
R.H. Muller 

April 1989 

1 . F •  

0,11 

, 

k_%A 
. 	 - I--. 

I. 	... 

i 

LBL-23916 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Chemical 
Sciences Division 

To be published as a chapter in Techniques for 
Characterization of Eiectrodes and E1ectrochemica 
Processes, R. Varma and J.R. Seirnan, Eds., 
John Wiley & Sons, New York, NY, 1989 

Ellipsometry as an In Situ Probe 
for the Study of Electrode Processes 

1•• 

- 	 1- 

TWO-WEEK LOAN COPY 
This is a Library Circulating Copy 

which may be borrowed for two weeks. 

,- - •__ 
..-..- 

,.. 	 .;. 	.. - 	 .n .fl..fl 	 -. 	 ....... 

q its H i LI 

! !1 Aom jj jj 

-A 

'JJ 

Prepared for the U.S. Department of Energy under Contract Number DE-AC03-76SF00098. 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-23916 

ELLIPSOMETRY AS AN IN SITU PROBE 
FOR THE STUDY OF ELECTRODE PROCESSES 

Roif. H. Muller 

Materials and ChemIcal Sciences Division 
Lawrence Berkeley Laboratory 

1 Cyclotron Road 
Berkeley, CA 94720 

and 

Department of Chemical Engineering 
University of California at Berkeley 

Chapter in 

Techniques for Characterization of Electrodes and 
Electrochemical Processes 

Edited by R. Varma and J.R. Selman 

Published by Wiley, New York, in collaboration with 
The Electrochemical Society 

This work was supported by the Director, Office of Energy Research, Office of Basic 
Energy Sciences, Materials Sciences Division, of the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00008. 

(i 

I' 



ELLIPSOMETRY 

INTRODUCTION 	 . 1 

OPTICAL PRINCIPLES 	 .3 

2.1 	Reflection of Light .................................................................................................................... 3 

2.1.1 s and p Components 	................................................................................................. 3 

2.1.2 Fresnel Coefficients .................................................................................................. 4 

2.1.3 Optical Constants 	..................................................................................................... 5 

2.1.4 Drude Equation 	........................................................................................................ 7 

2.2 	Polarized Light ..........................................................................................................................8 

2.2.1 Linear and Elliptic Polarization ................................................................................ 8 

2.2.2 Physical and Geometric Parameters 

ofPolarized Light ...................................................................................................9 

2.2.3 Equation of Ellipsometry 	....................................................................................... 10 

2.2.4 Definitions and Conventions .................................................................................. 12 

2.2.5 Poincard Sphere ...................................................................................................... 13 

2.2.6 Stokes Parameters 	.................................................................................................. 15 

2.2.7 Matrix Representation 	............................................................................................ 16 

2.3 	Optical Theory ........................................................................................................................ 18 

2.3.1 Electmmagnei.ic Theory 	.......................................................................................... 18 

2.3.2 Coherence 	............................................................................................................... 19 

2.3.3 Multiple and Inhomogeneous Films ....................................................................... 20 

2.3.4 Island Films 	............................................................................................................ 20 

2.3.5 Composite Materials, Effective Media 	.................................................................. 21 

2.3.6 Anisotropic Materials 	............................................................................................. 23 

2.3.7 Rough Surfaces 	...................................................................................................... 24 



2.3.8 Spectroscopic Ellipsometry 24 

2.3.9 Reflectance Ellipsometry 	....................................................................................... 25 

2.3.10 Multiple-Angle Ellipsometry 	................................................................................. 25 

2.3.11 Transmission Ellipsometry ..................................................................................... 26 

3. 	INSTRUMENTATION ......................................................................................................................27 

3.1 	Classification of Ellipsometers ...............................................................................................27 

3.2 	Compensating Measurement ...................................................................................................28 

3.2.1 Incident Elliptic Polarization .................................................................................. 28 

3.2.2 Four-Zone Measurements 	...................................................................................... 29 

3.2.3 Alignment ............................................................................................................... 30 

3.2.4 AziinuthModulation 	............................................................................................... 31 

3.2.5 Retardation Modulation .......................................................................................... 33 

3.2.6 Achromatic Compensator ....................................................................................... 34 

	

3.3 	Photometric Measurement ......................................................................................................34 

3.3.1 	Rotating-Analyzer. Instruments ..............................................................................34 

3.3.2 	Other Rotating Components ...................................................................................36 

3.3.3 	Retardation Modulation ..........................................................................................37 

3.3.4 	Multiple Detectors ..................................................................................................38 

	

3.4 	Other Configurations ...............................................................................................................38 

3.4.1 	Return-Path and Principal-Angle Instruments .......................................................38 

3.4.2 	Psi Meters ...............................................................................................................39 

3.4.3 	Interferometric Ellipsometry ..................................................................................39 

3.4.4 	Pulse Ellipsometry ..................................................................................................39 

3.4.5 	Differential Ellipsometry ........................................................................................40 

3.4.6 	Infrared and Microwave Ellipsometry ...................................................................40 

p 



3.4.7 	Imaging and Micro-Ellipsometry 	 .41 

INTERPRETATION ...........................................................................................................................42 

	

t 4.1 	Optical Models ........................................................................................................................42 

	

4.1.1 	Surface Parameters .................................................................................................42 

	

4.1.2 	Measured Parameters .............................................................................................42 

	

4.1.3 	Optimization of Models .........................................................................................43 

	

4.2 	Combination and Comparison with Other Techniques ...........................................................44 

	

4.2.1 	Vacuum Techniques ...............................................................................................45 

	

4.2.2 	Radiotracer Techniques ..........................................................................................45 

	

4.2.3 	Other Techniques ...................................................................................................46 

APPLICATIONS ................................................................................................................................47 

	

5.1 	Anodic Oxidation ....................................................................................................................47 

	

5.1.1 	Valve Metals ..........................................................................................................47 

	

5 .1.2 	Nickel, Iron, and Manganese .................................................................................48 

	

5.1.3 	Platinum and Gold ..................................................................................................48 

	

5.1.4 	Other Metals ...........................................................................................................49 

	

5.1.5 	Semiconductors ...................................................................................................... 50 

	

5.2 	Gas-Phase Oxidation ............................................................................................................... 50 

	

5.3 	Corrosion .................................................................................................................................51 

	

5.3.1 	Passivation ..............................................................................................................51 

	

5.3.2 	Corrosion Layers ....................................................................................................52 

	

5.3.3 	Corrosion Inhibitors ............................................................................................... 52 

	

5.4 	Cathodic Metal Deposition .....................................................................................................52 

5.4.1 	Underpotential Deposits ......................................................................................... 52 



5.4.2 	Nucleation and Growth 	 . 53 

5.4.3 	Effect of Inhibitors 	................................................................................................. 53 

5.5 Reduction of Oxides ................................................................................................................ 53 

5.5.1 	Potential Cycling 	.................................................................................................... 53 	 p 

5.5.2 	Electrochromism 	.................................................................................................... 54 

5.6 Adsorption Processes 	.............................................................................................................. 54 

5.6.1 	Double Layers 	........................................................................................................ 54 

5.6.2 	Physical Adsorption 	............................................................................................... 54 

5.6.3 	Chemisorption 	........................................................................................................ 55 

5.6.4 	Oriented Layers 	...................................................................................................... 55 

5.7 Mass-Transfer Boundary Layers ............................................................................................. 56 

5.8 Electronic Materials 	................................................................................................................ 56 

5.8.1 	Surface Cleaning 	.................................................................................................... 56 

5.8.2 	Ion Implantation 	...................................................................................................... 57 

5.8.3 	Vapor-Phase Metal Deposition 	.............................................................................. 57 

5.8.4 	Other Films 	............................................................................................................. 57 

5.9 Optical Constants 	.................................................................................................................... 58 

5.9.1 	Contamination 	........................................................................................................ 58 

5.9.2 	Roughness 	.............................................................................................................. 59 

5.9.3 	Microstructure 	........................................................................................................ 59 

5.9.4 	Anisotropy 	.............................................................................................................. 59 

5.10 Liquid Surfaces 	....................................................................................................................... 60 

5.11 Other Studies 	........................................................................................................................... 60 

6 . 	OUTLOOK 	......................................................................................................................................... 61 



Optical Theory 	 .61 

Instrumentation 	 .61 

Interpretation 	 .62 

Applications............................................................................................................................ 62 

6.1 

6.2 

6.3 

6.4 

I 



1. INTRODUCTION 

Ellipsometry is an optical technique for characterizing surfaces and thin films. The technique 

involves the reflection of polarized (generally monochromatic) light from the surface under study and the 

measurement of the change in the state of polarization caused by the reflection. The measurements usually 

involve elliptically polarized light, a fact that is recognized in the present name of the technique, and yield 

two parameters that characterize the change in the state of polarization. 

Ellipsometer measurements are often extremely sensitive to the presence of very thin surface layers 

(including fractional monolayers), to changes in their thickness (or coverage), and to changes in surface 

topography at an atomic scale. The range of film thicknesses that can be observed is very large (reaching 

to several wavelengths optical thickness), and the surfaces being studied may be immersed in any optically 

transparent medium, including liquids. These characteristics make the use of ellipsometry for electrochem-

ical studies particularly attractive. 

Although the reflection of polarized light has been studied for more than a century, as pointed out in 

the historical review by Hall (1), the term "ellipsometry" was not introduced until 1945, by Rothen (2), 

who described in his recollections (3) that he thought the otherwise appropriate term "polarimetry" had 

been given a restricted meaning by chemists for the measurement of optical rotation. Significant early 

work by Vasiek employs the terms "polarimetry" or "polarization spectroscopy" (4,5). 

Several reviews of ellipsometry have been published. They include early publications by Rothen (3), 

Zaininger and Revesz (6), and Weingart and Johnston (7). An intnxluction to the physical principles of 

ellipsometry has been given by this author in a previous book chapter (8), and electrochemical applications 

have been reviewed in the same volume by Kruger (9). More recent review papers include those by Kino-

sits and Yamamato (10), who discuss the use of different types of instruments and the determination of opt-

ical constants. Reviews by Neal (11) and Paik (12) are also available. Aspnes has compared the charac-

teristics of null and photometric measurements and has treated the determination of spectral properties of 

materials (13), the sensitivity to monolayers and roughness (14), and the prospects for outstanding future 

applications and problems (15). An earlier review of principles and performance of automatic 
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ellipsometers by this author (16) has been followed more recently by a comprehensive review of different 

types of instrumentation and their capabilities by Hauge (17). A short article in German by Haller (18) 

illustrates the use of a compensating instrument for Langmuir film studies, and another short article by 

Kutko (19) is directed toward a solid-state electronics audience. 

Bashara and coworkers have published a short introduction to ellipsometry that makes use of matrix 

formulations (20) and a substantial review chapter that covers different types of films and measurement 

techniques (21). A chapter on special techniques for the study of electrode processes by Conway (22) 

includes a section on ellipsometry. Optical principles for the study of chemisorption from the gas phase by 

ellipsometry have been treated by Bootsma et al. (23). A recent chapter by Greef (24) includes a discus-

sion of instrumentation, optical models, interpretation, and electrochemical applications. 

The principal book about ellipsometry is the comprehensive volume Ellipsometry and Polarized 

Light by Azzam and Bashara (25). In addition, there are Neal's more recent Ellipsometry: Theory and 

Applications (26) and Archer's much earlier and shorter Manual on Ellipsometry (27). Collected papers 

are contained in the proceedings of five Ellipsometry Conferences (28-32). 

tal 
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2. OPTICAL PRINCIPLES 

2.1 Reflection of Light 

2.1.1 s and p Components 

For the purposes of ellipsometry, wave models are best suited to represent optical radiation. In the 

electromagnetic wave theory, electric and magnetic fields are coupled. Because of this coupling, and since 

the electric field is primarily responsible for the interaction of light with matter, only the electric vector is 

considered in ellipsometry. 

The electric field-strength vector E for a wave traveling in the positive z direction can be represented 

by (33) 

ff= E0  exp [i(wt+6)} exp (-iki) exp (—az) , 	 11 (1) 

where E0  is the wave amplitude, i is the imaginary unit, w is the angular frequency, t is the time, ö is the 

phase angle (relative to a reference, e.g., incident wave), V is the wave vector, l'is the position vector, a is 

the amplitude absorption coefficient (equal to half the intensity absorption coefficient), and z is the distance 

of travel. As has been pointed out in more detail before (8), the time-independent part of the oscillating 

electric field at a fixed location (the complex amplitude) can be written as 

I El exp(ie) 
	

(2) 

where the modulus I E  I is the real amplitude and the argument c is the phase. 

In treating optical reflection, two orthogonal components are considered separately because they 

incur different changes in phase and amplitude upon reflection. One component has its electhc vector 

oriented parallel to the plane that contains incident and reflected beams (the plane of incidence) and is 

called the p component. The other component has its electric vector oriented normal (senkrecht) to the 

plane of incidence and is called the s component (Fig. 2.1). For the discussion of ellipsometry of isotropic 

media, s and p components can be treated separately (34). 

Ili 
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2.1.2 Fresnel Coefficients 

For reflection from an ideally smooth and sharp interface between two media, the ratio of the 

reflected field amplitude Er to the amplitude E 1  in the incident light wave is given by the Fresnel reflection 

coefficient r. The p and s components, indicated by the respective subscripts, are associated with different 

reflection coefficients: 

tPr 	 (3) 

(4) 

The (physical) amplitudes and phases of the electric fields can be represented by complex amplitudes. 

Thus, complex Fresnel coefficients can be formulated, shown for the p component in Eq. 5. The 

corresponding expression for the s component is analogous: 

I E  I 
= 	exp [i(c.,—c)] . 	 (5) 

I E  I 

With amplitude attenuation and phase change due to reflection shown for the p component in Eqs. 6 and 7: 

IrI a 	 (6) 
IEI' 

(7) 

the complex reflection coefficient for the p component can be more compactly written as 

= I r  I exp (i6) , 	 (8) 

and the corresponding expression for the s component is 

t. = I r, I expi3 . 	 (9) 

For angles of incidence and refraction and positive electric-field directions for p and s components in 

incident, reflected, and refracted waves defined in Fig. 2.2, the Fresnel coefficients can be formulated in 
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terms of angle of incidence 0 and angle of refraction Ot as follows: 

tan(-4t) 	 (10) 
tan 

r= 	it) 

sin  = - 
sm(+4 t) 

Alternate formulations, which contain the refractive index n 1  of incident and n t  of reflecting medium, are 

flt cos 4t - ii COS ot (12) r = tiltcos 

r = cos 4t - n cos 0 	 (13) 
I  

The angle of refraction Ot  is determined from the angle of incidence 4' and the refractive indices of incident 

and reflecting media by Snell's law: 

Sifl4t..Sifl4 	. 	 ( 14) 
nt 

Despite the simplicity of the formulation of the Fresnel equations, the dependence of the reflection coeffi-

cients (and the ellipsometer parameters derived from them) on optical constants and angle of incidence is 

quite involved, as graphs found in the literature illustrate (8,35). The Fresnel equations are derived by use 

of electromagnetic theory, although they were originally obtained from an elastic-solid theory of light (36). 

They are valid for real or complex refractive indices. 

2.1.3 Optical Constants 

The optical properties of a material can be characterized by its optical constants. They are expressed 

by the complex refractive index El, which consists of the real refractive index n and an imaginary part that 

contains the extinction coefficient Ic 

It=n—ik 
	

(15) 

The refractive index of transparent (dielectric) media contains the real part only, the physical meaning of 

which is that of a ratio of the light velocity c in vacuum to the phase velocity v in the medium: 



C n= — 

V 
(16) 

The extinction coefficient k is a measure of light absorption by the medium. For normal incidence on an 

absorbing medium, the amplitude of the transmitted wave decays with distance z nonnal to the interface as 

E=E0exp(-2itkzI) , 	 (17) 

where A0  is the wavelength in vacuum. The amplitude absorption coefficient used in Eq. 1 is therefore 

2irk 	 (18) 

The amplitude penetration depth 

A0 	 (19) 

is the distance below the surface of an absorbing medium at which the amplitude is reduced to l/e of its 

value at the surface. 

The radiance (intensity) absorption coefficient, more often found in the literature, is twice that given 

in Eq. 18 because it represents the decay of the square of the amplitude (a measure of intensity). Similarly, 

the intensity penetration depth is half that given in Eq. 19 and is shown in Fig. 2.3. 

The use of Snell's law with a complex refractive index results in a complex angle of refraction that 

can be used to derive complex Fresnel reflection coefficients but has no physical meaning. For this reason, 

the derivation of absorption coefficients and penetration depths for non-normal incidence requires the use 

of differently defined, alternate optical constants that involve the real propagation direction but depend on 

angle of incidence (8,33,36). le 

The optical properties of materials can also be described by the complex dielectric constant c (rela-

tive permittivity or dielectric function, if frequency dependence is considered): 

(20) 

which is the square of the complex refractive index 



hA 

c—fl2—n2k22ink . 	 (21) 

Therefore, 

= n2—k , 	 (22) 

c2=2nk , 	 (23) 

and 

n = ~ 1  [F 	 (24) 

. 	 (25) 

The dielectric constant is used in electromagnetic theory, where dielecthc processes are represented by c 1  

and dissipative processes by £2. 

Practical considerations for the determination of optical constants of bare surfaces are discussed in 

Section 5.9. The optical constants of composite and anisotropic media as well as reflection from rough sur-

faces will be treated in Section 2.3. 

2.1.4 Drude Equation 

The reflection coefficients r of a film-covered surface (for s or p polarization) are derived from the 

Fresnel coefficients ? I  and 2  of the two film surfaces (Fig. 2.4), the angle of refraction in the film, the 

film thickness L, and the refractive index of the film ñ' by use of the Drude equation, given for the p com-

ponent in Eq. 26 (37-39): 

-iD 

= 	+ 

,e 	
, 	 (26) 

with 

D = - 	 L El' cos Ot (27) 
AO 

representing the phase delay due to propagation through the film. As before, A0  is the wavelength in 
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vacuum. For an absorbing film material, with complex refractive index, the angle of refraction is complex 

(indicated by the caret). The Drude equation can be derived from electromagnetic theory (39) or by use of 

a multiple-beam model of thin-film interference (38,40). 

Reflection from multiple, inhomogeneous, and island films will be discussed in Section 2.3. 

Throughout this chapter, the terms "single film" and "single layer" will be used interchangeably. 

In the recent literature, such a system is, unfortunately, also called a "three-layer" system. A designation 

as a "three-media" system would be more appropriate, since the infmitely extended incident and substrate 

media are not really "layers" with two interfaces each. 

2.2 Polarized Light 

2.2.1 Linear and Elliptic Polarization 

The physics of polarized light has been treated for a long time (41-46). In linearly polarized light 

(often simply called polarized light), the electric-field vector at a fixed position in space oscillates along a 

straight line. Along a wave in space, the electric-field vectors lie in a plane (the plane of polarization), 

with their end points showing a sinusoidal field distribution at a fixed time. The superposition of two 

orthogonal linear polarizations that are in phase results in another linear polarization (Fig. 2.5). Polarizers 

(and analyzers) are devices which convert unpolarized (or elliptically polarized) light into linearly polar-

ized light by selective absorption (sheet polarizers, grids), birefringence (prisms), or reflection. 

In elliptic polarization, the electric-field vector at a fixed position in space rotates, with its end point 

describing an ellipse (47). Elliptic polarization can be viewed as a superposition of two orthogonal linear 

polarizations, chosen here to be oriented in the s and p directions, and represented by the time-independent 

complex amplitudes 

	

I E  I  exp (ic.,,) , 	 (28) 

	

E a 1E8 1 exp(ie.J . 	 (29) 

As shown in Fig. 2.6, the helix that results from connecting the end points of the resulting electhc-lield 
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vectors in space appears as an ellipse when pmjected on a plane normal to the propagation direction k. For 

the purpose of conventional ellipsomeiry, incident and reflected light are assumed to be completely polar-

ized, and the state of polarization is described without regard for light intensity as the complex polarization 

ratio p of p to s components: 

E 	IEI 

= 	I 
EI exp [i(c,, - (30) 

Retardation plates (or compensators) introduce a known (fixed or variable) phase difference (e.g., 

900  or quarter-wave) between two orthogonal components of a transmitted wave. They are usually made 

from crystalline birefringent materials (mica, calcite, quartz), and their operation has been examined on the 

basis of electromagnetic theory (48). Internal reflection can also be employed to introduce a defined retar-

dation (49). 

2.2.2 Physical and Geometric Parameters of Polarized Light 

The state of polarization of completely polarized light, irrespective of intensity, can be described by 

two alternate sets of parameters, which can be interconverted. 

The physical parameters qi and A are based on the ratio of s and p components. The ratio of the 

electric-field amplitudes is expressed as the tangent of the angle w: 

IEI 
IESI 	

, O°:5 ~ ii9O° , 	 (31) 

and the difference A of the time-independent phases e of the two components is 

0°:5  A :5360° . 	 (32) 

The geometric parameters 0 and y  are based on orientation and shape of the ellipse, with 

0 = azimuth of major axis, 00  :5 05 1800 , 	 (33) 

and 



minor axis 
tany= 

	

	 ,-45°:5y:545° 
major axis 

Positive values of y represent left-hand (mathematically positive, counterclockwise) rotation of the ellipse, 

and negative values represent right-hand rotation. Physical and geometric parameters are shown in 

Fig. 2.6. They are related by (8) 

sin 2y= sin 2w sin A , 	 (35) 

tan20=—tan2Wcos , 	 (36) 

tanA= tan2y 
	 (37) 

sm 20 

cos2i=—cos2ycos20 . 	 (38) 

2.2.3 Equation of Ellipsometry 

The change in the state of polarization caused by reflection on the specimen is determined in ellip-

sometry as the ratio of the state of polarization of the reflected light to that of the incident light. The states 

of polarization are characterized by the polarization ratios p1  and p1  (Eq. 30) for incident and reflected 

waves: 

1 IEI 

- I E  I 
exp [i(c - 

p1  = E 
I

exp [i(e, - 

The effect of reflection on the polarization ratio can be expressed as 

I ]E  I I E  I exp [i(c,, - 

p1 - I E  I I E  I exp [i(c - r.)] 

which, with the definition of Eq. 5: 

 

11,  

 

10 

(34) 
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I E  I 
= 	exp [i(c - 	, 	 (42) 

IEI 

lEfl 
exp [i(E,' - c)I , 	 (43) 

IEfl 

and that of Eq. 7: 

 

 

simplifies with the use of Eqs. 8 and 9 to 

 

With the definitions of the relative amplitude parameter i, and the relative phase parameter A as 

Ir I 
 

1=op—os , 	 (48) 

one obtains the basic equation of ellipsometry: 

p=(tanW)eth . 	 (49) 

It is the object of ellipsometry to determine the quantity p; tan xV represents the ratio of the p and s ampli-

tude ratios before and after reflection, and A represents the difference of s and p phase differences before 

and after reflection. 

A different reading of Eq. 41 used before (8) shows that for incident light of equal s and p amplitudes 

and zero phase difference, the state of polarization of the reflected light represents the change due to reflec-

tion. 

For reflection from bare surfaces, the dependence of the ellipsometer parameters xV and A on optical 

constants and angle of incidence is illustrated in Figs. 2.7 and 2.8. 
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2.2.4 Defmitions and Conventions 

Numerical data on the reflection of polarized light sirongly depend on a large number of arbitrary 

choices of definitions and conventions. An analysis of the literature has shown a great variability of past 

usage, with at least 512 different combinations being possible and 16 different optical constants describing 

reflection from a given bare surface (8,33). A preferred set of nine twofold choices was established at the 

1968 International Ellipsometry Conference at the University of Nebraska (33) and is used here. It was 

summarized later (8) and is now widely accepted (25,50). The following is a summary of the 1968 

Nebraska conventions (8,33). 

Relative amplitude parameter i: 

II 	 I 
tan= r — (alternate: _ 

r L)  
Irg i 	 IrI 

Relative phase parameter : 

i=8-8 (alternate: 8-8 ) 

Complex polarization ratio p: 

p = (tan ,) exp (iA) [alternate: (tan ,) exp (–is)] 

Time dependence on of electric-field oscillation: 

E - exp (i(n) [alternate: exp (–i(n)] 

Absolute phase 6: 

E - exp [i(ox + 8)] [alternate: exp [i(on — 6)1] 

Positive coordinate directions for p componenc at normal incidence, reflected beam opposite to 

incident beam, transmitted beam parallel (see Fig. 2.2) (alternate: reflected beam parallel). 

Positive coordinate directions for s componenc reflected and transmitted beams parallel to incident 

beam (see Fig. 2.2) (alternate: reflected beam opposite). 
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Complex refractive-index formulation: 

ñ = n - i k [alternate: n(1 - ik)] 

Complex refractive-index defmition: independent of angle of incidence (alternate: dependent). 

Sense of rotation: positive for counterclockwise rotation, looking into the beam (alternate: nega-

tive). Sign of geometric parameter y  shows sense of rotation. 

While some of the choices are arbitraiy, others, such as 1 and 2 or 4 and 8, are linked. As found 

later, the above conventions and definitions are not completely compatible with customary matrix formula-

tions in the Mueller-Stokes calculus (51). In particular, for that use the axial ratio of the ellipse is taken to 

be positive for clockwise rather than counterclockwise rotation and the p rather than the s component is 

taken as a reference for the phase. 

It has been pointed out recently (52) that the present conventions can produce difficulties for total 

internal reflection from a medium of refractive index ii = n - 1k, where the evanescent wave propagates in 

a medium of real refractive index. The difficulty is related to the fact that some computer programming 

languages assign a negative sign to the imaginary square root of a negative number with a vanishingly 

small imaginary part; this difficulty has been overcome by the use of ñ = n + i k. 

2.2.5 Poincard Sphere 

Representation of polarized light on the Poincard sphere provides a useful graphical device to trace 

the state of polarization through the components of an ellipsometer. On the Poincard sphere, the state of 

polarization (irrespective of intensity) is represented as a point on a unit sphere (25,42,43,53,54). As 

shown in Fig. 2.9 for the set of conventions and definitions used here (33,50), "north" and "south" poles 

of the sphere represent left and right circular polarizations, respectively. Similarly, points on the "north-

ern" hemisphere represent left-hand (or counterclockwise, mathematically positive) rotation of elliptic 

polarization, the "southern" hemisphere right-hand rotation. Points on the equator signify linear states of 

polarization, with pure p polarization represented by the origin H (for horizontal) of the longitudinal grid, 

and pure s polarization by the opposite point V (for vertical). 
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Coordinate grids for geometric and physical parameters of elliptic polarization are shown in the first 

two parts of Fig. 2.10, with a view of the sphere on the left and the corresponding stereographic projection, 

as seen from the "north" (L) pole, on the right. Note that all angles except phase angles appear doubled 

on the sphere. The effect of a compensator of retardation 8, and fast axis F (shown at 45° azimuth) is indi-

cated on the bottom of Fig. 2.10. 

Stereographic projections are used extensively in crystallography (55) as angle-true representations 

of the surface of a sphere. They are obtained by projecting each hemisphere from the opposite pole on a 

plane tangent to the pole of the hemisphere (or a plane parallel to it, such as one through the equator). The 

two separate projections of both hemispheres are then superimposed. Points above the equator are desig-

nated here by circles, those below by crosses. 

Stereographic projections of the Poincare sphere are also called Carter charts (56). Two stereo-

graphic grids of the kind used here, rotated 90° against each other, have been used before for the discussion 

of elliptic polarization with different definitions (57). 

Orthographic projections of the Poincare sphere consist of orthogonal circles and are called Smith 

charts (56). 

The amplitude of an elliptic polarization E transmitted by an analyzer A (with absorption direction 

Al can be represented inside the PoincareT sphere by the length of the chord between E and A' (Fig. 2.11). 

Among the applications of the PoincareT sphere reported in the literature are the transmission of light 

through birefringent and optically active media or birefringent networks (58,59), birefringent and dichroic 

media (60), and the analysis of polarized light by an elliptic compensator or by intensity measurements at 

two analyzer azimuths (61). The PoincareT sphere has also been used to discuss the accuracy of measuring 

intensity minima (62), and in Section 3 it will be used to follow the state of polarization through the corn-

ponents of different ellipsometers and to explain their operation. 

Many other graphical representations of polarized light exist (25). A representation of the state of 

polarization by complex numbers has been used to generate equl-azimuth and equi-ellipticity contours in 

the complex plane as an alternate to the PoincareT spheres (63,64). The ellipsometer parameters xV and 
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can also be plotted in polar coordinates (65). Another graphical method used to detennine the effect of 

retarders and rotators is based on the properties of quaternions and the use of a 2 x 2 matrix to represent the 

effect of each retarder (66,67). 

2.2.6 Stokes Parameters 

A more complete characterization of monochromatic polarized light requires, in addition to the two 

ellipsometer parameters, a measure of the light intensity (radiance) and of the degree of polarization (for 

partial polarization). The four Stokes parameters provide such a characterization (46,68). They are 

defined in terms of the time averages of two orthogonal electric-field components, chosen here to be E.?  and 

E5, and their associated phases c, and €: 

S0=E+E , 	 (50) 

S1=E,—E , 	 (51) 

= 2E,E cos ( - c,) , 	 (52) 

S3=2EpEgSifl(CpC) . 	 (53) 

The Stokes parameters have the dimension of radiance (intensity) and can be measured directly with a 

combination of polarizers and retarders. Under the present definitions and conventions, the physical mean-

ing of the Stokes parameters is: S o  is a measure of total radiance; S 1  is a measure of the excess of linear 

component with 0° azimuth (p component) over that with 90° azimuth (s component); S 2  is a measure of 

the excess of the linear component with 450  azimuth over that with 135° azimuth; and S 3  is a measure of 

the excess of left-hand over right-hand circular polarization (39). Note that in the conventional defmition 

of the Stokes parameters, S 3  is positive for right hand polarization and e - e.,, is used in place of e p  - 

(51). For complete polarization, 

s02=sj2 +s22+s32 
	

(54) 

and the Stokes parameters can be represented as coordinates of points on the surface of the Poincarc sphere 
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(39,54,69), as shown in Fig. 2.12. 

S 1  = S0  cos 2ycos 20 , 	 (55) 

S2=S0cos2ysin20 , 	 (56) 

S3=S0sin2y . 	 (57) 

For partial polarization, 

S>S+S ~ S . 	 (58) 

Partially polarized light can be represented as the sum of a completely polarized and an unpolarized por-

tion. For unpolarized light, 

S1+S2+S3=0 . 	 (59) 

The degree of polarization P is defined as the ratio of polarized to total radiance and can be formulated as 

so 
 S32 	 (60) 

The measurement of partial polarization to characterize a surface remains to be used toy significant 

extent, although instrumentation for making such measurements has been described (17,70-72). 

2.2.7 Matrix Representation 

Jones Calculus. For complete polarization, the state of polarization can be represented in the p, s 

coordinate system by the vector sum of complex p and s amplitudes, given in Eqs.28 and 29: 

E= IEl exp(ie.,,) , 	 (61) 

= IE, I exp (iE8) , 	 (62) 

which can be represented by the complex Jones vectoc 
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[E 
E.] 

and is often used in a normalized form (24,73). The effect of a non-depolarizing optical component or sys-

tern on the state of polarization can be represented by the Jones matrix T, the components of which may be 

complex: 

T 
 = [

T11  T12l 
Tzi TnJ (63) 

Jones matrices for many optical components have been tabulated (25,45). The state of polarization E,. at 

the output of an optical system is obtained from the state of polarization E1  at the input by matrix multipli-

cation: 

t. = T 
	

(64) 

The effect of a series of components encountered by the light, e.g., in the order 1, 2, 3, is obtained by the 

multiplication of their respective Jones matrices: 

E0 =T3T2T 1 E1 	 (65) 

As has been pointed out (45), the Jones calculus, being based on electromagnetic theory, employs ampli-

tudes and phases. It is suited for combining two coherent beams but is not able to handle incoherent super-

position or depolarization (partial polarization). An extended Jones matrix method has been used to treat 

reflection and transmission under non-normal incidence on uniaxially anisotropic media (74). 

Mueller Calculus. Another matrix-algebraic method used in ellipsometry is based on the Stokes 

parameters arranged in the form of the Stokes vector S: 

So  
S i 	 (66) 

2 
S 3  

for describing polarized light.. The Stokes vector Si for the incident light is multiplied by the 4 x 4 Mueller 

matrix M (73): 
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M1 1 M12M13M14  

M 

M22M23 

 (67) 
M31M32M33M34 

1M42M43M44  

which represents the effect of an optical system. To obtain the Stokes vector S 0  of the outgoing light 

(25,45): 

S0=MS1 . 	 (68) 

The Mueller calculus is able to represent partial polarization and depolarizing systems, but it does not 

allow one to consider absolute phase. Of the sixteen elements of the Mueller matrix, many are zero for 

typical optical elements and only seven are independent (45). 

As has been pointed out in Section 2.2.6, the conventional defmitions of the Stokes parameters are 

not completely consistent with the present defmition of the ellipsometer parameters (51). 

23 Optical Theory 

A few additional topics of optical theory of interest in ellipsometry are discussed here. 

2.3.1 Electromagnetic Theory 

The application of electromagnetic theory to the reflection of light has been treated extensively by 

many authors and will not be reproduced here. In addition to optical and electromagnetic textbooks 

(36,39,75-79) and review chapters on physical optics and reflection (44,80-82), Azzam and Bashara's 

book on ellipsometry (25), as well as an earlier volume on thin-film optics by Vasiek (38), are based on 

electromagnetic theory, as are several review chapters on thin-film optics (40,83). Energy-conservation 

considerations in the application of the Maxwell equations to a reflecting surface result in boundary condi-

tions for electhc- and magnetic-field components at the interface and lead to the Fresnel reflection coeffi-

cients for bare surfaces and the Drude equation for film-covered surfaces. 

Use of the Maxwell equations is based on a discontinuity in dielectric properties at an interface (23), 

although a continuous change is physically more realistic (84). An application of electromagnetic theory to 

reflection from multilayers has been given earlier (85). 
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2.3.2 Coherence 

Reflection from heterogeneous surfaces, for which optical properties vary along the surface, results 

in different states of polarization for reflection from different surface elements. The resulting overall state 

of polarization represents a superposition of these different polarizations. This superposition depends on 

the coherence properties of the incident light because coherent and incoherent superposition of different 

polarization stales produces different results. 

The lateral (or spatial, transverse) coherence area is the region of width w across a light beam over 

which the phase of the radiation is correlated. For a monochromatic beam from a thermal source, the 

lateral coherence depends on the angular radius p/R of the source (39): 

O.16R) 	 (69) 
p 

where R is the distance between source and observer, X is the quasi-monochromatic wavelength, and p is 

the radius of the circular source. The lateral coherence extends over the entire beam for light from an ideal 

point source (p/R =0) or from a single-mode laser. 

The longitudinal (or temporal) coherence area is the region of length along the light beam over 

which the phase of the radiation is correlated. The coherence length is determined by the monochromati-

city of the source, described by the spread in wavelength & and the center wavelength X (39): 

(70) 

The coherence length for most laser beams is of macroscopic dimensions (meters). 

For non-normal incidence, lateral and longitudinal coherence properties of the incident light have to 

be used to establish the size of the coherently illuminated specimen area. Surface heterogeneities smaller 

than the coherence area result in the coherent superposition of different polarization states, with the result-

ing irradiance (intensity) being the square of the sum of amplitudes. Surface heterogeneities larger than the 

coherence area result in the incoherent superposition of polarization states, with the resulting irradiance 

being the sum of the square of amplitudes. 
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2.3.3 Multiple and Inhomogeneous Films 

Electrochemical surface layers are often not single, homogeneous films and thus require multiple-

film models for the satisfactory interpretation of measurements. Reflection coefficients of multiple-film 

systems can be computed by a recursion process in which, beginning at the substrate, the optical effect of 

the adjacent single layer is computed; layer and substrate are then replaced by an effective substrate with 

apparent optical constants that produce the same optical effect The computation proceeds by considering 

the next layer in contact with the effective substrate and treating it the same way (86). 

Inhomogeneous films, in which the optical properties vary continuously with distance from the sub-

strate, can be represented by a stack of thin homogeneous films with incrementally varying properties (87). 

Deriving a refractive-index profile from ellipsometer measurements has been investigated theoretically 

(88). A study of polishing layers on glass has shown that inhomogeneous films cannot necessarily be 

represented by an equivalent homogeneous film (89), although a very thin layer of graded composition has 

been successfully replaced by a spatial average (90). A similar simplification has been found to represent 

the effect of mass-transfer boundary layers (91,92). 

2.3.4 Island Films 

Discontinuous films have long been known to result from the vapor deposition of many metals. An 

island nature of such films has been suggested to account for the differences in optical constants of silver 

films below 20 nm from the bulk properties (93). For films consisting of very small particles, an 

effective-medium model (discussed in Section 2.3.5) is usually appropriate to predict optical properties. 

Effective-medium theories for mixtures of absorbing and transparent materials are, however, highly non-

linear (Fig. 2.13), while a linear dependence of ellipsometer measurements on coverage is often found for 

submonolayer coverage (94-99) and aggregated films (100). 

Patchwise-disthbuted or island films of monolayer thickness have been used to account for the 

observed linear behavior of underpotential layers and to avoid the use of physically unrealistic film 

thicknesses of fractional atomic dimensions (Fig. 2.14). The optical properties of such island films have 

been represented by a coherent superposition of polarization states resulting from reflection on bare and 
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film-covered surface elements. In this coherent-superposition model, the overall reflection coefficient 

(for p or s components) is obtained by the linear combination of the reflection coefficients if  and? for the 

film-covered and bare substrate regions, respectively, scaled by the corresponding relative surface areas V 

and 0 (94,101): 

(71) 

For a simple system, 

Of + 0= I 	 (72) 

The above approach is based on the assumption that the islands are smaller than the area of coherent 

illumination, which was limited primarily by the lateral coherence (102). Incoherent superposition of 

polarization states has been found to apply to titanium hydride formation on titanium (103). 

2.3.5 Composite Materials, Effective Media 

Composite or heterogeneous optical materials result from the mixture of different components on a 

scale below the wavelength of light. Often one medium is physically dispersed in another. If the regions 

of the dispersed phase are large enough to retain the optical properties of the constituent material (not 

affected, e.g., by chemical bonding), the refractive index ft of the composite can be predicted (for spherical 

inclusions) from the refractive indices f11  of the components, the refractive index h  of the host material, 

and the volume fractions O i  of the components by use of effective-medium theories (104). For two com-

ponents, a and b, 

fi2+2fi 	' fl+2fl 	ft+2fi 

	

fia2 fl 		
(73) 

Effective-medium theories differ in the choice of the host material (104,105). In the Lorentz-Lorenz 

theory (106,107), the host material is assumed to be vacuum; Eq. 73 therefore becomes 

fi2 ft—1 	fl-1 

n2 +2 	fl+2 	fi+2 	
(74) 
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In the Maxwell Garnett formulation (108), the major (continuous) constituent (taken here to be medium a) 

is assumed to be the host medium, which leads to 

2 fi.2 	 2 	2 
"b'¼ 

+ 2fi - ' fi + 2fl 	
(75) 

and applies only for small volume fractions of material b, that is, 

(76) 

In the Bruggeman theory (109), often called the effective-medium approximation (EMA), the effective 

medium itself is taken as the host medium. This choice results in a self-consistent expression, valid over 

the whole composition range: 

n 2— n2 	2 fi2  
0, 	

2fl+0 
	 0 . 	 (77) 

fl+ 2 	2ñ fi+ 2  

where 

(78) 

The complex refractive index of the composite is obtained by (102) 

n={f [_A±(A2 _4B)½]}½ 	 (79) 

with 

A=+ 
[n(1_3e.)+n3o 1 _2)] , 	 (80) 

B=_+(nn) 	 (81) 

In practice, it can be difficult to select the correct root of the complex Eq. 79 if the composite con-

sists of absorbing and nonabsorbing constituents. The root with the largest modulus has been used in the 

past (102). In addition, the sign of k should conform to the Convention used. 



23 

The effective-medium models discussed hold for spherical, noninteracting particles (105). Relations 

for inclusions of more general shape and an extended effective-medium theory for ellipsoidal particles with 

dipole-dipole interaction between them have been presented (110). A more generally valid effective-

medium theory contains an adjustable screening factor that depends on microstructure (104,105,111). 

Radius and shape factor of ellipsoidal particles have recently been derived by fitting real and imaginary 

parts of the dielectric function over the visible spectrum by use of an extended Maxwell Garnett theory 

(112). Such a theory has also been used to account for selective optical absorption observed with small tin 

spheres but not found in the bulk metal (113). 

Since the optical constants of a composite material are not a linear function of composition, quite 

unexpected properties can be found for mixtures of absorbing and transparent media (114), such as the 

transparency of porous metals (101,115,116). 

2.3.6 Anisotropic Materials 

Although polycrystalline materials are usually well represented by isotropic optical models, anisotro-

pic models are required in some cases that involve oriented microstructures, strain, or single crystals. 

Anisotropic (birefringent or dichroic) materials are characterized by the orientation of one or two optic 

axes and the magnitude of two or three principal refractive indices (Fig. 2.15). Transmission of light 

through anisotropic media can be represented on the Poincare sphere (58,59). 

Progress has only recently been made on the optical theory of reflection from anisotropic media 

(117-125) and birefringent multilayers (126). Although in the general case the number of unknowns is too 

large for practical application, the theory has been used successfully for the determination of electrostric-

tion in dielectric films (127-130), strain-induced birefringence (131), and measurements on aggregate 

silver films (132). 

The adsorption of oriented aromatic compounds (133-135) and macromolecules (136) has been suc-

cessfully represented by uniaxially anisotropic layers, as have Langmuir films (137). The presence of sur-

face anisotropy can be determined by measurements at two nonorthogonal azimuth orientations of a speci-

men (138). Treating such layers as isotropic films has been shown theoretically to result in an apparent 



extinction coefficient for transparent materials (139). This result has been confirmed experimentally for 

the adsorption of quinolines on mercury (134). 

The optical properties of stratified anisotropic media have been represented by a 4 x 4 matrix formal-

ism (140). 

2.3.7 Rough Surfaces 

The optical theory of reflection from rough surfaces is still under active development. Extensive 

treatments (14 1-143) and a recent review (144) are available. For practical purposes, the effect of surface 

roughness in ellipsometry has mostly been represented by equivalent surface layers of thickness related to 

the depth of the surface profile and refractive index derived by an effective-medium model from the refrac-

tive indices of the two adjacent materials (114,145-153). Equivalent surface layers of optical constants 

uniform or gradually varying with distance from the substrate (to represent the-variable volume fractionsof 

constituents) have been employed (Fig. 2.16). Effective optical constants of rough surfaces have been used 

for measuring film growth on them (154). Transparent layers on rough metal substrates can appear to be 

absorbing if measurements are interpreted with a single-film model (154,155). 

The Kirchhoff diffraction theory has been applied to ellipsometry (156,157), as have scalar and vec-

tor theories of diffraction for coherent and incoherent reflection from Gaussian and non-Gaussian rough 

surfaces (143). Off-specular ellipsometry has been shown to be useful for the characterization of rough-

ness (151,158). In measurements on aluminum surfaces of controlled roughness (159), diffraction theory 

has been found to be applicable to bump-type (protrusion) roughness, but an equivalent surface-layer 

model was better able to account for the effect of pit-type (indentation) roughness. A surface-layer model 

has also been used to interpret measurements of the growth of a submicroscopic network of cracks during 

fatigue cycling of an aluminum alloy (160). 

2.3.8 Spectroscopic Ellipsometry 

Ellipsometer measurements at different wavelengths are of interest for two different purposes: first, 

they can be used to determine the wavelength dependence of optical constants in order to derive the 
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electronic structure and composition of substrate or film materials (161,162). Second, spectral measure-

ments on systems with known (or small) dependence of optical constants on wavelength can be used to 

derive more than two unknown parameters of the reflecting surface from the two (A and ,) ellipsometer 

measurements (102,163). A spectral scan over the visible wavelengths with 10-nm bandwidth can be con-

sidered as about 40 independent measurements from which 3-6 film parameters have been derived by mul-

tidimensional optimization (102). 

2.3.9 Reflectance Ellipsometry 

The measurement of reflectance during ellipsometry provides a third measured quantity that can be 

used to discriminate between different optical models for the interpretation of ellipsometer measurements. 

Changes in reflectance, which are much easier to measure than absolute reflectance, are often sufficient for 

that purpose and can be determined simultaneously with photometric ellipsometers. This technique has 

been called "three-parameter ellipsometry" (164) and has been applied to oxide formation on platinum 

and gold (165-167) and to the passivation of iron (168). Precision and uniqueness of solutions have been 

analyzed in detail (164). 

Changes in the reflectance for s and p components have also been considered separately to provide 

greater sensitivity for the determination of the refractive index of very thin films (169). 

2.3.10 Multiple-Angle Ellipsometry 

Measurements of the same specimen at different angles of incidence can be used to derive additional 

film parameters and to resolve multiple interpretations (170-172). This approach is, however, valid only 

under special circumstances (87): for an absorbing film on an absorbing substrate, the optical constants of 

1. 	

the film could be derived from measurements at different angles only for a specific film thickness. A 

detailed analysis of parameter correlation for multiple-angle ellipsometry has been presented (25) and 

applied to oxide-covered silicon (173), for which the complex refractive indices of film and substrate and 

the film thickness were derived. The sensitivity of the method depends greatly on the optical properties of 

a specific system (171,172). Four to five film parameters have nevertheless been derived from multiple- 
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angle measurements (171,172), although for very thin films not more than two layers can be identified, as 

shown by a theoretical analysis (170). 

The depth and complex refractive index of ion-implanted layers in oxide-covered silicon have been 

derived from measurements at two angles of incidence (174). Angle-of-incidence derivative ellipsometry 

has been used for the same system (175). Reflectance ratios at two angles of incidence have been used in 

the far uv (176). 

At the angle of incidence for which the reflection coefficients of the film-substrate combination are 

equal for s and p components (, = 450), measurements can be conducted with a single rotating polarizer 

(177). 

2.3.11 Transmission Ellipsometry 

The simultaneous measurement of reflected and transmitted light can provide additional information 

about transparent specimens. This approach, including internal reflection (through a transparent substrate), 

has been analyzed in detail (178). Such measurements require a three-telescope ellipsometer and can be 

conducted by either a compensating or a photometric method. 

A determination of the optical constants and thicknesses of thin gold films on glass by compensating 

ellipsometry at fixed wavelength has shown that the combined use of external reflection, internal reflec-

tion, and external transmission as a function of angle of incidence results in greatly reduced standard devia-

tions compared to the individual techniques (179). Dual films of Al and MgF 2  have also been measured 

with this technique by the same authors (180). 

Transmission ellipsometry has been conducted on a gold film optically suspended between glass and 

a liquid of the same refractive index as that of the glass (181). 
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3. INSTRUMENTATION 

3.1 Classification of Ellipsometers 

Ellipsometers measure the ratio of the state of polarization of light reflected from a specimen to that 

incident on it. This ratio p has been given in Eqs. 41 and 49. The principal optical elements of ellipsome-

ters are polarizers and compensators, which have been described in Section 2.2. These elements are 

rotated around the optic axes of the instrument (which contain the light beam). Their position is described 

by the azimuth angle, which is measured from the plane of incidence (the p direction) to the transmission 

direction of polarizers or the fast axis of compensators in a counterclockwise direction (0-180 0), looking 

into the beam. 

Ellipsometers can be divided into compensating and photometric (noncompensating) types. Several 

reviews of instrumentation are available (13,16,17,25). In compensating (or nuiling) instruments, the phase 

difference between s and p components introduced by the reflection is compensated to restore linear polari-

zation, which can be extinguished by a polarizing element (the analyzer). In photometric instruments, the 

polarization ellipse is reconstructed from the response of the transmiued radiance (intensity) to a modula-

tion of the state of polarization. 

Performance characteristics of different ellipsometer types have been compared earlier (13,16). The 

capabilities for determination of different elements of the Jones and Mueller matrix have been compared 

more recently (17). 

Ellipsometer designs can be further divided according to several other criteria, such as manual or 

automatic (computer) operation, monochromatic or spectroscopic capabilities, ability to observe small sur-

face areas or make short-term (pulse) measurements, and ability to use transmitted light or operate outside 

the visual spectral range. Instruments that also measure reflectance or the degree of (partial) polarization 

are often called polarimeters (17). 

Ellipsometers have also been classified by their use, e.g., with vacuum or high-temperature systems, 

but this distinction will not be applied here. Instruments have been reported that can function as several 
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types. One performs rotating-analyzer, principal-angle, and compensating measurements (182). 

3.2 Compensating Measurement 

In compensating ellipsometers, the phase change caused by reflection is counteracted by the use of a 

retardation device of fixed or variable retardation to restore linear polarization (8). Compensating instru-

ments provide the greatest accuracy (13,17,183). Theoretical analyses of compensating ellipsometers have 

been presented (184,185). For some schemes of compensating measurements, however, the azimuth set-

tings of adjustable components are coupled (186). 

3.2.1 Incident Elliptic Polarization 

The most commonly used arrangement of optical components for a compensating ellipsometer is 

illustrated in Fig. 3.1. It is often called the polarizer-compensator-sample-analyzer (PCSA) arrangemenL 

Its functioning is explained by use of the Poincare sphere, shown as a stereographic projection in Fig. 3.2. 

The linear polarization produced by the polarizer is represented by point P (of azimuth p) on the equator of 

the sphere. The action of the quarter-wave plate with fast axis F of 450  azimuth q (900  from H on the 

sphere) is represented by a SQ = 90° positive (counterclockwise) rotation of P on a small circle around F, 

resulting in polarization state E incident on the specimen. The location of E on the lower hemisphere is 

indicated by a cross (rather than a circle), and the connecting lines are dashed (rather than solid). 

The effect of reflection on the specimen is shown in two separate steps in Fig. 3.2, one affecting only 

E and the other only w. The change in relative phase A results in a positive rotation of E around H by an 

angle A. This rotation brings E back to the equator at the location that happens to coincide with point F. 

The change in relative amplitude, which also occurs in reflection, is shown by the change (,) along the 

equator and results in the restored linear polarization A'. This polarization is extinguished by analyzer A of 

azimuth a with crossed (180 1  on the sphere) transmission direction. 

Note that the combination of the polarizer of adjustable azimuth p with the quarter-wave plate of 

fixed azimuth q = 45° (or 135°) generates incident elliptic polarization with any relative phase and equal 

amplitudes of p and s components (point E lies on a great circle halfway between points H and V, 
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representing the p and s directions). The phase difference is chosen by rotation of the polarizer to be equal 

but opposite to that produced by the reflection. Thus, after reflection the light is linearly polarized, and its 

azimuth shows the amplitude ratio (tan ,) of reflected p and s components. 

The changes in relative phase A and relative amplitude tan it due to the reflection are related simply 

to the azimuths of polarizer and analyzer, as indicated in Fig. 3.2 and shown in Table 3.1 for all sixteen 

zones, including zone Al, which corresponds to Fig. 3.2. 

3.2.2 Four-Zone Measurements 

The same compensating measurement can be made by basically four different combinations of polar-

izer, quarter-wave plate, and analyzer azimuths, which have been called "zones" (54). The four zones are 

identified by the quadrant on the Poincare sphere in which the polarizer azimuth lies and are numbered ito 

4. The algebraic expressions for deriving V and A from the azimuth readings of polarizer, analyzer, and 

compensator (p, a, q) are different for the four zones. Since they also differ somewhat for different ranges 

of A values, it is convenient to further introduce four "zone groups" A to D (8). Thus, 16 zones are dis-

tinguished, which are shown in Table 3.1 with the corresponding expressions to derive the ellipsometry 

parameters from the azimuths at compensation. All azimuth readings are restricted to 0_1800  to avoid 

further multiplicity. 

An ideal ellipsometer would provide identical values for and A from measurements in the four 

zones. In practice, however, component imperfections and alignment errors result in slightly different 

values. The effect of most ellipsometer imperfections is reduced by taking an average of the four-zone 

readings or zones I and 3 and zones 2 and 4 (54). The effect of cross-scattering between p and s corn-

ponents caused by cell windows, roughness, and optical activity of the specimen has been found to be can-

celled by two-zone averaging; cross scattering in the compensator has required four-zone averaging (187). 

Alternatively, the imperfection parameters of the instrument can be determined (25,188,189) and 

used to correct single-zone measurements. Corrections thus obtained have been found to be additive con-

stants over ranges of i and A of only a few degrees but not over larger ranges (190). 



3.2.3 Alignment 

The alignment of optic axes and azimuths and the calibration of retaniation are important factors in 

minimizing differences between zones and obtaining accurate (absolutely correct) measurements, as 

opposed to precise (high-resolution) measurements. It is the purpose of alignments to have the optic axes 

of the components for incident and reflected light positioned in the same plane (the plane of incidence, 

which also contains the surface normal of the specimen) and to intersect in the specimen surface; the 

azimuth circles should read zero for the transmission direction of polarizing elements and the fast axis of 

retarding elements in the plane of incidence, with azimuth readings increasing for rotation in the counter-

clockwise (positive) direction, when looking into the beam. 

Procedures for alignments and calibrations were described long ago (54,191) and have been dis-

cussed extensively in the literature since. Some are specific for one type of instrument. The procedures 

are based primarily on the fact that pure p or s linear polarization is not changed by reflection and that light 

of linear polarization incident parallel to the fast (or slow) axis of a compensator remains linearly polar-

ized.  

The alignment process is much simpler for instruments in which the optical components for incident 

and reflected light can be brought to a straight-through position (192-194) or the angle of incidence can at 

least be varied (188,195,196). When the angle of incidence cannot be varied, the alignment of polarizer 

and analyzer has to be based on transmitted-radiance (intensity) measurements at different polarizer and 

analyzer azimuths (197). Azimuth corrections for polarizer, analyzer, and compensator may also depend 

on wavelength (198). 

The angle of incidence can be calibrated by autocollimation. In this technique, the image of a 

crosshair in an eyepiece is transmitted through the components for the incident beam and reflected back on 

itself by an auxiliary mirror positioned at the place of the specimen normal to the optic axis (199). The 

mirror is then rotated by a calibrated angle (twice the angle of incidence), and autocollimation is repeated 

through the components for the reflected beam. Reflection from the metallized end faces of a calibrated 

glass prism has also been used in place of the rotating mirror (8). Laser-beam alignment can take the place 
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of autocollimation (194). 

Several analyses of component imperfections have been presented (25,200). Errors resulting from a 

1 -degree azimuth misalignment of polarizer and analyzer (without compensator) have been shown to result 

in 0-20% errors in n and k derived from measurements at the principal angle (138). A residual ellipticity 

of the polarizer of 0.003 rad has been found to cause large errors in thickness and refractive index of a SiO 2  

film on Si, particularly for low film thickness (for 5-nm film, 100% error in thickness, 21% in refractive 

index) (201). Alignment procedures for polarizer and analyzer have been discussed (202). The sensitivity 

of ellipsometer measurements to errors in angle of incidence depends greatly on the properties of the 

reflecting surface (203). The value of 	is greater than unity for dielectric materials at angles of 

incidence above approximately 53°, but is small for metallic materials. The value of aAMO is small for all 

materials at more than 10° off the principal angle of incidence. Of particular concern are errors caused by 

beam deviation in the polarizing elements (204). 

3.2.4 Azimuth Modulation 

A compensai.ing-ellipsometer measurement typically involves finding the minimum in photodetector 

response as a function of polarizer and analyzer azimuth angles. Because of imperfections in optical com-

ponents, depolarization in the specimen, and dark current of the photodetector, the minimum is never zero. 

Since the photodetector response is flat at the minimum, with the transfer curve being approximately para-

bolic, measurements to either side of the minimum are necessary to find the azimuth for the minimum with 

precision; such a measurement takes about five minutes, if done manually. 

Self-compensating instruments have greatly reduced nulling time (13,16,17). An error signal, 

required to drive components to compensation, can be obtained by azimuth modulation. Such a modula-

tion, analogous to the one used in manual operation, can be obtained by the mechanical rotation of polar-

izer and analyzer with stepping motors (130,205,206). A response time of the order of one second (based 

on one modulation) has been achieved by this method, with polarizer and analyzer being moved alter-

nately. 
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The azimuth of the plane of polarization can also be modulated magneto-optically, by use of Faraday 

cells. Error signals can be derived by phase-sensitive detection from the response of the photodetector to 

such a modulation of the state of polarization and used for the manual nulling of analyzer and polarizer in 

turn (207) or simultaneously by use of servo or stepping motors (208-210). In the latter case, both modu-

lations are applied simultaneously and can be separated by phase quadrature (190,211,212). 

The mechanical azimuth rotation for nulling can also be replaced by Faraday-cell rotation, which 

provides higher speed, precision, and accuracy (13). An instrument of this type has been built (190,212) 

and is illustrated schematically in Fig. 3.3 (213). The Faraday-cell solenoids used in this instrument differ 

from earlier designs (211,214,215) by the use of separate concentric but magnetically decoupled windings 

to carry the high-frequency (10 kHz) modulation (requiring low inductance) and the lower-frequency 

(approximately 1 kHz) nulling currents. The modulations of polarizer and analyzer azimuths are separated 

by phase quadrature. The two error signals are derived by phase-sensitive detection from the photomulti-

plier response and integrated over 10 modulations. Polarizer and analyzer azimuths are driven to the nul-

ling position simultaneously within about I ms. The exact response time depends on the change in azimuth 

required, since the slew rate is fixed (1600 0/s). 

Tests of the dynamic performance of this instrument have been conducted by the use of a segmented 

rotating disk to simulate a specimen with optical properties that could be reproducibly changed at different 

rates (216). Spectral-scanning capabilities were added later to provide a scan over the visible in three 

seconds (163,217). Separate Faraday cells for modulation and compensation have been used in instruments 

of different designs (218,219). 

The design of Faraday-cell modulators has been discussed recently (220). Fused silica or different 

optical glasses are normally used as core materials, but benzene has been employed to avoid birefringence 

(221). Faraday cells have also been used for modulation and compensation in the measurement of optical 

rotatory dispersion (222). 

Electro-optical retardation modulators can also be used to modulate the azimuth of linearly polarized 

lighL Such devices are particularly well suited for use at high frequencies. In the simplest configuration, 
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an ADP (ammonium dihydrogen phosphate) Pockel cell is combined with a quarter-wave plate (223). The 

representation of this device on the Poincare sphere (Fig. 3.4) shows how the action of the modulator with 

fast axis M and variable retardation 8M  converts the linear polarization of polarizer P into a series of elliptic 

polarizations between E 1  and E2  (above and below the equator), which are converted to variable linear 

polarizations between P 1  to P2  (on the equator) by the action of the quarter-wave plate with fast axis Q. 

That axis coincides with the azimuth of the linear polarizer P. P and Q are 450 (900 on the sphere) apart 

from the axis M of the modulator. Similar retardation azimuth modulators have been used to generate error 

signals for mechanical nulling with two servo-motors (223,224). 

Another approach to rotate the plane of polarization at high rates (100 kHz) involves the use of 

wavelength modulation in a Mach-Zehnder interferometer design (225). This method has yet to be used in 

an ellipsometer. 

3.2.5 Retardation Modulation 

An error signal to control compensation can also be derived from a modulation of retardation (phase) 

(16). Variable retardations can be obtained (apart from the mechanically operated Babinet-Soleil compen-

sator) by the application of an electric field in Pockel cells, which typically contain ammonium or potas-

sium dihydrogen phosphate (ADP or KDP) crystals, or by the application of mechanical stress in 

piezoacoustic devices or in a magnetic clamp (226). 

Two ADP cells, attached to polarizer and analyzer at a 45° azimuth difference (and rotating with 

them), have been used for retardation modulation (227). The rotation of analyzer and polarizer for com-

pensation is accomplished with two servomotors. Two KDP plates of fixed azimuths have been used for 

modulation and compensation with polarizer, compensator, and analyzer at fixed azimuths (93). All 16 

elements of the Mueller matrix have been determined by use of four Pockel-cell modulators, two before 

and two after reflection (72). 

A simultaneous modulation of azimuth (with a Faraday cell) and of retardation (with a piezoacoustic 

device) operating at different frequencies has been used to generate error signals for manual nulling (228). 
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3.2.6 Achromatic Compensator 

The principal shortcoming of compensating ellipsometers has been that the compensator provides 

quarter-wave retardation only at a single wavelength. For spectroscopic ellipsomeiry, deviations from 

quarter wave over a limited range could be taken into account in the data analysis. Alternatively, variable 

retardation devices, including the mechanically adjustable Babinet-Soleil compensator, can be used to pro-

vide quarter-wave retardation at selected wavelengths. However, most of these approaches are tedious and 

not suited for continuous spectral scanning, and they have not been used to a great extent. 

A different approach consists of the use of internal reflection phase retarders, which can be designed 

in different forms and involve the use of transparent coatings or multilayers on the reflecting surfaces 

(49,229). A four-reflection device has been assembled from right-angle prisms, but the three-reflection 

Fresnel rhomb (Fig. 3.5) has been shown to provide remarkably constant retardation over the visible spec-

trum (230). Such a device has been used as an achromatic quarter-wave retarder in spectroscopic ellipsom-

eters operated with mechanical compensation (208,210) and in two with magneto-optic compensation 

(163,217,218), the first of which is capable of providing a spectral scan over the visible in three seconds. 

3.3 Photometric Measurement 

In photometric or noncompensating ellipsometers, the irradiance (intensity) at the photodetector is 

measured as a function of a modulation of the state of polarization introduced before or after reflection. 

Because of their high optical efficiency, photometric instruments are well suited for the use of weak light 

sources or poorly reflecting surfaces. With most arrangements, the accuracy of photometric measurements 

depends strongly on the linearity and insensitivity to the state of polarization of the detector and the lack of 

polarization of the source (13,111). 

3.3.1 Rotating-Analyzer Instruments 

The photometric configuration most commonly used employs a rotating analyzer (or polarizer), often 

without a compensator (23 1-235) (Fig. 3.6). Basically, the polarization ellipse is traced in this technique 

as a function of analyzer azimuth a, with the shape (axial ratio) and orientation (azimuth of major axis) of 
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the ellipse (but not its sense of rotation) being derived from the ratio of minimum and maximum irradiance 

I and the azimuth associated with the maximum (Fig. 3.7): 

(82) 
n'ax 

OOm,, 

	 (83) 

The variation of the amplitude from an elliptic polarization E transmitted by a rotating analyzer can be 

represented by the lengths of chords in the Poincari sphere (Fig. 3.8). The irradiance I on the photodetec-

tor as a function of analyzer azimuth a can be formulated as (232) 

I(a)=L(1+bcos2a+csin2a) 
	

(84) 

where L is the average irradiance over a full rotation and the Fourier coefficients b and c depend on axial 

ratio y and azimuth 0 of the major axis: 

b=cos2ycos20 , 	 (85) 

c=cos2ysin20 . 	 (86) 

For linear polarization of 450  azimuth incident on the specimen: 

b=—cos2i , 	 (87) 

c = sin 2i cos z . 	 (88) 

The amplitude and phase of the sinusoidal photodetector response are now mostly measured by Fourier-

transform detection (232,235-237). 

The fact that rotating-analyzer instruments can be used without a compensator, and that polarizers 

operate over a wide spectral range, make such instruments well suited for spectral measurements. For pre-

cision measurements, however, a compensator may still have to be used (13), and its use is essential for the 

measurement of reflection from dielectric surfaces (238). 
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The measurement of irradiance ratios requires a photodetector with a response that is linear and (for 

the rotating analyzer) independent of polarization (236,239). Photometric methods offer the possibility to 

simultaneously measure changes in reflectance; these changes have been used as a third measured parame-

ter for use in interpretations (164,165,167). 

Systematic errors in rotating-analyzer ellipsometers have been treated in detail (232,236,240). They 

can be reduced by the use of different incident polarizations (241). Measurements with two polarizer 

azimuths 900  apart have been used to improve accuracy and have resulted in a new adjustment procedure 

(242). 

The polarization ellipse can also be reconstructed from measurements with a partial rotation or oscil-

lation of the analyzer (243), which can be accomplished at high frequency with a Faraday cell (25). A very 

high frequency of rotation has been obtained with a 1 .8-MHz beat frequency between two linearly polar -

ized components of different frequency in a Zeeman laser (244). The measurement of photomultiplier out-

put at three predetermined analyzer azimuth angles has also been used (233). Azimuth rotation with two 

stepping motors or Faraday cells with four polarization-sensitive detectors can provide all the elements of 

the Mueller matrix (245). 

3.3.2 Other Rotating Components 

Many other photometric ellipsometers with rotating components are possible and have been corn-

pared in detail (17,46). Of particular interest is the rotating-compensator arrangement, which resolves the 

handedness of the ellipse and provides all four Stokes parameters (17,246-249). It therefore qualifies as a 

polarimeter, as do numerous combinations of several rotating or oscillating components (17). The Jones 

mathx has been derived from three measurements with a rotating compensator (247). The mechanical 

oscillation of a compensator can be simulated by the use of two Faraday cells surrounding a fixed compen-

sator (250). All 16 elements of the Mueller matrix have been obtained by the synchronous rotation of two 

quarter-wave retarders (251). 

The rotating-depolarizer ellipsometer (252) is a spectroscopic ellipsometer with a single rotating 

component, a calcite plate with no transverse separation between ordinary and extraordinary beams. The 
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optical-path difference between the two beams is larger than the longitudinal coherence. Thus, interference 

in the polarizer is avoided in addition to the fact that a polarization sensitivity of the detector does not intro-

duce systematic errors. 

3.3.3 Retardation Modulation 

The state of polarization can also be determined from the response of the photodetector to a periodic 

variation of retardation, typically applied to the incident beam and determined by phase-sensitive detection. 

In contrast to rotating-analyzer or polarizer devices, retardation modulation is able to distinguish between 

circularly polarized and unpolarized light, and between left and right rotation, and the measurements are 

not affected by partially polarized light sources or polarization-sensitive detectors (161). The theory of 

retardation modulation, also called phase or polarization modulation, has been discussed on the basis of a 

modified Jones calculus in which component imperfections are accounted for (240). 

The retardation modulation has usually been accomplished by the use of photoelastic (acousto-optic) 

devices (253-259) in which a strain on an otherwise isotropic material, such as fused silica, is applied by a 

piezoelectric driver. Retardation modulation can also be produced by eleciro-optic devices (Pockel cells 

with ADP or KDP crystals, or Kerr cells with polar liquids) (227,260-262). 

The accuracy and precision of a polarization-modulation ellipsometer and the effect of alignment 

errors and component imperfections have been analyzed (263). The thermal stabilization of four-crystal 

ADP devices has been investigated (264), and microsecond response has been reported. The potentially 

even faster response of instruments using photoelastic devices has, however, not been realized for measure-

ments yet. Errors resulting from the use of a photoelastic modulator in ellipsometry have been analyzed 

(265). For spectroscopic ellipsometry, the wavelength dependence of the retardation modulation has been 

accounted for (256). 

A Wollaston prism dual detector has been used recently to separate phase shifts caused by reflection 

and by the Kerr effect (259). Four Pockel cells with two polarizers have been used for the simultaneous 

measurement of all 16 elements of the Mueller matrix (72). 
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3.3.4 Multiple Detectors 

The use of two analyzing prisms of fixed azimuth and three photodetectors for measuring irradiance 

of azimuths 00,450,  and 9()0  has been described as one of the most simple and rugged ellipsometers (266). 

The application of multiple detectors is also discussed in Section 3.3. Four polarization-sensitive detectors 

have been proposed recently to determine the Mueller matrix (245,267). 

3.4 Other Configurations 

Numerous other ellipsometer configurations are possible (17). A few types that have been used in 

practice will be discussed briefly. 

3.4.1 Return-Path and Principal-Angle Instruments 

In a return-path ellipsometer, also called an autocollimation ellipsometer, the light beam, after reflec-

non from the specimen, is made to retrace its path in the opposite direction by reflection from an auxiliary 

mirror placed normal to the reflected beam (268-271). Thus, the light encounters two reflections from the 

specimen (except for the special case of normal incidence), and the same optical elements serve as polar-

izer and analyzer, resulting in greater sensitivity and fewer imperfection parameters. The normal reflection 

from the isotropic auxiliary mirror does not change the state of polarization. Due to the double reflection 

on the specimen, the change in complex polarization ratio is 

p=(tanWeth)2 . 	 (89) 

In the simplest configuration, illustrated in Fig. 3.9, the angle of incidence is chosen to be the principal 

angle at which 

(90) 

p=±N$ . 	 (91) 

To conduct a measurement, the azimuth of the single polarizer, which also serves as analyzer, and the 

angle of incidence are adjusted for extinction of the reflected light (268,271). This process has been 

automated by use of a Faraday-cell modulator and two servo-motors (272). A spherical mirror has also 
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been used to return the beam (273). 

The circular state of polarization, resulting from the first reflection, can also be determined by a 

rotating analyzer instead of the return-path design (274). Such arrangements are well suited for spectros-

copic measurements and are not sensitive to detector linearity. Measurements near the principal angle also 

provide the best accuracy for determining film thickness and refractive index or the optical constants of 

bare substrates (275). 

If a compensator is used in a return-path ellipsometer, the angle of incidence is not restricted to the 

principal angle, and several different arrangements are possible (269). Normal-incidence return-path ellip-

somecry has been discussed for the measurement of anisotropic surfaces (270). 

3.4.2 Psi Meters 

Instrumentation for ellipsometry can be greatly simplified if only the amplitude parameter xV is to be 

measured. With a single rotating polarizer, the ratio of the ac to the dc components of the reflected-light 

flux represents cos 2i (276). The angle of incidence may be varied until the ac component vanishes, indi-

cating V = 450 (177). Another form of a psi meter has been obtained by the use of an optical fiber for 

phase modulation and illumination, with tan 2v being derived from the measurement (277). 

3.4.3 Interferometric Ellipsometry 

An interferometric ellipsometer that requires no compensator has been based on the Michelson inter-

ferometer (278). The return-path reflection from the specimen is brought to interference with the reflection 

from a moving reference mirror (a corner-cube reflector). The resulting modulations in the irradiance of s 

and p components are measured simultaneously with a Wollaston prism and two detectors, the output of 

which is used to compute the ellipsometer parameters. Specimen and mirrors can be located inside a 

vacuum chamber, making measurements independent of window birefringence. 

3.4.4 Pulse Ellipsometry 

Off-n ull measurements of a few picoseconds time resolution have been obtained by the use of 

repeated picosecond optical pulses with variable delay (279). A Wollaston prism has been used for the 
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simultaneous measurement of two orthogonal components with submicrosecond time resolution during the 

cleaning of a surface with a 35-ns excimer-laser pulse (280). The use of a four-channel optical analyzer 

has been described for determining the ellipsometer parameters or all four Stokes parameters with a single 

nanosecond optical pulse (281). 

3.4.5 Differential Ellipsometry 

A particularly interesting type of differential ellipsometer employs the sequential reflection of light 

on the two surfaces to be compared (282). The angle of incidence is the same on both surfaces, but the sur-

face normals are at right angles to each other. The p and s directions are therefore exchanged between the 

two reflections. In one application of this principle (comparison ellipsometer, 282,283), one of the reflect-

ing surfaces, typically a reference surface with continuously variable properties that have been calibrated 

independently (e.g., a wedge-type film), is imaged (Fig. 3.10). With crossed polarizer and analyzer, extinc-

tion is observed in areas of the reference surface where the properties of the (uniform) specimen surface 

(e.g., the film thickness) are the same as those of the reference surface. With white-light illumination, 

deviations from extinction appear as interference colors. 

3.4.6 Infrared and Microwave Ellipsometry 

Ellipsometry has been conducted outside the visible spectral range. Although the principles of meas-

urement are the same, many of the optical components are different. 

Questions of instrument design and applications of infrared spectroscopic ellipsometers have been 

discussed (284,285). A rotating gold-grid polarizer between two fixed polarizers has been used to identify 

adsorbed species (286,287). A compensating manual ellipsometer, operating at 10.6 im, employing wire-

grid polarizers and a CdS quarter-wave plate, has been used to study shallow ion-implanted layers on Si 

(288). A fixed wire-grid polarizer and a rotating analyzer have been used to determine carrier profiles in 

silicon (289). For the same wavelength, germanium Brewster's-angle polarizers and photoelastic retarda-

tion modulation have been used to determine refractive indices (258). Wire-grid polarizers and a quartz 

compensator have been used at 118 jtm to study epitaxial silicon layers (290). Three-reflection devices 
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have also been analyzed for use as infrared retarders (291). 

A microwave ellipsometer, operating with a klystron source (50 0Hz, 6-mm wavelength) has been 

used with a mica quarter-wave plate and a Faraday rotator or a twisted waveguide for conductivity meas-

urements (292). Simpler instrumentation of this kind had been suggested earlier (293). 

3.4.7 Imaging and Micro-Ellipsometry 

Surfaces with locally varying optical properties can be observed with ellipsometers that restrict the 

measurement to a small surface elemenL The spatial selection can be made before or after reflection. In 

the former case, the illuminating beam is focused to a small spot on the specimen (typically 25 pm). Such 

a converging beam results in a continuous range of angles of incidence, which should be taken into account 

in the evaluation of measurements. The problem can be alleviated by using an average angle of incidence 

for which measurements are not sensitive to its value (294). The convergence to a 50-pm spot has been 

neglected (295) and a 21-pm region has been examined at perpendicular incidence (296). 

Except for the double-reflection comparison ellipsometer discussed in Section 3.4.5, for which a 2-

p.m resolution has been obtained with a modified design (283), the ellipsometric imaging of surfaces has 

been accomplished by scanning on the specimen or in the image. An illuminated spot of 50 jim diameter 

has been scanned by moving the specimen with stepping motors (297). Photometric measurements with 

photoacoustic retardation modulation on this system have required several seconds for each position. 

Regions of 10 p.m diameter on the specimen have been isolated for measurement in enlarged images 

by use of a diaphragm (298) or a pinhole (299). In the latter case, the image plane was inclined to the optic 

axis according to the Scheimpflug principle in order to keep parts of the (inclined) specimen at different 

distances in focus. 
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4. INTERPRETATION 

4.1 Optical Models 

Most physical properties of surfaces and thin films must be derived from ellipsometer measurements 

by the use of optical models. Optical models are often based on a knowledge of what can reasonably be 

expected, and they may represent only the principal features of real systems (162). A successful optical 

model is able to reproduce all experimental measurements. 

4.1.1 Surface Parameters 

A bare, smooth metal surface is described by the real and imaginary parts of its complex refractive 

index, or two parameters; and a single, homogeneous, isotropic, smooth film is described by its thickness 

and its real or complex refractive index, or another two to three parameters. 

Real physical systems are usually more complex, however. A rough surface requires at least two 

more parameters for its characterization, such as the thickness and volume fraction of an equivalent layer 

in the simplest model. Anisotropic substrate or film materials are described by at least two refractive 

indices, both of which may be complex. A porous or composite film requires a knowledge of the volume 

fraction of constituents. Surface coverage needs to be specified for a discontinuous (island) film, and mul-

tiple or inhomogeneous films require still further parameters for their description. 

4.1.2 Measured Parameters 

Conventional ellipsometry provides only two measured parameters, but additional information is 

usually available that can be used to derive more than two surface parameters from the measurements. 

Additional optical information can be obtained by the measurement of reflectance, and of ellipsometry at 

different angles of incidence (170) or in different immersion media (295). For measurements during film 

growth, it has long been recognized that requirements of continuity can be used to exclude discontinuous 

interpretations, particularly if films are known not to change optical properties during growth (300). Res-

trictions on the range of acceptable values for unknown parameters can also be very useful. 
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Spectroscopic ellipsometry is a very effective way to derive additional film parameters, apart from 

its use for determining spectral properties of materials. Wavelength-independent film parameters, such as 

thickness, porosity, composition, or number of layers, are particularly suited for derivation by this 

approach, in which one considers ellipsometer measurements at different wavelengths as independent 

measurements (102,163). 

For electrochemical film formation with known current efficiency, additional film parameters can be 

obtained on the basis of charge passed. Thus, for anodic film growth, a continuous mass and charge bal-

ance has been used to determine the total amount of products formed and their distribution between dif-

ferent parts of the interface under consideration of diffusion, ionic migration, and convection (213). In 

vacuum deposition, rate monitors can provide information on amount of material. 

4.1.3 Optimization of Models 

The simultaneous determination of several surface parameters from a set of measurements generally 

requires the use of multidimensional optimization routines (least-squares regression analysis) to find a 

combination of physical parameters for which the difference (sum-of-squares error) between measurements 

and model predictions is a minimum (91,101,300,301). The sum-of-squares error S for N , i pairs meas-

ured (M) and calculated (C) can be defined as 

Nr 	'2 Nr 
S4 j_LJJ +EL—'c,j 

1=1 	 i=1 
(92) 

Statistically defined model variance, parameter variance, and parameter confidence intervals can be deter-

mined by this process as measures of the validity of an interpretation (94,101,163,301). An excessive 

number of adjustable model parameters can improve agreement with experimental results but result in 

unacceptable correlation coefficients and confidence intervals (162). 

Eight models of increasing complexity, illustrated in Fig. 4.1, have been investigated, and up to 

seven film parameters have been determined by use of mass and charge balances to account for mono-

chromatic ellipsometer measurements of the anodic oxidation of silver and other metals (91,213). Two 

anodic Ag(I) oxide layers have also been reported by other authors (302,303). 
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Models considered for the spectroscopic ellipsometry of cathodic metal deposition are shown in 

Fig. 4.2 (102). The most realistic three-layer model (multilayer film) requires six parameters for its 

description and results in unacceptable parameter variances. The topmost dendritic island film, although it 

contained a large fraction of the deposited metal, was determined by an optical analysis to have a negligi-

ble optical effect. The optimization could therefore be conducted for a two-layer model with three 

unknown parameters (two thicknesses and one porosity). Results for three deposit thicknesses are given in 

Table 4.1 (102). 

The uniqueness of optimized solutions is not easily determined. Optimization routines may select a 

local minimum in place of a deeper global minimum or miss sharply defined minima. Measures used to 

guard against misleading results include the use of different optical models, different optimization pro-

cedures, or variations in the proscribed parameter space, the initial guess, and the step size of the optimiza-

tion. 

A theoretical analysis of the sensitivity of ellipsometry for the analysis of two-layer films has con-

cluded that both thicknesses can be found independently by least-squares analysis (304). The sensitivity of 

ellipsometer measurements to surface and single-film parameters was investigated earlier by the use of par-

tial derivatives (305). The use of a complex bilinear transformation has recently been shown to provide 

faster, more accurale convergence than the Newton-Raphson method (306). For a single transparent film 

on an absorbing substrate, refractive index and thickness have been determined without the use of an initial 

guess, and an optimum angle of incidence has been determined in the process (307). 

4.2 Combination and Comparison with Other Techniques 

One of the attractive features of ellipsometry is that it can be combined with many other experimen-

tal techniques. Such combinations have been used to provide additional information or to compare 

interpretations. 
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4.2.1 Vacuum Techniques 

A combination of low-energy electron diffraction (LEED) and ellipsometry (199) for studies of phy-

sical adsorption on silver from ultrahigh vacuum has shown that below 100 K contamination from residual 

gases was appreciable (308,309). LEED patterns were found to be insensitive to the presence of adsorbed 

material; a disordered nature of the layers and patchwise coverage were derived from these observations. 

Changes in LEED patterns have also been difficult to detect for oxygen on tungsten (310). 

Ellipsometry has been used to calibrate Auger electron spectroscopy (AES) for oxygen adsorption on 

silicon. The Auger peak height was found to be proportional to coverage up to 1.5 monolayers (311). An 

absolute coverage calibration for oxygen on Cu(1 10) has been obtained by the combination of LEED with 

ellipsometry and AES (98). The cleaning and ordering of a ruthenium surface has been monitored by AES, 

LEED, and ellipsometry in preparation for measuring optical constants (312). 

The average composition of passivating films on chromium has been determined by AES to be 

Cr203 , with the thickness found by ellipsometry to increase linearly with anodic potential (313). The 

removal of material by ion bombardment for the determination of composition depth profiles may not 

occur uniformly over a surface; on lead films a formation of pits has been found by ellipsometry and con-

firmed by scanning electron microscopy (314). 

The use of ion etching of lead films to determine composition profiles by AES has shown that after 

removal of a very thin oxide layer, submicroscopic pits form in the lead (Fig. 4.3). These pits reach the 

copper substrate before all the lead is removed, resulting in the wrong interpretation of a gradual change in 

composition at the bottom of the film. In the ellipsometer measurements, an island-film model with 

coherent superposition (Section 2.3.4) has been used (314). 

4.2.2 Radiotracer Techniques 

In an early comparison of ellipsometric and radiotracer methods for the study of adsorption from 

solutions and vapors on different metals, the optical film thickness was found to be a good measure of sur-

face concentration ranging from fractional monolayers to several monolayers (97). Oxygen-isotope and 
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nuclear microanalysis have since been used for passive layers on iron (315). 

4.2.3 Other Techniques 

The thickness of anodic oxide layers (15-180 nm thick) formed on tantalum in sulfuric acid, as 

determined by ellipsometry, has shown excellent agreement with thicknesses derived from interference 

spectra (316). Good agreement has also been obtained for the thickness of two metal and two oxide layers 

(30-130 nm thick) determined by ellipsometry and six other techniques: step height measured with stylus 

profliometer and interference microscope, interference spectroscopy, x-ray electron microprobe, microbal-

ance, and chemical analysis (317). 

For vapor adsorption on Ge and Si, film thicknesses determined on surfaces compared well with 

volumetric measurements on powders (318). 

A comparison of x-ray fluorescence and stylus step-height measurements with ellipsometry for 2.5-

14 nm thick silicon films has shown a good relative correlation, but ellipsometry was found to be far more 

accurate (319). 
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S. APPLICATIONS 

The literature on applications of ellipsometry is growing rapidly. The following section is intended 

to illustrate questions investigated about processes and materials of electrochemical interest and point out 

some of the results obtained by the use of the technique. 

5.1 Anodic Oxidation 

The study of anodic film-formation is among the most prominent applications of ellipsometry, 

because changes on surfaces can be observed with great sensitivity while the surfaces are immersed in 

liquids, typically aqueous solutions. Anodic films, which are mostly of oxidic composition, are formed 

under well-controlled conditions and are therefore well suited to investigate questions on the mechanism of 

film formation and to serve as models for spontaneous film-formation processes. Anodic films are finding 

an increasing number of practical applications (320). 

5.1.1 Valve Metals 

The rectifying and dielectric properties of certain anodic oxides have a long history of practical use 

and study that more recently has included ellipsometer measurements. 

The anodic oxide on tantalum formed in phosphoric acid has been shown to consist of two layers, 

with the lower refractive index of the outer layer caused by phosphate incorporation (321). Oxides formed 

in sulfuric or citric acids are, however, uniform, nonabsorbing, and isotropic at zero field (322), except for 

a recently found absorbing layer of constant 2-nm thickness at the metal surface (316). Anodic oxides on 

Ta-Al (323) and Ta-Nb (324) alloys consist of homogeneous mixtures of oxides in the same ratio as that of 

the metal. The anodic oxidation of niobium is in many ways similar to that of tantalum. 

The anodic oxidation of aluminum in phosphoric acid results in a growing porous layer on top of a 

pore-free barrier layer of fixed thickness (325), and a similar model, but with a smooth transition between 

both layers, accounts for measurements in alkaline solutions (326). In boric and tartaric acid uniform 

barner-type layers are found (327-329). 
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A dual-layer structure has also been found for the anodic oxide on titanium fonned in KOH, with 

both layers increasing in thickness during formation (330). For oxides formed in sulfuric acid, a single-

film model has provided a satisfactory interpretation of spectroscopic ellipsometer measurements of film 

formation (331), but no clear picture could be derived for potential cycling (332). 

Anodic oxide growth on zirconium in carbonate solution has been found to be similar to that on other 

valve metals, except that the oxide is optically slightly absorbing and its properties are not affected by 

changes in the electric field (333). 

Electrostricuon (change in thickness with electric field) has been observed for anodic oxides of tan-

talum, niobium, tungsten, and molybdenum (127-130,334). A field-dependent bireflingence has been 

found for oxides of tantalum, niobium, and tungsten (129,130,334,335). This birefringence can be 

described by an elastic dielectric model (336). 

5.1.2 Nickel, Iron, and Manganese 

The growth of oxide layers on nickel in alkaline solutions (337) involves a change in optical con-

stants (338,339) that has been related to a change in electrocalalytic activity for oxygen evolution (340) 

The change in composition during potential cycling has also been observed optically (341). Very thin, 

transparenL oxide or hydroxide layers on rough nickel surfaces can appear absorbing (154,155). 

The anodic oxidation of iron in neutral borate and acidic sulfate solutions has been interpreted by a 

two-layer model (342-344). In alkaline solution, passivation occurs in two stages (345), and during 

cycling the low-density outer layer grows on top of the compact, thin inner layer. 

The anodic deposition of iron and manganese oxides from their ions in solution has also been investi-

gated (209,346). Manganese dioxide forms an island film below thicknesses of 50 nm. 

Passivating films on nickel and iron are discussed in Section 5.3. 

5.1.3 Platinum and Gold 

The anodic oxide on platinum is so thin that the determination of its thickness and optical constants 

is difficult (347) and requires the simultaneous measurement of changes in reflectance (166,167). The 
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films are strongly absorbing (167) and change properties during potential cycling, with only a part of the 

film being reduced cathodically (348,349). The presence of a thin, optically absorbing outer a—oxide layer 

has been proposed (350,351). Films appear to form in patches (167); double-layer effects have also been 

considered (352). A high-field ionic-conduction mechanism has been found to hold for film growth, simi-

lar to oxide growth on Ta or Fe (347,349). The catalytic activity of platinum depends on the oxide film 

thickness (353). 

Anodic oxides on gold have also been found to show a residual portion and to result in a restructur-

ing of the metal surface (348) by a place-exchange mechanism (169). The successive formation of three 

oxide layers has been proposed (354,355). The determination of optical constants of gold is difficult 

because optical properties are strongly affected by interaction with solution species (electroreflectance) 

(167). Double-layer effects require different corrections for bare or oxide-covered surfaces (352). Elec-

troreflectance effects have been taken into account for bipyridyl adsorption on gold (356). 

5.1.4 Other Metals 

The galvanostatic oxidation of copper in sodium carbonate solution has been shown to result in an 

inner, compact, monovalent layer and an outer divalent layer (357). The film grows by a dissolution-

precipitation mechanism in KOH, and the inner layer is a light-sensitive semiconductor (358). During 

electropolishing of copper in phosphoric acid, the formation of a thin solid film and a viscous layer has 

been determined (359). 

The early stages of anodic Ag 2O formation on Ag(1 11) have been interpreted by a dual-layer optical 

model that contains a nonporous underlayer and a porous island overlayer (representing crystallites), 

shown in Fig. 5.1. A large decrease in the number density of crystallites during their growth has been 

found (360). 

Sulfate layers on lead represent an anodic film of nonoxidic composition. A gradient in refractive 

index across the film has been found and attributed to a gradient in porosity (361). 
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5.1.5 Semiconductors 

The spectroscopic ellipsometry of anodic oxides on GaAs has indicated the presence of a very thin 

As-depleted region at the outer film surface (362). The oxide thickness had been found earlier to follow a 

linear relation with voltage, similar to that of the valve-metal oxides (363). Monochromatic ellipsometry 

has been combined with impedance measurements (364). 

Anodic oxides on CdTe have been found by spectroscopic ellipsometry to be uniform, with sharp 

interfaces. Hg-containing substrates have been shown to produce a residual Te layer (365), which is also 

found as a result of chemical oxidation (366). 

A connective layer has been identified by ellipsometry during growth and etch back of anodic oxides 

on Si (90). The successive anodization of monolayers in layered semiconductors has also been investigated 

(367). 

5.2 Gas-Phase Oxidation 

The optical properties of monolayers of oxygen on different crystal faces of copper have been found 

by spectroscopic ellipsometry to be different from those of bulk Cu 2O, but have been approximated by the 

Bruggeman effective-medium model (368). 

The optical constants and thicknesses of air-formed oxides on zircaloy have been determined by 

multiple-angle ellipsometry at wavelengths of 0.3-3.4 jmi (369). 

The thermal oxidation of Si has been found to result in a layer of graded composition (90), and a 

complex mechanism for the oxidation reaction has been derived from earlier measurements (370). 

The reaction of oxygen with magnesium has been investigated by spectroscopic ellipsometry. The 

surface layer has been determined to be a mixture of oxide and metal by use of the Bruggeman effective-

medium model (371). 

The chemisorpuon of oxygen on silver has been found to result in a 0.3-nm-thick surface layer (372). 

Oxide grown on Ta (373), Mo (374), and Pu (375) has also been investigated. 
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53 Corrosion 

Ellipsometry is also well suited for corrosion studies, where properties, formation, and removal of 

surface layers is of central concern, as had been pointed out in previous reviews (9,376). 

5.3.1 Passivation 

The chemical passivalion of iron by immersion in chromate, nitrate or nitrite solutions was an early 

subject of study by ellipsometry (377), and more recently, mixtures of different hydroxides have been iden-

tified in the passivation layers (378). Multiple-layer phosphate films have been identified after immersion 

of iron in aerated orthophosphate solutions (379). 

The anodic passivation of iron in borate buffer has been determined to result in a simple Feill layer 

by spectroscopic ellipsometer and change-in-reflectance measurements (168). However, anodic-

passivation measurements in acidic sulfate have been interpreted by a two-layer model (344,380). A previ-

ous study had derived a two-layer structure resulting from the use of neutral or alkaline solutions, but a sin-

gle layer from acidic solutions (381). The dual-layer model has also been found more recently for alkane 

solutions (345382,383). 

The passivating film on nickel in acidic sulfate has been found to be much thinner than that on iron, 

with its properties depending on pH and potential (384). 

The anodic passivation of chromium in aqueous sulfate has been found to result from the simultane-

ous dissolution and formation of a monolayer oxide film (385). In phosphate and borate solutions, the film 

thickness increased linearly with potential, and a uniform film composition of Cr 203  was derived from the 

refractive index and confirmed by Auger analysis (313). 

Micro-ellipsometry of 10-jun regions was used for passive and transpassive layers on individual 

grains in stainless steel (298). 

Film growth during repassivation after abrasive film removal (tribo-ellipsomeiry) has been found for 

a titanium alloy in chloride and nitrate solutions to occur by an oxide-patch nucleation-and-growth 

mechanism (386). The same technique has been used to determine the optical constants of bare stainless 
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steel in sulfate solution (298). 

5.3.2 Corrosion Layers 

Corrosion layers on copper in water of different oxygen content have been shown to form at different 

rates on different crystal faces and to change composition from cuprous to cupric oxide during growth 	 - 

(387,388). With low 02  concentrations, illumination promotes dissolution and results in lower film- 

formation rates (389). Cuprous oxide is formed in the corrosion of copper and brass in aqueous ammonia 

(390). 

For corrosion under organic coatings, roughening and film growth have been separated, and anodic 

and cathodic sites have been identified (391,392). 

Oxide layers of 0.7-4.0 nm thickness were found to form on evaporated aluminum in distilled water 

(393). 

Ellipsometer measurements of corrosion layers on lithium in LiCI0 4- PC solutions have been better 

represented by a linear refractive index profile in the film than by a constant or parabolic profile, shown in 

Fig. 5.2 (394). A small extinction coefficient, determined for layers formed on Li with water vapor, had 

earlier been attributed to embedded metal clusters or color centers (395). 

5.3.3 Corrosion Inhibitors 

Aliphatic acids adsorbed on iron have been found to affect the optical properties of corrosion layers 

(396). Corrosion layers formed on copper in the presence of benzotriazole, which are more protective, 

have been found to be less porous than those formed with benzimidazole (397). The optical properties of 

anodic oxides on gold are affected by adsorbed alcohols (398). 

5.4 Cathodic Metal Deposition 

5.4.1 Underpotential Deposits 

For the underpotential layer of lead on gold, a change from an ionic to a metallic state of the layer 

with increasing cathodic potential was derived from ellipsometer and reflectance measurements by use of a 
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single-film model (399). 

Different optical models have been investigated for the interpretation of measurements of underpo-

tential film formation of Pb on Cu(1 11) and Ag(1 11) (94). An island model with coherent superposition of 

polarization states, described in Section 2.3.4, has provided good interpretation of measurements (Fig. 5.3). 

At complete coverage, the film thickness was that expected for a monolayer, with optical constants close to 

those for metallic lead, and fractional monolayer coverages derived from ellipsometer measurements 

agreed with those based on Faradaic charge passed (94). 

5.4.2 Nucleation and Growth 

The nucleation of three-dimensional Pb deposits, following formation of the underpotential layer, has 

been found to result in layers with dielectric-like optical properties. These properties result from the poros-

ity of the layers and can be accounted for by an effective-medium model (101). 

The optical constants of black nickel deposits have been determined by the use of a single-layer film 

model and have provided good agreement between computed and measured reflectivities (400). 

5.4.3 Effect of Inhibitors 

Rhodamine-B has been found to act as an inhibitor (leveling agent) for lead deposition. The pres-

ence of the material on the surface has been determined by spectroscopic ellipsometry and has been found 

to eliminate the microporosity otherwise found in the initial deposit (102). Measured ellipsometer data for 

are shown in Fig. 5.4, together with predictions based on a two-layer model that employs optimized 

parameters given in Table 4.1. 

5.5 Reduction of Oxides 

5.5.1 Potential Cycling 

The study of anodic films often includes their behavior under cathodic polarization or multiple 

anodic-cathodic cycles. Complex optical behavior with progressive irreversible changes has been found 

with Pb02  (401); with Mn02  partial reversible discharge has been separated optically from total 
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irreversible discharge (209). The reduction of anodic copper oxide films has been found to occur in three 

stages and is not a solid-state process, with repeated cycling resulting in an inhomogeneous structure (357). 

5.5.2 Electrochromism 

The cathodic conversion of transparent anodic oxides on molybdenum and vanadium results in the 

formation of an absorbing material. The conversion proceeds from the film-electrolyte interface toward 

the metal (402,403). In contrast, the electrochromic conversion of tungsten oxide has been found to occur 

uniformly throughout the layer (404). A dual-layer film structure had been proposed earlier for film forma-

tion (405). Electrochromism and electrostriction have been reviewed recently (406). 

5.6 Adsorption Processes 

5.6.1 Double Layers 

The direct observation of electrolytic double layers is one of the more difficult applications of ellip-

sometry, because the free-electron contribution to the optical constants of the metal surface is affected by 

the adsorption of ions (352,407). This effect can be represented by a transition layer between bulk metal 

and bulk soLution (408), and it forms the basis for electroreflectance measurements. An empirical correc-

tion for double-layer effects in formation and reduction of oxides on Au and Pt has been used (352). Meas-

urements of the potential-dependent adsorption of sulfate, chloride, bromide, and iodide ions on platinum 

have been reported, with the adsorption of perchiorate and fluoride being undetectable (409). 

5.6.2 Physical Adsorption 

The physical adsorption of inert species changes the electronic structure of the substrate only 

minimally. The adsorption of different gases on Ge and Si (410) and of organic vapors on Si (411) has 

therefore been well represented by macroscopic optical theory, and molecular orientation could be deter-

mined for benzene on Si. The macroscopic optical theory has also been used for the low-temperature 

adsorption of different gases on Ag (308,309,412), for which heats of adsorption were derived from film 

thicknesses. For xenon on graphite, no difference was found according to interpretations based on macros-

copic or microscopic optical models (413-415). 
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5.6.3 Chemisorption 

Measurements of potential-controlled chemisorption of oxygen on platinum (416), Ni, Co, and Ag 

(417) have been interpreted by use of the (macroscopic) Drude equations. A chemisorbed hydrogen 

species on Pt, which is not detected in reflectance transients, has been observed by ellipsometry (169). 

The optical principles of ellipsometry of chemisorption from the vapor phase have been discussed 

recently (23), and optical theories have been reviewed (99). In early work with oxygen on silicon, similar 

interpretations were obtained by the use of macroscopic and microscopic optical theories (418). In later 

studies on the adsorption of many gases on Si and Ge, the existence of an absorbing transition layer on 

clean substrates, representing dangling bonds, was proposed. This layer is either removed or made less 

absorbing by chemisorption (99,419,420). Changes in optical properties of Si have been found to primarily 

affect i, while A was a measure of coverage (318). A removal of surface states has also been observed for 

chemisorption on GaP (421). 

Changes in optical constants of niobium during thermal oxidation have been attributed to oxygen dis-

solution in the metal (422). Surface states induced on silver by chemisorption of oxygen have been deter-

mined by ellipsometry and reflectance measurements (372). 

The reaction of low-pressure chlorine with oxide-free aluminum has been found to result in physi-

cally and chemically adsorbed layers (423). 

5.6.4 Oriented Layers 

Langmuir-Blodgeu films, up to 140 monomolecular layers thick, have been well represented by 

uniaxially birefringent film models with the optic axis oriented normal to the surface (137,424). An 

apparent extinction coefficient for such transparent layers is derived from the measurements by use of an 

(incorrect) isotropic-film model (139). A uniaxially anisotropic film model was also used to derive molec-

ular orientation of Rhodamine B adsorbed on Pt, Ag, and Cu (102,135). 

An edge-on molecular orientation of bipyridyl adsorbed on gold has been derived with an isotropic- 

film model (356). Molecular layers of carboxylic acids and an alcohol have been measured on a free water 
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surface (425). 

Measurements of the adsorption of quinolines on mercury have been interpreted in terms of three 

molecular orientations, resulting in anisotropic layers (134), as did the adsorption of DNA (136). Adsorbed 

and reacted layers of different barbiwates were found to be transparent, with some being anisotropic, some 

isotropic (426). 

5.7 Mass-Transfer Boundary Layers 

Electrochemical reactions proceeding at appreciable rates result in the formation of a region of solu-

tion adjacent to the electrode in which the concentration of reactants or products differs from that in the 

bulk solution. Optically, mass-transfer boundary layers are inhomogeneous films with the refractive index 

continuously varying as a function of distance from the electrode. The effect of such layers on the ellip-

sometry of surfaces has been accounted for by the deflection (refraction) of incident and reflected beams in 

the layer and the resulting change in the angle of incidence on the electrode (Fig. 5.5). Thus, ellipsometry 

has been used as a new technique to determine the interfacial concentration of a binary electrolyte (CuSO 4) 

and of a supporting electrolyte (H2SO4) at the limiting current (190,427). 

5.8 Electronic Materials 

Ellipsometry, particularly spectroscopic ellipsometry, is widely used in the study of thin films and 

interfaces of solid-state electronic materials (14,162). The dielectric function and thickness of films on 

known substrates can be determined unambiguously (428). Anodic oxides on semiconductors and metals 

have been discussed in Section 5.1. 

5.8.1 Surface Cleaning 

Chemical etching and cleaning procedures for different semiconductors have been investigated by 

spectroscopic ellipsometry (429). Both the thickness and the optical constants of damaged surface layers 

have been determined, as have changes in microtopography resulting from ion bombardment of Si 

(149,430,431,432). Layers responsible for the etch stop in heavily doped Si have been identified (433). 
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The removal of adsorbed layers on Ag (111) by ion bombardment and annealing has been studied 

(432), as has the removal of polishing layers from vitreous silica (434). 

5.8.2 Ion Implantation 

Complex refractive-index profiles of phosphorous-implanted silicon have been determined by 

multiple-angle ellipsometry and represented by optically homogeneous films (435). 

Changes in complex refractive index with depth, caused by ion implantation in GaAs, have been 

determined by chemical stripping (436). Multilayer film growth in chemical vapor deposition and plasma 

processing of semiconductors has been followed by spectroscopic ellipsometry with variable angle of 

incidence (437). 

Dielectric functions and depths of amorphized layers on ion-bombarded and annealed Ge surfaces 

have been determined (438). Layers showing radiation damage caused by ion implantation in GaP were 

determined earlier (439). 

5.8.3 Vapor-Phase Metal Deposition 

Ellipsometer measurements have been conducted during vacuum deposition of silver films 

(440,441), and axial ratios of ellipsoidal particles have been determined for an optical model with size-

dependent optical constants and dipole-dipole interaction between particles. 

5.8.4 Other Films 

The thickness and refractive index of PMMA photoresist layers were determined on InP by the use 

of different angles of incidence (442) and on Si with a psi meter (443). 

Ellipsometer studies of many other solid-state electronic materials have been reported. Among them 

are silicon nitride on gallium arsenide (444), silicon nitride and silicon dioxide on silicon (445,446), gal-

hum arsenic oxide on gallium arsenide (445), and indium oxide on indium phosphide (447). 
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5.9 Optical Constants 

Optical constants (refractive index and extinction coefficient) are needed in all optical models of sur-

faces and thin films. For opaque materials, optical constants are derived from reflection measurements by 

the numerical inversion of the Fresnel equations. Ellipsometry, often in combination with reflectance 

measurements, is primarily used for this purpose. 

The optical constants of metals and semiconductors are among the less-established physical proper-

ties of materials, with uncertainties of many tens of pezcent being quite common. Many factors affect the 

determination of optical constants. Among them are surface contamination, surface topography, electronic 

surface states, and bulk microstxucwre. Many determinations still in use have been made before atomically 

clean surfaces could be prepared (448,449). Consistent data have been collected recently for 37 materials 

over a wide spectral range (450), but critically evaluated data over large ranges of wavelengths and tem-

peratures are still largely lacking. Si and SiO 2  have been measured from 295 to 1333 K (451). For ellip-

someter studies of surface layers, it is often necessary to determine the optical constants of the bare sub-

strate immediately before film formation. 

For very thin films, the accuracy with which complex optical constants can be derived from ellip-

someter measurements is very low if the optical constants of both substrate and film are similar (452). 

5.9.1 Contamination 

The presence of only two to three monolayers of oxide on aluminum has been shown to cause large 

errors in the derived values of n and k (453). Similarly, neglecting an initial oxide layer on Ta has been 

shown to result in incorrect optical constants for the substrate in anodic film growth (322). 

Optical constants of single crystals of Ru (312) and Ta (454) have been determined by ellipsometry 

after cleaning in ultrahigh vacuum. Differences between the results for Ta and literature values on 

polycrystalline or evaporated specimens have been attributed to greater cleanliness in the vacuum (454). 

Ion-beam processing of Mo has been shown to introduce significant surface roughness (152). 
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The effect of polishing layers and oxide layers has been considered in determining optical constants 

of zirconiwn alloys by use of multiple-angle, multiple-wavelength ellipsometry (369). 

Immersion of oxide-covered aluminum (455) and silicon (295) specimens in liquids of matching 

refractive index has been used to eliminate the optical effect of oxide layers. 

5.9.2 Roughness 

An early study, in which surface roughness was represented by different inhomogeneous films, 

predicted large errors in optical constants for very small (5 nm) roughness (114). An attempt to avoid the 

effect of surface roughness and contamination has been made by use of internal reflection on thick metal 

films evaporated on glass substrates (455,456). In this approach, it is assumed that the glass surface before 

deposition is clean and that it does not react with the metal. 

5.9.3 Microstructure 

Optical constants are often different for the same metal as a polished, clean bulk specimen or as a 

vapor-deposited optically opaque film. Optical properties of metal films have been discussed recently 

(457). The particulate nature of evaporated metals has long been recognized. The selective optical absorp-

tion of granular tin films has been explained by an extended Maxwell Gamett effective-medium theory 

(113), and an abnormal absorption band in evaporated lithium has been ascribed to a two-dimensional dis-

tribution of grains on a continuous metal base (458). Differences in reported optical constants of gold have 

been explained by grain-size effects with a large volume fraction of imperfections (459). The effect of 

deposition conditions for Al on optical constants has been attributed to reaction with residual gases during 

deposition (460). 

5.9.4 Anisotropy 

The optical constants of GaAs have been determined by ellipsometry on planes parallel and perpen-

dicular to the optic axis or cleavage plane (461). For bismuth tellurium sulfide, the optical constants nor-

mal to the cleavage plane are difficult to determine (462). 



Although cubic crystals are isotropic in the interior, the (110) face of Cu has been found to be opti-

cally anisotropic because of a lack of fourfold symmetry (368). 

5.10 Liquid Surfaces 

Liquid metal surfaces of Hg, Cd, Pb, Bi, and Bi-amalgam have been measured in vacuum after 

cleaning by glow discharge. Measurements on Hg over the visible spectrum have also been made on Hg- 

glass and Hg-quartz interfaces (463). The optical constants of liquid Na have been determined by ellip- 

sometry from 0.3 to 2 .t.m (464). More recently, the optical constants of liquid surfaces of Na, Sn, and Hg, 

and of Hg-quartz interfaces have been measured and compared to measurements on solid Na and Li (465). 

For the anodic formation of calomel on Hg, a dissolution-precipitation mechanism has been sup-

ported by off-null ellipsometer transient photometric measurements (466). 

The ellipsometry of liquid-vapor and liquid-solid interfaces has been reviewed recently (467). The 

existence of transition layers on the surface of several highly purified liquids had been derived previously 

from reflection measurements at Brewster's angle (468). From similar measurements, thicknesses of 

0.5-4.0 nm have been derived for transition layers on water, carbon tetrachloride, and methylnaphthalene 

(271). Phase transitions on the surface of binary solutions have also been investigated (469). 

The thickness of industrial oil coatings has also been determined by ellipsometry (224). 

5.11 Other Studies 

The photolytic decomposition of lead chloride has been determined to proceed as a surface reaction 

under formation of lead oxychloride latent-image centers in the presence of oxygen, but under formation of 

lead nuclei in the absence of oxygen (470). 

Refractive indices of polymer layers resulting from the plasma polymerization of styrene and epi-

chlorohydrin on Al have been measured (471), as have the initial stages of the eleciropolymerization of 

acrylonitrile on nickel (472), and of phenolic compounds on platinum (473). 
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6. OUTLOOK 

6.1 Optical Theory 

A continued improvement in understanding the optical properties of real surfaces can be expected 

and will be of great interest to users of ellipsometry. This understanding primarily concerns the effects of 

surface roughness, discontinuous films, and surface electronic states. The theory of composite and particu-

late media is also likely to be expanded into regions where present effective-medium models do not apply, 

e.g., large or nonspherical particles. An improved theory of off-specular reflection can be expected to lead 

to new types of measurements. 

6.2 Instrumentation 

Since spectroscopic ellipsometry has become more widely available in recent years, it can be 

expected to be used more generally. An improvement in the speed of most spectroscopic instruments will 

then become desirable. Such improvements can be achieved by adapting one of the present very-high-

speed monochromatic techniques. 

Introducing an imaging ellipsometric technique with microscopic resolution is another desirable 

direction for future development. A scanning ellipsometer microprobe could serve that purpose and would 

preferably have spectroscopic capabilities, thus generating an enormous amount of data. The simultaneous 

observation of extended surfaces could also be accomplished by holographic ellipsometry (8). 

The analysis of scattered light in off-specular directions can be expected, following the development 

of suitable optical theory, to provide information on surface microtopography. Such measurements will 

probably have to include the degree of polarization. 

The use of variable lateral coherence in the incident beam offers another approach to obtain informa-

tion on the homogeneity of surfaces on the light-wavelength scale (8). The difference between coherent 

and incoherent illumination of a heterogeneous surface is shown schematically in Fig. 6.1. 

Ellipsometer measurements outside the visible spectral range can be expected to attract greater 

interest in the future. The past use of infrared radiation to identify chemical species on electrode surfaces 
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(285) and to measure dopant layers in semiconductors (288) may be expanded. The remote determination 

of conductivity by microwave ellipsometry (292) may also find wider interest. Ellipsometry in the soft x-

ray regime does not seem to have been investigated yet. The increased availability of tuneable, polarized x 

rays from free-electron devices and the recent development of optical components offer new possibilities 

for this approach. 

6.3 Interpretation 

With the continued increase in the computational capabilities of microcomputers, the numerical 

optimization of optical film and surface models can be expected to be used more widely for the interpreta-

tion of measurements. Computer programs can be expected to be more efficient and to consider many 

parameters in addition to spectroscopic ellipsometer measurements. These parameters could include spec-

ular reflectance, off-specular elastic and inelastic scattering, or nonoptical measurements such as mass or 

charge data as a function of time. A choice between different optical models may also be automated. 

6.4 Applications 

Ellipsometry will continue to be used for measurements on surfaces, particularly solid-liquid and 

solid-gas interfaces, for which its capabilities are unique. It will provide real-time, in situ information on 

the formation, breakdown, and removal of surface layers or on the cleaning, etching, and annealing of 

solids. The spectroscopic properties of bulk solids and surfaces will be determined more readily to derive 

chemical composition, ordering, electronic structure, and the distribution of materials in composite and 

inhomogenous systems. 

The combination of ellipsometer measurements with other techniques will be of continued interest 

for the detailed study of surfaces and thin films. 
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AC03-76SF00098. 
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TABLE 3.1 
Derivation of relative amplitude parameter t and relative phase parameter 

from ellipsometer azimuths of polarizer p, quarter-wave plate q, 
and analyzer a, at compensation (all angles in degrees) (8). 

((=00 w900 , A=0° to 3600) 

* Range of Range of Values of 
polarizer Compensator analyzer ellipsometer parameters 

transmission fast-axis transmission 
Zone azimuth p azimuth q azimuth a 

A-1 0to45 45 90w 180 180—a 90-2p 
A-2 45to90 135 90to 180 180—a 2p-90 
A-3 90w 135 45 0to90 a 270-2p 
A-4 135to180 135 0to90 a 2p-270 

B-i 0to45 135 0to90 a 90+2p 
B-2 45 to 90 45 0to90 a 270-2p 
B-3 90w 135 135 90w 180 180—a 2p-90 
B-4 135w 180 45 90w 180 180—a 450-2p 

C-I 0to45 45 0to90 a 270-2p 
C-2 45 to 90 135 0to90 a 90+2p 
C-3 90w 135 45 90to180 180—a 450-2p 
C-4 135w 180 135 90w 180 180—a 2p-90 

D-1 0 to 45 135 90 to 180 180— a 	270 + 2p 
D-2 45to90 45 90to 180 180—a 	450-2p 
D-3 90to135 135 0to90 a 	90+2p 
D-4 135 to 180 45 Ow 90 a 	630- 



TABLE 4.1 
Optimization of two-layer model for spectroscopic ellipsometry of 

Pb deposits on Cu. Model parameters given with 95% confidence limits (after 102). 

Derived from ellipsometric measurements 

Thickness (nm)' - Thickness of 
derived from Thickness of Volume fraction Pb compact (UPD) 
charge passed porous layer (nm) in porous layer layer (nm) 

30 31 ± 4 0.59 ± 0.14 0.48 ± 0.11 

60 50± 16 0.78±0.17 0.48±0.11 

110 87±266 0.97±0.27 0.48±0.11 

'Equivalent compact deposit. 
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Figure Captions 

Fig. 2.1. 	Reflection of polarized light. The plane of incidence is defined by the incident and reflected 

beams (and the normal of the reflecting surface). The p and s components E and E. of the 

electric field vectors parallel and normal to the plane of incidence are shown in incident 

(superscript i) and reflected (superscript r) waves (after 8). 

Fig. 2.2. 	Definition of positive coordinate directions for p and s components (subscripts p and s) of 

electric field vectors in incident, reflected, and transmiued waves (superscripts i, r, and t, 

respectively). Propagation vectors k. Refractive indices of incident and reflecting media are 

n' and n', respectively; angles of incidence and reflection ie = ; angle of refraction 4. 

Fig. 2.3. 	Intensity penetration depth for light at normal incidence on an absorbing medium with ima- 

ginary part of complex refractive index (extinction coefficient) k. Wavelength: 546.1 nm 

(after 8). 

Fig. 2.4. 	Reflection from a film-covered substrate. Definition of symbols used in the Drude equation: 

angles of incidence 0' and refraction t;  reflection coefficients for top interface ?I  and for bot-

torn interface ?2; refractive indices of incident medium n 1, film ñ, and substrate flS;  film thick-

ness L. 

Fig. 2.5. 	Linear polarization E resulting from the superposition of two linear components E g  and E in 

phase. Vector addition of the two amplitudes I E, I and I E  I shown in the plane normal to 

the propagation direction k. 

Fig. 2.6. 	Elliptic polarization E resulting from the superposition of two linear components E. and E of 

different amplitude and phase. The resultant helix in space is projected as an ellipse on a 

plane normal to the propagation direction k. The physical parameters xV and A of the elliptic 

polarization are shown at the top of the figure; the geometric parameters y and 0 are shown at 

the bottom (after 8). 

Fig. 2.7. 	Ellipsometer parameters A (relative phase change) and N'  (relative amplitude change tan N') 

for reflection from a bare surface of complex refractive index n - ikt Incident medium: 

dielectric of real refractive index n 1 . Angle of incidence: 75°. 
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Fig. 2.8. 	Ellipsometer parameters A (relative phase change) and xV (relative amplitude change tan ,) as 

a function of angle of incidence 0 for reflection from a bare dielectric surface (glass, solid 

line, n = 1.5) and an absorbing surface (tantalum, broken line, ft = 3.3-2.3i). 

Wavelength: 546.1 nm. 

Fig. 2.9. 	Representation of different states of polarization shown for selected points on the surface of 

the Poincard sphere. Left and right circular poles L and R and horizontal plane of incidence 

H (p component) are marked on the sphere. 

Fig. 2.10. 	Poincard sphere (left) and its stereographic projection (right), as seen from the left-hand cir- 

cular pole L. Reference point H denotes the (horizontal) plane of incidence. Top: grid for 

geometrical parameters, 0 and centec grid for physical parameters xV and ; bottom: grid 

for retardation 8, of a compensator with fast axis F (after 8). 

Fig. 2.11. 	Poincard sphere representation of amplitude EA' of elliptic polarization E transmitted by 

analyzer A (extinction axis A'). The locus of polarization states of equal transmitted ampli-

tude (square root of measured irradiance) is shown by the small circle I around A' (after 16). 

Fig. 2.12. 	Stokes parameters s0  s 1  I S, S3. and geometric parameters 0, y of elliptic polarization 

represented in the Poincard sphere for elliptic polarization P. 

Fig. 2.13. 	Nonlinear changes in ellipsometer parameters A and V (M, 8y) as a function of coverage 

predicted by the Bruggeman effective-medium theory (solid lines) for an underpotential 

deposit (UPD) of Pb on Ag( Ill). Changes given in degrees. The observed linear depen-

dence on coverage (determined from Faradaic charge) is shown by measured points. 

Wavelength: 515 nm; angle of incidence: 750;  optical constants of UPD derived from meas-

urements at full coverage (94). 

Fig. 2.14. 	Island-film model with coherent superposition of polarization states associated with reflection 	 - 

coefficients e and r for reflection from film-covered and bare surface elements, respectively. 

Fig. 2.15. 	Refractive-index ellipsoid for biaxial (positive) anisotropic materials with principal refractive 

indices n, n, and a. and optic axes Al and A2 normal to the circular cross sections of the 

ellipsoid. For a uniaxial material, n.,, = n and the optic axis coincides with the n 7  direction. 
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Fig. 2.16. 	Representation of a rough surface (a) by a homogeneous (b) or inhomogeneous (c) transition 

layer. 

Fig. 3.1. 	Components of compensating ellipsometer with elliptic polarization incident. P: polarizer 

with transmitted electric-field direction. The azimuth p at extinction is a measure of A. Q: 

fixed compensator (quarter-wave plate) of fixed azimuth (fast axis F at 45 0  to plane of 

incidence). E: elliptic state of polarization before reflection. S: reflecting specimen surface. 

A': restored linear state of polarization after reflection. A: analyzer with transmitted 

electric-field direction. The azimuth a at extinction is a measure of xV (after 8). 

Fig. 3.2. 	Representation on the Poincard sphere (stereographic projection) of the changes in the state 

of polarization in a compensating ellipsometer with elliptic polarization incident on the speci-

men. The linear polarization from polarizer P is converted to elliptic polarization E by the 

retardation 5Q  (90°) of the quarter-wave compensator of fast axis F. Reflection on the speci-

men introduces changes in relative phase A and relative amplitude (w). The resulting restored 

linear polarization A' is extinguished by analyzer A (after 8). 

Fig. 3.3. 	Arrangement of optical and electronic components in self-compensating ellipsometer with 

Faraday-cell modulation and compensation (after 190). 

Fig. 3.4. 	Modulation of polarizer azimuth by use of a retardation modulator. (a) Sequence and relative 

azimuths of polarizer P (0°), modulator M (45°), and quarter-wave compensator Q (00). 

(b) Azimuths of components and effect of modulation and compensation shown on the Poin-

care sphere. (c) Stereographic projection of (b). The linear polarization P is transformed into 

a series of elliptic polarizations between states E 1  and E2  by the retardation modulation with 

amplitude 8M  from the modulator with fast axis M. The quarter-wave compensator Q 

transforms the elliptic polarizations into linear polarizations with azimuth modulation ampli-

tude dp (16). 

Fig. 3.5. 	Three-reflection Fresnel rhomb for use as achromatic quarter-wave compensator, shown with 

light path. 
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Fig. 3.6. 	Components of photometric ellipsometer with rotating analyzer (shown without compensa- 

tor). P: polarizer (shown in 45° azimuth); S: reflecting specimen surface; E: reflected ellip-

tic polarization; A: rotating analyzer with rotation indicated by double arrow. The variable 

photodetector output provides the geometric parameters 0 and y. 

Fig. 3.7. 	Analysis of elliptic polarization with a rotating analyzer. The axial ratio of the ellipse is 

derived from the ratio of intensity minima and maxima. The orientation 0 of the major axis is 

determined from the azimuth of the intensity maximum (after 8). 

Fig. 3.8. 	Transmitted amplitude with rotating analyzer represented in the Poincard sphere by the 

lengths of chords between elliptic polarization E and extinction direction A' of analyzer A. 

The rotation direction is indicated by the double arrow (16). 

Fig. 3.9. 	Return-path ellipsometer without compensator. (a) Arrangement of 

components: L: collimated light source; B: beam splitter; P: polarizer; S: specimen; 

M: auxiliary (return) mirror; 	principal angle of incidence; D: photodetector. 

(b) Poincard sphere representation of states of polarization through the components: P: polar-

izer of azimuth p at compensation; Al ,  2: changes in A (901) upon first and second reflec-

tions; (w) (N12): corresponding changes in ,; 2p = 2i shown on sphere. 

Fig. 3.10. 	Comparison ellipsometer. Specimen S and reference R have surface normals at right angles 

to each other, the angle of incidence is the same on both. The reflection from reference R 

(with continuously variable properties) is extinguished by a crossed analyzer and polarizer 

where properties of both surfaces are the same (after 282). 

Fig. 4.1. 	Models of anodic films investigated for the interpretation of ellipsometer measurements of 	 - 

anodic oxide growth (after 213). 

Fig. 4.2. 	Optical film models investigated for the interpretation of spectroscopic ellipsometer measure- 

ments of Pb deposition on Cu. Free parameters for compact film: 1; for porous (single) film: 

2; for compact, single-layer island film: 2; for multilayer film with one compact film, one 

porous film, and dendrite islands: 6 (after 102). 
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Fig. 4.3. 	Formation of submicroscopic pits by the nonuniform removal of an oxide-covered thin lead 

film (a) by ion bombardment After removal of the oxide layer, the island-film optical model 

has been used to represent the growth of pits (b) and the exposure of the substrate (c) (after 

314). 

Fig. 5.1. 	Nucleation and growth of crystalline oxide on top of a compact underlayer represented by a 

two-layer island-film model (360). 

Fig. 5.2. 	Film models with schematic porosity profiles for corrosion layers on lithium. 

(a) Homogeneous film with uniform porosity; (b) inhomogeneous film with linear porosity 

profile; (c) inhomogeneous film with parabolic porosity profile (394). 

Fig. 5.3. 	Changes in ellipsometer parameters i and A (deg.) predicted with an optimized island-film 

coherent-superposition model (solid lines) and measurements with coverage derived from 

charge (squares and circles) for underpotential deposition of Pb on Cu(111) (94,101). 

Fig. 5.4. 	Spectroscopic ellipsometer measurements (solid curves) for Pb deposits on Cu. Compact 

thickness of 0, 30, 60, and 110 nm (based on charge passed) shown for curves. Circles show 

predictions resulting from a two-layer model with parameters given in Table 4.1 (102). 

Fig. 5.5. 	Representation of a mass-transfer boundary layer by an optically inhomogeneous film with 

the refractive index decreasing toward the surface. The optical model consists of multiple 

homogeneous films with reflection and refraction taking place at each interface. The angle of 

incidence Ob in the bulk solution is different from ,' on the surface (427). 

Fig. 6.1. 	Illumination of an in homogeneous surface (shown as an island film) with light of different 

lateral coherence (indicated by the width of wavefronts). (a) Coherence larger than the sur-

face inhomogeneities results in coherent superposition of polarization states for reflection 

from different surface elements. (b)Coherence smaller than the surface inhomogeneities 

results in incoherent superposition (after 8). 
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