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ABSTRACT 

Current models for recovering the surface profile from optical measurements are 

inadequate for characterizing surfaces with optically dissimilar regions. This limitation 

in the model is evidenced in optical measurements of silicon dioxide films on silicon 

substrates, and carbon films on magnetic recording disk substrates. A new model that 

accounts for phase changes due to reflection at material boundaries is proposed, which 

involves measurements at several wavelengths in order to resolve these phase changes. 

Results of implementation of the new model are presented for silicon dioxide and carbon 

films. 
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Chapter One: Introduction 

Interferometry is commonly used as a technique for the measurement of profiles of 

high-precision surfaces. There are two major steps involved in the interferometric 

process: (1) the calculation of the phase difference between the test and reference arms 

of the interferometer, from intensity data; and (2) the recovery of the surface height 

from the calculated phase data. The calculations in each step are in accordance with 

mathematical models that describe the imerferometric system. In the first step, the model 

must accurately describe the detected intensity pattern, as a function of the phase 

difference in the interferometer. The second step, likewise, requires a model that 

describes the relationship between the phase difference and the geometrical 

characteristics of the surface under test. 

The overall accuracy of the recovered surface profile depends on the accuracy of the 

measured quantities, as well as on the accuracy of the models used in the calculations. 

The measurement accuracy is most easily determined experimentally; a discussion of the 

measurement accuracy will be postponed until Chapter Three. The models for 

recovering the phase difference and the surface profile will be described below. 
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The Phase Calculation Model 

The model used to recover the phase map is typically based on the two-beam 

interference equation[l]. The two-beam interference equation begins with the intensity 

pattern for a single wavelength, formed from the coherent addition of two electric fields 

with a phase difference, ~4>, between them. Once the intensity pattern for a single 

wavelength is derived, a weighting function based on the spectral responsivity of the 

optical system is applied, and the result is integrated over all wavelengths to give a 

general expression for any spectral distribution of intensity. 

A=OO 

Idct(x,y) a ~ J Rd(A,x,y)T(A,x,y)lo(A,x,y) { 1 + ycos[~4>(A,x,y)]} dA (1.1) 
i..--D 

Where: Rd 

T 

10 

Y 

is the spectral response of the detector 

is the throughput of the optical system 

is the spectral distribution of the source 

is the modulation coefficient of the fringe pattern (sometimes 

called the visibility or contrast of the fringe pattern) 

~4> is the phase difference between the test and reference beams in 

the interferometer. 

This equation ignores the finite size of the detector element, the point spread function 

of the imaging system, and the integration time required to expose the detector. In order 

to include these effects, an integral over the area of the detector elements, a convolution 

with the point response function, as will as an integral over the detection time would 



need to be included. By ignoring these operations, the effects due to the limitations on 

the lateral resolution, and the effects of time-varying parameters cannot be accurately 

represented by this model. (See Appendix E). 
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A further simplification in this model can be made by assuming that the net spectral 

response of the system is limited to a nan:ow bandwidth, !{A, such that the phase 

difference, 61jJ, is constant over this interval. This is experimentally achievable either by 

using a laser source, or by including a narrow band pass filter in the optical system. If 

the bandwidth of the illumination is narrower than the spectral variations in the response 

of the optical system, the overall spectral response of the system can be assumed to be 

approximately constant. Under these approximations, the detected intensity can be 

reduced to the following: 

IdCI(x,y) = IB(x,y;A.) { 1 + ycos[61jJ(x,y;A.)]} (1.2) 

Where IB is the net background intensity at the detector plane. 

There are many techniques for recovering the phase difference from this equation, 

including fringe-following techniques[2], Fourier analysis[3], and phase-shifting 

interferometry[ 4]. Of these methods, phase-shifting interferometry has proved to be the 

most robust method due to the following features: (1) uniform spatial sampling of the 

recovered phase values, (2) speed and ease of calculation, (3) the ability to analyze 

fringes of any orientation, and (4) the precision of the resulting measurements[5]. 

Because of these advantages, and the availability of computer-controlled instrumentation, 

phase-shifting techniques will be used for all phase measurements. 
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The Height Recovery Model 

A simple model is typically used to relate the measured phase difference and the 

surface height of the test sample. In such a model, the phase at each point in the pupil is 

related to the physical path length through which the wave front has propagated, with the 

proponionality constant given by 2rc(}.... By analyzing the propagation distances in a 

Michelson interferometer, as shown in Figure 1.1, this simple relationship between the 

measured phase and the surface height for a representative system can easily be derived. 

Diagram of a Michelson 
Interferometer 

I I 
Zo'--- h,.s' 
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Figure 1.1: Diagram of a Michelson interferometer 



In the figure, the test surface contains a profile given by htcst(x,y). According to the 

model, the phase in the two anus of this interferometer can be written: 

The resulting phase difference is then: 

8.<p(A.,x,y) ::;; <Prcf(A.,x,y) - <1>test(A.,x,y) 

= 2(2;) [(D3"-D3') + (D4"-D4') + (Zo"_Zo')]+ 

2(2;) [(htcst(x,y)-href(x,y»] (1.3) 

In this equation, the order of subtraction is chosen to yield the proper sign for the 

surface profile, htest. In practice, the location of the test surface can be changed in order 

to force the first three terms in Equation (1.3) equal to zero. It is also assumed that the 

contributions from D\ and D2 are identical in the expressions for <PtcS! and <Prcf With this 

adjustment, the surface profile can be recovered from the measured phase according to 

the following equation: 

16 
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(1.4) 

Accuracy of the Height Recovery Model 

The accuracy of the interferometric measurements made according to these models 

can typically be evaluated by correlating the optically measured values with 

measurements made using a mechanical stylus. While the stylus measurements cannot be 

considered an absolute standard for measuring profiles, good correlation between the two 

instruments would indicate that either the measurements on both instruments suffered 

from relatively small errors, (on the order of the difference between the measurements), 

or that the error sources between the instruments are well correlated. Because of the 

fundamental differences in operation of the two instruments, it is assumed that the error 

sources between the methods do not correlate. 

In order to experimentally evaluate the correlation between two such instruments, 

measurements were made on several samples with an optical profiler and with a 

mechanical stylus. The optical measurements were performed using an optical profiler 

with a lOx objective (NA = 0.10). The spectrum of the illuminating source was centered 

at 650nm, with a 40nm bandwidth. The step height was calculated from the optical 

measurements by fitting a plane to the top and bottom surfaces of the step, and 

subtracting the mean values of the resulting plane surfaces. The stylus measurements 

represent an average of 10 independent measurements, at random locations on the step, 



as documented by the manufacturer. The stylus measurements of the step made by the 

manufacturer are traceable to the National Institute of Standards and Testing [6]. 
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The fIrst set of samples to be measured consisted of steps in a silicon dioxide film on 

a silicon substrate. The silicon dioxide film was coated with a thick (1000 Angstroms ± 

20%) chrome coating, in order to provide a surface with optical properties that do not 

vary across the surface (referred to as "homogeneous" optical properties). The optical 

and mechanical measurements typically differed in the mean step height measurement by 

less than 10% (see Table 1.1). 

Interferometer Stylus Difference 
Nominal D. 
Height Mean SD Mean SD Mean SD 

I8.0nm I5.89nm 0.97nm 17.Inm 1.78nm 1.2Inm 1.55nm 
I8.0nm I5.02nm 0.56nm I6.4nm 1.36nm 1.38nm 1.49nm 
44.0nm 46.38nm 0.82nm 48.7nm 1.94nm 2.32nm 2.1Inm 
88.0nm 83.67nm 0.80nm 83.9nm* 2.8nm* 0.23nm 2.9Inm 
88.0nm 84.93nm 0.74nm 85.6nm 2.39nm 0.67nm 2.5Inm 

Table 1.1: Correlation between mterferometnc and stylus measurements of optically 
homogeneous samples. 
* Stylus measurements performed by NIST, NBS test #821/249560/92. 

The second set of samples also consisted of steps in a silicon dioxide film on a silicon 

substrate; however this set of step height samples did not contain a chrome overcoat. 

Because of the difference in film thickness in the high and low regions of the step, LlJe 

optical properties in these two regions are not similar. The correlation between the 

mechanical and optical measurements for these samples was typically much worse than 

for the optically homogeneous samples (see Table 1.2). 



Interferometer S~ Ius Difference 
Nominal D. 
Height Mean SD Mean SD Mean SD 

18.0nm 4.72nm O.44nm 19.3nm 2.14nm 14.58nm 2.18nm 
44.0nm 3.85nm 1.11nm 44.2nm 1.59nm 40.35nm 1.94nm 
88.0nm 16.86nm O.56nm 82.9nm 1.48nm 66.04nm 1.58nm 
180.0nm 76.49nm O.99nm 179.6nm 2.39nm I03.11nm 2.59nm 

Table 1.2: CorrelatIon between Interferometnc and stylus measurements of optIcally 
inhomogeneous samples. 

Based on these results, it would appear that the simple optical model for the surface 

height recovery is not adequate for describing the phase effects in the optically 

inhomogeneous test surfaces. In order to correct this inadequacy in the model, a more 

19 

rigorous analysis of the phase equation will be performed. The new model to be 

constructed will include phase contributions from two sources: (1) transmission through 

various media ("transmission" terms) and (2) reflections from boundaries between media 

("reflection" terms). 
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Phase Contributions From "Transmission" Terms 

The phase of an elecnic field is the measure of the number of radians through which 

the field has oscillated, relative to a pre-selected reference. As a field propagates, the 

phase increases at the rate of 21t radians for every wavelength of propagation. Because 

the wavelength in a medium is typically expressed in terms of its value in a vacuum, ~, 

and the index of refraction, n, it is convenient to write the phase due to propagation, 

according to the following expression: 

Where: ~ is the propagation unit vector. 

is the displacement vector. 

is the propagation distance. 

(1.5) 

Llr 

~'Llr 
AJn is the wavelength in a medium of refractive index n. 

If the index of refraction varies with position along the direction of propagation, the 

phase must be expressed as the line integral of the index function, n(r), over the 

propagation path from r l to r 2: 

(1.6) 



This integral over the physical path is known as the optical path length, or OPL. 

With this definition, the phase change due to propagation from r 1 to r2 is reduced to: 

<l>transCLlr) = (~) OPL (l.7) 

Phase Contributions From "Reflection" Terms 

The phase change on reflection from a boundary between two materials is found by 

comparing expressions for the reflected field, E r, and the incident field, E i , which are 

shown schematically in Figure l.2. 

Fields at an Interface 

21 

Figure 1.2: Electric (E) and magnetic (H) fields at a material interface. The incident, 
reflected and transmitted fields are subscripted with the letters 'i', 'r', and 't', respectively. 
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The reflected field is related to the incident field via the complex amplitude reflection 

coefficient, p: 

(1.8) 

By calculating the ratio, E/Ej' the complex amplitude reflection coefficient, p, can be 

computed. The phase change on reflection is simply equal to the phase of the resulting 

complex-valued phasor. In order to form this ratio, the electric and magnetic fields are 

expressed in terms of the boundary conditions that require their tangential components to 

be continuous across any boundary[7J. The fields in Figure 1.2 are normally incident on 

the boundary, and as such, have no component normal to the interface. The tangential 

component vectors are therefore identical to the field vectors (Ell = E and HII = H). The 

boundary conditions for these field vectors can be written: 

(1.9) 

(1.10) 

The derivation of the sign convention for these equations, in order to re-write them in 

scalar form will be discussed later in this chapter. In order to make use of the magnetic 

field in determining the ratio E/Ej, a relationship between the electric and magnetic is 
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derived with the help of Maxwell's equations. To begin, the wave equation is written for 

the electric field (Appendix A): 

V2E (1.11) 

Where: Jl. is the magnetic permeability of the medium, in units of 

henry/m. 

E is the electric permittivity of the medium, in units of farad/m 

cr is the electrical conductivity of the medium. in units of siemen. 

In general, it is convenient to analyze the plane wave solution to this equation. due to 

its ease of mathematical manipulation. No generality is lost in using such a solution 

because any arbitrary field can be expressed as the sum of appropriately weighted plane 

wave components[8]. The weighting function is given by the Fourier transform of the 

initial field distribution. The plane wave solution for Equation (1.11) is given by: 

( 1.12) 

Where ro is the angular frequency of the field. 

v is the propagation speed of the field. 

" s is the unit propagation vector (a,~,y). 

is the imaginary unit -.f-l. 

In the plane wave solution of Equation (1.12), the speed of propagation in a medium. 

v, can be written in terms of the speed of propagation in a vacuum. c, and the complex 



index of refraction, N. The complex index can be expressed in terms of material 

constants, as derived in Appendix B: 

N = n+ik - c/v 

n ( ~)1/4 [1 (O'J~ = + E 2Jl2 - cos - tan-) -
r r Eo20)2 2 EO) 

k ( ~)1/4 [1 (O')~ == - E 2Jl2 - sin - tan- l -
r r Eo20)2 2 EO) 

Replacing v = c/N into Equation (1.12), the plane wave solution becomes: 

(1.13) 

(A note should be made about the complex expressions used for the electric and 

magnetic fields. The use of complex notation to represent real-valued quantities is a 

mathematical formalism designed to ease the mathematics of trigonometric functions. 

When a field is written as a complex value, it is implied that only the real component is 

to be taken to represent the physical field.) 

From the plane wave expression of Equation (1.13), the roles of the real and 

imaginary components of the complex index of refraction can be determined. The real 

component, referred to as the index of refraction, determines the propagation distance 

24 



that will cause the phase to repeat its value. This distance, called the wavelength, is 

given by A='AJn. The imaginary component of the complex index of refraction, the 

extinction coefficient, detennines the rate of attenuation (or extinction) of the field as it 

propagates. Together, these two components of the complex index of refraction are 

referred to as the optical constants of a material. 

25 

By introducing the complex index of refraction into Maxwell's equations (Appendix 

C), the following relationship between the electric and magnetic fields can be derived: 

Where: Eo is the electric penneability of free space 

Ilo is the magnetic pennittivity of free space 

Er is the relative electric penneability, Il/Ilo 

Ilr is the relative magnetic pennittivity, £/£0 

(1.14) 

At optical frequencies, the relative magnetic pennittivity of free space is equal to 

unity[9]. With the definition of the optical admittance, y = N-VEoillo, Equation (1.14) 

can be re-written: 

H = y(~ x E) (1.15) 

This vector equation states two important relationships between the electric and 

magnetic fields. The field vectors, E and H, and the propagation unit vector, ~, fonn a 

right-handed Cartesian coordinate system. This imposes a sign convention on the fields 



26 

that must be followed throughout the derivations. This equation also indicates that the 

field strengths, E = lEI and H = IHI, are related by the optical admittance. y, according to: 

H = yE (1.16) 

Using these relationships between the electric and magnetic fields, the boundary 

conditions, Equations (1.9) and (1.10) can be re-written: 

~ = ~-~ (1.18) 

Where E is the amplitude of the electric field, lEI 

H is the amplitude of the magnetic field, IHI 

These fields are shown schematically in Figure 1.3. 



Field Sign Conventions 

Rgure 1.3: Normally incident fields on a material boundary, showing the vector sign 
convention of Equation (1.15). 

U sing the results of Equations (1.15) and (1.16), the magnetic field dependence can 
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be eliminated from the boundary conditions, and the following equations can be written: 

( 1.19) 

(1.20) 

Equations (1.19) and (1.20) are solved simultaneously for the ratio E/Ei' and the 

complex amplitude reflection coefficient is formed: 

p 



p = Yinc - Vwb 
Yinc + Ysub 

(1.21) 

This derivation, for a single material interface, can be expanded to include systems 

that contain several material interfaces. In general, any system of films on a substrate 

can be treated as a single, mathematically modeled, material of effective optical 
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admittance Yeff' The calculation of Yeff from the optical constants of the component 

materials and the thickness of the film layers is fairly straightforward and is presented in 

Appendix D. 

Replacing the effective optical admittance, as derived in the appendix, into Equation 

(1.21), the complex amplitude reflection coefficient becomes: 

p = Vine - Vef[ 

Yinc + Yeff 
(1.22) 

Rewriting Equation (1.22) as a phasor, the magnitude and phase of the resulting 

expression can be formulated: 

p = Ipl exp(i<pp} 

Ipl (1.23) 

(1.24) 
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The tenn, <l>p' is the phase change on reflection from an interface between an incident 

medium of optical constants nine and kine, and a structure of effective optical constants, 

ncff and kcrf. Because of the inverse trigonometric function, the calculated phase must be 

placed in the proper quadrant, and on the proper branch of the function. The signs of the 

numerator and denominator, and the convention that a reflection cannot advance the 

phase of the wave are used to resolve these issues. 

This derivation was perfonned for the special case of a nonnally incident field. If, 

however, the field does not encounter the boundary at nonnal incidence, the's' and 'p' 

polarizations must be treated separately, and the expressions for the tangential field 

components must be modified. The reader is referred to the book "Thin-Film Optical 

Filters" by H. A. Mac1eod[lO] for a more complete treatment of this issue. 

The phase effects on a focused beam of a given numerical aperture are not adequately 

described by this model either. For such cases, the ensemble average over the range of 

angles specified by the numerical aperture should be used in detennining the overall 

phase effects. The effects are minimal (less than 1 %) for numerical apertures of 0.10 or 

less, but can become sizable for faster optical systems[ll]. Accordingly, all optical 

measurements will be made with systems of numerical apertures less than 0.10, in order 

to reduce the errors associated with non-nonnally incident fields. 

Returning to the Michelson interferometer of Figure 1.1, the phase equations for the 

test and reference beams can be written: 



<l>lCSl(A,x,y) = (~:){ noDI + nl0 2 + 2[nID3' + n00 4' + noCZo' - htest(x,y»)] + 

nlD5 + n00 6 } + <PBSI + <PlCSl(X,y) 

<l>rcr<A,x,y) = (~:){ noDI + nl0 2 + 2[nID3" + noD/ + no(Zo" - hrer(x,y»)] + 

nlD5 + n00 6 } + <Pns2 + <Prcr(x,y) 

and the resulting phase difference is: 

.1<1>(A,x,y) = <l>rcr<A,x,y) - <l>tcst(A,x,y) 

(1.25) 

In practice, the position of the test surface can be adjusted in order to make the first 

three terms in brackets add to zero, leaving: 

According to this new model, which includes effects from the optical properties of 

the system, the surface height can be recovered according to: 
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The experimental method for recovering the test surface profile from the measured 

phase is discussed in the next chapter. 

31 
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Chapter Two; Experimental Method 

In Chapter One, several models for recovering the surface profile from 

interferometric measurements were analyzed. The model involving the recovery of the 

phase difference from intensity data was based on the two-beam interference equation 

with phase-shifting techniques chosen to recover the phase information. A simple model 

was proposed for the recovery of surface height values from the phase difference; 

however this model proved inaccurate when recovering surface profiles from samples 

with inhomogeneous optical properties. A more complete model was proposed, which 

accounts for phase changes due to reflections at material boundaries, as well as the phase 

changes due to propagation through the various media. Using this model, the surface 

profile can be recovered from the measured phase difference according to the following 

equation: 

(2.1) 

Of the six terms on the right hand side of this equation, the terms associated with the 

beam splitter and the reference surface are common to all measurements, and are 
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independent of the test surface. By grouping these tenns into a single phase contribution 

from the system optics, the notation can be made more convenient. Accordingly: 

<i>systcm = <i>BS2 - <i>BSt + <i>rcf(x,y) - <i>tcst(x,y) 

'" (A.) (A.) href(x,y) 'I'systcm ,x,y ;;: <i>system ,x,y + 1c 

Where 1c is a shorthand representation of A/41t 

and 

htest(x,y) ;;: 1c[~q,(A.,x,y) - q,systcm(A.,x,y) - CPtcst(x,y)] (2.2) 

In order to recover the surface profile from this equation, the following three tenns 

must be independently resolved: 

1. The measured phase difference, ~1jl(A.,x,y). 

2. The system tenn, c!>systcm(A.,x,y). 

3. The phase change on reflection from the test surface, <i>tesl(A.,x,y). 

This chapter will address experimental methods for resolving each of these three 

tenns. The accuracy and repeatability of these methods will be discussed in Chapter 

Three. 
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Resolution of .1~(A,x,y) 

The flrst tenn to be resolved in Equation (2.2) is the measured phase difference, 

Ll<jJ(A,x,y). As discussed in Chapter One, there are several models available for the 

recovery of the phase difference from interferogram data. Based on the established 

resistance to errors such as phase-shifter miscalibration, and detector non-linearity[12], 

the 5-bucket phase-shifting technique introduced by Hariharan[13] is used to recover the 

phase difference. The error sources associated with this method will be discussed in 

greater detail in Chapter Three. 

The phase shifting measurements were implemented on a TOPO-3D surface profiler 

provided by WYKO Corporation. In this system, a microscope equipped with a lOx 

Michelson interferometric objective (NA = 0.10) was used to produce the interference 

patterns. Following the Hariharan 5-bucket algorithm, flve interference patterns were 

produced wi th a phase shift of n/2 between consecutive frames. According to the 

intensity model from Chapter One, these interference patterns can be written G == 1..5): 

Ij(x,y) = IB(X,y;A) {I + '¥COS[Ll<jJ(X,Y;A) + G-3)(n/2)] } 

From these intensity patterns, the phase is recovered using the following equation: 

Ath() I { 2(I,(x,y)-I4(x,y)) } 
L.\'t' x Y - tan-,- 2I3(x,y)-Is(x,y)-II(x,y) 
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Resolution of <Psystem(A,x,y) 

This tenn represents the phase contributions from the system optics, including the 

amplitude-splitting beam splitter and reference surface. In order to resolve this tenn, the 

phase equation (Equation 2.2) is solved for $sys!em: 

'" ("I) A "'("I ) h,es,(x,y) () 'I'sys!em lI.,x,y = Ll'l' lI.,x,y - 11: - CJ>!est x,y (2.3) 

In order to recover the system contribution, a measurement must be taken of a test 

surface of known properties. It is possible to acquire super-smooth surfaces, with an 

RMS roughness of 1 Angstrom or better, over an area equal to the field of view of the 

lOx objective[14]. If this super-smooth test surface is also made from a homogeneous 

dielectric material. the phase change on reflection, CJ>test(x,y), will be equal to n, as it is for 

all homogeneous dielectric materials (with k = 0). 

Even with a surface that is not super-smooth, the effects of the surface roughness can 

be statistically minimized. A typical autocorrelation function of a smooth surface will 

show no significant correlation for separations beyond the "correlation length" of the 

surface. If a series of measurements is made of a flat surface which has been displaced 

by a distance greater than the correlation length of the surface, each of the measurements 

can be considered statistically independent. By averaging N such measurements, the 

RMS of the resulting data set will be reduced by a factor of-JN [15]. This technique is 



often referred to a "generating a reference", and is a common method of improving the 

accuracy of interferometric measurements[16]. 
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The correlation length of a surface can be determined by making a surface profile 

measurement and analyzing the auto-covariance function of the resulting measurement. 

One method. of determining the correlation length is to locate the separation at which the 

normalized correlation function drops to a value of 0.0. Once this distance is determined, 

(typically on the order of 100 microns for common mirrors, as shown in Figure 2.1), the 

minimum displacement of the calibration surface is established. 

0.194 

0.097 

0.000 

Auto-Covariance 

126 

Distance (Microns) 

CORRELATION DISTANCE 

Auto-Covariance = 0.0 
Auto-Covariance = 0.1 

140 microns 

80 microns 

Figure 2.1 The auto-covariance function of a common mirror. 

252 



37 

Resolution of <f>test(A.,x,y) 

In order to determine the phase change due to the reflection from the test surface, the 

phase equation (Equation 2.2) is solved for 'Ptest(x,y): 

( ) = ,1tl.('1 ) tl. ('I ) h,csr(x,y) 'Ptesl x,y 't' lI.,x,y - 't'SYSlem lI.,x,y - 11; (2.4) 

It can be seen from this equation that the phase change on reflection cannot be 

measured independently from the surface profile, htesl(x,y). According to the model in 

Chapter One, the phase change on reflection from the test surface can be written 

according to the following equation: 

(A ) - T ·1 { 2n;nckcff - 2ncrrkjpc } 
'PteS! ,x,y - an n. 2 + k. 2 _ n 2 _ k 2 

me me eff cff 
(2.5) 

In this equation, the values for the effective optical constants are calculated from the 

optical constants of the film and substrate materials, as well as the film thickness map, 

t(x,y), as derived in Appendix D. In order to calculate the phase change on reflection 

from the test surface, the optical constants and film thickness map must be determined. 
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Determination of Optical Constants 

The optical constants of many materials (in bulk form) are tabulated as a function of 

wavelength in many reference texts[17, 18, 19]. While these values may be accurate for 

pure samples of the bulk material, impurities in the material, and deposition methods in 

thin-film applications may cause the actual optical constants to deviate from these 

tabulated value[20). For these reasons, direct measurements of the optical constants of 

the film and substrate materials should be made using ellipsometric or other methods, 

prior to the interferometric measurement of the surface profile. 

Recovering the Film Thickness Map 

Once the optical constants are determined for the materials in the test sample, 

Equations (2.4) and (2.5) can be used to determine the film thickness map. In this 

analysis, it is assumed that only a single film is present on a substrate. The extension of 

this theory to systems with multiple thin films is straightforward. Equation (2.4) is first 

re-written in terms of the functional dependence for the phase change on reflection from 

the test surface: 

( ( ») = A m("I ) m ("I ) htcst(X,y) 
<Ptcsl t x,y Ll'l' lI.,x,y - 'I'systcm lI.,x,y - 11: (2.6) 
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There are two unknown quantities in this equation: (1) the film thickness map, t(x,y); 

and (2) the surface profile, htest(x,y). With a single equation and two unknowns, a 

unique solution cannot be found. A method introduced by Talke and Li[21] proposes the 

introduction of <I. second equation by taking two measurements at different wavelengths. 

If no new unknowns are introduced by the new equation, a unique solution for the system 

of equations can be found. Following Talke and Li, the following two phase equations 

are written: 

(2.7) 

.1.'" ('1 h,est(x,y) hrrdx,y) ('1) (1 ( ») 
't'2 '''2,x,y) = 1cz - it + <Psystcm '''2,x,y + <Ptest '''2,t x,y (2.8) 

In these equations, the system phase contribution was replaced by its transmission 

component, hrcf(x,y) and its reflection component, <Psystcm(A,x,y). Solving these two 

equations for the terms that are dependent on the film thickness: 

(2.9) 

The terms on the right hand side of this equation are directly measurable quantities, 

while the term on the left side of the equation can be numerically tabulated as a function 

of film thickness. By comparing the measured values with the calculated value, using a 
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look-up table (LUT). this equation can be numerically solved for the film thickness map. 

t(x,y). Before the thickness values can be recovered, however, each of the terms in 

Equation (2.9) must be independently resolved. 

Resolution of 8[M¢(A-,x,y)] 

1be first term to be resolved in Equation (2.9) is the difference between the weighted 

phase functions. Phase-shifting techniques are once again used to make the phase 

measurements. The results of these measurements, however, may contain artifacts 

which are introduced by the detection process and the phase recovery algorithms (See 

Appendix E). These artifacts are generally in the form of a piston offset, and a linearly 

varying tilt term. The effects of these artifacts can be described by the following 

equation: 

These artifacts (A+Bx+Cy) can be evaluated using the methods described in 

Appendix E, and the phase measurements can be appropriately corrected. Once the 

artifacts have been removed. the corrected phase measurements are weighted by the 

appropriate reduced wavelengths, ft, and the difference is mathematically performed. 
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Resolution of Mhtcst(x,y)-hre~x,y)] 

In the interferometric system used, there is no mechanism to allow simultaneous 

phase measurement over the entire pupil, at two different wavelengths. As a result, the 

measurements are made consecutively, with a small time between them. During this time 

delay, mechanical changes in the interferometer due to temperature fluctuations, 

vibration, and mechanical drifts introduce changes in the geometrical relationship 

between the test and reference surfaces. This change, ~[htesl(x,y) - hrcf(x,y)] is referred to 

as the "drift term". 

In order to resolve the drift term, Equation (2.9) is solved for ~[hlcsl(x,y)-hrcf(x,y)]: 

(2.10) 

If the two measurements in this equation are made at the same wavelength, Ar, the 

weighting factors, 1.:, and the phase changes on reflection (reflection terms), cp, will 

remain constant from one measurement to the next. Consequently, Equation (2.10) is 

reduced to: 

(2.11) 



One difficulty that arises from this measurement is the need to make these phase 

measurements simultaneously with the original phase measurements, in order to 

characterize the term [htest(x,y)-hrcf(x,y)] at the same points in time at which the phase 

measurements are made. This problem can be resolved by using a beam splitter in the 

imaging path so that two detectors can simultaneously monitor the intensity patterns. 

This setup is shown schematically in Figure 2.2: 

Setup for Measurement of Ll[htest - href 1 

Detector Array 

Movable Filter 

Point Detector 

Beam splitter 
Filter ( "'point) 

Figure 2.2: Schematic of the setup used to make simultaneous phase measurements. 

Using this setup, the phase difference can be measured at the detector array, at 

wavelengths of At and Az, simultaneously with phase measurements made at the single

element detector, at a wavelength "-t. Because a single element is used at the fixed 

wavelength, only the piston offset between the two frames, at the single location (xo,yo) 

can be measured. It is therefore assumed that the drift across the pupil can be 

characterized by the measurements made at the location of the single detector element. 
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A complication arises from this setup due to the difference in wavelengths at the 

detector array and at the single-element detector. Because of the disparity in wavelength, 

the phase shift between detected intensity frames will not simultaneously be calibrated at 

nl2 for both detectors. Assuming that the phase shift at the array wavelength, Aa, is 

calibrated at n12, the resulting phase shift at the fixed wavelength, Ar, is given by: 

(2.12) 

Because the 5-bucket algorithm used in the previous phase measurements requires a 

nl2 phase shift between frames, this method cannot be used to measure the phase at the 

single element detector. Another phase-shifting algorithm, introduced by Carre[22], does 

not restrict the phase shift between frames to any specific value, as long as the shift is the 

same between any two consecutive frames. Using this method with the setup of Figure 

2.2 allows the direct measurement of the piston component of the drift term, Ll[hlcsl-hrcrl. 

Resolution of M1t:<!Jsystcm(A,X,y)] 

Due to the dispersive nature of many of the elements in the system optics, the phase 

contribution from these optics will have a strong dependence on the measurement 
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wavelength. This "dispersion term" can be resolved with the use of Equation (2.9). The 

equation is first solved for the dispersion term: 

(2.13) 

In this equation, the first two terms can be resolved using the methods described in 

the previous sections; the phase difference measurements are made using the 5-bucket 

phase shifting technique, and the drift term is measured using the single element detector 

and the Carre phase shifting algorithm. The third term in this equation can be easily 

resolved by selecting an appropriate test surface. By selecting a dielectric (k=O) test 

surface, the resulting phase change on reflection will be equal to 1t, for all wavelengths at 

which the material behaves as a dielectric. With this selection of test surface, Equation 

(2.13) is reduced to: 

~[M4>O.,x,y)] -Ll[htesl(x,y)-hrcC(x,y)] - ~("A!4) (2.14) 

If the system optics do not change between measurements (including the location and 

orientation of the reference surface), and the measurement wavelengths do not change, 

the dispersive contribution from the system optics will remain constant between 

measurements, and can be characterized using a single calibration measurement. 
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Resolution of Mtccptcst] 

In order to analytically recover the film thickness from this term, an expression for 

the film thickness as a function of the phase change on reflection must be derived. This 

expression begins with the expression for the phase change on reflection, as derived in 

Chapter One: 

In order to remove the parametric dependence on t, the expressions for the effective 

optical constants, as derived in Appendix D, can be used: 

The solution for the film thickness, t, is not a straightforward analytical operation. 

Rather than attempt the above derivation, the function ~[tcCPtcst(t)] can be characterized 

numerically, as a function of t. Because the functional form of the phase change on 
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reflection is known (Equation 2.5), it is simple to mathematically create a look-up table 

that characterizes the relationship between t and <Ptest(t), using the equation derived in 

Appendix D. A graph of this look up tabI.e for a silicon dioxide film on a silicon 

substrate, as a function of film thicknesses between Onm and 800m is shown in Figure 

2.3. 
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Figure 2.3: Typical graph of a look-up table function. 
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Once the look-up table has been constructed, the right hand side of Equation (2.6) is 

calculated from the measured quantities, and compared to the calculated values in the 

look-up table. By searching for the closest matches in the table, and interpolating 

between them, the value for the film thickness at each point in the field can be 

determined. This procedure is shown schematically in Figure 2.4. 
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Figure 2.4: Recovery of the film thickness from the look-up table. 

With the film thickness map recovered in this manner, the phase change on reflection 

from the test surface can be calculated from Equation (2,5). Finally, with <Plesl and the 

other terms in Equation (2.9) resolved, the surface profile can be recovered. In using this 

method, not only can the surface profile and the film thickness be recovered, but by 



taking the difference of these two quantities, the profile of the interface between the 

substrate and the film (the surface profile of the substrate) can simultaneously be 

recovered. 
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Summary of Experimental Method 

A method of recovering the surface profile of a thin film has been presented in this 

chapter. In order to recover the profile, several measurements and calibrations steps 

must be performed, as summarized in the following outline: 

I. Form the equation htcst(x,y) = ~~(A,x,y) -1tq>systcm(A,x,y) -tt:<j)test(A,x,y). 

A. Measure ~<l>(A,X,y) using the 5-bucket PSI technique. 

B. Measure tt:<l>system(A,x,y) using the method of reference generation. 
1. Select super smooth dielectric calibration surface. 
2. Make several measurements with small displacements of the calibration 

surface, each greater than the correlation distance of the surface. 
3. Take the average value of the measurements. 

C. Measure the film thickness and calculate tt:<j)test(A,x,y). 

1. Form the equation L\[tt:<j)tcst(t)] = L\[~~] - L\[htcst-hrcrl - L\[tt:<j)systcm]' 

a. Calculate and numerically tabulate L\[tt:<j)tcst(t)] as function of t. 

b. Measure L\[~~] using the 5-bucket PSI technique. 

c. Simultaneously measure L\[htcst-hrer] using a single element detector 
and the Carre PSI method. 

d. Measure L\[tt:<j)system] using two measurements of the super smooth 
dielectric calibration surface. 
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2. Numerically solve the equation from (1) using the tabulated and measured 
values. 

3. Calculate tt:<j)test(A,x,y) using the measured thickness map, t(x,y). 
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Chapter Three: Error Analvsis 

In the fIrst two chapters, the theory and experimental method for recovering the 

profile of a test surface containing regions of optically dissimilar materials and single 

thin films were addressed. Chapter One described the theoretical background for the 

models used to recover surface height data from intensity patterns. In Chapter Two, an 

experimental method for making these measurements was described, which included 

three main steps. The fIrst step was the measurement of the phase difference in the 

interferometer. The second step described a calibration measurement for determining 

contribution to the measured phase difference from the system optics. The last step 

involved several measurements for determining the film thickness, in order to calculate 

the contribution to the phase from the reflection at the test surface. These three steps are 

necessary in order to recover the surface profile according to the following equation: 

htest(x,y) = 1t[~<!>(A.,x,y) - <!>system(A.,x,y) - <i>tcst(x,y)] (3.1) 

In the experimental method, each step contributes to the net uncertainty in the final 

surface profIle measurement. The error sources associated with each of the steps, and 

consequently with each of the terms on the right hand side of Equation (3.1), will be 

addressed separately in the following sections. Once the individual error sources have 

been evaluated, a numerical simulation of the effects of the optical constant uncertainty is 
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presented. The experimental results of the implemented method will be discussed in the 

next chapter. 

Errors from the resolution of f1~(A,x,y) 

The phase difference, .1$(A.,x,y), is recovered using the intensity model from Chapter 

One, and the Hariharan 5-bucket phase shifting algorithm. In order to analyze the net 

errors in this process, uncertainties associated with both the intensity model and the 

phase-shifting technique must be evaluated. 

Analysis of the intensity model 

The intensity model presented in Chapter One is based on the two beam interference 

equation. In order to accommodate the phase recovery algorithms of most phase-shifting 

techniques, the intensity patterns must be forced into the following form: 

Ij(x,y) = In(x,y;A.) { 1 + I'cos[.1$(x,y;A.) + (2j-(n+l»)(ashif/4)] } (3.2) 

Where j 

n 

is the frame number (1,2, ... n). 

is the total number of frames. 

In forcing this form from the two beam interference equation, several assumptions 

and limitations are made. First, the effects of a finite bandwidth on the illumination 

source are ignored. Typically, these effects are small for a narrow band pass filter or 



laser source, as long as the spectral distribution is symmetrical and the central 

wavelength of the distribution is known[23]. 

The second limitation in this model originates in the disregard for the spatial 

resolution of the optical system, and of the detector array. In order to properly address 

these issues, the expression for the intensity would need to be convolved, first with the 

optical transfer function associated with the microscope, and second with the transfer 

function of the detector array. Because these effects are ignored, the results obtained 

using this model may not be valid for features that are small in comparison with the 

resolution of the system. 
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The final limitation to this model is the exclusion of fields that are not nonnally 

incident on the surface. Because the image of each point. (x,y), in the field depends on 

wavefronts incident at a range of angles, as determined by the numeric aperture of the 

objective. the intensity equation should be rewritten as an ensemble average over the 

entire range of allowed angles. Theoretical[24. 25] and empirical[26] studies have 

characterized the effects on phase measurements as a function of the numeric aperture of 

the microscope objective. For numeric apertures less than 0.10, as used in these 

experiments, the error introduced by obliquely incident fields is less than 0.5%. 

Analysis of the phase shifting algorithm 

The accuracy of phase shifting algorithms are typically affected by the intensity 

detection process, and the provision of the desired phase shift between frames. O:shift' The 

Hariharan 5-bucket algorithm was selected for its resistance to both of these types of 
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errors, however, there is still a residual uncertainty in the measurements that results from 

these two sources, which will be described below. 

Errors associated with the detection of intensity 

The detection of the intensity pattern is typically corrupted by two error mechanisms. 

The fIrst mechanism is the introduction of random noise from the following sources: the 

detector array, the camera electronics, the data transfer system, and the frame grabber 

electronics. Random noise in the photon statistics (photon noise) will not be considered 

here. The second mechanism for introducing error into the detected intensity is the non

linear response of the elements in the system. 

The net detected intensity, including these two error sources can be summarized in 

the following equation: 

(3.3) 

Where E is a zero-level offset. 

r is the non-linear response of the system. 

N is a random variable with a Gaussian distribution, which is 

characterized by its mean, mI' and standard deviation, 0"1 

The effects of the system non-linearity depend on the phase-shifting algorithm used 

to recover the phase. Simulations of phase measurements using several phase-shifting 

algorithms have demonstrated that the Hariharan 5-bucket technique is the most effective 

in minimizing the impact of these errors on the measured phase values[5]. For systems 
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of even moderate non-linearity (0.8 < r < 1.2), the phase measurement error is typically 

less than lnm. 

Random noise in the intensity detection process typically produces a random phase 

error to the resulting measurement. This phase error can be described by the following 

equation: 

In this equation, the noise contribution is assumed to be normally distributed about a 

mean, m¢, with a standard deviation of <i¢. Experimentally, this error can be calculated 

by performing two phase measurements of the same sample, and forming the difference 

between the two measurements. Assuming the noise contributions are statistically 

independent, the difference measurement can be statistically written: 

From this expression, the RMS value of the difference measurement will be larger 

than the RMS value for a single measurement by a factor of-/2. Difference values 

experimentally calculated in this manner typically yield a system repeatability of 3 

Angstroms, RMS for the Tapa-3D system used in these experiments, indicating that the 

error introduced by the noise in the detected intensity is approximately 2 Angstroms, 

RMS. 
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Errors associated with the phase-shifting device 

In addition to the errors introduced from the intensity detection, measurement 

uncertainty can be introduced by inaccuracies in the phase-shifting devices. Typically, a 

phase shift in the reference ann of the interferometer is achieved by physically 

translating the reference surface. The motion of the reference surface may suffer from a 

non-iinear response to an input signal, resulting in a phase shift described by the 

following equation: 

(3.4) 

Where Uurget is the desired phase shift between frames 

E is a linear miscalibration that results in the average shift 

being different from the target, even on a linear system 

Vo is the input signal (V 2 - VI) required to achieve Oiargct on a 

linear system 

V 1 is the input signal for the phase shifter before shifting 

V 2 is the input signal for the phase shifter after shifting 

r is the non-linear response parameter of the phase shifting 

device 

Phase-shifter miscalibrations typically add a phase errors with spatial frequencies at 

twice the nominal intensity pattern spatial frequency. This is sometimes referred to as a 

"2 omega" error that is indicative of a miscalibration of the phase shifting device. Once 

again, the Hariharan algorithm proved to be the most resistant to this form of error, with 

typically less than 0.1 waves of error even for errors of up to ± 20% in E and r[27]. 
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Errors from the resolution of <!>system(A,x,y) 

Reference generation involves the averaging of N measurements of a super-smooth 

dielectric calibration surface. Because these phase measurements depend on the 

Hariharan 5-bucket technique, all of the error sources discussed in the previous section 

apply to the measurement of <j>system(A.,x,y). In addition to the error introduced by the PSI 

technique, the surface roughness of the super-smooth calibration surface will also 

introduce some uncertainty into the measurement. 

The characteristics of the calibration surface can be described in terms of its surface 

profile, and the phase change on reflection from the surface. For a super-smooth optical 

surface, the profile can be approximated by a normally distributed random variable, with 

a mean, m, and a standard deviation, a. If the material used in the calibration surface is a 

homogeneous dielectric (k=O), the phase change on reflection is equal to 1t for all 

wavelengths at which the material behaves as a dielectric. From these arguments, the 

calibration surface can be characterized by the following equations: 

hcalib(X,y) = N(m,a) 

<j>calib(A.,x,y) 1t 

By averaging several phase measurements, at locations separated by more than the 

correlation distance of the surface, the effects of the random roughness of the calibration 

surface can be reduced. When adding statistically independent random variables the 
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resulting summation has a mean and variance that is equal to the sum of the mean and 

variance values for each of the individual random variables. For the calibration surface, 

it is assumed that the mean and standard deviation of the surface profile is the same for 

all locations on the surface, so that the resulting random variable has the same mean as 

the individual, with a standard deviation that is reduced by the factor..../N. The error 

introduced by the surface characteristics of the calibration surface is therefore equal to 

the RMS value of the surface profile, divided by the square root of the number of 

measurements used in the average. 

Errors from the resolution of <Ptest(A,x,y) 

The values for the phase change on reflection from the test surface are calculated 

according to the equation derived in Chapter One: 

(3.5) 

In this equation, neff and keff depend on the optical constants of the film and substrate 

materials, as well as the film thickness map, as described in Appendix D. The optical 

constants can be calculated from values in reference texts, however these values may not 

accurately describe materials with impurities, or materials with lattice structures different 

from bulk materials (such as in thin film depositions). In order to improve the accuracy 

of the measurements, the optical constants of the sample materials should be measured 

prior tot he profile measurements. 
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The film thickness is calculated from a numerical solution of the equation derived in 

Chapter Two: 

(3.6) 

This equation is solved by fIrst tabulating the function ~[*<PteSl(t)] as a function of the 

film thickness t. Once this function is tabulated, the three quantities on the right hand 

side of the equation are measured, and the resulting measurement is compared to the 

values of the tabulated function. The film thickness is chosen based on matching the 

calculated and measured values. This procedure can be adversely affected by two major 

mechanisms: (1) errors in the measured quantities, and (2) errors in the tabulated 

function. 

Errors in the Measured Quantities: 

Each of the three measured quantities on the right hand side of Equation (3.6) 

introduces error into the measured quantity. Each of these tenns will be discussed 

separately below. 

Errors from Ll[~<I>] 

This tenn is fonned by taking the difference of two phase measurements, each of 

which was taken at a different wavelength. These measurements are made using the 
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Hariharan 5-bucket phase-shifting technique, and will therefore have the same error 

sources discussed earlier in this chapter. In this term, however, a difference is taken 

between the two measurements. Statistically, the mean value of the resulting 

measurement is simply the difference of the means of the individual measurements, while 

the uncertainty is calculated by addition of variances. In this case, it is assumed that the 

two measurements are statistically independent, so that the overall error in the difference 

measurement is larger than the error in a single measurement by a factor of-{2. In terms 

of the experimentally determined value of a single measurement error, the overall error 

in this difference measurement is approximately 3 Angstroms. 

This term is measured at the single element detector using a 4-bucket phase-shifting 

algorithm introduced by Carre[28]. This method of phase recovery is affected by the 

same error sources as the Hariharan 5-bucket technique, with the exception of the linear 

phase-shifter miscalibration. The resistance to phase-shifter non-linearity and detector 

non-linearity, however, is worse than that of the previous algorithm. An experimental 

determination of these errors indicate that this method introduces approximately 6 

Angstroms of error (RMS) to a single phase measurement. Once again, there is a 

difference measurement, and the variances of each measurement add, leaving an increase 

in the standard deviation by {'i, yielding an error of approximately 9 Angstroms. 



Errors from ~[1t<Psystem] 

This tenn is calculated from measurements made at the detector array, using the 5-

bucket phase-shifting technique, as well as from measurements taken at the single

element detector, using the 4-bucket Carre technique: 

(3.7) 
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The errors associated with the flrst term on the right hand side of Equation (3.7) 

represent errors associated with the difference of two phase measurements made with the 

Hariharan method. As discussed previously, this error has been determined to be 

approximately 3 Angstroms, RMS. The errors associated with the second term are 

similarly related to the Carre 4-bucket technique, and have been experimentally 

evaluated to be on the order of 9 Angstroms, RMS, as discussed in the previous section. 

The flnal term depends on the knowledge of the effective wavelength for the filtered 

illumination. It is assumed that this value is known to within ± 1 % of the filter 

bandwidth, or in this case ± 4 Angstroms. The total error for these terms, using addition 

of variances, is therefore approximately equal to 10 Angstroms, RMS. 
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Summary of Measurement Errors 

The errors associated with the three terms on the right hand side of Equation (3.1) 

result mainly from uncertainty in the phase measurements made using phase-shifting 

methods. The significance of these errors is enhanced in many cased by the differencing 

operations, which add the uncertainties in quadrature, while reducing the value of the 

recovered result. The net error due to these sources is found. by adding their 

contributions in quadrature, to be approximately 13 Angstroms. RMS. 

Errors Due to the Tabulated Values 

The tabulated function Ll[ttq>tesl(t)] depends on the optical constants of the film and 

substrate materials. in order to calculate the effective optical constants neff and keff (see 

Appendix D). If inaccurate optical constants are used. the tabulated function will 

produce incorrect film thickness values from the measured quantities. 

Summary of Errors in Resolving q>tcst(A.,x,y): 

The net result of these two error sources is the introduction of uncertainty in the 

recovered thickness values. For a single measured value. the error in film thickness is 

determined by the separation of look-up table functions caused by the errors in optical 

constants. If, in addition, the measured value has its own uncertainty, the uncertainty 



range in the measured quantity maps to a range of uncertainty in the recovered film 

thickness. The combination of these two effects is shown graphically in Figure 3.1. 

Vi 
c 
e 
u 

I 
0.07 

Look Up Table Function 
Si02JSi at wavelengths 500nm and 700nm 

Error in Measured Values 

Error in 
LUT 

0.06
1 
_____ --:.--_______ -/ 

0.05 

Error in 
recovered 
thickness 
~ 

o 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 

Film Thickness (microns) 

Figure 3.1: Uncertainty in the recovered film thickness due to measurement error and 
LUT calculation error. 

The resulting error in the film thickness map, as well as the errors in the optical 

constant values affect the accuracy of the calculation of <f>lcsP",x,y). Because of the 

complicated mathematical relationship between the optical constants and the phase 

change on reflection at the test surface (see Appendix D), the error from these sources 

will be evaluated numerically rather than analytically. 
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Numerical Evaluation of Measurement and Optical Constant Errors 

Simulations of these error sources were performed on models of two samples for 

which experimental data was available. The entire measurement process was considered 

in the computer model, beginning with the detection of the interference patterns, and 

ending with the recovery of the surface profile. 

The parameters that could be analyzed included the signal to noise ratio of the 

detection process, and the percent uncertainty in the values of the optical constants. The 

signal to noise ratio was applied to all intensity patterns by adding a randomly generated 

value to the synthesized intensity values. The random noise values obeyed Gaussian 

statistics, with a zero mean, and a standard deviation chosen to produce the correct SIN 

ratio. The optical constants were selected from a random distribution of values, with a 

mean equal to the correct optical constant value, and the standard deviation being 

specified as a user-selectable percentage of the nominal value. 

The two models analyzed using the computer simulation were chosen based on 

available samples. The first model represents a well characterized step height standard 

consisting of a step in a silicon dioxide film on a silicon substrate. The second model 

describes a carbon coated magnetic disk, in order to represent a practical application of 

the measurement process. These models are described in the following pages: 



Model #1 

Geometrical Configuration of 
Si02 step on Si Substrate 

64 

Si 

Figure 3.2: Schematic representation of modeled 44.2nm step In a silicon dioxide film on 
a silicon substrate 

SiO., Si 
An 1.447133 3.531087 
A, 0.004215 0.048212 
A? -0.000102 0.036767 
Bn 0.000000 0.035395 
B, 0.000000 -0.035044 
B,~ 0.000000 0.011407 .. 

Table 3.1: Cauchy Coefficients for SI02 and SI 
(wavelerigth in microns). 



Model #2 

Geometrical Configuration of 
Carbon Coated Magnetic Disk 

H Carbon 

Disk 
Substrate 

Figure 3.3: Schematic representation of 20nm step of carbon film on a bare magnetic 
disk substrate 

Carbon Disk 
An 2.199755 2.754260 
A, -0.080366 -0.291390 
A, 0.001754 0.025243 
Bn 0.689081 4.367781 
B 0.012901 -0.769246 
B, -0.000208 0.065781 .. 

Table 3.2: Cauchy Coefficients for carbon and disk 
substrate (wavelength in macrons). 
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The Cauchy coefficients in the first model were calculated from least-squares curve 

fits to data found in the Handbook of Optical Constants of Solids[29]. For the carbon 

coated magnetic disks, least squares curve fits were performed on ellipsometrically 

measured values of the optical constants. These ellipsometric measurements were 

performed on a sample roughly conforming to the modeled geometric parameters. 

The computer simulation was run for these two models, with a random sampling of 

the variable parameter among 2000 samples. As a function of the signal to noise ratio 

the recovered step heights experienced an increase in uncertainty (standard deviation of 

the recovered values) as the signal to noise ratio decreased, as shown in Figures 3.4 and 

3.5. Furthermore, the mean recovered value shifts away from the correct value as the 

noise increases, indicating a measurement bias (or non-linearity) based on the amount of 

noise in the signal. 
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Figure 3.4: Simulated step measurements for the Si02/Si model (#1) in the presence of 
detection noise 
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Figure 3.5: Simulated height measurements for the carbon-coated magnetic disk model 
(#2) in the presence of detection noise 

Similar curves based on the uncertainty in the optical constants are shown in Figures 

3.6 and 3.7. Due to the inclusion of eight statistically independent random variables (n 

and k at two wavelengths for both the substrate and film materials), the uncertainty in the 

measurement increases rapidly with increasing uncertainty in the optical constants. 
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Figure 3.6: Simulated step measurements for Model #1 as a function of optical constant 
uncertainty. 
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Figure 3.7: Simulated step measurements for Model 2 as a function of optical constant 
uncertainty 
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The effects from optical constant uncertainty is overstated, however, due to the 

analysis of uncorrelated optical constant measurements. In reality, the errors in optical 

constant values are likely correlated due to the use of a single instrument or method for 

making the measurements. As will be shown in the next chapter, the experimental results 

for these two samples appear to be significantly better than the predictions of this error 

analysis. 
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Chapter Four; Experimental Results and Conclusions 

In the first two chapters of this dissertation. the theory and experimental method for 

recovering the surface profile of samples with regions of optically dissimilar materials 

were presented. In Chapter Three, the errors associated with the measurement procedure 

were evaluated, in terms of three phase contributions: 

1. The phase contribution from the system optics. <!>SYSlcm(A.,x,y), 

2. The phase contribution due to reflection from the test surface, <i'lcSI(A.,x,y), and 

3. The measured phase difference, ~<!>(A.,x,y) 

In this chapter, experimental results will be presented for the measurements required 

to resolve each of these three phase contributions. All of the measurements were made 

using a TOPO-3D optical surface profiler, which was provided by WYKO Corporation. 

The system was equipped with a lOx Michelson interferometric microscope objective, 

operating at a numeric aperture of 0.10. The system was modified to allow phase 

measurements from the single element detector, normally used to focus the instrument. 



Reference Generation 

The phase contributions due to the system optics were characterized using a high

quality fused-silica calibration surface. The surface roughness of the sample was 

evaluated at less than 3 Angstroms, RMS, using several independent measurement 

techniques, including phase-shifting interferometry, heterodyne interferometry, and 

mechanical stylus measurements. By averaging four measurements for the reference 

generation, the residual error is reduced to approximately 1.5 Angstroms, RMS. A 
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reference generation measurement for the lOx objective, at a wavelength of 693.1 nm is 

shown in Figure 4.1. 

RMS: 0.457nm 
RA: O.342nm 
P-V: 4.65nm 

14:48 10/27/91 
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Masks: T 

Oislanco (microns) 

10.0x 
WVLEN: 693.1 nm 

Tilt Removed 

2.325 

Hai\lhl (nm) 

-2.325 

Figure 4.1: Generated reference of a calibration sample, using a 10x Michelson 
objective at a wavelength of 693.1 nm. 
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The repeatability of the generated reference measurement is detennined by evaluating 

the difference between two successive measurements. Figure 4.2 shows a typical 

difference measurement, with an RMS difference of approximately 3.5 Angstroms. 

RMS: 0.429nm 
RA: 0.327nm 
P·V: 3.16nm 

14:18 10/28/91 
TOP SURFACE 

Masks: T 

Oiotanco (microns) 

10.0x 
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Tilt Removed 

1.58 
Hoighl (nm) 

Figure 4.2: Difference between two consecutive reference generation measurements. 

Because this measurement represents the difference between two random functions, 

the random uncertainty in each measurement is reduced from this value by a factor of 

{'i, leaving a single measurement (averaged four times) repeatability of ±2.S nm. 
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Dispersion Characterization 

The characterization of the system dispersion was perfonned using the same 

calibration surface as in the reference generation measurements. Because the calibration 

sample was fabricated from fused silica, it behaves as a dielectric and produces a phase 

change on reflection equal to 7t. For this characterization, each of the phase 

measurements represents the average of four independent measurement, in order to 

reduce the effects of random noise. Figure 4.3 presents a typical dispersion measurement 

for the lOx objective, at the measurement wavelengths of 693.1 nm and 499.1 nm 
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Till Removed 

4.925 
Haighl (nm) 

'4.925 
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Figure 4.3: Typical dispersion measurement for a 1 Ox objective using the wavelengths 
1.1= 693.1nm and ~= 499.6 nm. 
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Because the recovered film thickness values depend on the accuracy and repeatability 

of this dispersion measurement, a difference measurement was performed in order to 

evaluate the effects of random noise on this measurement. Figure 4.4 shows the 

difference between two dispersion measurements, taken in rapid succession. 

RMS: 0.354nm 
RA: 0.254nm 
P·V: 2.46nm 

15:19 10/22191 
SURFACE 
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·123 

Figure 4.4: Difference between two consecutive reference generation measurements. 

From this figure, it can be seen that the characterization of the dispersion in the 

system is repeatable to within 2.5 Angstroms, RMS. 
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The Measured Phase Difference 

Surface measurements were performed on two different samples that contained 

regions of optically dissimilar materials. The fIrst sample was a nominally 44.2 nm high 

step in a silicon dioxide fIlm on a silicon substrate. The step height of 44.2 nm was 

established by averaging ten stylus measurements taken across randomly selected regions 

on the sample, as reponed by the manufacturer, VLSI. Two measurements of this 

sample were taken at wavelengths of 693.1 nm and 499.1 nm, as shown in Figures 4.5 

and 4.6: 
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Figure 4.5: Surface profile measurement of a nominally 44.2 nm step in a silicon dioxide 
film made at a wavelength of 693.1 nm 
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Figl!re 4.6: Surface profile measurement of a nominally 44.2 nm step in a silicon dioxide 
film made at a wavelength of 499.1 nm 

These two phase measurements were used to recover the thickness map for the silicon 

dioxide film, using the method described in Chapter Two. Once the film thickness map 

was recovered, the phase change on reflection was calculated, and the phase 

measurement taken at A=693.2 nm was corrected. The optical constants used in these 

calculations were taken from tabulated values[30], and are shown in Table 4.1 with their 

associated measurement uncertainties. 

Si SiO" 
n at A = 693.1 nm 3.783 ± 5% 1.455 ± 5% 

n at A = 499.1 nm 4.312 ± 5% 1.462 ± 5% 

k at A = 693.1 nm 0.0114± 5% 0.000 

k at A = 499.1 nm 0.0777 ± 5% 0.000 

Table 4.1: Optical constants used for measuring sample 1. 
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The resulting surface profile for the nominally 44.2 nm silicon dioxide step height is 

shown in Figure 4.7: 
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Figure 4.7: Resulting surface profile of the nominally 44.2 nm step in a silicon dioxide 
film, using phase measurements taken at wavelengths of 696.1 nm and 499.1 nm. 

The recovered step height of 39.97 nm correlates to within 5.3% of the calibration 

values established with stylus measurements. This is a dramatic improvement in 

comparison to the poor correlation demonstrated for this sample in Chapter One, and in 

comparison to each of the two single-wavelength measurements shown in Figures 4.5 

~.nd 4.6. With respect to the error analysis performed in Chapter Three, it is likely that 

the optical constant values from the reference texts do not accurately represent the optical 

constants of the actual sample materials. 
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The second sample was a nominally 20.2 nm high step in a carbon film on a magnetic 

recording disk substrate. The step height of 20.2 nm was established by averaging ten 

stylus measurements taken across randomly selected regions on the sample. Two 

measurements of this sample were taken at wavelengths of 693.1 nm and 499.1 nm, as 

shown in Figures 4.8 and 4.9: 
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Figure 4.8: Surface profile measurement of a nominally 20.2 nm step in a carbon film, 
made at a wavelength of 693.1 nm 
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Figure 4.9: Surface profile measurement of a nominally 20.2 nm step in a carbon film 
made at a wavelength of 499.1 nm 

These two phase measurements were used to recover the thickness map for the 

carbon film, using the method described in Chapter Two. Once the film thickness map 

was recovered, the phase change on reflection was calculated, and the phase 

measurement taken at A=693.2 nm was corrected. The optical constants used in these 

calculations were acquired via ellipsometric measurements, provided courtesy of 

Rudolph Scientific, Inc. These values are shown in Table 4.2 with their associated 

measurement uncertainties. 

Disk Substrate Carbon Film 
n at A = 693.1 nm 2.265 ± 5% 2.043 ± 5% 

n at A = 499.1 nm 1.993 ± 5% 1.906 ± 5% 

k at A = 693.1 nm 3.072±5% 0.7145 ± 5% 

k at A = 499.1 nm 2.343 ± 5% 0.7374± 5% 
Table 4.2: Optical constants used for measuring sample 2. 

79 



The resulting surface profile for the nominally 20.2 nm carbon film step height is 

shown in Figure 4.10: 
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Figure 4.10: Resulting surface profile of the nominally 20.2 nm step in a carbon film, 
using phase measurements taken at wavelengths of 696.1 nm and 499.1 nm. 

The recovered step height of 18.16 nm correlates to within 10% of the calibration 

values established with stylus measurements. This is a dramatic improvement in 
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comparison poor correlation of the stylus measurements with each of the two single

wavelength measurements shown in Figures 4.8 and 4.9. With respect to the error 

analysis performed in Chapter Three, it is likely that the uncertainty of 5% in the optical 

constant values is responsible for much of this discrepancy. 
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Conclusions 

While sufficient for describing surfaces with constant optical properties, the simple 

height recovery model currently used to calculate surface profiles from phase data is 

inadequate for the representation of surfaces with regions of dissimilar materials and 

optically thin films. The correlation between optical and mechanical measurements for 

optically homogeneous surfaces is typically within a few percent, as shown for the 

chrome coated step height standards. However, even for the simple case of a single 

silicon dioxide film on a silicon substrate, the correlation between optical and mechanical 

measurements was no better than 50% for the various samples measured. 

Once the phase change on reflection from the test surface is included in the height 

recovery model, the correlation between the optical and mechanical measurements 

improves drastically. For selected geometrical configurations of silicon dioxide films on 

silicon substrates, and carbon coated magnetic disks, the correlations approach 10% of 

the nominal values established by the stylus measurements. In fact, some features which 

were not visible with the single wavelength method were measured with the multiple 

wavelength technique. 

An error analysis performed for two configurations of the silicon dioxide films and 

the carbon coated magnetic disks identify the sources of error in the multiple wavelength 

technique. By using quality instrumentation and selecting error-resistant phase shifting 

algorithms, the measurement error can be kept to a minimum. The main source of error 

remaining in the procedure is associated with uncertainty in the knowledge of the optical 
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constants of the test materials, which must be known at the two measurement 

wavelengths. As demonstrated in Chapter 3, uncertainty in the optical constants will 

introduce uncertainty in the calculated look-up table function. This is turn will cause 

errors in the recovered film thickness. Numerical simulations of the process performed 

for two specially selected geometrical configurations predict an uncertainty of up to 20% 

in the measured film thickness for optical constant uncertainties of 4%. In practice, 

however, the experimental results of the optical measurements correlate with stylus 

measurements to better than 10% for selected geometries, which is well within the 

tolerance predicted by the numerical error analysis for those samples. It is anticipated 

that the correlations could improve beyond this value if higher confidence measurements 

of the optical constants become available. 
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Appendix A: The Wave Equation 

Maxwell's equations for the electric and magnetic are useful in describing the 

behavior of each field in the presence of the other field. Unfortunately, these first order 

equations describe one field in terms of the other, thus coupling the expressions for the 

electric and magnetic fields. In order to de-couple these expressions, their derivatives 

must be taken, and two second-order differential equations must be formed. By 

selectively substituting expressions from the original Maxwell's equations into these new 

second-order equations, the fields can be de-coupled, and expressions for the electric and 

magnetic fields can independently be written. 

The differential forms of Maxwell's equations can be expressed[3I]: 

8D 
(A.I) Curl H :::: j+-

8t 

Curl E 
-8B 
8t 

(A.2) 

DivD :::: p (A.3) 

DivB = 0 (A.4) 



For the purposes of this discussion, these equations will be applied only to isotropic 

and electrically neutral media. These constraints can be expressed by the following 

conditions: 

j = 

D = 

B = 

P = 

crE 

EE 

)lH 

0 

(A.S) 

(A.6) 

(A.7) 

(A.8) 

In order to further simplify some of the mathematical expressions, the following 

vector identity will be used[32]: 

Curl (CuriA) = Grad(DivA) - V2A (A.9) 
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The solutions to the second order equations that are derived for the electric and 

magnetic fields describe functions that oscillate in both space and time. These functions 

represent propagating waves and, as such, describe solutions to wave equations. The 

wave equations for the electric and magnetic fields will be derived separately in the next 

sections. 



The Wave Equation for the Electric Field, E 

The second order differential equation for the electric field is formed by taking the 

curl of Equation (A.2): 

Curl(CurlE) = -cur{~~) 

Applying the vector identity (A.9): 

Grad(DivE) - V2E = -cur{~~) 
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This expression is a second-order differential equation for the electric field, but it has 

a dependence on the electric field, B. Equations (A.3) and (A.8) are used to simplify the 

gradient tenn, while Equation (A.!) is used to eliminate the dependence on the magnetic 

field. With these substitutions, the wave equation becomes: 

o Curl(IlH) 
ot 

_ (CUrlH) 
11 Ot 
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In final fonn, the well-known wave equation for the electric field is written: 

(A. 10) 



The Wave Equation for the Magnetic Field, H 

The second order differential equation for the magnetic field is similarly formed by 

taking the curl of Equation (A. I): 

(

0 aD) Curl(CurlH) = -Curl J +""& 

Applying the vector identity (A.9): 

Grad(DivH) - V2
H = Curl~ + °o~) 
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This expression is a second-order differential equation for the electric field, but it has 

a dependence on the electric field, E. In a manner similar to the derivation of the wave 

equation for the electric field, Equation (A.4) is used to simplify the gradient term, while 

Equation (A.2) is used to eliminate the dependence on the electric field. With these 

substitutions, the wave equation becomes: 

o Curl(EE) 
Curl(crE) + ot 

oCurl(E) 
= crCurl(E) + E ot 
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In final fonn, the well-known wave equation for the magnetic field is written: 

oH 02H 
O'Jl-+eJl-ot o~ 

(A.II) 
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Appendix B: The Complex Index of Refraction 

Using the plane wave solution to the wave equation for the electric field, a 

relationship between the speed of propagation in a vacuum, relative to its propagation 

speed in a medium, can be formed. This ratio, known as the complex index of refraction, 

can be derived in terms of the material constants of the medium. Recalling the wave 

equation for the electric field: 

And the plane wave solution: 

E(r,t) = ~ E eXP{iwt}exp{-{ ~ )c~.r)} 

The plane wave solution can be replaced in the wave equation to yield a relationship 

between the speed of propagation in a medium, v, and the material constants of the 

medium, E, Il, and 0': 

1 igO' 
= EIl-

v2 w 
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In a vacuum, the speed of propagation is c, and the material constants are E = Eo. ).1 = 

).10' and cr = 0, yielding: 

Defining the relative electrical pennittivity, Er, and the relative magnetic 

penneability, Ilr : 

E 

.H:.. 
).1r = ).10 

The ratio clv can be fonned from these expressions: 

c 
N - v 

= v2 
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With the definition N = (n - ik) 

n 
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Appendix C; Field Coupling Between E and H 

The purpose of this appendix is to produce a simple vector equation that relates the 

electric and magnetic fields, for use in de-coupling the field equations. The complex 

index of refraction will be introduced to the equations in order to formulate this 

expression. The starting point for this derivation is Maxwell's equation relating the Curl 

of the magnetic field to the time derivative of the electric field (see Equation A.I). 

Curl (H) E 
O(EE) 

cr' +-
Ot 

(C.l) 

In order to evaluate this equation, the electric and magnetic fields, E and !-I, 'Nil! be 

replaced with their plane wave forms. These substitutions will allow the Curl and time 

derivatives to be formed explicitly, in closed form. Beginning with the plane wave 

solution for the electric field: 

E(r,t) = 

oE(r,t) 
Ot 

iroE(r,t) 
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These substitutions simplify the right hand side of Equation (C. 1 ): 

Curl(H) = (0" + iwe)E (C.2) 

Expanding the coefficient on E in order to introduce the complex index of refraction: 

(0" + iwe) = (o"+iwe)(~)(~) weo -lllr 

= (iM+~)(~) 
ffito rota l-l J.1.r 

and 
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(cr + iroe) = l:~2) 

Replacing this into Equation (C.2) 

(!CUN2) 
Curl(H) = ~ Jlc2 E (C.3) 

With the right hand side of this equation thus simplified, Curl(H) must be evaluated. 

Because of the vector operations involved with the Curl, the vector expression for the 

magnetic field is written explicitly: 

H(r,t) ~Hexp{iOJt)exp{ -i(21tNIAo)(~'r») 

where: ~ = (S~,SY'Sz) is the polarization vector of the field 

N (n - ik) 
II 

(a,~,'Y) is the propagation unit vector s 

r = (x,y,z) is the displacement from the origin 

Expanding the vectors ~, ~, and r: 

H(r,t) = (S~,Sy'Sz)Hexp{iOJt)exp{ -i(21tNIAo)(ax + ~y + yz») 



From this expression for the plane wave form of the magnetic field, the Curl 

operation can be performed mathematically: 

CurlH == VxH 

Curl(H) 
= ( :x 

~xH(x,y,z) 

" y 
8 
8y 

~yH(x,y,z) 
:z 1 

~zH(x,y,z) 

From the plane wave solution, the derivatives can be written: 

(~: )H(X,y,Z) = (2nN) -i ~ a H(x,y,z) 

(88
y

)H(X,y,Z) (2nN) -i ~ J3 H(x,y,z) 

(:z) Hex,y,z) = (2nN) -i ~ yHex,y,z) 
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(CA) 

(C.5) 



With these expressions for the derivatives, Equation (C.5) can be re-written: 

or in matrix form: 

Curl (H) = 

(-iroN) A -c- (sxH) 

Recalling Equation (C.3): 

(-iroN) A -c- (sxH) 

and 

(iroN2) 
= -E 

~C2 
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Using the Jacobi identity: 

H = (N)_ & (~xE) 
~r -\j~ 
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This expression states a simple vector relationship involving the electric field. H. the 

magnetic field. E. and the propagation unit vector ~. 
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Appendix D: The Effective Optical Admittance 

In this appendix, a system consisting of a single thin film on a substrate will be 

modelled as a single bulk material, with effective optical constants, neff and kefr, that 

accurately describe the behavior of the thin film system. In order to derive an expression 

for the effective admittance, Yeff = Y (neff - ikcff)' the relation between the electric field 

and the magnetic field, H = YE (Equation 1.16) is used. In order to apply this relation, 

the expressions for the electric and magnetic fields at the surface of the interface must be 

derived. In reference to Figure D.l, the fields in each medium of a thin film system can 

be expressed in terms of counter-propagating components (subscripted with '+' and '-'). 



Cou nter-Propagating Electric Fields 

E'" o E-
0 

Yo 
Xo 

E'" , y, 
E-, 

xo+t 

Y sub 

E~ 

Figure 0.1: Counter-propagating fields In a thin-film system. 

In this figure, it is assumed that the substrate is infinitely thick, so that there are no 

reflected field components, E- and H-, in the substrate medium. The fields are also 
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assumed to take the plane wave form, and are normally incident on the interface. Using 

this figure, the fields are written: 



Ez<xo+t) = E2 +(xo+t) + E2 -(Xo+t) 

H2(xO+t) = H2 +(XO+t) + H2 -(XO+t) 
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In order to relate these fields, the effects of propagation are analyzed. Beginning at 

an arbitrary location, r, the plane wave solution for the electric field can be written (see 

Equation (1.13): 

Writing the same expression for the wave at the position r+~r: 

E(r+~r,t) E(r,t) exp{ -i (~~) O'~r) } 



E(r+.1r,t) = E(r,t) exp{ -io ( ~ . .1~)} 

where 0 
(2nN)I.1rl 

= 
cAo 

.1~ 
.1r 

= 
l.1rl 

A similar derivation can be perfonned for the magnetk field, H. 

These equations can be solved for the electric and magnetic fields at the interface 

between the incident medium and the thin film as follows: 

Solving for the fields at (xo): 

Similarly, 

IOI 
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Recalling the boundary conditions requiring the tangential components of both E and 

H to be continuous across any boundary, and recognizing that E and H are pure 

tangential for normally incident fields: 

Or, in matrix form: 

Dividing both sides by E2(xO+t): 

(B) = (. co~o (isinO)/Yl)( 1 ) 
C ty1smo coso tssub 

Finally: 

C 
Yeff :: B 



Ho( XO)!E2(XO+t) 
Eo(xo)/E2(xO+t) 

As can be seen, the calculation of the effective optical admittance depends on the 

optical admittance values of the film and substrate layers, y\ and Y2' as well at the film 

thickness value, t, as in the following equations: 

(0.1) 

(0.2) 
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Appendix E: Phase Measurement 

Phase-shifting interferometry is a common method of recovering phase infonnation 

from a series of related interferograms. The interferograms are typically related by a 

constant phase shift between consecutive intensity patterns. Such series of 

interferograms can be described by the following generalized fonnula: 

{ [ (~ )~} I/x,y) = Io(x,y) 1 + Yocos il$o(x,y) + 2 Ushift U 

Where Ij(x,y) 

Io(x,y) 

is the jth intensity pattern, or frame. 

is the background intensity distribution. 

(E.1) 

Yo is the modulation of the fringe pattern, due to intensity 

mismatch and polarization effects. 

il$o is the phase function to be recovered. 

j is the frame number. 

n is the total number of frames. 

Ushift is the phase shift between frames. 

In this equation, the coefficient on Ushift is chosen in order to make the total phase 

function symmetric about il$o(x,y), which eases the mathematics for phase recovery. For 

intensity frames that match the form of Equation (E.1), the phase can generally be 

recovered from the arctangent of a simple algebraic combination of the intensity values: 

(E.2) 
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For most applications, however, the measured intensity frames do not conveniently 

match the form of Equation (E.!). A major reason for this is the use of an integrating 

detector, which yields an output described by the following integral: 

t=tl 

id,,(x,y) = (;,~,J f [~()')L(A)iO(X'Y) [ 1 + 10co, (L1$( x,y ,1, A)) 1 dA} 

t=t2 

(E.3) 

Where: R(A) is the spectral responsivity of the detector. 

L(A) is the spectral weighting of the illumination, including effects 

from transmissive optical elements 

.6.cj> is the phase difference between the test and reference arms of 

the interferometer. 

For the case of a laser source, or other narrow-band illumination at the wavelength 

A=Amcaso the value of L(A) can be taken as a delta function. Using the formalism of a 

delta function as described by Gaskill[33], the integral can be reduced to: 

t=tl 

Idct(x,y) = (t
2
\) J Io(x,y) [l+Yocos(.6.cj>(x,y,t,A»] dt 

t=t2 

(EA) 

In this equation, the constant factor, R(~cas)' has been absorbed into the background 

intensity,Io(x,y). In most applications, the phase function, .6.cj>(x,y,t,A) can be written as 



the sum of a spatially varying term, ~<\l(X,y,A) and a time-dependent term, <p(t,A). 

Replacing these tenns into Equation (E.4): 

t=t1 

Idet(x,y) = (t2~tJ f Io(x.y)[l+Yocos(~<l>(X,y,A» + <p(t,A)]dt 
t=t2 
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In this equation, the spatially varying tenn represents the phase difference provided 

by the interferometric setup at the beginning of the first intensity frame (at the time t=O). 

In practice, the time-varying tenn can generally be expressed as a step function (for 

phase stepping systems), or as a linear phase tenn (for phase ramping systems). In both 

cases, the resulting expression for the detected intensity at a point (x,y) can be written: 

(E.5) 

where ro is the rate of change of the time-varying phase tenn, d<p/dt. 

y is the modulation of the fringes, including the effects from the 

integration. 

Comparing the expressions for the phase functions in Equations (E.l) and (E.5), the 

phase recovered using PSI techniques can be related to the phase at the beginning of the 

first intensity frame 0= 1) by the following equation: 

(
l-n) ~<l>o(x,y) + 2 (Xshift 

A "'( ) roC t, +t.,) 
u'!' x,y + 2 
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Solving for the phase at the beginning of the first frame: 

(
l-n) m(t,+t2) 

~<l>(x,y) = ~<l>o(x,y) + 2 Ushift - 2 

For phase stepping methods, the intensity measurements are made after the phase is 

shifted, and the value of m thus becomes 0 during phase measurements. In such setups, 

the phase recovered using Equation (E.2) is corrected according to: 

(
l-n) ~<l>(x,y) = ~<l>o(x,y) + 2 Ushift (E.6) 

For phase ramping systems, the phase is linearly changed at a rate of m radians per 

unit time, during the intensity measurements. In such systems, m is chosen so that the 

phase shift during the time between frames, trrame' is equal to the desired phase shift, 

Ushift. For phase ramping systems, the phase recovered using Equation (E.2) is corrected 

according to: 

(E.7) 

In many solid-state detector arrays, the integration windows for each row are 

staggered across the array, due to the finite time needed to clock out the intensity data. 

Typically, the total transfer time, the integration duration, and the time between frames 

are nearly equal. For such a system, the phase correction of Equation (E.7) becomes: 



lOS 

~$(x,y) = ~$o(x,y) + C;n )aShift + (a~jft)(l + ~) (E.S) 

where x is the row number of the detector element 

X is the total number of rows in the detector array. 

Equation (E.S) describes the corrections that must be made to the phase values 

recovered from PSI techniques. It should be noted that these effects can be described as 

a combination of a piston (constant) phase term, and a linear (tilt) phase term. For 

ordinary measurements, where piston and tilt terms are analytically removed from the 

data set, these effects can safely be ignored. The corrections that must be applied to the 

Hariharan and Carre methods used in this analysis are discussed in the next sections. 

The Hariharan 5-bucket Technique: 

The Hariharan 5-bucket Technique, as its name implies, uses 5 intensity 

measurements to recover the phase function, ~$o(x,y). The phase shift between frames, 

ashift' is equal to nl2 for this method. The phase is recovered from the intensity 

measurements according to the following equation: 

~$o(x,y) (E.9) 

Using Equations (E.6) and (E.S), the corrections to the phase measured using the 

Hariharan 5-bucket technique are given by: 



.1<l>step(X,y) == .1<l>o(X,y) - 1t 

The Carre 4-bucket Technique: 

The Carre 4-bucket Technique, requires four intensity frames to recover the phase 

function, .1<l>(x,y). For this method, Ushift need not take on any specific value; it must 
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only be the same between any two consecutive frames. The phase is recovered from the 

four frames according to Equation (E.IO): 

.1<l>o(X,y) (E. 10) 

Once again using Equations (E.6) and (E.8), the phase corrections for the Carre 

technique can be written: 

.1<l>stcp(X,y) == .1<l>o(x,y) + (3Uibift ) 

.1<l>ramp(X,y) = .1<l>o(x,y) + (~ - 1) Ushift 



In order to properly correct the phase, a.shift must be known. Typically, the phase

shifting device is calibrated to produce a 1(/2 phase change at a specific measurement 

wavelength, Aca1ib• If the phase-shifter is not re-calibrated for a different wavelength, 

"-new' the resulting phase change is given by the following formula: 

With this information, the correction for the Carre PSI technique can be calculated 

according to: 

~<I>stcp(x,y) = 

_ (x )(~)(~) ~<I>ramp(x,y)- ~<I>o(x,y) + X-I 2 "-new 
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One last topic to address in the phase measurement process is the ambiguity of the 

phase branch. For monochromatic light, the phase function exactly repeats itself every 

21t radians. Even for quasi-monochromatic light, adjacent branches of the phase function 

are virtually indistinguishable. This ambiguity leads to the following expression for the 

measured phase, in terms of the true phase: 



~<I>meas(X,y) = ~<I>true(X,y) + 21tm(x,y) 

where ~<I>meas(x,y) is the measured phase using PSI techniques 

~<I>lrue(x,y) is the actual phase difference between the test and 

reference arms of the interferometer 

m is an integer value representing the phase branch. 

III 

In order to resolve the phase branch ambiguity, white light fringes are used to locate 

the zero-order fringe. This is possible because the visibility function is proportional to 

the fourier transform of the spectral distribution of the illumination. By locating the peak 

visibility in the fringe pattern, the fringe that locates nominally zero OPD is found. Once 

this reference fringe is located, the phase branch of any arbitrary point in the 

interferogram can be found by simply counting fringes, and incrementing/decrementing 

the order number for each fringe. 
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