°. 

2.2.3 Data Fitting with the MULTILAYER Program 

The first part of the MULTILAYER program[8] solves the Maxwell equations for 

a plane wave obliquely incident upon a multilayer structure consisting of a given 

number of layers. The boundary conditions are matched at each interface of the 

multilayer. With adequate restrictions on the tensor elements, different types of media 

(isotropic, birefringence, magneto-optic, etc.) can be described. For bare substrates, we 

consider the substrate alone without additional layers. The second part of the program 

searches for the best values of unknown parameters by minimizing the average fitting 

error defined by: 

In this equation, the superscript "thry" indicates the calculated value, "expt" stands for 

the experimental data, N is the total number of measurements on a given sample. 
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Chapter 1 describes out the traditional method of using ellipsometer to measure 

the sample's optical constants. The MULTILAYER program gets the same results as the 

traditional method. The advantage is that all the parameters come out in the same 

computer run. It also simplifies the measurement process (see Appendix B). 

2.3 Measurement Results 

The measured samples include a glass microscope slide, a front-surface 

aluminum mirror and a Silicon (111) wafer. The linearly polarization direction of 

incident beam is 60° from the p-direction. 

2.3.1 Glass 

We use a microscope glass slide as our low reflectance standard mirror. Since it 

is highly transparent, k must be very small and can be neglected. Therefore, reflectance 

is equal to one minus transmittance. 

Instead of measuring n of the glass sample, we measured the transmittance. 

(i) By mounting the Aluminum mirror on the sample stage, we measured the 

signal arriving at the detector, i.e., ~nc. 

(ii) By putting the glass between the Aluminum mirror and the detector, we 

measured the signal transmitted from the glass, i.e., luan. 

( ... ) Th . . I I d l,ron 11l e transmtttance IS ca cu ate as T = -. 
line 
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In order to check our transmittance measurements, we also measured the rotation 

8 and ellipticity E versus incident angle 8ine at different wavelength for glass sample. 

Figure 2-4 shows the measured 8 and E versus 8ine, and the best fit curves generated by 

the MULTILAYER program at A, = 780 nm. The average mismatch is 0.15°. The best

estimate values of n versus A, are plotted in Fig. 2-5. 

To find the accuracy of the estimated parameters, we studied how the fitting 

quality changes if one of the parameters deviates from its best-estimate value by a 

certain percentage. We chose the measurement data of 8 and E versus 8ine at A, = 780 nm 

for this consideration. The parameter that gives the best fit to the measured data is n = 

1.515. We calculated 8 and E for the n = 1.560, i.e., n is 3 % off. To display the results 

on a suitable scale, we plot the mismatch between the calculated (8, E) and the 

measured data versus 8ine in Fig. 2-6. In this figure, the solid curve corresponds to the 

best fit, while the dash line is obtained by using n = 1.560. Since our measurement 

errors for 8 and E are smaller than the calculated mismatch, the error in the best

estimate parameter should be smaller than the deviation chosen for these calculations. 

We thus estimate that, in this particular case, the error for the best-estimate value of n is 

less than 2 %. 

We can calculate transmittance from our n values: 
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Figure 2-4. Glass substrate. Measured rotation and ellipticity versus incident 
angle, and the best match (solid curves) at A. = 780 nm. 
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Figure 2-5. Measured n values for the glass substrate versus wavelength. 
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Figure 2-6. Mismatch between calculated and measured rotation for different sets of n. 
The wavelength is 780 nm. Perfect match to measured data would have produced the 
straight line at zero. The solid curve represents the best-estimate value of n. The dotted 
curve is calculated by changing the best-estimate value of n by 3%. 
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Fig. 2-7 shows transmittance from experiment and calculation. Because of 

mechanical vibrations and the fluctuation of the output of our light source, the 

experimental reflectance curve has some noise. The average difference between our 

experimental and calculated data is less than 0.5 percent. 

Figure 2-8 shows our low reference reflectance Reef = 1 - T. 

2.3.2 Aluminum Mirror 

Our sample is a piece of glass, coated with very thick Aluminum (lOOOA). The 

incident light cannot pass through the Aluminum layer. We use it as our high reflectance 

standard mirror. 

We measured e and E at A = 360 nm, 400 nm, 450 nm, 500 nm, 550 nm, 600 

nm, 630 nm, 650 nm, 700 nm, 750 nm, 780 nm, 820 nm, 830 nm, 840 nm and 860 nm. 

Figure 2-9 (a) and (b) show the measured e and E versus einc, and the best fit curves at 

A = 360 nm and 650 nm. The average mismatch is about 0.20. 

We also studied the accuracy of the estimated parameters. We chose the 

measurement data of e and E versus einc at A = 650 nm for this consideration. The 

parameters that give the best fit to the measured data are (n, k) = (1. 103, 6.028). We 

calculated e and E for the following two sets of parameters: (n, k) = (1.048, 6.028), i.e., 

n is 5% off, (1. 103, 5.847), i.e., k is 3% off. Figs. 2-10 (a) and (b) show the mismatch 
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between the calculated (S, E) and the measured data versus Sine. The error in the best-

estimate parameters should be smaller than the deviations chosen for these calculations. 

We thus estimate that, in this particular case, the error for the best-estimate value of n is 

less than 3%, for k is less than 2%. 

The best-estimate values of nand k versus A. are plotted in Fig. 2-11. We can 

calculate our high reference reflectance Rref from these nand k values: 

I
I-n- ik I

2 

Rre/=---I 
I+n+ik 

In order to check Rref, We used our glass standard mirror to measure the 

reflectance of the Aluminum mirror. Figure 2-12 shows the reflectance curves from 

experiment and calculation. Our calculated data is within the experimental error range. 

We also asked the Donnelly company to use their UV-VIS Perkin-Elmer 
I 

photo spectrometer to measure the reflectance of our Aluminum sample. Figure 2-13 

shows their measurement and our calculation results. The average difference is less than 

0.5 percent. 

2.3.3 Silicon Wafer 

We use a (Ill) single-crystal silicon wafer as our moderate reflectance standard 

mirror. This sample is opaque and its thickness is 0.4 mm. 
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Figure 2-12. Reflectance for the Aluminum mirror versus wavelength. Solid curve: 
Measured from glass standard mirror. Dots: Our calculation. 
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We measured 8 and E at A. = 360 nm, 400 nm, 450 nm, 500 nm, 550 nm, 600 

nm, 633 nm, 650 nm, 700 nm, 750 nm, 780 nm, 820 nm, 830 nm, 840 nm and 860 nm. 

Figure 2-14 (a) and (b) show the measured 8 and E versus 8ine, and the best fit curves at 

A. = 360 nm and 633 nm. The average mismatch is about 0.1°. It's observed only at short 

wavelength, there is large ellipticity. When A. > 450 nm, the ellipticity is close to zero. 

Since the ellipticity comes from the phase effect of the absorption, it indicates that the 

absorption is very small at long wavelength. 

We chose the measurement data of 8 and E versus 8ine at A. = 360 nm to study 

the accuracy of estimated parameters. Let n have 3% off or k have 5% off, we calculated 

8 and E. The mismatch between the calculated (8, E) and the measured data versus 8ine 

are plotted in Figs. 2-15 (a) and (b). The error for the best-estimate values of nand k is 

<2%. 

The best-estimate values of nand k versus A. are plotted in Fig. 2-16. Figure 2-17 

shows our calculated medial reference reflectance Reef. 

In order to check our Rref, We used our Aluminum and glass standard mirrors to 

measure the reflectance of the silicon wafer. Figure 2-18 (a) and (b) compare the 

measured reflectance with the calculated. The Rref is within the experimental error 

range for both standard mirrors. 
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Figure 2-15. Silicon wafer. Mismatch between calculated and measured values of e and 
e for different sets of (n, k). The wavelength is 360 nm. The solid curve represents the 
best-estimate values of the (n, k). The dashed and dotted curves are calculated by 
changing one of the best-estimate (n, k) by the indicated amount. (a) Mismatch for e. (b) 
Mismatch for e. 
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2.4 Summary 

We have studied the reflectance of glass, Aluminum mirror and silicon wafer. 

Our measurement method involves a combination of variable angle ellipsometer, 

reflection-transmission measurements. The MULTILAYER program has been employed 

to analyze the measurement data and search for the best-estimate values of the unknown 

parameters. This method, which comprises measurements at a wide range of incident 

angles and at different wavelengths, provides a high degree of accuracy for 

characterizing the nand k values of bulk materials. 

In order to ensure the validity of our ellipsometric measurements, we have 

studied the accuracy of the best-estimate parameters and measured the reflectance of our 

samples separately. All sets of data for each sample have a good consistency. 

We have obtained three cheap, reliable standard mirrors. 
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CHAPTER 3 

ERROR ANALYSIS FOR MWV AE SYSTEM 

3.1 Introduction 

The purpose of this chapter is to study the error of our MWV AE system so that we 

can estimate the error bar of our experimental data. 

In the MWV AE system, random errors come from the inaccuracy of incident angle, 

polarizer direction, quarter-wave plate (QWP) phase shift and orientation, analyzer direction. 

Systematic error comes from the misalignment of the system. In that case, the incident angle 

will have a certain amount of shift. 

For each measurement, the systematic error and the random error of polarizer and 

QWP phase will be the same. The other errors will be the random fluctuation. 

3.2 Determine the Maximum Error for Each Error Sources 

3.2.1 Determine the Maximum Error of the Incident Angle 

From the scale ofMWV AE system, the accuracy of the incident angle is 0.02°. 

The error of incident angle comes from the incident light path not parallel to the left 

arm ofMWV AE system. In order to find the range of this kind of error, we set the left arm at 

135° with the horizontal direction and put a mirror which was 45° with the horizontal 

direction on the sample holder. Figure 3-1 shows the experimental setup. Since the beam was 

normally incident to the mirror surface, the reflected beam should be overlap with the 
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Light Source 

___ ...... ~...I.-___ ..... ___ Sample holder 

Figure 3-1. Schematic diagram of the experimental setup. 
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incident beam. We found that the incident light and reflected light were overlapped very well 

within 0.05° range. So, the maximum error for the incident angle is ± 0.05°. 

3.2.2 Detennine the Maximum Error of Polarizer Direction 

In order to determine the error of polarizer, we measured the rotation and ellipticity 

of Aluminum mirror at 80° incident angle. The incident polarization was around P direction 

(the reading from the scale is 730°). The wavelengths of incident light were 600 run and 750 

run. 

If the incident light is exactly P polarization direction, the rotation and ellipticity will 

be zero. Figure 3-2 (a) and (b) show the rotation and ellipticity verses polarization angle. 

From the graph we can see: At 600 run wavelength, the ellipticity equal zero at 729.8°. That 

means there is a 0.2° error. At 750 run wavelength, the ellipticity equal zero at 729.9°. That 

means there is a 0.1 ° error. The error comes from polarizer, analyzer, QWP and system 

alignment. The maximum random error for polarizer is considered as ± 0.2°. 

3.2.3 Detennine the Maximum Error of Analyzer 

In order to determine the error of analyzer, we set the two arms of the ellipsometer 

horizontally. Removed the quarter-wave plate and used the white light as incident beam 

which passed through polarizer, analyzer and got into the detector. When the detector had 
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minimum intensity, the polarizer must perpendicular to the analyzer. The results are given in 

Table 3-1. 

Table 3-1. The Direction of Polarizer and Analyzer at Minimum Output Intensity 

Polarizer reading (degree) Analyzer reading (degree) 

729.50 639.47 

729.60 639.52 

729.70 639.62 

729.80 639.73 

729.90 639.82 

730.00 639.93 

730.10 640.02 

730.20 640.12 

730.30 640.21 
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Figure 3-2. Aluminum mirror. Measured rotation and ellipticity versus polarization angle 
at (a) A. = 600 nm. (b) A. = 750 nm. (P polarization direction is at 730°). 
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From the measurement results we can see that the angle difference between polarizer 

and analyzer is not exactly 90°. There is 0.08° .error. We assumed the maximum error for 

analyzeris ± 0.1 0. 

3.2.4 Detennine the Maximum Error of Quarter-Wave Plate 

In order to determine the error of QWP direction, we set the two arms of the 

ellipsometer horizontally and the polarizer perpendicular to the analyzer. The incident light 

were 600 nm and 750 nm. If the QWP direction is the same as the analyzer fast axis direction, 

the detector reading will be minimum. The results are given in Table 3-2. 

From the measurement results we can see that the angle difference between QWP and 

analyzer is about 0.1°. So, the maximum random error for the QWP direction is ± 0.1°. 

In order to determine the error of QWP phase, we need to know how to find the 90° 

phase shift of the Solei-Babinet compensator. 

Set polarizer along P direction and analyzer along S direction. Quarter-wave plate 

direction was between P and S direction. Then, changed the QWP phase shift. If the phase 

shift was 27t, that's the same as QWP was not there. The output intensity would be minimum. 

The reading between two minimum correspond 27t phase shift and the position for rrJ2 phase 

shift can be determined. 

When incident light was 600 nm, the first minimum is from -0.010 to 0.010. The 

second minimum was from 9.405 to 9.425. The error was 0.02 x 360/9.415 = 0.76°. 



Table 3-2. The Direction of Polarizer, Analyzer and QWP 
at Minimum Output Intensity 

A=600 nm 

Polarizer reading Analyzer reading QWP reading 
(degree) (degree) (degree) 

729.70 639.62 639.66 - 639.72 

729.80 639.73 639.71 - 639.85 

729.90 639.82 639.81 - 639.94 

730.00 639.93 639.96 - 639.98 

730.10 640.02 640.00 - 640.09 

A= 750 nm 

Polarizer reading Analyzer reading QWP reading 

(degree) (degree) (degree) 

729.70 639.62 639.60 - 639.65 

729.80 639.73 639.79 - 639.88 

729.90 639.82 639.86 - 639.92 

730.00 639.93 639.94 - 640.02 

730.10 640.02 640.04 - 640.09 
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When incident light was 750 run, the first minimum is form -0.020 to 0.005. The 

second minimum was from 11.945 to 11.980. the error was 0.035 x 360/11.965 = 1.05°. 

So the maximum error for quarter-wave plate phase is about ± 1°. 

There is another way to determine the quarter-wave plate error: Set polarizer along P 

direction. Quarter-wave plate was 45° with P direction. In this case, the output light from the 

QWP is circular polarized. Even if we changed the direction of analyzer, the output intensity 

should be constant. But when we measured the intensity, it's not constant (see figure 3-3). 

We used computer program to simulate the output intensity at different random error and 

figure 3-4 shows that when phase shift and direction have 0.5° error, the output intensity data 

match the one we got from experiment. 

3.2.5 Summary of MWV AE System ElTor: 

We set the final error range larger than our experiment measurement. 

The error ofincident angle is ± 0.05°. 

The error of polarizer is ± 0.5°. 

The error of quarter-wave plate direction is ± 0.5° 

The error of quarter-wave plate phase shift is ± 1.0°. 

The error of analyzer is ± 0.5°. 
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Figure 3-3. Measured output intensity versus analyzer direction. Polarizer is along P 
direction. QWP is 450 with polarizer direction. A. = 600 nm. 
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Figure 3-4. Calculated output intensity versus analyzer direction. Polarizer is along P 
direction. QWP is 45.5 0 with polarizer direction and has 90.50 phase shift. A. = 600 nm. 
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3.3 Detennine the Error for Different Kinds of Samples 

The effect of error could be different for different types of samples. To obtain 

reasonable estimates, we measured three typical samples: Bare glass substrate; Aluminum and 

PZT material. The data we measured was rotation and ellipticity versus incident angle Sine: for 

linearly polarized incident beam. The angle of incidence was within the range of 35° ;5; Sine: ;5; 

80°. The linearly polarization direction was 60°. 

3.3.1 Bare Glass Substrate 

The sample is a piece of 1 mm thickness microscope-slide glass that has only n value. 

k is so close to zero that its value is below the resolution ofMWV AE system. This sample is 

a typical dielectric material. 

We measured the rotation and ellipticity versus incident angle at 650 nm wavelength. 

Figure 3-5 shows the measured rotation and ellipticity versus Sine:, and the best fit curve 

generated by the MULTILAYER computer program. The average mismatch is less than 0.1°. 

The value of n can be readily estimated by matching the measurement data with theoretical 

calculations. At 650 nm wavelength, the n = 1.504 gives out the best fit to the measured data. 

In order to study the effect of error, all of the last section's error were introduced to 

our data analysis. The polarizer, QWP phase shift and systematic error were fixed for all of 

the incident angle. The other errors were random for each incident angle. 
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We used computer program to generate ten sets of data with random error and used 

the MULTILAYER program to calculate the n value. The n is changed from 1.495 to 1.514. 

The uncertainty is 0.67 percent. Figure 3-6 shows the distribution ofn value. 

For the systematic error, we introduced 0.5° error for all of the Sine. The best

estimated value ofn = 1.536. The uncertainty is 2 percent. 

Because the error we introduced is much larger than the actual value of MWV AE 

system, the uncertainty is negligible. 

3.3.2 Aluminum Mirror 

The sample is a piece of glass coated with very thick Aluminum (1000A). The 

incident light cannot pass through the Aluminum layer. The k value is very large. This is a 

typical metallic material. 

We measured the rotation and ellipticity versus incident angle at 650 run wavelength. 

Figure 3-7 shows the measured rotation and ellipticity versus Sine, and the best fit curves. The 

average mismatch is less than 0.2°. The best-estimated values ofn and k are 1.103 and 6.028, 

corresponding I e 1=37.55. 

After introducing the random error, n is changed from 0.955 to 1.291, k is changed 

from 5.894 to 6.129 and I e I is changed from 36.76 to 38.67. The uncertainty of I e I is about 

2.5 percent. Figure 3-8 (a) and (b) show the distribution ofn, k and e. 
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Figure 3-5. Glass sample. Measured rotation and ellipticity versus incident angle. 
A. = 650 nm. 
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Figure 3-6. The distribution of reflective index for glass sample. 



.-o 
~ 25 
'-" 
~ 
f-c o 20 -f-c 
~ 
::l 15 

~ 
~ 10 

Z o 5 -~ 
f-c 
~ 0 

• ROTATION 
.. ELLIPTI CITY 

--ANALYSIS FIT 

40 50 60 

INCIDENT ANGLE (DEG) 

63 

70 80 

Figure 3-7. Aluminum mirror. Measured rotation and ellipticity versus incident angle. 
I.. = 650 nm. 
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Figure 3-8. Aluminum mirror. The distribution of (a) nand k (b) e at A = 650 nm. (The 
error comes from incident angle, polarizer, QWP and analyzer). 
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For the systematic error, we introduced 0.50 error for all of the Sine. The best-

estimated values ofn and k are 1.060 and 5.784. I e 1=34.58. 

The error from incident angle, polarizer, QWP and analyzer have different 

contribution to our measurement results. It's very important to analyze them individually. 

Figure 3-9 - 3-13 show the distribution of n, k and e from each individual error source. 

Most of the error come from the inaccuracy of QWP phase, polarizer direction and 

misalignment. When making measurement, more attention needs to be paid for the accuracy 

of those angles. 

3.3.3 PZT Sample 

The sample is a piece of glass coated with PZT material. The nominal thickness of 

PZT film is about 300 om. The k value is very close to zero. 

We measured the rotation and ellipticity versus incident angle at 633 om wavelength. 

When matching the measurement data for PZT sample, we found that, if we searched 

for 0, k and thickness (0) simultaneously, the estimated set of parameters (0, k, D) is not 

unique, and quite often the estimated value of 0 depends on the chosen of initial value. On 

the other hand, we found that, for a fixed value of 0, the estimated value of n and k are 

unique. This observation suggests that we need to search the accurate thickness of PZT film 

first. In order to obtain the best-estimate value ofD, we searched for the minimum of fitting 

error Enn, for given D by adjusting n and k. This will result in a function Enn, versus 0, the 
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minimum of which will give the best-estimate value ofD. Figure 3-14 shows function Enn. 

(0). In this case, the best-estimate thickness is 322 om. 

Figure 3-15 shows the experimental data of rotation and ellipticity versus Sine, and the 

best theoretical fit calculated at D = 322 om. The average mismatch is 0.10. The best

estimated value ofn and k are 2.328 and 0.064. 

After introducing the error, n is changed from 2.324 to 2.330. The uncertainty is 0.17 

percent. k is changed from 0.057 to 0.069. The k is so small that we cannot determine the 

accurate value. Figure 16 shows the distribution of n and k value. 

For the systematic error, we introduced 0.50 error for all of the Sine. The best

estimated value ofn and k are 2.342 and 0.065, The uncertainty is less than 0.60 percent. 

3.4 Summary 

We have studied both random and systematic errors ofMWV AE system. Most of the 

errors come from the inaccuracy of QWP phase, polarizer direction and misalignment of 

equipment. 

The effect of error is different for different types of samples. For dielectric material, 

all the errors are negligible. For metallic material, the total error is less than 3%. We need to 

pay more attention to the metal sample measurement. 
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Figure 3-9. Aluminum mirror. The distribution of (a) nand k (b) e at A. = 650 nm. (The 
error comes from incident angle). 
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Figure 3-10. Aluminum mirror. The distribution of (a) nand k (b) e at A. = 650 nm. (The 
error comes from polarizer). 
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Figure 3-15. Measured rotation and ellipticity versus incident angle for PZT sample 
at A. = 633 nm. 
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Figure 3-16. The distribution ofn and k values for PZT sample at A = 633 nm. The error 
comes from the incident angle, polarizer, analyzer and QWP. 



CHAPTER 4 

MEASUREMENT OF THE WA VELENGTH DEPENDENCE OF 

BIREFRINGENCE FOR OPTICAL DISK SUBSTRATES 

4.1 Introduction 

74 

Birefiingence is a phenomenon observed in optically anisotropic media in which the 

refractive indices depend on the polarization direction. In plastic substrates, birefiingence is 

due to preferential molecular orientation and internal stresses. The refractive index is higher 

when the electric field of the light beam is parallel to the molecular chain direction. For 

injection-molded polycarbonate substrate the fluid shear during the molding process acts to 

align the polycarbonate chains in the plane of the disk. Therefore, the refractive indices nl and 

n2 for the in-plane electric field components EI and E2 are larger than n3 for the 

perpendicular component E3. 

Birefiingence caused by preferential molecular orientations in polycarbonate (PC) 

substrates is an important characteristic of optical and magneto-optical (MO) disks.112.23
) 

Undesirable phase-shifts due to this birefiingence degrade the perfonnance of the servo 

channels as well as that of the MO readout system. Since for fixed substrate thickness these 

phase-shifts increase at shorter wavelengths (the refractive index is usually a slowly varying 

function of wavelength), the degradation becomes more severe in high density recording 

systems which use blue light. Therefore, the characterization of birefiingence at shorter 
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wavelengths is important for future generations of devices. In this chapter we present 

measurement results of the wavelength dependence of birefringence in PC substrates. The 

measurement range is from 360 om to 860 om, covering the full range of interest for blue as 

well as for the current red and infrared recording. 

4.2 Experimental Setup 

We used a commercial variable-angle ellipsometer24
) in the measurements. Figure 4-1 

shows the experimental setup. The mercury light source provides unpolarized polychromatic 

light. A desired wavelength is selected with a narrow-band filter in our instrument; 14 

wavelengths ranging from 360 om to 860 om could be realized with available filters. The 

beam then passes through a polarizer and becomes linearly polarized. This ellipsometer can be 

adjusted to measure either transmitted or reflected light. In the transmission mode the two 

arms are opened in a straight line, the beam goes through the transparent sample at normal 

incidence, and is received by the detector. 

The reflection mode is shown schematically in Fig.4-l. Here the glass hemisphere is 

used to eliminate refraction occurring at the air-substrate interface. Generally, due to 

refraction at the interface between air and substrate, the propagation angle in the substrate is 

small. For example, 70° incident angle in air yields 36.5° angle in the polycarbonate substrate 
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Figure 4-1. The system setup for the multi-wavelength variable-angle ellipsometer. 14 
wavelengths can be realized by choosing various monochromatic filters. 
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(n = 1.58). So the beam possesses only a small E3 component and the experimental 

sensitivity to n3 is limited. To overcome this limitation, a hemispherical glass lens is 

placed in contact (using index-matching fluid) with the surface of the sample. The height 

of the hemisphere is slightly less than the radius of the spherical surface, and is mounted in 

such a way that the geometric center of the spherical surface is on the back side of the 

substrate. The light enters normally into the hemisphere, goes through the substrate, and is 

reflected from the back side of the substrate. A maximum propagation angle of 70° in the 

substrate has thus been achieved. The reflected beam is generally elliptically polarized 

with ellipticity E and a certain rotation angle e of the major axis of the polarization ellipse 

relative to the incident polarization. The rotation angle e and the ellipticity E carry 

information regarding the substrate birefringence. Using a quarter-wave plate (QWP), 

which in our instrument is actually a Soleil-Babinet compensator adjusted at each 

wavelength to yield a 90° phase shift, and an analyzer, one can find e and E, thus 

measuring the birefringence. Details of the measurement procedure and the method of data 

analysis using the MULTILAYER computer program[25] have been described in Ref.[23]. 

With hemispherical glass lens, we also measured glass microscope slide and MO 

material (see Appendix C). 
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4.3 Theory 

We derive the ratio of the complex amplitudes of the reflected p and s components 

for our measurement geometry, by which the birefiingence is related to the measured 9 and E. 

The phase difference between the s and p components is partly due to birefiingence, and 

partly due to the total internal reflection (TIR.) when the incident angle E>inc is greater than the 

critical angle. Let's first consider the part due to birefiingence for the transmitted p and s 

beams, L\<!>sp. We assume that the principal axes of the effective ellipsoid of refractive index 

are along the track, radial, and substrate normal directions, and denote by ~ Dr and nz the 

respective indices. In addition, we choose r-z plane to be the incident plane. Figure 4-2 (a) 

shows this geometry, where 9p and 9s are the angle of refraction for p-beam and s-beam, 

respectively. The diagram of Fig.4-2 (b) shows that the effective refractive index of the p-

beam (extraordinary wave), I1p, satisfies the equation: 

1 

Using Snell's law, the solution reads: 

np 
( 2 2) 2 • 20. 

2 nr - nz no SID Oinc 
Ilr - 2 nz 

(4-1) 

(4-2) 
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Figure 4-2. (a) Geometry used to calculate the phase difference .1$sp. (b) This 
diagram shows that np, the effective refractive index for the p component, is given 
by the cross-section of the index ellipsoid. 
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where 110 is the refractive index of the glass hemisphere. The refractive index I1e for the s beam 

(ordinary wave) is~. Denoting by AB, BC and AD the optical path lengths shown in Fig.4-2 

(a), we obtain(19) : 

This equation can be rewritten as 

(4-4) 

To a first approximation, the first term in Eq.( 4-4) describes the phase difference caused by I1e 

:;:. IIp, while the second term is due to Sa:;:' Sp. For PC substrates, the lateral birefringence (LB) 

L\nll == I1r - ~ is usually on the order of 10·s or less; the vertical birefiingence (VB) L\n.l == ~ -

nz is less than 7.5xlO-4 for A. ~ 360 nm. Therefore, we can neglect the second and higher 

orders of .!\nil and .!\n.l (The error caused by this approximation is less than 0.5xlO-6 for 

L\nll and less than 1 x 10-6 for L\n.l). Under this approximation the second term in Eq.( 4-4) is 

equal to zero. We can thus neglect the difference between Sp and Ss, and denote the refractive 

angle in the substrate bye. The first term in Eq.(4-4) can be written in the following form: 

(4-5) 

Since L\<!>1p is only due to I1p :;:. n. (but not due to Sp :;:. S.), the birefiingence-induced phase 

difference for the reflected p and s beams is simply 2L\<!>1p' It is important that the refractive 
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angle 0 in the substrate, but not the angle of incidence 0inc within the hemisphere be used in 

Eq.(4-5). The mismatch between no of the hemisphere and n of the substrate can cause a 

difference of several degrees between 0inc and 0 (e.g. with no = 1.52 and n = 1.58, one 

obtains 0 = 64.7° for 0inc = 70°). 

Now let's consider the reflection problem as illustrated in Fig.4-1. The ratio of the 

complex amplitudes of the reflected sand p polarization can be written as 

(4-6) 

where Esref and Ep ref are the amplitudes of the reflected s and p component, respectively; T's 

are transmission coefficients for the hemisphere-substrate interface; R's are reflection 

coefficients for the substrate-air interface; and "'pol is the polarization angle of the linearly 

polarized incident beam. For these T's and R's the birefringence is negligible and the results 

for dielectric interface apply.l261 When 0inc is greater than the critical angle for TIR, the result 

IS: 

E;e/ (nCOS0;nc +nocos0J2 (ncos0-ir )(cos0+inr) [. ] III ) - = ex 211l tan T (4-7 
E;e/ nocos0;nc +ncos0 (ncos0+ir )(cos0- inr) p tPsp 

pol 

where y = [no2 sin20 inc -l]112. The relation between Es reflEp ref and (9, e) is given in Ref [23]. We 

have used Eq.(4-7) in the search for Ani and n. 
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4.4 Measurements and Results 

The best accuracy of measuring the LB is achieved at normal incidence, because in 

this geometry the electric field of the beam does not interact with VB which is usually more 

than an order of magnitude larger than LB. To realize normal incidence we used the 

ellipsometer in the transmission mode (in the reflection mode, due to mechanical obstruction, 

the minimum incident angle is 30°). We measured E of the transmitted beam as a function of 

the incident polarization angle \llpol. Ann is determined by the maximum value of the measured 

ellipticity, €max, through the following relation[23J: 

(4-8) 

where d = 1.2 mm is the substrate thickness, A. is the (vacuum) wavelength, and €max is in 

degrees. Our accuracy of measuring I €max I is better than ± 0.2°, so the error of Ann is about 

± 0.3xIO-6 at A. = 360 om and ± 0.8x 10-6 at A. = 860 om. 

We used two methods to measure the VB, both using the ellipsometer in the 

reflection mode. Method 1 has been described in detail in Ref. [23], where one measures e 

and E as functions of Sine, then finds the unknowns by matching the measured functions using 

the MUL TaA YER program. [2SJ This method is quite general and, with a sufficient number 

of measurements, it yields all the birefiingence properties including any tilt of the principal 

axes. 
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In Method 2 we detennine the incident angles at which e = 0 and E = O. These are the 

angles at which the relative amplitude of the p and s components of polarization does not 

change upon reflection, and the relative phase difference is an integer mUltiple of 21t. This 

method is simpler, but it applies only under the following conditions: I) The p and s beams 

do not intermix within the substrate; IT) The incident angle is greater than the critical angle for 

Tffi.. These conditions ensure that, upon reflection, the amplitudes of the p and s components 

remains intact. Condition I is met if the principal axes are along radial, track and normal 

directions. (The vertical axis of the ellipsoid may tilt towards radial direction. (23) 

However, for studying the wavelength dependence of birefringence, the tilt is of 

secondary importance and can be neglected). This is because the p polarization is in the 

plane spanned by two principal axes and s polarization is along the third principal axis. We 

verified Condition I for the measured locations of our samples by sending a p-polarized (or s

polarized) beam at incident angles between 10° and 70°, and confinning that the reflected 

beam did not possess any s-component (or p-component). Condition II can be satisfied for 

bare substrate with the help of the glass hemisphere. The mismatch between 110 and n is so 

small that the change of the relative amplitude of the p and s beams as they pass through the 

hemisphere-substrate interface is negligible. Taking 110 = 1.52 and n = 1.58 for instance, the 

maximum change [which can be calculated from Eq.(4-7)] after a double pass is less than 1%. 

To reduce the number of unknown parameters, we measured ~n.l at positions near 

the outer diameter of the disk where ~nll is negligible. (23) Since 110 of the glass hemisphere at 
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different wavelengths is known, we are left with two unknowns: n and .1n.L. To detennine the 

values ofE>inc at which e = 0 and E = 0, we align the incident polarization direction, the axis of 

the QWP, and the analyzer's extinction axis, all in the same direction, and vary the incident 

angle until the detector receives zero signal. The error of measuring E>inc is less than 0.3°. 

From Eq.(4-7) we can show that, for 110 = 1.S2, n = 1.S8, Llnu = 10-5 and L\n.L = S.SxlO~" the 

corresponding relative error in the measured .1n1 is less than 2%. As E>inc increases from 42° 

to 70°, we observe five extinctions for A = 360 om and 400 om; four extinctions for A = 4SO 

run and SOO run; three extinctions for SSO om S A S 7S0 om; and two extinctions for 780 om 

sAs860om. 

We measured three PC samples. Samples PC3.SBOI and PC3.SB03 are bare 

substrates of 3.S" magneto-optical disks. Sample PCS.2SB02 is a bare S.2S" CD substrate . 

.1nu was measured for PC3.SBOI and PCS.2SB02. PC3.SB03 has a very small L\nu (S 10-6) 

everywhere and is thus suitable for measuring the wavelength dependence of VB, but not 

LB. The region of measurement was close to the center of the disk where L\nu is usually 

large.(23
) The measured .1nu values are given in Table 4-1, where R specifies the distance of 

the measured location from the disk center. The same results are plotted in Fig.4-3. The solid 

and the dashed curves are the best fits of the data to third order polynomials. We see that, 

with minor exceptions, Llnu decreases with increasing A, and the absolute value of the slope is 

apparently larger below A = 600 om. 
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&11 was measured for all three samples. Sample PC3.5BOI was measured using 

Method 1 at three different wavelengths: A. = 450 nm, 633 nm and 780 nm. The measured e 

and E versus Sine and the best fit based on Eq.(4-7) are shown in Fig.4-4. For PC3.5B03 and 

PC5.25B02 we used Method 2. The values of Ann at the measured locations were negligible 

(~O.3xlO-6). The measured &11 and n are presented in Table 4-2. Figure 4-5 shows the 

measurement results for PC3.5B03 (0) and PC5.25B02 (t). In contrast to Ann, both An1 and 

n as functions of A. for the three samples are very close to each other, and can be fitted by the 

same third order polynomials: 

Anl = ao + a.A. + a2A.2 +a3i 
(4-9) 

n = bo +b.A.+b2A.2 +b3i 

When the unit of A. is Ilm, the best fit gives ao = 16.6, al = -38.9, a2 = 51.0, and a3 = -23.2; bo 

= 1.94, bl = -1.43, ~ = 1.93, and b3 = -91.1. As in the case of Ann, the slope of both An1 and 

n is larger for A. ~ 600 nm. It is interesting to notice that the wavelength dependence of 

birefringence is not proportional to that of the refractive indices. For example, An1 changes 

about 25% in the range 360 nm ~ A. ~ 860 nm, while the change of n is less than 5%. 
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Figure 4-3. Measured in-plane birefringence 8nll versus wavelength for PC3. SBO 1 (.) 
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obtained by fitting the data to third order polynomials. 



90 

CHAPTER 5 

DIELECfRlC TENSOR CHARACTERIZATION AND EVALUATION OF 

SEVERAL MAGNETO-OPTICAL RECORDING MEDIA 

5.1 Introduction 

As the magneto-optical (MO) recording technology continues to mature, the search 

for media with high MO performance at short wavelengths has become the focus of many 

research groups. The compilation of a database for the commonly used and potential MO 

materials is, therefore, timely at this point. In this chapter we present the dielectric tensor for 

several MO media which are either used in commercial products or are being considered as 

candidates for the next generation devices that will operate with blue-green lasers. The 

dielectric tensor elements have been measured in the wavelength range of 400-780 nm, 

covering the full range of interest for both present and future MO data storage. 

The dielectric tensor for an optically isotropic, perpendicularly magnetized MO thin 

film has the form 

(5-1) 

where XY is the plane of the film and Z is the normal direction. The dielectric tensor fully 

characterizes the optical and MO properties of the material, and is needed for designing the 

multilayers used in MO disks. Moreover, the maximum useful MO signal that can be obtained 
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from any multilayer structure incorporating a given MO material is upper bounded by a 

quantity that depends solely on the dielectric tensor of the MO layer. [27] In the following we 

will briefly review this issue. 

Consider a linearly polarized beam with the complex E-field amplitude Exine that is 

normally incident on a sample ofMO multilayer. Upon reflection the polarization state of the 

beam consists not only of an x-component Ex ref, but also of a y-component By ref that is 

produced by the MO effect. This phenomenon is described in compact form by the complex 

reflectivity matrix defined below: 

(5-2) 

The absolute value of the off-diagonal reflectivity I rxy I, given by I By ref /Exine I, describes the 

efficiency of the sample in rotating the polarization. It turns out that I rxy I is also equal to the 

shot noise limited signal-to-noise ratio (SNR) in MO readout.(28) However, since I rxy I 

depends not only on the MO material but also on the multilayer stack in which the MO layer 

is embedded, it is not an adequate quantity for comparing different MO materials. 

In Ref.[27] it is shown that, for a given MO material embedded in an arbitrary 

multilayer stack, the value of I rxy I is upper bounded by a figure of merit, FOM, which is 

solely determined by the dielectric tensor of the MO material: 

FOM= IBxyl 
21m B,xr 

(5-3) 
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Moreover, it is possible to design a quadrilayer structure for which I rxy I approaches the 

FOM in Eq.(5-3). The above FOM thus describes the intrinsic MO perfonnance of the 

material, and as such, it provides a basis for the quantitative comparison of the perfonnance 

of various MO materials. 

The remainder of the chapter is organized as follows: In Section 5.2 we describe the 

general measurement and computer analysis procedures by which the diagonal and off

diagonal tensor elements have been obtained. The dielectric tensor and the FOM for six 

materials of current interest are presented in Section 5.3. Relevant measurement details and 

error analysis procedures are also presented in this section. Section 5.4 contains the 

concluding remarks. 

5.2 Measurement Procedures and Data Analysis 

Our goal in this work is to determine the diagonal element Bxx and the off-diagonal 

element 8xy of the dielectric tensor of the MO layer. This MO layer may just be a single thin 

film on a substrate, or it may be embedded in a multilayer structure. To achieve this goal, one 

must measure the thicknesses and optical constants of all the layers within the multilayer 

stack. This usually requires elaborate measurements and sophisticated data analysis. Several 

techniques have been developed for this purpose.(29-311 Reference 29 describes an approach in 

which the ordinary optical constants of the MO film are obtained from the substrate-metal 

interface by ellipsometric measurements through a Dove prism, and the MO constants are 
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obtained from the Kerr effect measurements through the dielectric coating-metal interface on 

the opposite side of the sample. This method requires the absorbing MO layer to be thick 

enough to prevent the occurrence of mUltiple reflections within the layer, and also requires 

accurate information regarding the optical constants and thickness of the overcoating layer. 

These requirements place strong limitations on the applicability of this method. The approach 

introduced in Ref. 30 employs a custom-made variable angle ellipsometer capable of 

measuring seven curves of reflectivity versus angle of incidence under different conditions of 

polarization and applied magnetic field. Again there are limits to the complexity of the 

multilayer stack that can be analyzed with this method. 

The method used in this chapter consists of ellipsometric measurements, normal 

reflectance and transmittance measurements, polar MO Kerr effect measurements, and, 

especially, data analysis using the MULTILAYER computer program. (32] 

We used three instruments in our measurements. One is a multi-wavelength variable

angle ellipsometer (MWV AE)(33]. This ellipsometer uses a mercury lamp as the light source; 

different wavelengths in the range of 360 run =:;; A. =:;; 860 run can be selected by using one of 

the fourteen available filters. The bandwidth !lAo (full width at half maximum) of the filters is 

about 10 nm, yielding a coherence length (= 0.5'}'}1!lA.) on the order of 10 J-lm, which is much 

larger than any film thickness of our samples. This allows the treatment of the probe beam as 

a coherent, monochromatic plane wave in data analysis. The angle of incidence Sine in 

MWV AE is adjustable within the range of 35° =:;; Sine =:;; 80°, with an accuracy better than 
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0.02°. We use MWV AE to shine linearly polarized light on the sample and measure the 

rotation angle a and the ellipticity angle E of the reflected beam. These angles are illustrated in 

Figure 5-1, where Sine is the angle of incidence, \jIpol is the polarization angle of the incident 

beam as measured from the p-direction, a is the rotation angle (i.e., difference between the 

orientation angle of the major axis of the reflected polarization ellipse and \llpol), and E is the 

ellipticity angle of the reflected polarization ellipse. The ellipticity is positive (negative) if the 

sense of rotation of the E-field is clockwise (counterclockwise) when the beam propagates 

towards the observer. By rotating the quarter-wave plate (QWP) and the analyzer in the 

detector arm of the ellipsometer, one can extinguish the light at the detector and obtain the 

values ofa and E. The accuracy of measuring a and E in our instrument is usually better than 

0.05°. 

The second instrument used in our work is a custom-made MO Kerr spectrometer 

(the MOKS system),l34,3S) which allows the measurement of the Kerr rotation angle ak, Kerr 

ellipticity angle Ek, normal reflectance R, and normal transmittance T, all as functions of A. in 

the range of360 om ~ A. ~ 1050 nm. For samples with R ~ 0.2, the measurement accuracy for 

ak and Ek is better than 0.01°. The accuracy for measuring R and T is better than ± 0.005. We 

also used an MO loop tracerL36
) to measure the Kerr hysteresis loop for each sample at A. = 

633 nm. The hysteresis loop shows the orientation of the magnetization within the sample (in

plane or perpendicular), and also provides the values of the saturation field II. and the 
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coercive field He, for which we determine the magnetic field necessary for maintaining 

perpendicular magnetization during the measurement of9k and Ek. 

We measure four sets of data at each wavelength: Set 1: Rotation 9 and ellipticity E 

versus 0inc for linearly polarized incident beam (using MWV AE); Set 2: Reflectance R at 

normal incidence (MOKS); Set 3: Transmittance T at normal incidence (MOKS, only for 

transparent or semi-transparent samples); Set 4: Kerr rotation 9k and ellipticity Ek at normal 

incidence (MOKS). The first three sets of data are used to determine the thickness D and the 

diagonal element Exx (or n and k as defined by n + i k = ~ e:a ) of the various layers. Data set 4 

is used to determine the off-diagonal element Exy. 

The data of 9 and E versus 0 inc measured at different wavelengths provide the 

essential information for determining the thickness D and the values of n and k. To obtain the 

most reliable and informative measurement data, consideration has to be given to several 

aspects of the measurements. One of them is the choice of a proper polarization angle for the 

incident beam. At any given 0 inc, the values of (9, E) depends on the value of "'pol and the 

multilayer's complex reflectivities rp = I rp I exp(i<j>p) and r. = I rs I exp(i<j>.), corresponding to 

the p- and s-polarized incident beams. The relevant relations are:(28) 

tan[2('I' pol + B)] (5-4) 
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(5-5) 

Equations (5-4) and (5-5) show that, in cases where / rJrp / tan"'pol = 0 or 1 or» 1, we will 

lose infonnation from either e or 8 or both. These extreme cases should, therefore, be 

avoided. Our experience shows that, "'pol should be fixed at such a value that /8/ in the entire 

range of Sine would fall within the range of several degrees, up to about 20°. We usually 

choose "'pol = 20° or 30° for transparent samples, and "'pol = 60° for metallic samples. 

Equations (5-4) and (5-5) also show that, for small phase difference (<I>, - <l>p), which is 

common for many samples, only 8 contains first order infonnation on (<I>. - <l>p). This is why in 

many cases the values of the film thickness D and absorption coefficient k depend sensitively 

on8. 

It is important that e and 8 be measured in the entire range of 35° ~ Sine ~ 80°. This 

reduces the influence of random errors of measurement, and also provides more infonnation 

about the sample when more than two unknowns are involved. More importantly e and 8 

may be insensitive to certain unknown parameters at some Sine, where a small error in e and 8 

could cause large errors in the final results. For example, for one of our single layer samples 

with known thickness (see Section 5.3.4), we compared the values ofn and k estimated from 
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the entire curves ofa and e (35° ~ 0inc ~ 80°) with those obtained from only a few points 

(35° ~ 0inc ~ 40°). We found essentially the same value for n in both cases, but the difference 

in the k values was over 20%. In this case, the interference of the two beams returning from 

the front facet of the film and from its interface with the substrate obscures the effects caused 

by k at small incident angles. Consequently, a and e in the small angle range do not depend 

sensitively on the value ofk. 

The sign of e is also an important factor in determining the multilayer parameters. To 

determine the sign of e we must distinguish the fast axis of the QWP from its slow axis, and 

also distinguish the major and minor axes of the polarization ellipse of the reflected beam. 

(For thick, monolayer absorbing films the sign of e is not critical, since the wrong sign usually 

leads to some non-physical result, such as a negative absorption coefficient.) To eliminate 

spurious reflections from the bottom side of a transparent substrate, we always cover the 

bottom of the substrate with a black tape. We verified experimentally that, in the case of 

samples containing an MO layer, the effects of the magneto-optical rotation and ellipticity on 

the estimated values of n and k are negligible. We also verified that the optical anisotropy in 

our samples (ifthere is any) is negligible. 

The reflectance R and transmittance T versus A. (data sets 2 and 3) are measured at 

normal incidence with MOKS. The reflectance is complementary to set 1 in the sense that 

here we measure the total reflected power, but not the ratio of s and p components. For some 

samples, the profile of R versus A. shows peaks and valleys caused by interference, which is 
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helpful in estimating the thickness range of the layer responsible for such behavior. 

Transmittance gives another constraint on the acceptable values of D, n and k, which is 

particularly valuable in the case of small k (say k < 0.1). Sometimes there exist more than one 

set of parameters that give good fits to the rotation and ellipticity data versus 0inc. In these 

cases the reflectance and transmittance data are necessary (and usually sufficient) to remove 

the ambiguity. 

The Kerr rotation ek and ellipticity Ek are used to obtain the off-diagonal tensor 

element Exy [= I Exy I exp(i$)] of the MO layer. The numerical calculations show that the signs 

of Ek and ek do not affect the value of I Exy I, but they do affect the value of $. Therefore, 

attention has to be paid to measuring the correct sign for these angles. Using the measured R, 

ek and Ek, we can calculate I rxy I from the following formula:128
) 

(5-6) 

where ek and Ek are in radians. For each of our samples, we will compare I rxy I , which is the 

figure of merit for that particular sample, with the FOM of Eq.(5-3), which is the figure of 

merit for the MO material incorporated in that sample. 

The MUL TILA YER132
) program has been used to analyze the measurement data. 

This program solves Maxwell's equations for a plane wave incident on a multilayered stack, 

and computes e, E, R, T, ek, Ek and other properties of the reflected and transmitted beams. 

The unknown parameters of the multilayer stack can be obtained by searching for the best 

match between theory and experiment. The quantity that is minimized in searching for the 
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unknown parameters is the root-mean-square error, Erm" between the theoretically calculated 

and the measured data. In matching the rotation 9 and the ellipticity 8, for example, Em. is 

given by 

Erms = (5-7) 

where the superscript thry indicates the calculated value using the MULTILAYER program, 

and the superscript expt stands for the experimental data. The summation is over the data 

taken at different angles ofincidence. 

We first fit the sets 1, 2, and 3 of the measurement data taken at all wavelengths to 

determine the best-estimate values of D and &xx for each layer. This is done in the same 

computer run, in which &xx is independently adjusted for each wavelength, while D is kept 

constant for all the wavelengths. Certain details of this procedure, especially those leading to 

the best-estimate value ofD, will be described in Section 5.3.1. The off-diagonal element 8xy 

for the MO layer can be readily obtained once D and &xx for each layer have been determined. 

In this case, we keep the D's and &xx 's constant, and only adjust 8xy of the MO layer in the 

MULTILAYER program to fit the measured values of 9k and 8k. The fitting process 

converges rapidly and always gives a unique solution for 8xy. 

5.3. Measurement Results 

5.3.1 (BiDy)3(FeGa)S012 Gamet 
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Figure 5-1. (a) Schematic diagram corresponding to our ellipsometric measurement with 
MWV AE. The incident beam is linearly polarized, while the reflected beam is elliptically 
polarized. (b) The polarization ellipse is characterized by the rotation e and ellipticity E. 

These angles are measured in the range of 35° ~ 0inc ~ 80° for a fixed value of "'pol at 
each A. 
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Bi-substituted polycrystalline garnet films have attracted much attention as potential 

candidate materials for future generations of high density magneto-optical recording media in 

the range of 400 run ::;; A ::;; 500 runP7-39] Our sample consists of 10 bilayers of 

(BIDyh(FeGa)S012 garnet, 95 A-thick, and cobalt, 5 A-thick, sputtered on a substrate of 

Gd3GaS0 12 garnet (GGG), and crystallized under conditions of rapid thermal annealing. The 

nominal film thickness is 100 run. We will treat the garnet layer as a single layer in the data 

analysis [see Fig.5-2(a)]. In order to obtain appreciable Kerr rotation for the hysteresis loop, 

we coated one piece of the sample with aluminum and measured the Kerr rotation through 

the substrate side. The hysteresis loop [see Fig.5-2(b)] shows that the sample has 

perpendicular magnetic anisotropy, and its coercivity He is about 1 kOe. 

To achieve higher measurement accuracy for the garnet film, we first measured n and 

k for the bare GGG substrate. Since the substrate is thick but transparent, k must be very 

small, and may be neglected in the measurement ofn. We measured e of the reflected beam at 

0inc = 80° for "'pol = 30°. At this incident angie both p- and s-components of the reflected 

beam are large and e can be measured accurately. This method is better than measuring the 

Brewster's angle 0 a, because near 0a the reflected intensity of the p-beam is proportional to 

(0inc - 0ai, and is so weak over a range of0inc that the signal is blurred by the fluctuations of 

background light. Figure 5-3(a) shows the measured values ofn versus A for the bare GGG 

substrate. To determine k, we measured the transmittance T of the bare substrate at normal 
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incidence. Taking into account the reflection losses at both sUifaces of the substrate, we have 

(5-8) 

from which we can determine the values ofk at different A. (d = 0.45 mm is the thickness of 

the GGG substrate). Figure 5-3(b) shows the measured T and the deduced values ofk for the 

GGG substrate. These data are used later on in the data analysis for the original sample of 

BiFe garnet film. 

All four sets of data were measured for the sample of BiFe garnet. We measured e 

and & in one degree steps within the range of 35° ~ 0 inc ~ 80°, at A. = 360 om, 400 om, 450 

om, 500 om, 550 om, 600 om, 650 om, 700 om, 750 om, and 780 om. Figures 5-4(a)-(c) 

show the measured e and & versus 0inc, and the best fit curves generated by the 

MULTILAYER program for A. = 400 om, 450 om, and 600 om. It is interesting to observe 

that, at A. = 450 om, the ellipticity is close to zero, indicating that the phase effect of the 

absorption on the reflected beam cancels that caused by reflection from the interface. At other 

wavelengths, the ellipticity reaches its maximum value around 0inc = 70°, implying that the 

reflected p- and s-beams acquire the largest phase difference at this angle of incidence. At 

smaller angles of incidence, the difference between p- and s-beams inside the sample is not 

significant, while at larger angles both p- and s-beams are largely reflected from the front 

surface, as such, they do not propagate much into the film. This is one of the reasons why we 

measure e and & for the largest possible range of 0inc. 
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Figure 5-5 shows the measured R and T versus A, along with the calculated values 

using the best-estimate parameters. The average mismatch for R is less than 0.02, and that for 

T is less than 0.01. It should be noticed that the best-estimate parameters are obtained by 

matching all three sets of measurement data, namely, 9 and e versus Bille, as well as R and T 

at normal incidence. Since the ellipsometric data (9, e) are measured within a larger range of 

incident angles and with higher accuracy, we have chosen the weight factors in the matching 

process such that the best-estimate parameters are primarily determined by the ellipsometric 

data. Aside from measurement errors in R and T, we believe that most of the mismatch 

between the calculated (R, T) and the measured (R, T) is due to the nonuniformity of the 

sample throughout its thickness. 

Perhaps the most challenging part of the data analysis process is determining the 

thickness for the BiFe garnet film. The difficulty lies in the fact that it is not easy to separate 

the effects of k and D on the phase of the probe beam. Specifically, when matching the 

measurement data for a given wavelength, we found that, if we search for n, k, and D 

simultaneously, then the estimated set of parameters (n, k, D) is not unique, and quite often 

the estimated value of D depends on the chosen initial value. On the other hand, we found 

that, for a fixed value of D, the estimated values of (n, k) are unique, as is the fitting error 

Eons. This observation suggests that, in order to obtain the best-estimate value of D, we 

should first search for the minimum of Eons for given D by adjusting n and k. This will result in 

a function Enm versus D, the minimum of which will then give the best-estimate value ofD. 
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Figures 5-6(a) and (b) show the functions Em-.,(D) which are calculated from the 

measurement data at 1..= 400 run and 750 nm, respectively. In the case of A = 400 nm, where 

k::l= 0, Em-., changes only slightly with D. For example, Em-., decreases from 0.423° at D = 100 

run to its minimum value of 0.410° at D = 112 run; the change is only 0.13°. Our 

measurement resolution is about 0.005°, which is roughly estimated as follows: since there 

are 90 measured data points of a and e, and the error of the measurements is smaller than 

0.05°, the rms error should be about 0.05/.J90 ~ 0.005°. With this resolution applied to 

Fig.5-6(a), the error in the estimated D should be less than ± 2 run. In the case of A = 750 nm, 

we found k ~ 0.00, and therefore, Em-., depends sensitively on D. The best-estimate thickness 

in this case is D = 113 nm, which agrees quite well with that obtained at A = 400 run. 

Figures 5-7(a) and (b) show the experimental data ofa and e (circles) measured at A 

= 750 nm, the best theoretical fit calculated using D = 113 run (solid curves), and the fit 

obtained with adjustable n and k, but with D fixed at its nominal value of 100 run (dashed 

curves). Evidently, the best-estimate value ofD gives substantially better fit to the measured e 

than does the nominal thickness. 

The estimated values ofD at other wavelengths are: D = 97 run (A = 450 run), 110 

run (A = 500 run), 95 run (A = 550 run), 104 run (A = 600 run), 105 run (A = 633 run), 103 run 

(A = 650 run), 112 run (A = 700 run), 113 run (A = 780 run). [These values could be 

reproduced within ±1 run by repeating the measurements.] In the case of 1..= 450 ~ the 

measured e is so small [see Fig.5-4(b)] that the information is not sufficient for a good 
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estimate ofO. For I.. = 550 run, 600 run, 633 run, and 650 run, we found it very hard to make 

clean extinction while measuring a and E. This indicates that the polarization state over the 

cross-section of the reflected beam is not uniform, from which we might conclude that the 

optical properties at different locations of the film are not the same (at 0inc = 60° the spot size 

of the beam at the sample surface is about Ix5 mm2
). This nonuniformity seems to have the 

strongest effect on the reflected polarization state when destructive interference occurs (in the 

valley of the reflectance curve in Fig.5-5). Based on these arguments, we believe that the 

measurements data at I.. = 400 run, 500 run, 700 nm, 750 nm and 780 nm give better 

estimates of 0, and, therefore, choose 0 = 113 nm as the best-estimate of thickness for the 

BiFe garnet film. 

Having fixed the thickness, the values of n and k can be readily estimated by matching 

the measurement data at I.. with theoretical calculations. Figures 5-8 (a) and (b) show the 

best-estimate values ofn, k, and Exx versus 1... 

It is important to know the accuracy of the estimated parameters. For this purpose, 

we studied how the fitting quality changes if one of the parameters deviates from its best

estimate value by a certain percentage. We chose the measurement data ofa and E versus 0inc 

at I.. = 500 nm for this consideration. The parameters that give the best fit to the measured 

data are (n, k, 0) = (2.631, 0.164, 113 nm). We calculated a and E for the following three 

sets of parameters: (n, k, 0) = (2.60,0.164, 113 nm), i.e., n is 1% off, (2.631, 0.156, 113 

nm), i.e., k is 5% off, and (2.631,0.164, 110 nm), i.e., 0 is 3% off. To display the results on a 
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suitable scale, we plot the mismatch between the calculated (9, &) and the measured data 

versus 0inc in Figs.5-9 (a) and (b). In these figures, the solid curve corresponds to the best fit, 

while the remaining three curves are obtained using one of the above sets of parameters. 

Since our measurement errors for 9 and & are smaller than the calculated mismatch, the errors 

in the best-estimate parameters should be smaller than the deviations chosen for these 

calculations. We thus estimate that, in this particular case, the error for the best-estimate 

value ofn is less than 0.5%, for k it is < 2%, and for D it is < 1%. 

To examine whether the MO Kerr effect has any influence on the n and k 

measurements, we measured the data set 1 for both up and down states of magnetization of 

the sample at A = 500 nm, where the sample shows large 9k and &k [see Figs.S-l0 (a) and (b)]. 

We found (n, k, D) = (2.631, 0.165, 110 nm) for up magnetization, and (2.627, 0.174, III 

run) for down magnetization. The difference would become smaller at other wavelengths 

because 9k and &k will be smaller. These results show that, to a good approximation, the Kerr 

effect is negligible in the measurement ofn, k, and D. 

We also checked for the presence of optical anisotropy in the sample by measuring 9 

and & versus 0inc for A = 650 nm at two different azimuthal angles of incidence, <l>inc = 0° and 

<l>inc= 90°. The measured values in these two cases were identical within measurement 

accuracy, indicating that the optical anisotropy, if any, should be negligible. 

Having determined the thickness D and the diagonal element Exx, calculation of the 

off-diagonal element Exy turns out to be fairly straightforward. Figure 5-11 shows plots of the 
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Figure 5-2. (a) The MO garnet sample consists of 10 bilayers of (BiDY)3(FeGa)s012 
gamet, 95 A-thick, and cobalt, 5 A-thick, sputtered on a substrate of Gd3GaS0 12 garnet 
(GOG), and crystallized under conditions of rapid thennal annealing. (b) The Kerr hysteresis 
loop was measured at A = 633 nm from the substrate side of the sample. (In this measurement 
the film side was coated with aluminum. The loop is inclined towards the horizontal axis due 
to the paramagnetism of the GOG substrate). 
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Figure 5-4. Measured e (e) and e (A) versus 0inc, and the best match (solid curves) at (a) A = 
400 run, (b) A = 450 run and (c) A = 600 run for the BiFe garnet sample. The incident 
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Figure 5-9. Mismatch between calculated and measured values ofa (a) and B (b) for different 
sets of parameters. The measured a and B were taken at A = 500 run. Perfect match to the 
measured data would have produced the straight lines at zero. The solid curves represent the 
best-estimate values of the parameters. The short-dashed, the long-dashed, and the dotted 
curves are calculated by changing one of the three best-estimate parameters n, k, and D by 
the indicated amount. 
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Figure 5-11. Measured 9k and ek of the BiFe garnet sample versus A.. The probe beam was 
incident on the film side, and the bottom side of the substrate was covered with black tape. 
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Figure 5-13. Measured I rxy I and computed FOM versus A. for the BiFe garnet sample. (For 
A. ~ 550 om, the absorption coefficient k drops to zero, and the expression for the FOM in 
Eq.(5-3) becomes inapplicable.) 
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Table 5-1. Best-estimate values of refractive indices, dielectric tensor elements, and 
thickness for the sample ofBiDY3(FeGa)s012l'GGG substrate. 

Layer Layer 1 Substrate 

Material (BiDyMFeGa)SOI2 Gd3GaSOl2 (GOO) 

Thiclmess l13nm 0.45mm 

Wavelength n k Cxx xy n k 105 

360nm 2.586 0.638 6.26+ 0.096 2.121 2.0 
i 3.34 -i 0.018 

400nm 2.769 0.469 7.44+ -0.029 2.053 0.8 
i 2.65 -i 0.152 

450nm 2.662 0.306 6.99+ -0.060 2.002 0.5 
i 1.66 -i 0.055 

500nm 2.644 0.129 6.97+ -0.046 1.977 0.4 
iO.88 +i 0.014 

550nm 2.256 0 4.65 0.065 1.966 0.3 
-i 0.006 

600nm 2.287 0 5.23 0.019 1.960 0.2 
-i 0.024 

633nm 2.322 0 5.39 0.015 1.958 0.1 
-i 0.004 

650nm 2.297 0 5.28 0.005 1.955 0.0 
+i 0.004 

700nm 2.351 0 5.53 0.002 1.949 0.0 
-i 0.001 

750nm 2.323 0 5.40 0.004 1.942 0.0 
i 0.002 

780nm 2.318 0 5.37 0.004 1.938 0.0 
i 0.002 
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Kerr rotation angle ek and ellipticity Ek versus wavelength, as measured from the film side of 

the sample. Figure 5-12 shows the estimated Exy versus A. The best-estimate values of all 

parameters for this sample are listed in Table 5.1. Figure 5-13 shows plots of the calculated 

FOM for the bismuth-substituted garnet material and I rxy I for the particular sample studied 

here. 

5.3.2 MoDi 

Thin films of MnBi are attractive for MO recording because of this material's large 

Kerr rotation angle and strong perpendicular magnetic anisotropy.(40-43) However, the grain 

boundary noise, and the structural phase transition occurring after repeated write-erase cycles 

pose serious problems for the application of this material in MO recording. Recently, research 

has indicated that these problems may be resolved if MnBi films were doped with an 

appropriate third element such as aluminum. (44-46) This development has rekindled interest in 

MnBi-based alloys as potential candidate materials for high density recording media. 

Our sample consists of a MnBi layer deposited onto a glass substrate and overcoated 

with a SiO layer as shown in Fig.5-14(a). The nominal thickness ofMnBi is 50 nm, and that 

of the SiO overcoat is about 200 nm. This sample has perpendicular magnetic anisotropy and 

a fairly square hysteresis loop with He:::: 2.0 kOe as may be seen in Fig.5-14(b). 

We measured e and E versus 0inc at different wavelengths, and derived the thickness 

and ordinary optical constants for the SiO layer and the MnBi layer simultaneously from the 
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measurement data. Since the MnBi layer was fairly thick, the fitting quality and the values of 

n and k do not depend sensitively on the thickness of this layer, the nominal thickness of 50 

nm was used in the data analyses. The best-estimate values of n and k versus A. for the SiD 

layer are plotted in Fig.5-15. The best- estimate values ofn and k, and also &xx for the MnBi 

film are plotted in Fig.5-16. 

The measured Kerr rotation 9k and ellipticity 8k for the SiDlMnBilgiass sample are 

plotted in Fig. 5-17. These measurements were done with the beam incident on the SiD side 

of the sample. The calculated off-diagonal dielectric constant 8xy is plotted versus A. in Fig.5-

18. The measured I rxy I for this sample and the calculated FOM for MnBi are plotted in 

Fig.5-19. The numerical values of the various parameters are listed in Table 5-2. 

5.3.3 ColPt Multilayer 

Since Carcia et aI. showed that the ColPd multilayers possess perpendicular magnetic 

anisotropy and large Kerr rotation at short wavelengths,147] vast amount of research work has 

been devoted to multilayered thin films such as ColPd, ColPt, FefPt etc.148-52) The ColPt 

multilayers tum out to be most promising for high density recording. Among many factors, 

the properties of ColPt multilayers depend sensitively on the layer structure. One of the best 

layer structures consists of3A-thick cobalt and 4A-thick platinum layers. Our Co(3A)lPt(4A) 

sample has 43 bilayers, is sputter-deposited on glass substrate and has no overcoat [see Fig.5-

20(a)]. The nominal film thickness is 301 A, the sample has perpendicular magnetic 
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Figure 5-14. (a) Layer structure of the MnBi sample and the corresponding layer ofSiO on 
the glass substrate. (b) Kerr hysteresis loop for the MnBi sample as measured from the film 
side at A. = 633 nm. 
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Table 5-2. Best-estimate values of refractive indices, dielectric tensor elements, and 
thicknesses for the sample of SiO/MnBilglass substrate. 

Layer Layer 1 Layer 2 Substrate 

Material SiO MnBi glass 

Thickness 237nm 50nm 0.21 mm 

Wavelength n k n k £XX 8xy n 

360nm 2.062 0.257 1.179 1.740 -1.64+ i 4.10 -O.29-i 0.217 1.537 

400nm 2.006 0.130 1.475 2.251 -2.89+ i 6.64 -0.44- i 0.228 1.531 

450nm 1.989 0.034 2.100 2.487 -1.78+ ilO.44 -0.55- i 0.186 1.525 

500nm 1.937 0.018 2.516 2.554 -0.19+ il2.85 -0.68- i 0.128 1.521 

550nm 1.905 0.015 2.649 2.541 0.56+ il3.46 -0.88- i 0.071 1.519 

600nm 1.885 0.000 2.734 2.730 0.02+ il4.93 -1.14+ i 0.003 1.516 

633nm 1.835 0.000 2.725 2.585 0.74+ il4.09 -1.33+ i 0.091 1.515 

650nm 1.835 0.002 2.721 2.617 0.56+ il4.24 -1.41+ i 0.145 1.515 

700nm 1.825 0.000 2.745 2.757 -0.07+ il5.13 -1.58+ i 0.443 1.513 

750nm 1.831 0.000 2.964 2.916 0.29+ il7.28 -1.49+ i 1.017 1.512 

780nm 1.840 0.000 3.271 2.965 1.91+ il9.40 -1.22+ i 1.557 1.511 

820nm 1.861 0.000 3.874 2.659 7.94+ i20.60 -0.49+ i 2.588 1.511 

830nm 1.876 0.000 4.080 2.627 9.75+ i21.44 -0.23+ i 2.912 1.510 

840nm 1.884 0.000 4.277 2.509 12.00+i21.46 0.08+ i 3.266 1.510 

860nm 1.885 0.000 4.301 2.533 12.08+i21. 79 0.80+ i 3.667 1.510 
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anisotropy, and its hysteresis loop is square with He = 1.9 kOe, as shown in Fig.5-20(b). The 

transmittance of the sample is essentially zero at all wavelengths, indicating the film is thick 

and that no light reaches the film-substrate interface. Therefore, in matching the measurement 

data, we set D = 30 nm. Figure 5-21 shows the best-estimate values ofn and k, and also the 

values of 8,a. Figure 5-22 shows the measured 9k and Ek, and Fig. 5-23 shows the best

estimate values of Exy. Figure 5-24 shows the calculated FOM for this particular composition 

of ColPt, and the measured I rxy I versus I for the sample under investigation. The values of 

the various parameters are also listed in Table 5-3. 

5.3.4 TbFeCoTa 

Amorphous TbFeCo films are presently the media of choice for red and infrared MO 

recording. The Kerr effect ofTbFeCo, however, decreases at short wavelengths. Some recent 

studies have indicated that the TbFeCo disk noise is smaller than that of ColPt multilayers at 

short wavelength (A. = 532 nm), and its carrier-to-noise ratio (CNR) is therefore remains at 

the level of the ColPt disk. (S3) It is thus conceivable that future generations of MO media will 

continue to use TbFeCo as their basic material, although some other elements may have to be 

added to improve the properties in the blue-green regime of wavelengths. We present our 

measurement results on a TbFeCoTa sample that is used by at least one manufacturer ofMO 

disks. These results also serve as a reference for comparing with other types of media 

considered in this chapter. 
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Figure 5-20. (a) Structure of Co(3A)lPt(4A)x43 sample. (b) Kerr hysteresis loop for the 
sample as measured from the film side at A = 633 run. 
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Figure 5-21. Best-estimate values of (a) n and k, and (b) Re(exx) and Im(exx) versus A for the 
ColPt sample. 
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Figure 5-22. Measured 9k and Ek versus A. for the ColPt sample. The probe beam was incident 
on the film side. 
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Figure 5-23. Best-estimate values ofRe(Exy) and Im(Exy) versus A. for the ColPt sample. 
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Figure 5-24. Measured I rxy I and the computed FOM for the ColPt sample, versus A.. 



Table 5-3. Best-estimate values of refractive indices and dielectric tensor elements for 
the sample of ColPt multilayer with glass substrate. 

Layer Layer 1 Substrate 

Material co(3A)IPt(4A)x43 Glass 

Thickness 30nm 1.21 mm 

Wavelength n k Exx exy n 
(nm) 

360 1.443 2.573 -4.54 0.239 1.537 
+i7.42 -i 0.059 

400 1.515 2.787 -5.47 0.243 1.531 
+i 8.44 -i 0.040 

450 1.638 3.114 -7.01 0.268 1.525 
+i 10.20 -i 0.029 

500 1.739 3.381 -8.40 0.289 1.521 
+i 11.76 -i 0.034 

550 1.851 3.726 -10.45 0.339 1.519 
+i 13.79 -i 0.044 

600 1.931 3.956 -11.92 0.372 1.516 
+i 15.28 -i 0.067 

633 2.018 4.195 -13.52 0.427 1.515 
+i 16.93 -i 0.083 

650 2.057 4.261 -13.92 0.442 1.514 
+i 17.53 -i 0.093 

700 2.l80 4.458 -15.12 0.495 1.513 
+i 19.44 -i 0.l3 

750 2.273 4.739 -17.29 0.582 l.512 
+i 2l.54 -i 0.15 

780 2.395 4.995 -19.21 0.685 1.511 
+i 23.92 -i 0.18 

132 



133 

Our sample has a trilayer structure as follows: 

SiC(130A)ffbFeCoTa(140A)/SiC(130A)/giass substrate [see Fig.5-25(a)]; the nominal 

thicknesses are indicated in parentheses. In order to reduce the number of unlmowns, a 

second sample, consisting of SiC(130A) on glass substrate, was prepared under the same 

conditions, and was separately characterized. Figure 5-25(b) shows the Kerr hysteresis loop 

for the TbFeCoTa sample measured at A. = 633 nm. We cut one piece from the SiC/glass 

sample, and removed the SiC layer from it by ion milling in order to obtain the bare glass 

substrate. We first measured the refractive index n of the bare substrate using the method 

described in Sec. 5.3.1. The measured T of the bare substrate agrees with the Fresnel fonnula 

for a non-absorbing medium, T = 16 n2/(l+nt, within 2% error. We have thus concluded that 

the absorption of the substrate is negligible (k ~ 1006
) in the wavelength range of interest. 

Next, we measured the data sets 1, 2, and 3 for the SiC/Glass sample, and searched 

for the best match. Good match could be achieved within the range of 130 A ~ D ~ 150 A, 

and we fixed D at its nominal value of 130 A. The best-estimate values ofn and k of the SiC 

layer are shown in Fig.5-26. We compared these results with those obtained by the reflection

transmission technique, in which the n and k are calculated from R and T measured at nonnal 

incidence. For example, at A = 400 nm, The ellipsometric technique gives n = 2.914, k = 

0.630, while the reflection-transmission technique gives n = 2.918, k = 0.483. (The same 

thickness of 13 nm was used in both analyses.) Figures 5-27 (a) and (b) show the measured 

(9, e) and the calculated values using the two sets of n and k. Within the measurement 
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accuracy, both sets of parameters are seen to give good match to the measured data at small 

Sine, but at larger Sine, the eUipsometric method gives a better match. Once again, this 

emphasizes the importance of measuring 9 and & in a wide range of Sine. The best-estimate 

values (n, k, D) for the SiC layer thus obtained will be used to describe the overcoat and the 

underlayer in the data analysis for the sample containing the TbFeCoTa layer. 

Finally, we measured the four sets of data for the SiCfIbFeCoTaiSiC/giass sample. 

Having detennined (0, k, D) for the SiC layer, we only searched for (n, k, D) of the 

TbFeCoTa layer to match the measured data. Since good match could be obtained with 120 

A ~ D ~ 140 A for the magnetic layer, we adopted the nominal value ofD = 140 A. The best

estimate values ofo, k, B"", the measured data of9k and Bk, the best-estimate values ofBxy, the 

measured I rxy I, and the calculated FOM are shown in Figs.5-28 - 5-31, respectively. The 

numerical values of the various parameters are also listed in Table 5-4. 

5.3.5 Thin Film of Crystalline fcc Cobalt 

Under nonnal conditions cobalt has hcp structure at room temperature. It has been 

found recently, however, that crystalline films of cobalt with fcc structure can be grown on 

appropriate substrates. These films exhibit a larger MO effect than ordinary cobalt films. Our 

fcc Co sample has the layer structure Co(500A)/Cu(1000A)/Si substrate as shown in Fig.5-

32(a). The sample has in-plane magnetization and its saturation field (the minimum field 

required to bring the magnetization into perpendicular orientation) is about 20 kOe [see 
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Fig.5-32 (b)]. We measured data sets 1, 2, and 4 for this sample. In matching the data, we 

took n and k of Cu layer from the literature. [S4) The exact values for our sample may slightly 

differ from the published values, but the Cu layer should have a very small effect on the 

measurements because the Co layer is fairly thick. The best-estimate values of n, k, Exx, the 

measured data of 9k and 8k, the best-estimate values of 8xy, the measured I rxy I, and the 

calculated FOM are shown in Figs. 5-33 - 5-36. respectively. Noticed that 9k and 8k shown in 

Fig. 5-34 were measured under the applied field of 14 kOe (maximum available field in our 

MOKS system). The Kerr rotation angle and ellipticity that would have been obtained under 

the saturation field, 9k sal and 8k lal, can be found by mUltiplying the measured data with a factor 

of20114, i.e. 9k
sal = 1.43 9k and 8klat = 1.43 8k. The values of9kla' and 8ksal have been used in 

the calculation of8xy. Table 5-5 lists the numerical values of the various parameters. 

5.3.6 The Heusler Alloy PtMnSb 

The Heusler alloy PtMnSb is another material with appreciable Kerr effect. We 

collected from the literature the data of 8"". 9k and 8k as measured from the polished surfaces 

of bulk PtMnSb alloy.ISS,S6) We then calculated 8xy using the formula 

8. - i E. = .£ (1 - ED) 
(5-9) 

and, from there, calculated FOM and 1 rxy I. The results are plotted in Figs. 5-37 - 5-40. 
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Figure 5-25. (a) Structure of the SiC/glass sample and the sample of SiCffbFeCoTalSiC 
triple layer. (b) Kerr hysteresis loop of the ThFeCoTa sample as measured from the film side 
at A= 633 run. 



137 

3.0 -r----r------,r------r----r----r----r------,r------, 

• NVALUE 
.6. KVALUE 

0.6 

2.9 

0.4 

2.8 

0.2 

2.7 +----r-----.,r-----r---r----r----r----.,r-----i 
400 500 600 700 800 

WA VELENGfH (run) 

Figure 5-26. Best-estimate values ofn and k versus A for the SiC layer. 
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Figure 5-27. Comparison between the ellipsometry results and those obtained with the 
reflection-transmission technique. The measured data (circles) ofe (a) and & (b) were taken at 
I., = 400 nm and "'pol = 20°. The solid curves are the best fits to the measured data which give 
(n, k) = (2.914, 0.630). The dashed curves are calculated with (n, k) = (2.918, 0.483) as 
given by the reflection-transmission technique. 
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Figure 5-28. Best-estimate values of (a) n and k, and (b) Re(Exx) and Im(Exx) versus A for the 
TbFeCoTa layer. 



140 

0.6 

• ROTATION 
A ELLIPTICITY A 

0.4 
G' 
B 
t3 

02 

~ 
ga 
~ 0.0 

~2~--~~----r---~~--~----~-----r----~ 
400 600 800 

WA VELENGfH (om) 

Figure 5-29. Measured 9k and 8k versus A. for the SiCffbFeCoTaiSiC/glass sample. The 
probe beam was incident on the film side of the sample. 
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Figure 5-30. Best-estimate values ofRe(8xy) and Im(8xy) versus A. for the TbFeCoTa layer. 
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Figure 5-31. Measured I rxy I for the SiCfIbFeCoTaiSiC/glass sample and the computed 
FOM for the ThFeCoTa material, versus A.. 



Table 5-4. Best-estimate values of refractive indices, dielectric tensor elements, and 
thickness for the sample of SiC/TbFeCoTalSiC/glass substrate. 

Layer Layer 1,3 Layer 2 Substrate 

Material SiC ThFeCoTa glass 

Thickness 13nm 14nm 0.95mm 

Wavelength n k n k Exx Exy n 

400nm 2.903 0.624 2.334 3.451 -6.46 -0.185 1.515 
+i 16.11 +i 0.233 

450nm 2.919 0.491 2.533 3.665 -7.02 -0.226 1.508 
+i 18.57 +i 0.268 

500nm 2.884 0.398 2.728 3.862 -7.47 -0.336 1.504 
+i 21.07 +i 0.281 

550nm 2.862 0.323 2.920 4.041 -7.80 -0.435 1.502 
+i 23.60 +i 0.242 

600nm 2.844 0.259 3.110 4.203 -7.99 -0.545 1.500 
+i 26.14 +i 0.201 

633nm 2.834 0.231 3.203 4.277 -8.03 -0.602 1.499 
+i 27.40 +i 0.200 

650nm 2.824 0.206 3.296 4.347 -8.03 -0.670 1.499 
+i 28.66 +i 0.160 

700nm 2.800 0.165 3.480 4.473 -7.90 -0.763 1.499 
+i31.13 +i 0.129 

750nm 2.772 0.135 3.661 4.582 -7.59 -0.867 1.499 
+i 33.54 +i 0.053 

780nm 2.758 0.125 3.750 4.630 -7.37 -0.925 1.499 
+i 34.72 +i 0.037 
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Figure 5-32. (a) Structure of the thin film sample of crystalline fcc cobalt. (b) Kerr rotation 
angle versus the perpendicularly applied magnetic field. This sample has in-plane 
magnetization, and the field required to bring it into the perpendicular direction is just over 20 
kOe. 



144 

4 

3 

2 

1 ~ __ ~ __ L-__ ~ __ ~ __ ~ __ ~ __ ~ __ J-__ ~ __ ~ __ ~ 
300 400 500 600 700 800 

25 

• 
20 

'5 

1) 

5 

a 

-5 

-1) 

-'5 
300 400 500 600 700 800 

Figure 5-33. Best-estimate values of (a) n and k, and (b) Re(ElOC) and Im(ElOC) versus A for the 
fcc cobalt film. 
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Figure 5-34. Measured 9k and Ek versus A for the fcc cobalt sample. Since the magnetization 
of this sample is in-plane, a 14 kOe magnetic field was applied in the perpendicular direction 
of the sample, which produced a perpendicular component of magnetization to allow the Kerr 
effect measurements. 
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Figure 5-35. Best-estimate values ofRe(Exy) and Im(Exy) versus A for the fcc cobalt. 
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Figure 5-36. Measured I rxy I for the sample of fcc Co/CulSi-substrate sample and the 
computed FOM for the fcc cobalt, versus A.. 
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Table 5-5. Best-estimate values of refractive indices and dielectric tensor elements for 
the sample of the Co(fcc)/Cu/Si substrate. The nand k data for the Cu layer were taken 
from Ref. 54. 

Layer Layer 1 Substrate 

Material Co(fce) Cu 

lbickness 50 run 100 run 

Wavelength n k 8xx exy n k 

400 run 1.389 2.703 -5.38 0.173 1.204 2.125 
+i 7.51 -i 0.001 

450 run 1.551 3.077 -7.07 0.251 1.161 2.396 
+i 9.55 -i 0.008 

500 run 1.765 3.362 -8.19 0.337 1.149 2.571 
+i 11.87 -i 0.041 

550 run 2.001 3.578 -8.80 0.435 0.966 2.588 
+i 14.32 -i 0.107 

600 run 2.230 3.744 -9.04 0.541 0.386 2.940 
+i 16.70 -i 0.183 

633 run 2.370 3.841 -9.14 0.607 0.234 3.430 
+i 18.21 -i 0.210 

650 run 2.422 3.881 -9.19 0.682 0.219 3.616 
+i 18.80 -i 0.227 

700 run 2.547 4.008 -9.58 0.853 0.211 4.146 
+i 20.42 -i 0.204 

750 run 2.576 4.147 -10.56 1.018 0.234 4.613 
+i 21.37 -i 0.060 

780 run 2.535 4.244 -11.58 1.074 0.275 4.889 
+i 21.52 +i 0.074 
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Figure 5-37. Best-estimate values of {a} n and k, and (b) Re{Exx} and Im{Exx) versus A. for 
Heusler alloy PtMnSb. (56) 
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Figure 5-38. Measured 9k and Ek versus A for the Heusler alloy PtMnSb. (56) 
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Figure 5-39. Best-estimate values of Re{Exy) and Im(Exy) versus A for the Heusler alloy 
PtMnSb. (55,56) 
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Figure 5-40. Off-diagonal reflectivity I rxy I as measured from the polished surface of bulk 
Heusler alloy PtMnSb, and the computed FOM for this material, versus A.. 
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5.4 Summary 

We have established a dielectric tensor database for thin film media ofinterest in high 

density MO recording. Our measurement method involves a combination of variable angle 

ellipsometry, reflection-transmission measurements, and polar Kerr effect measurements. The 

MULTILAYER program has been employed to analyze the measurement data and search for 

the best-estimate values of the unknown parameters. This method, which comprises 

measurements at a wide range of incident angles and at different wavelengths, provides a high 

degree of accuracy for characterizing the thickness and the dielectric tensor elements of thin 

film samples. 

In order to achieve the highest degree of accuracy, we have measured separately the 

bare substrate for samples with thin MO layer. Also, for samples with dielectric overcoat 

and/or underlayer, we have performed independent measurements for these layers, which 

were made under the same conditions as those deposited either abovelbelow the MO layer. 

Different aspects of the measurements, such as the accuracy of the best-estimate parameters, 

the influence of the Kerr effect on the measurement of the diagonal element, the effect of 

optical anisotropy, and the differences between the ellipsometric technique and the reflection

transmission technique have been investigated in order to ensure the validity of the results. 

We have obtained the wavelength dependence of the dielectric tensor for the 

following MO materials: (BiDy)3(FeGa)SOI2, MnBi, multilayered Co/Pt, TbFeCoTa, and fcc 

cobalt. We have also summarized the measurement results for the Heusler alloy PtMnSb, 
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which has been available from the literature. Among the investigated materials, the MnBi 

shows the largest FOM. In the blue-green regime of 400 nm ~ I.. ~ 550 run, the relationship 

among these materials is as follows: FOMMmji > FOMGarrd > FOMCcIPt ::=:: FOMca.fr:c) ::=:: 

FOMPtMnSb > FOMThFr£4T •. 



CHAPTER 6 

ELLIPSOMETRIC CHARACTERIZATION OF THE VARIOUS 

LA YERS OF A MAGNETIC HARD DISK 

6.1 Introduction 
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As the density of hard magnetic disk increases, the magnetic head flies closer to 

the disk surface. Therefore the protective layer must become thinner. In this chapter we 

present a nondestructive method to characterize the very thin protective film as well as 

the magnetic overcoating layer for the future magnetic hard disk. 

Hard magnetic disks are distinguished from magnetic floppies by the high 

densities at which data is recorded on the disk surface, and by the high speed at which 

they operate. The high data densities require a very small read/write head positioned 

very close to the disk surface. Any flexibility in the disk would make the disk bounce 

and strike the read/write head. And so the disks are made of rigid substrates coated with 

magnetic material and overcoated with a very thin protective layer. The substrate is 

generally made of an aluminum-magnesium alloy. For high-density recording, the AI

Mg substrate is electroless plated with a 10 to 20 J.1m thick nickel-phosphorous layer to 

improve its surface hardness and smoothness.[S7.s8) The finished substrate is coated with 

a magnetic film 25-150 nm thick. Typically, magnetic films that have been explored are 

metal films of cobalt-based alloys. These cobalt-based alloys often possess a hexagonal 
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crystal structure in which microcrystalline anisotropy aids in achieving a high 

coercivity. The magnetic layer in our samples consisted of a CoNiINiP bilayer sputtered 

on the substrate. 

Metal films that are capable of achieving high recording densities generally have 

poor durability. Some protective overcoats with lubricant overlay are used to provide 

low friction, low wear, and corrosion resistance. An optimum overcoat system would 

have high hardness, low friction, low porosity and high electrical resistance for low 

galvanic corrosion. The protective films must be as thin as possible (20-40 nm) in order 

to keep the head-disk spacing small. Besides, protective films must have very uniform 

thickness. Our samples had carbon sputtered on them as protective coating (with 

amorphous or partially crystalline structure) which provided a layer with high hardness. 

6.2 Measurement Procedure and Data Analysis: 

Our goal in this work was to determine the thickness and the optical constants of 

the magnetic thin film layer and of the carbon overcoating. The method we used 

consists of ellipsometric measurements, normal reflectance measurements, and data 

analysis using the MUL TILA YER computer program.[S9) 

Two instruments were used in these measurements. The first one was a multi

wavelength variable-angle ellipsometer (MWV AE). [60) This ellipsometer uses a mercury 

lamp as the light source; different wavelengths in the range of 360 nm ~ A. ~ 860 nm can 
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be selected by using one of the fourteen available filters. The bandwidth Ai.. (full width at 

half maximum) of the filters is about 10 nm, yielding a coherence length (= 0.5i..2/Ai..) on 

the order of 10 J.lm, which is much larger than typical film thicknesses of our samples. 

This allows the treatment of the probe beam as a coherent, monochromatic plane wave in 

data analysis. The angle of incidence aine in MWV AE is adjustable within the range of 

35° Saine S 80°, with an accuracy better thim 0.02°. We used MWVAE to shine linearly 

polarized light on the sample and measure the rotation angle a and the ellipticity angle e 

of the reflected beam. These angles are defined in Figure 6-1, where aine is the angle of 

incidence, \j!pol is the polarization angle of the incident beam as measured from the p

direction, Cl>ine is the azimuthal angle of incidence (CI>ine = 0° means the plane of incidence 

is parallel to radial direction of the disk, while Cl>ine = 90° means that it is parallel to track 

direction), a is the rotation angle (i.e., difference between the orientation angle of the 

major axis of the reflected polarization ellipse and \j!pol), and e is the ellipticity angle of 

the reflected polarization ellipse. The ellipticity is positive (negative) if the sense of 

rotation of the E-filed is clockwise (counterclockwise) when the beam propagates 

towards the observer. By rotating the quarter-wave plate (QWP) and the analyzer in the 

detector arm of the ellipsometer, one can extinguish the light at the detector and obtain 

the values of a and e. The accuracy of measuring a and e in our instrument is usually 

better than 0.05°. 
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Figure 6-1. (a) Schematic diagram corresponding to our ellipsometric measurement with 
MWV AB. The incident beam is linearly polarized, while the reflected beam is elliptically 
polarized. <l>inc = 0° means the plane of incidence is parallel to radial direction. <l>inc = 90° 
means that it is parallel to track direction. (b) The polarization ellipse is characterized by 
the rotation a and ellipticity E. These angles are measured in the range of 3 5° s ainc s 80° 
for a fixed value of'll pol at each A. 
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The second instrument used in our work is a custom-made magneto-optical Kerr 

spectrometer (the MOKS system),l61.62) which allows the measurement of the normal 

reflectance R as functions of I.. in the range of 360 nm ~ I.. ~ 1050 nm. The accuracy of 

reflectance measurements was better than ±O.005. 

We measured two sets of data at each wavelength: Set 1: Rotation a and 

ellipticity & versus aine for linearly polarized incident beam (using MWV AE); Set 2: 

Reflectance R at normal incidence (using MOKS). 

The data of a and & versus aine measured at different wavelengths provide the 

essential information for determining the thickness D and the values of n and k. The 

reflectance data is complementary to data of the set 1. When the measured values of a 

and & yield two different sets of parameters (n, k, D), the reflectance data is helpful in 

determining which set of parameters is acceptable. 

The MULTILAYER program has been used to analyze the measurement data. 

This program solves Maxwell's equation for a plane wave incident on a multilayered 

stack, and computes a, &, R and other properties of the reflected and transmitted beams. 

The unknown parameters of the multilayer stack can be obtained by searching for the 

best match between theory and experiment. The quantity that has been minimized in 

searching for the unknown parameters is the root-mean-square error Enn., between 

theoretically calculated and measured data. In matching the a and &, Enn. is given by 
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Erma = ~ t[( 8/h'Y - 8;upt)2 + (S;th'Y _ s;upt) 2] 

Where the superscript thry indicates the calculated value using the MULTILAYER 

program, and the superscript expt stands for the experimental data. The summation is 

over the data taken at different angles of incidence. 

We. fit sets 1 and 2 of the measurement data taken at all wavelengths to 

determine the best-estimate values of n, k and 0 for each layer. This is done in the same 

computer run, in which (0, k) is independently adjusted for each wavelength, while 0 is 

kept constant for all the wavelengths. 

Carbon overcoat 

CoNilNiP bilayer 

NiP substrate 

Figure 6-2. The cross-section of a complete coated disk. 
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6.3 Measurement Results 

In order to achieve high measurement accuracy, we have employed three sets of 

samples. Set 1: nickel phosphorus (NiP) coated substrate (one disk). Set 2: CoNilNiP 

magnetic thin film on NiP coated substrate. We have examined five disks. The two sides 

of each disk have been sputtered in a different combination ofN power and CN power as 

listed in Table 6-2 and 6-3. These power levels are manufacturing parameters which are 

used to control the thickness of the deposited film. Higher power reading means larger 

thickness. Set 3: Carbon coated disks. We have examined five disks sputtered with 

different carbon power as listed in Table 6-4 and 6-5 at each side. Our notation comes 

from the structure of magnetic disk. For example, S-U3-Mt-C1 means the disk has bare 

substrate coated by NiP with N power 2.14, then coated again by CoNilNiP magnetic 

layer with eN power 2.36, and finally coated by carbon with power 0.76. The larger 

subscript number means the higher manufacturing power and larger thickness. Note that, 

five carbon overcoating have the same CoNilNiP underlayer as S-U3-Mt. The other five 

have the same underlayer as S-U4-M3. Figure 6-2 shows the cross-section of a complete 

coated disk. 

Using these three sets of samples, we measured the NiP coated substrate, the 

magnetic film, and the carbon overcoating layer individually. 
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6.3.1 Nickel Phosphorus Coated Substrate 

We measured a and & versus aine within the range of 35° ~ aine ~ 80°, at A. = 360 

run, 400 nm, 450 nm, 500 nm, 550 nm, 600 nm, 633 nm, 650 nm, 700 nm, 750 nm and 

780 run. Figure 3(a) shows the measured a and & versus aine and the best theoretical fit 

curves at A. = 400 run. The best-estimate values of n and k versus A. are shown in Fig. 

3(b). These values are also listed in Table 6-1. 

In order to study the homogeneity of the bare substrate, we measured n and k at 

two different locations at A. = 400 nm. The relative variations of nand k between the two 

locations are: ~nln = 0.9 %, ~k/k = 2 %. (When repeating the measurements at the same 

location twice we obtain ~nln ~ 0.2 %, ~k/k ~ 0.2 %). 

It is important to know how isotropic the substrates are. To assess this, we 

measured nand k at different azimuthal angles of incidence <l>inc. Figure 4 shows 

measured a and e versus aine at A = 400 run for <l>inc = 0° and 90°. The relative 

differences between these two measurement configurations are: ~nln = 2.7 % and ~k1k = 

0.4 %. These differences (which could in part be due to variations of nand k between 

different measurements), if caused by structural anisotropy of the sample are small 

enough to be negligible. Therefore, we treat the NiP coated bare substrate as an isotropic 

medium. 
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Figure 6-3. (a) Measured a and 8 versus aine and the best match (solid curves) at A. = 
400 run for NiP coated bare substrate. (b) Measured n and k values versus A. for NiP 
coated bare substrate. 
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Figure 6-4. Measured (a) S and (b) E versus Sine: with c:t>ine: = 0° and 90° at A. = 400 nm 
for NiP coated bare substrate. 
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Table 6-1. Best-estimate values of refractive indices and absorption coefficients for the 
NiP coated substrate. 

WAVELENGTH (run) n k 

360 1.84 2.01 

400 2.00 2.14 

4S0 2.04 2.31 

SOO 2.12 2.41 

SSO 2.13 2.SS 

600 2.19 2.72 

633 2.24 2.88 

6S0 2.29 2.93 

700 2.34 3.0S 

7S0 2.39 3.20 

780 2.S6 3.41 
~ ... , 
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6.3.2 CoNilNiP Magnetic Layer 

We treat this film as a single layer, having an effective thickness D and effective 

optical constants n and k. Figure 6-5 shows measured a and e versus aine for <l>ine = 0° 

at A. = 780 nm, and the best fit curves for samples S-Ur-M2, S-Ur-~, S-U3-~, S-Us

M2, S-Us-~. The five samples exhibit somewhat different behaviors. 

In order to study the isotropy of the magnetic layer, we performed ellipsometric 

and reflectance measurements at different <l>ine. Figure 6-6 shows measured a and e 

versus aine at <l>ine = 0° and 90° for sample S-U3-~ at A. = 400 nm. Figure 6-7 shows the 

reflectivity at normal incidence versus A. at <l>ine = 0° (Rr) and <l>inc: = 90° (R.) for the same 

sample. These measurements indicate that the magnetic layer is optically anisotropic. We 

also measured other magnetic coatings at A. = 400 nm, 500 run, 650 nm and 780 nm with 

both <l>inc: = 0° and 90°, and measured R. and Rr versus A. for them. All the data confirm 

the existence of optical anisotropy in these samples. 

Perhaps the most difficulty part of data analysis is determining the magnetic film 

thickness. The difficulty lies in the fact that it is not easy to separate the effects of k and 

D on the phase of the probe beam. Specifically, when matching the measurement data for 

a given wavelength, we found that, if we search for n, k and D simultaneously, the 

estimated set of parameters (n, k, D) is not unique, and quite often the estimated value of 

D depends on the chosen initial value. On the other hand, for a fixed value of D, the 

estimated values of (n, k) are unique, as is the fitting error Enna. This observation 
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suggests that, in order to obtain the best-estimate value of D, we should first search for 

the minimum of Erms for given D by adjusting nand k. This will result in a function Erms 

versus D, the minimum of which will then give the best-estimate value of D. Erma is 

typically around 0.2°. The variations of Eon. versus D were larger at A. = 400 nm, and 

smaller at A. = 780 run. The reason for this behavior maybe that for film thicknesses in the 

range of 100 nm, the probe beam at A. = 400 nm suffers more phase shift, although it 

experiences more absorption in comparison with the 780 nm beam. The change in EI11II 

versus D is typically 0.001° or less. 

Figure 6-8 shows the variations of Em.. versus D for the sample S-U3-M.. The 

curves are calculated based on the best fit of a and & versus aine with <l>ine = 0° and 90° 

at A. = 400 run, 500 run, 650 run and 780 nm. The minimum of each curve is u~~que and 

the estimated thickness for different values of A. are close to each other. The average 

value ofD is thus estimated to be 64 nm. Similarly, we found D = 63 nm for the sample 

S-U4-M3. 

For samples S-U1-M2, S-U2-MJ, S-US-M2 and S-U6-MJ, the curves of Erma versus 

D are similar with the sample S-U3-M.'S except the variations become rapidly. The 

reason is those samples have thinner magnetic layer and more signal reflected from the 

interface. We can easily estimate the thickness for those samples. 

For samples S-UI-~, S-U2-MS, S-Us-~ and S-U6-Ms, the magnetic layer is 

much thicker. The probe beam does not sense the bottom of the layer. The curves of Erma 
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versus D don't change very much at the range of 100 run thickness. We cannot obtain a 

good estimate of D but we believe D > 70 run. 

The thicknesses obtained in this way for the magnetic layer were repeatable, and 

the trend of the estimated values agrees with the N power and eN power used in 

depositing these samples. 

Having fixed the thickness, the values of nand k can be readily estimated by 

matching the measurement data at various A with theoretical calculations. 

For radial and azimuthal directions of the disk, we denote the corresponding n 

and k by Dr, ke and na, ka. The best fitted values of nand k are plotted versus A for sample 

S-US-M2 in Fig. 6-9. This figure. while showing the wavelength dependence of nand k. 

indicates that the azimuthal direction is more absorptive than the radial direction (ka is 

about 10 % larger than ke), while the difference between 0. and nr is, in most case, within 

± 2 %. The optical anisotropy is therefore primarily dichroism. (63) 

The measured values of n, k at different A and the thicknesses of the various 

magnetic film are listed in Table 6-2 and 6-3. 

As an aside, the measurement data at <l>inc = 0° are sufficient for finding nr, ke and 

0., ka. For example, for S-Us-~ at A = 780 nm, we compared the parameters obtained 

by fitting only the <l>inc = 0° data with those using both <l>inc = 0° and 90° data. The 

relative differences are: IlnJ nr = 0.5 %, Ilk/ kr = 0.8 %. Ilnal na = 0.7 %. Ilk.! k. = 1.2 
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%. The reason is the probe beam has "'pol = 600
• The polarization has components at both 

radial and azimuthal directions and thus sense the two directions simultaneously. 

We checked to see how sensitively the nand k values depended on the thickness 

used in the calculations. For S-U5-~ at A = 780 nm, we found nr = 2.569, kr = 2.800 for 

D = 60 run, and Dr = 2.559, Ie, = 2.780 for D = 100 nm~ the differences are fln/ nr = 0.4 

%, flk/ Ie, = 0.7 %. For the thinner sample S-V5-M2, we compared the results obtained 

by assuming D = 50 nm with those obtained for D = 60 nm. We found that fln/ nr = flk/ 

Ie, = 0.5 % at A = 360 nm, and fln/ nr = 2.5 %, flk/ kr = 0.5 % at A = 780 nm. Therefore, 

within the range of experimental errors, our estimated values of nand k are quite 

reliable. 

6.3.3 Carbon Overcoating Layer 

We have five samples with different carbon layers sputtered on the same 

magnetic layer at each side. According to the reading of the power applied to the carbon 

target during sputtering, the thickness of the carbon layer increases from S-U3-M.-CI to 

S-U.-M3-C10. Figure 6-10 shows measured e and E versus eine with <l>inc = 00 at A = 650 

nm along with the best fit curves for one side of our samples. Figure 6-11 shows 

measured average reflectivity (Ra + Rr)/2 versus A. These data show that the effects of 

different carbon layers on the probe beam are large enough to be experimentally 

distinguished. 
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Figure 6-5. Measured (a) S and (b) E versus Sine with <l>ine = 0° at A. = 780 nm and the 
best fit curves for five magnetic layers. 
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Figure 6-6. Measured (a) a and (b) E versus ainc with <l>inc = 0° and 90° at A. = 400 nm 
and the best fit curves for sample S-U3-~. 
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Table 6-2. Best-estimate values of refractive indices, absorption coefficients, and the 
thicknesses for the magnetic film. 

Sample S-U4-M3 S-U2-Ms S-U2-M, S-U6-M, S-U6-MS 

N Power (NiP) 2.54 1.54 1.54 3.54 3.54 

CN Power (CoNi) 2.23 3.23 1.23 1.23 3.23 

D(nm) 63 >70 46 62 >70 

Dr 1.82 1.77 1.96 1.91 1.78 

400(nm) k, 1.81 I.S5 1.47 1.60 I.S4 

o,,-Dr 0.00 -O.OS -0.02 0.02 -0.06 

k.-k, 0.22 0.21 0.19 0.15 0.22 

Dr 2.11 2.00 2.26 2.1S 1.95 

500(nm) k, 2.07 2.13 1.60 1.75 2.10 

o,,-Dr 0.06 -0.06 -0.01 -0.02 -0.05 

k.-k, 0.22 0.25 0.15 0.11 0.24 

Dr 2.51 2.34 2.53 2.47 2.31 

600(nm) k, 2.36 2.51 1.71 1.92 2.47 

o,,-Dr 0.11 0.00 0.03 0.05 0.06 

k.-k, 0.20 0.30 0.17 0.13 0.31 

Dr 2.85 2.6S 2.72 2.66 2.65 

7S0(nm) k, 2.53 2.S0 1.72 2.02 2.75 

n.-Dr O.OS O.OS 0.07 0.04 0.09 

k.-k, 0.21 0.20 0.20 0.09 O.IS 
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Table 6-3. Best-estimate values of refractive indices, absorption coefficients, and the 
thicknesses for the magnetic film. 

Sample S-U3-Mt S-U.-~ S-U.-M2 S-US-M2 S-Us-~ 

N Power (NiP) 2.14 1.14 1.14 3.14 3.14 

eN Power (CoNi) 2.36 3.36 1.36 1.36 3.36 

D(nm) 64 >70 43 62 >70 

Or 1.76 1.73 1.93 1.91 1.72 

400(nm) k, 1.83 1.90 1.62 1.67 1.85 

De-Dr -0.04 -0.06 -0.05 0.00 -0.03 

k.-k, 0.16 0.16 0.13 0.14 0.19 

Dr 2.01 1.96 2.27 2.23 1.99 

SOO(om) kr 2.10 2.21 1.76 1.86 2.16 

De-Dr -0.08 -0.06 -0.05 0.00 -0.08 

k.-k, 0.17 0.19 0.14 0.13 0.24 

Dr 2.32 2.28 2.66 2.52 2.32 

600(nm) k, 2.42 2.62 1.90 2.04 2.53 

n.-Or 0.10 -0.01 -0.01 0.03 0.00 

k.-k, 0.25 0.25 0.19 0.15 0.23 

Dr 2.62 2.56 2.97 2.77 2.55 

780(nm) k, 2.65 2.94 1.94 2.20 2.80 

De-Dr 0.12 0.04 0.01 0.06 0.05 

k.-kr 0.22 0.21 0.17 0.11 0.21 
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In order to determine whether or not the carbon layer is isotropic, we did 

ellipsometric and reflectance measurement at cI>inc = 00 and 900
• Figures 6-12 and 6-13 

show measured e and 8 versus einc with cI>inc = 00 and 900 at A = 400 nm for samples S

U3-~-Cl and S-U3-~-C9. Figure 6-14 shows the measured It. and Rr versus A for 

samples S-U3-~-C3 and S-U3-~-C9. 

From these measurements we observe that, as the carbon layer becomes thicker, 

the sample becomes more isotropic. This indicates that the anisotropic effects shown in 

Figure 6-12 - 6-14 are caused by the anisotropic magnetic layer. The carbon layer itself is 

isotropic. The measured residual anisotropy turns out to be valuable for determining the 

thickness of the carbon layer. It gives the s and p components of the reflected beam a 

relative phase shift. The common belief regarding anisotropy seems to be that the 

principal axes of the refractive index are in the radial (r), track (<<1» and perpendicular (z) 

directions. The phase difference is given by 

~cI>IP = ..t::8[-Anucos
2
8+An1Sin

2
8] 

where e is the angle of the refracted beam in the carbon layer, ~nll = llr - "+, ~nJ. = "+ - nz, 

D is the thickness of carbon overcoating. (64) The thickness is very sensitive to the value 

of ~cI>Ip, which can be determined in our ellipsometric measurements. 
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For each sample, we measured Sand & versus Sine with <l>inc = 0° and 90° at A = 

400 nm. The reason we choose the short wavelength of A. = 400 nm for these 

measurements is that it gives more signal (phase shift) for these very thin samples. 

We used the same technique as described before in conjunction with the 

measurement of magnetic film thicknesses to determine the thickness of the carbon layer. 

Figure 6-15 shows Erma versus D of carbon for sample S-V3-Mt-C9. Erma decreases 

sharply from 0.345° to 0.305° as D is changed from 50 nm to 60 nm. The confidence in 

the value of D that is obtained from this figure is ± 2 nm. We also calculated thickness, 

only using data measured with <l>inc = 0°, but at A = 400 nm, 500 nm, 650 nm and 780 

nm. In this case the estimated thickness were scattered from 52 nm to 67 nm, depending 

on the wavelength, but the average value is also 60 nm. 

We checked to see how much the underlayer parameters could affect the 

estimated value of the thickness of the carbon layer. We first rematched S-V3-Mt 

measurement data using DCoNi = SO nm and DCoNi = 70 nm, respectively, which results in 

slightly different n and k for S-V3-Mt. Then, we used these parameters in the analyses for 

S-V3-Mt-C9. In both cases we found the same result Dcarbon = 60 nm for S-V3-Mt-C9. We 

also used the parameters of S-V6-Ms (which are more different from those of S-U3-Mt) 

as the underlayer for S-V3-Mt-C9 in the analyses and found Dcarbon = 66 nm. All these 

confirm that our estimate ofDcarbon is reliable within a few percent. 



176 

The thicknesses estimated using our optical measurements are larger than the 

nominal values. If we use the nominal value of Dcarbon = 30 nm for S-U3-~-C9 at A. = 

400 nm, then the estimate ofn for carbon increases from 1.23 to 1.75, k drops from 0.35 

to 0.28. The fitting error, however, increases from Enna = 0.306° to 0.631°, which is 

much larger than our measurement error. 

It is important to know the accuracy of the estimated parameters. For this 

purpose, we studied how the fitting quality changes if one of the parameters deviates 

from its best-estimate value by a certain percentage. We chose the measurement data of 

a and E versus aine at A. = 400 nm for sample S-U3-~-C9 for this consideration. The 

carbon layer parameters that give the best fit to the measured data are (n, k, D) = (1.23, 

0.35,60 nm). We calculated a and E for the following three sets of parameters: (n, k, D) 

= (1.25, 0.35, 60 nm), i.e., n is 2% off, (1.23, 0.37, 60 nm), i.e., k is 4% off, and (1.23, 

0.35, 62 nm), i.e., D is 3% off. To display the results on a suitable scale, we plot the 

mismatch between the calculated and measured value of a and E versus aine in Figure 6-

16 (a) and (b). In these figures, the solid curve corresponds to the best fit, while the 

remaining three curves are obtained by using one of the above sets of parameters. Since 

our measurement errors for a and E are smaller than the calculated mismatch, the errors 

in the best-estimate parameters should be smaller than the deviations chosen for these 

calculations. We thus estimate that, in this particular case, the error for the best-estimate 

value ofn is less than 0.5%, for k is less than 2%, and for D is less than 1%. 
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Figure 6-10. Measured (a) a and (b) & versus aine with <lJine = 0° at A. = 650 run and the 
best fit curves for five samples with carbon layer. 
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Figure 6-11. Reflectivity (R. + Rr)/2 at normal incidence versus A. for five samples with 
carbon layer. 



50 

_40 

~ -~30 -~ 
f-420 

~ 
10 

(a) 
• RADIAL DIRECTION 
• TRACK DIRECTION 

--THEORErICAL FIT 

O~--T---r---r-~~~---T--~--~--~--~ 

6' 
W 15 
Q ->
f-4 -U -s: 
- 10 

~ 

30 40 50 eo 
INCIDENT ANGLE (DEG) 

• TION 
(b) • TRACK DIRECTION 

- THEORETICAL FIT 

70 eo 

5~--T---r---r-~~~---T--~--~--~--~ 
30 40 50 eo 70 eo 

INCIDENT ANGLE (DEG) 

179 

Figure 6-12. Measured (a) a and (b) 8 versus ainc with <I>inc = 00 and 900 at A. = 400 nm 
and the best fit curves for sample S-V3-Ma-C\. 
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and the best fit curves for sample S-U3-~-C9. 
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Figure 6-16. Mismatch between calculated and measured values of (a) e and (b) e for 
different sets of parameters at A = 400 nm for sample S-U3-~-C9. 
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Table 6-4. Best-estimate values of refractive indices, absorption coefficients, and the 
thicknesses for the carbon film. 

Sample S-U4-M3-CIO S-U4-M3-CS S-U4-M3-C6 S-U4-M3-C4 S-U4-M3-C2 

N Power (NiP) 2.54 2.54 2.54 2.54 2.54 

CNPower 2.23 2.23 2.23 2.23 2.23 

Carbon Power 2.52 1.76 1.47 1.19 0.91 

D (run) 64 62 42 37 35 

nr 1.20 1.21 1.21 1.15 1.15 

400(nm) kr 0.37 0.35 0.22 0.12 0.11 

nr 1.21 1.22 1.21 1.13 1.13 

500(nm) kr 0.23 0.22 0.10 0.06 0.05 

nr 1.22 1.23 1.20 1.13 1.12 

600(nm) kr 0.14 0.13 0.07 0.04 0.03 

nr 1.22 1.22 1.19 1.13 1.12 

780(nm) kr 0.10 0.09 0.04 0.02 0.02 
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Table 6-5. Best-estimate values of refractive indices, absorption coefficients, and the 
thicknesses for the carbon film. 

Sample S-U3-~-C9 S-U3-~-C7 S-U3-~-CS S-U3-~-C3 S-U3-~-CI 

N Power (NiP) 2.14 2.14 2.14 2.14 2.14 

CNPower 2.36 2.36 2.36 2.36 2.36 

Carbon Power 2.45 1.61 1.32 1.04 0.76 

D(run) 60 55 41 35 32 

Dr 1.23 1.21 1.25 1.16 1.18 

400(run) kr 0.35 0.30 0.22 0.10 0.13 

Dr 1.24 1.22 1.24 1.16 1.16 

500(run) kr 0.24 0.18 0.14 0.08 0.05 

Dr 1.25 1.23 1.22 1.15 1.15 

600(run) kr 0.12 0.09 0.07 0.03 0.03 

Dr 1.23 1.19 1.20 1.09 1.13 

780(run) kr 0.08 0.06 0.05 0.04 0.01 
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The best fitted values of n, k and thickness for the carbon layer in those five 

samples are listed in Table 6-4 and 6-5. The thicknesses are all obtained by fitting the 

data measured at A. = 400 nm, for both <l>inc = 0° and 90°. The parameters for other 

values of A. are obtained by matching the data taken at <l>inc = 0°. Both nand k change 

with the carbon power. But they reach constant values as the carbon power is increased. 

For the very thin film, the dependence of nand k on the carbon power may be due to 

structural changes. Or it may simply be due to the reduced film thickness which is a 

common occurrence in many thin films. 

There is another set of parameters for carbon layer that can also generate 

relatively good match to the measured e and 8. But the calculated reflectivities are far 

from the measured values. In the case ofS-U4-M3-C 1o, for example, this alternative set of 

parameters are: n = 0.626, k = 0.655 at A. = 400 nm, n = 1.419 and k = 1.454 at A. = 780 

nm. The calculated Ra and Rr are 0.38 and 0.41 at A. = 400 nm, which are much larger 

than the measured values Ra = 0.06 and Rr = 0.05. So, this set of parameters is not 

acceptable. 

6.4 Summary 

We have obtained thickness and optical constants for the various layers used in 

magnetic hard disks. Our method involves a combination of variable angle ellipsometry 

and reflection measurements. The MULTILAYER computer program has been 
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employed to analyze the measurement data and search for the best-estimate values of the 

unknown parameters. This method, which comprises measurements at a wide range of 

incident angles and at different wavelengths, provides a high degree of accuracy for 

characterizing the thickness and the optical constants of thin film samples. 

In order to achieve the highest degree of accuracy, we have measured separately 

the NiP coated bare substrate and the substrate coated with a magnetic film. One of the 

magnetic layers is deposited under the same conditions as those used for the deposition 

of a complete disk, including a carbon overcoating layer. The NiP coated substrate was 

found to be optically isotropic. The CoNilNiP layer is optically anisotropic. We 

measured n, k along radial and track directions versus wavelength. The carbon 

overcoating was found to be optically isotropic. The optical constants of carbon change 

with the thickness for very thin films. 
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CONCLUSIONS 
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This dissertation described a sensitive tool for the characterization of optical, 

magneto-optical, and magnetic recording media. Our measurement method involved a 

combination of multi-wavelength variable angle ellipsometry and reflection

transmission measurements. A glass hemisphere was used to eliminate refraction 

occurring at the air-sample interface and increased the range of incident angles. The 

reflectance R and transmittance T were complementary to the ellipsometry data. When 

the rotation and ellipticity data yielded more than one acceptable set of parameters, the 

Rand T data were necessary to determine the correct set. The MULTILAYER computer 

program has been employed to analyze the measurement data and search for the best

estimate values of the unknown parameters. This method, which comprises 

measurements at a wide range of incident angles and at different wavelengths, provides 

a high degree of accuracy for characterizing the thickness and the optical constants of 

thin film samples. 

The random and systematic errors of MWV AE system are very small. For 

dielectric material, all the errors are negligible. For metallic material, the total error is 

less than 3%. 
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We performed ellipsometric measurements for three kinds of bulk materials: 

glass, Aluminum mirror, and silicon wafer. Comparing the measured optical constants 

with those obtained by reflection-transmission technique, in which the nand k are 

calculated from Rand T measured at normal incidence, we found that both sets of 

parameters are the same within the measurement accuracy. 

We then measured the in-plane and vertical birefringence of polycarbonate 

plastic substrates of optical disks for wavelengths from blue to infrared. It is found that 

the birefringence generally decreases as the measurement wavelength is increased. In a 

typical case, the in-plane birefringence dnn goes from 1.7xlO-s to 1.2xlO-s and the 

vertical birefringence dn.!. drops from 7.5xlO-4 to 5.7xlO-4 in the wavelength range from 

360 nm to 860 nm. 

Next, we obtained the wavelength dependence of the dielectric tensor for the 

following MO materials: (BiDyh(FeGa)sOI2, MnBi, multilayered Co/Pt, TbFeCoTa, fcc 

cobalt, and Heusler alloy PtMnSb. In order to achieve the highest degree of accuracy for 

these multilayered samples, we measured separately the bare substrate and the substrate 

with thin MO layer. Also, for samples with dielectric overcoat and/or underlayer, we 

performed independent measurements for these layers, which were made under the same 

conditions as those deposited either abovelbelow the MO layer. Among the investigated 

materials, MnBi shows the largest figure of merit (FOM). In the blue-green regime of 
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400 nm ~ A ~ 500 nm, the relationship among these materials is as follows: FOMMnBi > 

FOMoamet > FOMcoIPt = FOMco(fcc) = FOMPtMnSb > FOMThFeCoTa. 

Finally, we measured the thickness and the optical constants of the various 

layers of a magnetic hard disk. There are three layers for a complete coated magnetic 

hard disk: nickel phosphorous (NiP) coated substrate, CoNiINiP magnetic film on NiP 

coated substrate, and the carbon overcoating layer. The NiP coated substrate was found 

to be optically isotropic. The CoNiINiP layer is optically anisotropic. We measured n, k 

along radial and track directions versus wavelength. The carbon overcoating was found 

to be optically isotropic. The optical constants of carbon change with the thickness for 

very thin films. 

In conclusion, our nondestructive method is a sensitive tool for the 

characterization of optical thin film stacks. 
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APPENDIX A 

RELATIONS BETWEEN (8, £) AND <Ex, Ey) 

We present certain well-known formulas that relate 8axis and £ to the two 

mutually orthogonal components Ex = IExl exp(i<j>x-irot) and Ey = IEyl exp(i<j>y-irot) of the 

polarization state. Some features of the measured 8 and £ can be understood using these 

formulas. 8axis and £ can be readily related to the LCP (counterclockwise) and RCP 

(clockwise) components given by EL == lEd exp(i<j>L-irot) = (Ex - i Ey) and ER == IERI 

exp(i<j>R-irot) = (Ex + i Ey) through the following equations:[9] 

From Eq.(AI) one can show that 

IE)'I 
21E I 

tan (28 u.n.) = IIi 12 COS(<\>y -<\>J 
l-

IE
)'F 
.. 

(Al) 

(A2) 

(A3) 

To obtain Eq.(A2), one can start from exp(2i8axis) = exp[i(<j>R - <j>dl = 

lEi + 2i1ExIIEylcos(<j>y - <j>x). To reach Eq.(A3), one can use 
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From Eq(A2) one notices that, if IExl = IEyl, we have Saxis = ± 45°, independent of 

the phase shift (<I>y - <l>x). if IExVIEyI = 0 or» 1, we also lose information from either S or 

E or both. When making measurements, we should avoid "'pol = 0°, 45° and 90°. 
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For ellipsometric measurement, we compared MULTILAYER program and 

traditional method of determining nand k for bulk material. We also studied the effect 

of putting Quarter-wave Plate (QWP) before and after the sample. 

The sample we used is an opaque (111) silicon wafer. The thickness is about 1.2 

mm. We used multi-wavelength variable-angle ellipsometer (MWV AE) to measure the 

rotation and ellipticity versus incident angle. The incident wavelength is 633 nm. 

From Azzam's bookYOl we found the equations which are used to calculate n 

and k in classical ellipsometric method. Ellipsometric measurements are commonly 

taken with the compensator set at a fixed azimuth and the polarizer and analyzer 

adjusted for null. In order to reach minimum systematic error, the fast axis azimuth of 

1 
compensator (C) is fixed at ± 41t . When compensator acts as an ideal QWP, we obtain 

p = - tan A ex1-j{ P - ~ It)] When QWP is placed before the sample. 

p = - tan P eX1-j{ A - ! It)] When QWP is placed after the sample. 
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p: The ratio of reflected and incident electric field strength. 

A: Analyzer direction. 

P: Polarizer direction. 

<1>: Incident angle. 

n: Index of refraction. 

k: Absorption coefficient. 

No: Index of refraction for incident medium. 

N 1: Index of refraction for our sample. 

First, we put the QWP before the sample (Denoted by arrangement l) and adjust 

polarizer and analyzer for null at different incident angle. Then, we put QWP after the 

sample (Denoted by arrangement II) and repeated the measurement. Figure B-1 shows 

our calculated nand k versus incident angle. The n and k are not consistent at different 

incident angles. Arrangement I and II also give different results. The least-squares 

solutions for arrangement I are: n = 4.022, k = 0.180. For arrangement II: n = 3.829, k = 

0.093. From MULTILAYER program calculation: n = 3.834, k = 0.073. 

We observe that when QWP is behind the sample, the results are more 

consistent than when it is before the sample. According to Azzam's theory, putting 

QWP behind the sample has advantage of reducing error from the imperfection of the 
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polarizer.[IO] The results obtained from the MULTILAYER program are also close to 

those obtained with arrangement ll. 

The inconsistency comes from the systematic and measurement errors. A four-

1 1 
zone technique can be used to minimize error. When C= 4 7t or - 4 7t , there are two sets 

of (P, A) for null. The ideal zone relations are summarized in Table B-1. 

Table B-1. The ideal zone relations 

Zone 

1 1 1 
P. =-L\ --7t L\ = 2~ +-7t 

I 2 4 2 

1 AI ='1' '1'= AI 
C=--7t 

4 

2 1 1 1 
R =--L\ --7t L\ =-2R --7t 

2 2 4 2 2 

1 A2 ='1' '1'= A2 
C=+-7t 

4 

3 1 1 1 
P. =-L\+-7t L\ = 2~ --7t 

3 2 4 . 2 

1 A =-'1' 'P=-A 
C=--7t 3 3 

4 

4 1 1 1 
P, =--L\ +-7t L\ =-2~ + 27t 

4 2 4 

1 A4 =-'1' 'P=-A4 C=+-7t 
4 
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Figure B-1. Silicon wafer. The measured values of (a) nand (b) k at different incident 
angles (QWP was placed before and after the sample). 
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While doing experiment, we took four sets of (P, A) at each incident angle and 

. [ 4 P ]~ P = tan '¥ e)t:. and N I = n - jk = No tan «P 1 - (1 + p) 2 sin 
2 

«p • 

Figure B-2 shows the measured values of nand k versus the incident angle. The 

least-squares solutions for arrangement I are: n = 3.840, k = 0.161. For arrangement IT: n 

= 3.852, k = 0.173. We found that when using the four-zone average technique, the 

error is much smaller and the results are consistent at different incident angles. 

Arrangement I and IT also give same results within the experimental error. Figures B-3 

and B-4 show the measured P and A versus incident angle and the best fit curves. 

The n value is the same as MULTaA YER program's. The k value has some 

discrepancy. That's because the ellipsometer is not very good at determining the 

absorption coefficient.[lll We believe that the MULTaA YER program is a better tool 

for data analysis because it gives all the optimal parameters in the same computer run. 

In addition, it needs only one set of data, which makes the measurement easier. 

We have compared MULTaAYER program and classical method of measuring 

nand k of bulk material. The four-zone averages technique and least-squares solutions 

give consistent, accurate results for traditional method. The MULTaA YER program 

has its own advantage. 
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Figure B-2. Silicon wafer. The (a) n and (b) k values versus incident angle measured by 
four-zone technique (QWP was placed before and after the sample). 
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Figure B-3. The measured polarizer direction versus incident angle and the best match 
(solid curves) at (a) zone 1 and (b) zone 2 (QWP was placed before the sample). 
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Figure B-4. The measured analyzer direction versus incident angle and the best match 
(solid curves) at (a) zone 1 and (b) zone 3 (QWP was placed before the sample). 
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Some thin films are not uniformly coated on the substrate. The optical constants 

thus change with the thickness. In order to study the non-uniformity along the thickness, 

we had to make ellipsometric measurements at both surfaces of the thin film. The probe 

beam should be incident from the substrate side for back surface measurement. In this 

case, a glass hemisphere was needed to eliminate refraction occurring at the air

substrate interface (see section 4.2). 

We measured two samples with glass hemisphere: A glass microscope slide and 

a MO thin film coated on glass substrate. 

C.I Glass Microscope Slide 

Our purpose in measuring this sample was to check the accuracy of the 

ellipsometer. The glass microscope slide has a thickness d = 1.2 mm. It is believed to be 

isotropic with a refractive index close to those of the hemisphere and of the index

matching fluid. The incident polarization was 60° from p-direction with wavelength at 

633 nm. The hemisphere made our measurement system somewhat complicated. It 

focused the exiting beam near its surface. When the reflected beam arrived at the 

detector, it was diverging. Since there was not enough light getting into the detector, we 
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placed a lens to focus the reflected beam onto the detector. This lens may increase our 

measurement error. 

Figure C-l shows the measured 9 and E as functions of the incident angle 9ine, 

and the best match (solid curves). The best match gives n = 1.53 which is consistent 

with our reflectance measurement. The average fitting error is 2.1°. 

The basic features shown in Figure C-l can be understood using the reflectivities 

for Ep and Es at a dielectric interface[261. For non-birefringent materials, the reflectivities 

are real but unequal below the critical angle of total internal reflection, so that the 

reflected beam remains linearly polarized (e = 0) but in a different direction (9 ::;:. 0). 

After the total internal reflection, both reflectivities have the same magnitude but 

acquire different phase angles. We have E ::;:. O. It can be readily deduced from Snell's 

law that the critical angle is determined"by the refractive index of the hemisphere. We 

found that the critical angle is 41.3°, which is in agreement with nsphere = 1.52. 

C.2 MO material deposited on glass substrate 

Our purpose was to measure the optical constants of MO layer from the glass 

substrate side. The thickness of glass substrate is 1.2 mm. The MO layer is 100 nm 

thick. The incident polarization was 60° from p-direction with wavelength at 450 nm. 

Figure C-2 shows measured 9 and E as functions of the incident angle 9ine, and the best 

match (solid curves). The best match gives n = 1.45 and k = 1.95, which is consistent 

with our reflectance measurement. The average fitting error is 1,(1'. 
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Figure C-l. Measured S (e) and £ (.) versus Sine, and the best match (solid curves) at 
633 nm wavelength for the glass microscope slide. 

• ROf ATION MEASUREMENT 

25 
... ELLIPTICITY MEASUREMENT 

g --THEORETICAL FIT 

'-' 

>-
b 20 -
~ 
~ 

15 

a ... - 10 ~ 
~ • 

5 
35 40 45 50 55 60 

INCIDENT ANGLE (DEG) 
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at 450 nm wavelength for the MO thin film deposited on the glass substrate. 
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