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(57) Abstract: Disclosed are spectroscopic ellipsometer, and combined spectroscopic reflectometer/ellipsometer systems. The
spectroscopic ellipsometer system portion includes polarizer (P) and analyzer (A) elements which remain fixed in position during
data acquisition, and a step-wise rotatable compensator (DSP) electromagnetic beam transmitting means, which serves to enable
imposing a plurality of sequentially discrete, rather than continuously varying, polarization states on said beam of electromagnetic
radiation. Further disclosed is an operation procedure for said spectroscopic ellipsometer system portion of the invention which
involves the gathering of, for each of a plurality of ellipsometrically distinct sample systems, spectroscopic data at a sequential
plurality of discrete electromagnetic radiation beam polarization states, combined with providing of a mathematical model of the
spectroscopic ellipsometer system and application of a mathematical regression procedure.
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DISCRETE POLARIZATION STATE ROTATABLE COMPENSATOR
SPECTROSCOPIC ELLIPSOMETER SYSTEM, AND METHOD OF
CALIBRATION

TECHNICAL FIELD

The present invention relates to ellipsometer
and combined reflectometer/ellipsometer systems, as
vell as methods of calibration therefore. More
particularly the present invention comprises, in the
ellipsometer portion, provision for providing a

sequential plurality of transmissive, stepwise

rotated, compensator positions rather than
continuously varying, polarization states. The
present invention combined spectroscopic

reflectometer/ellipsometer system preferably includes
system integration via the sharing of a souxce of
spectroscopic electromagnetic radiation and/oxr the
sharing of a spectroscopic multi-element detectox
system between ellipsometer and reflectometer system
portions. The present invention further comprises a
calibration procedure for said spectroscopic
ellipsometer system which involves the gathering of,
for each of a plurality of investigated -sample
systems, spectroscopic data at a sequential plurality
of discrete polarization states.

BACKGROUND

The practice of ellipsometry is well established
as a non-destructive approach to determining
characteristics of sample systems, and can be
practiced in real time., The topic is well described

in a number of publications, one such publication
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being a review paper by Collins, titled "Automatic
Rotating Element Ellipsometers: Calibration,
Operation and Real-Time Applications", Rev. Sci.
Instrum., 61(8) (1990).

In general, modern practice of ellipsometry
typically involves causing a spectroscopic beam of
electromagnetic radiation, in a known state of
polarization, to interact with a sample system at at
least one angle of incidence with respect to a normal
to a surface thereof, in a plane of incidence.
(Note, a plane of incidence contains both a normal to
a surface of an investigated sample system and the
locus of said beam of electromagnetic radiation).
Changes in the polarization state of sald beam of
electromagnetic radiation which occur as a result of
said interaction with sald sample system axe
indicative of the structure and composition of said
sample system. The practice of ellipsometry further
involves proposing a mathematical model of the
ellipsometer system and the sample system
investigated by use thereof, and experimental data is
then obtained by application of the ellipsometexr
system. This is typically followed by application of
a square error reducing mathematical regression to
the end that parameters in the mathematical model
which characterize the sample system are evaluated,
such that the obtained experimental data, and values
calculated by use of the mathematical model, are
essentially the same.

A typical goal in ellipsometry is to obtain, for
each wavelength in, and angle of incidence of said
beam of electromagnetic radiation caused to interact
with a sample system, sample system characterizing
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P3I and DELTA values, (wvhere P8I is related to a
change in a ratio of wagnitudes of orthogonal
components rp/rs in sald beam of electromagnetic

radiation, and wherein DELTA is related ‘to a phase
shift entered between said oxrthogonal components rp

and rs), caused by interaction with said sample

systew:

p =rp/rs = Tan(¥) exp(id)

as alluded to, the practice of ellipsometry
requires that a mathematical wmodel be derived and .
provided for a sample system and for the ellipsometer
system being applied. In that 1light it must be
éppreciated that an ellipsometer system which is
applied to investigate a sample system is, generally,
sequentially comprised of:

a. a Source of a beam electromagnetic-
radiation;

b, a Polarizer element;

c. optionally a compensator element;
d. (additional element(s));

e. a sample system;

£. (additional element(s));

g. optionally a compensator element;
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h. an Analyzer element; and
i. a Spectroscopic Detector Systen.

Each of said components b. - 1. must be accurately
represented by a mathematical model of the
ellipsometer system along with a wvector which
represents a beam of electromagnetic radiation
provided from said source of a beam electromagnetic
radiation, Identified in a. above)

Various conventional ellipsometer configurations
provide that a Polaxrizer, Analyzer and/oxr
Compensatof(s) can be rotated during data
acquisition, and are describe variously as Rotating
Polarizer (RPE), Rotating Analyzer (RAE) and Rotating
Compensator (RCE) Ellipsometer Systems. As
described elsewhere in this Specification, the
present invention breaks with this convention and
provides that no element be continuously =rotated
during data acquisition but rathexr that a sequencé of
discrete polarization states be imposed during data
acquisition. This approach allows eliminating many
costly components from conventional rotating element
ellipsometer systems, and, hence, production of an
"Ultra-Low-Cost" ellipsometer system. It 1is noted,
that nulling ellipsometers also exist in which
elements therein are rotatable in wuse, rather than
rotating. Generally, wuse of a nulling ellipsometer
system involves imposing a linear polarization state
on a beam of electromagnetic radiation with a
polarizer, causing the resulting polarized beam of
electromagnetic <radiation to interact with a sample
system, and +then adjusting an analyzer to an
azimuthal azimuthal angle which effectively cancels
out the beam of electromagnetic radiation which

PCT/US2006/026928
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proceeds past the sample systen, The azimuthal
angle of the analyzer at which nulling occurs
provides insight to properties of the sample systen.

It is further noted that reflectometer systems
are generally sequentially comprised of:

a. a Source of a beam electromagnetic

radiation;

d. (optional additional element(s));

®

a sample system;

th

(optional additional element(s));

(=3
.

a Spectroscopic Detector System;

and that reflectometer systems monitor changes in
intensity of a beam of electromagnetic radiation
caused to interact with a sanple system. That is,
the ratio of, and phase angle between, orthogonal
components in a polarized beam are not of direct
concern.

Continuing, in use, data sets can be obtained
with an ellipsometer system configured with a sample
system present, sequentially for cases where other
sample systems are present, and where an ellipsometer
system is configured in a straight-through
configuration wherein a beam of electromagnetic

radiation is caused to pass straight through the

'ellipsometer system without interacting with a sample

systenm. simultaneous mathematical regression

PCT/US2006/026928
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utilizing multiple data sets can allow evaluation of
sample system characterizing PSI and DELTA values
over a range of wavelengths. The obtaining of
numerous data sets with an ellipsometerx system
configured with, £for instance, a sequence of sanmple
systems present and/ox wherein a sequential plurality
of polarization atates are imposed on an
electromagnetic beam caused to interact therewith,
can allow system calibratlion of numerous ellipsometer

system variables.

Patents of which the Inventor is aware include
those to Woollam et &al, No. 5,373,359, Patent to Johs
et al.. No. 5,666,201 and Patent to Green et al., No.
5,521,706, and Patent to Johs et &l., No. 5,504,582
are disclosed for general information as they pertain

to ellipsometer systems.

Further Patents of which the Inventor is awvare
include Nos. 5,757,494 and 5,956,145 to Green et al.,
in which are taught a method for extending the range
of Rotating Analyzer/Polarizer ellipsometer systems
toe allow measurement of DELTA'S near zero (0.0) and
one-hundred-eighty (180) degrees, and the extension
of modulator element ellipsometers to PSI'S of
forty-£five (45) degrees., Saild Patents describes the
presence of a variable, transmissive, bi-refringent
component which is added, and the application thereof
during data acquisition to enable the identified
capability. '

A Patent to Thompson et al. No. 65,706,212 is
also disclosedt as it teaches a mathematical
regression based double Fourier series ellipsometerxr
calibration procedure for application, primarily, in

PCT/US2006/026928
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calibrating ellipsometers system utilized in infrared
vavelength range. Bi-refringent, transmissive
window~like compensators are described as present in
the system thereof, and discussion of correlation of
retardations entered by sequentially adjacent
elements which do not rotate with respect to one

another during data acquisition is described therein.

A Patent to He et al., No. 5,963,327 is
disclosed as it describes an ellipsometer system
wvhich enables providing a polarized bean of
electromagnetic radiation at an obligue
angle-of-incidence to a sample system in a small spot

area.

A Patent to Johs et al., No. 5,872,630 is
disclosed as it describes an ellipsometer system 1in
which an analyzer and polarizer are maintained in a
fixed in position during data acquisition, whi;e a

compensator is caused to continuously rotate.

A Patent to Coates et al., No. 4,826,321 1is
disclosed as it describes applying a reflected
monochromatic beam of plane polarized electromagnetic
radiation at a Brewster angle of incidence to a
sample substrate to determine the thickness of & thin
£ilm thereupon. This Patent also describes
calibration utilizing two sample substrates, which
have different depths of surface coating.

Other Patents which describe use of reflected
electromagnetic radiation to investigate sample
systems are Nos. RE 34,783, 4,373,817, and 5,045,704
to Coates; and 5,452,091 to Johnson.

PCT/US2006/026928
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A Patent to Bjork et al., No. 4,647,207 is
disclosed as it describes an ellipsometer system
which has provision £for sequentially positioning a
plurality of reflective polafization state modifiers
in a - beam of electromagnetic radiation. 'While said
207 Patent mentions investigating a sample system in
a transmission mode, no mention or suggestion is
found for utilizing a plurality of transmitting
polarization state modifiers, emphasis added. Patent
Nos. 4,210,401; 4,332,476 and 4,355,903 are also
identified as being cited in the 207 Patent, It is
noted that systéms as disclosed in these Patents,
(particularly 1in the 476 Patent), which utilize
reflection from an element to modify a polarization
state can, if such an element is an essential
duplicate of an investigated sample and 1is rotated
ninety degreesv therefrom, the effect of the
polarization state modifying element on the
electromagnetic beam effect 1is extinguished by the

sample.

A Patent to Mansuripur et al., No. 4,838,695 1is
disclosed as it describes an apparatus for measuring
reflectivity.

Patents to Rosencwaig et al., Nos. 4,750,822 and
5,595,406 are also identified as they describe
systems which impinge electromagnetic beams onto
sample systems at obligue angles of incidence. The
406 Patent provides for use of multiple wavélengths
and multiple angles of incidence. For similar
reasons Patent No. 5,042,951 to Gold et al. is also
disclosed. '

PCT/US2006/026928
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A Patent to Osterberg, No. 2,700,918 describes a
microscope with variable mweans for increasing the
visibility of optical images, partially comprised of -
discrete bi-refringent plates which can be positioned
in the pathvay between an eyepiece and an observed
object. Other Patents identified in a Search which
identified said 918 Patent are No. 3,183,763 to
Koester; No. 4,105,338 to Kuroha;” No. 3,992,104 to
Watanabe and a Russian Patent, No. SU 1518728.
Said othexr Patents are not believed to be

particularly relevant, however.

A Patent, No. 5,329,357 to Bernoux et al. is
also identified as it Claims use of fiber optics to
carxy electromagnetic radiation to and from an
ellipsometer system which has at least one polarizer
or analyzer which rotates during data acquisition.
It is noted that if both the polarizer and analyzerx
are stationary during data acquisition that this
Patent is not controlling where electromagnetic

radiation carrying fiber optics are present.

As present invention preferred practice is to
utilize a spectroscopic source of electromagnetic
radiation with a relatively flat spectrum over a
large range of wavelengths Patent No. 5,179,462 to
Kageyama et al. 1is identified as it provides a
sequence o0f three electromagnetic bean coﬁbining
dichroic mirrors in an arrangement which produces an
output beam  of electromagnetic radiation that
contains wavelengths from each of four sources of
electromagnetic radiation. Each electromagnetic
beam combining dichroic mirror is arranged so as to
transmit a first input beam of electromagnetic

radiation, comprising at least a first wavelength

PCT/US2006/026928
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content, therethrough so that it exits a second side
of said electromagnetic beam combining dichroic
mirror, and to reflect a second beam of
electromagnetic radiation, comprising an additional
wvavelength content, from said second side of said
electromagnetic beam combining dichroic mirror in a
manner that a single output beam of electromagnetic
radiation 1is formed which contains the wavelength
content of both sources of electromagnetic radiation.
The sources of electromagnetic radiation are
described as lasers in said 462 Patent. Another
Patent, ©No. 5,296,958 to Roddy et al., describes a
similary system which wutilizes Thompson Prisms to
similarly combine electromagnetic beams for laser
source. Patents Nos. 4,982,206 and 5,113,279 to
Kessler et al. and Hanamoto et al. respectively,
describe similar electromagnetic electromagnetic beanm
combination systems in laser printer and laser beam
scanning systems respectively. Another Patent, No.
3,947,688 to Massey, describes a method of generating
tuneable coherent ultraviolet light, comprising use
of an electromagnetic electromagnetic beam combining
system. A Patent to Miller et al., No. 5,155,623,
describes a system for combining information beams in
which a mirxror comprising alternating regions of
transparent and reflecting regions 1s utilized to
combine transmitted and reflected beans of
electromagnetic radiation into a single output bean.
A Patent to Wright, No. 5,002,371 is also mentioned
as describing & beam splitter system which operates
to separate "P" and "S8" orthogonal components in a
beam of polarized electromagnetic radiation.

In addition to the identified Patents, certain
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scientific papers are also identified.

A paper by Johs, titled "Regression Calibration
Method fox
Rotating Element Ellipsometers", Thin Solid Filns,
234  (1993) is also disclosed as it describes a
mathematical regression based approach to calibrating
ellipsometer systems.

Another paper, by Gottesfeld et al., titled
"Combined Ellipsometer and Reflectometer Measurements
of Surface Processes on Nobel Metals Electrodes",
Surface 8ci., 56 (1976), is also identified as
describing the benefits of combining ellipsometry and
reflectometry.

A paper by Smith, titled "An Automated Scanning
Ellipsometer", Surface Science, Vol. 56, No. 1.
(1976), 1is also mentioned as it describes an
ellipsometer ' system which does not reguire any
moving, (eg. rotating), elenents during data
acquisition,

Four additional papers by Azzam and Azzam et al.

are also identified and are titled:

"Multichannel Polarization State Detectors For
Time-Resolved Ellipsometry", Thin Solid Film, 234
(1993); and

" "gpectrophotopolarimeter Based On Multiple
Reflections In A Coated Dielectric Slab", Thin

Solid Films 313 (1998); and

"General Analysis And Optimization of The
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Four-Detector Photopolarimetexr", J. Opt. BSoc.
Am., A, Vol. 5, No. 5 (May 1988); and

"Accurate Calibration of  Four-Detector
Photopolarimeter with Imperfect Polarization
Optical Elements", J. Opt. Soc. Am., Vol. &6, No.
10, (oct. 1989);

as they describe alternative appreaches concerning
the goal of the present invention.

Even in view of xelevant prior art, there
remains need for a spectroscoplic ellipsometer systen
which:

presents with stationary polarizer and
analyzer during data acquisition; and

utilizes a plurality of transmissive

step-wise rotatable compensator means to
effect a plurality of sequential discrete,
rather than continuously varying,
polarization states during said

data acquisgition; and

wvhich allows optional integrated

combination wvith a reflectometer system via
the sharing of a source of spectroscopic
electromagnetic radiation and/ox a 1

spectroscopic multi-element detector system
therewith.

In addition there remains need for a calibration
procedure for a spectroscopic ellipsometer system
which involves the gathering of spectroscopic data at
a plurality of discrete polarization states for each
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DISCLOSURE OF THE INVENTION

The present invention is, in the first instance,
a spectroscopic ellipsometex system basically
comprising:

a source of polychromatic electromagnetic
radiation;

a polarizer which is fixed in position during
data acquisition;

a stage for supporting a sample system;

an analyzer which is fixed in position during

data acguisition; and
a multi-element spectroscopic detector system.

In addition, the present invention ellipsometerx
system further comprises at 1least one neans for
discretely, sequentially, modifying a polarization
state of a beam of electromagnetic radiation through
a plurality of polarization states. The at least one
means for Adliscretely, sequentially, modifying =&
polarization state of a beam of electromagnetic
radiation through a plurality of polarization states,
is positioned between said polarizer and said stage
for supporting a sample system, and/ocr and betwveen
said stage for supporting a sample system and said
analyzer, and so that said beam of electromagnetic
radiation transmits through a polarization state
modifier element thereof in use,. The present

invention at 1least one means for discretely,

PCT/US2006/026928
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sequentially, modifying a polarization state of a
beam of electromagnetic radiation through a plurality
of polarization states comprises a compensator which
is mounted to allow step-wise rotation about the
locus of a beam of electromagentic radiation caused
to pass therethrough.

The present invention is further a combination
spectroscopic reflectometer/ellipsometer system
basically comprising:

a 'source of polychromatic electromagnetic
radilation;

a stage for supporting a sample system;
a multi-element spectroscopic detector system.

The combination spectroscopic reflectometexr/
ellipsbmeter system further comprises, in the
ellipsometer system portion thexreof, a polarizer,
(which is fixed in position during data acquisition),
present between the source of polychromatic
electromagnetic radiation and the stage for
supporting a sample system, and an analyzer, {(which
is fixed in position during data acquisition),
present between the stage for supporting a sample
system and the multi—elemenf spectroscopic detector
system. The ellipsometer system also comprises at
least one means for discretely, sequentially,
modifying a polarization state of a beam of
electromagnetic radiation through a plurality of
polarization states present between said polarizer

and said stage for supporting a sample system, and/or
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between said stage for supporting a sample system and
said analyzer, and positioned so that said beam of
electromagnetic radiation transmits through a
polarization state modifier element therein during
use.

Additionally, the combination spectroscopic
reflectometer/ ellipsometer system is configured such
that a polychromatic beam of electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation can, optionally, be
directed to interact with a sample system present on
said stage for supporting a sample system without any
polarization state being imposed thexreupon, and such
that a polychromatic beam of electromagnetic
radiation also provided by said source of
polychromatic electromagnetic radiation c¢an be,
optionally simultaneously, directed to interact with
a sample system present on sald stage for supporting
a sanple system after a polarization state has been
imposed thereupon. The polychromatic beam of
electromagnetic radiation without any polarization

state imposed thereupon, when directed to interact

‘with a sample system present on said stage for

supporting a sample system, is typically caused to
approach said sample system at an cblique
angle-of-incidence which 1is between a sample system
Brewster angle and a normal to the surface of the
sample system. Further, the polychromatic beam of
electromagnetic radiation provided by said source of
polychromatic electromagnetic radiation upon which a
polarization state has been imposed, 1is typically
directed to interact with a sample system present on

said stage for supporting a sample system at an angle

PCT/US2006/026928
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near +the Brewster angle of the sample systen being
investigated. Either, or Dboth, the polychromatic

peam(s) of electromagnetic radiation provided by said

source of polychromatic electromagnetic radiation,
upon which is inmposed a polarization state or upon
which no polarization state is imposed, is preferably
directed to interact with a sample system present on
said stage for supporting a sample‘system_via a fiber

optic means.

While the present invention can utilize
essentially any Compensator, & preferred embodiment
of the present invention provides that at least one
of said at least one compensator(s), which is mounted
to allow step-vise rotation about the locus of a beam
of electromagentic radiation caused to pass
therethrough, be selected from the group consisting

of:
a single element compensator;

a compensator system comprised of at least two
per se. zero-order wvaveplates (MOA) and (MOB},
said per se. zero-order wvaveplates (MOA)} and
(MOB) having their respective fast axes rotateé
to a position offset from zero or ninety degrees
with respect to one another, with a nominal

value being forty-five degrees;

a compensator system comprised of a combination
of at least a first (z0l) and a second {202)
effective zero-order wave plate, said first
(ZO1) effective =zero-order wave plate being

PCT/US2006/026928
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comprised of two multiple orxrder waveplates (MOALl)
and (MOBl) which are combined with the fast axes
thereof oriented at a nominal ninety degrees to
one another, and said second (Z02) effective
zero-order wave plate being comprised  of two
multiple order waveplates (MOAZ) and (MOB2)
which are combined with the fast axes thereof
oriented at a nominal ninety degrees to one
another; the fast axes (FAAZ2) and (FAB2Z) of the
multiple order waveplates (MOAZ) and (MOB2) in

said second effective =ero-oxder wave plate

(Z02) being rotated to a position at a nominal
forty-five degrees to the fast axes (FAALl) and
(FAB1}), respectively, of the wmultiple order

waveplates (MOAl) and (MOBl) in said first
effective zero-order waveplate (z01);

a compensator system comprised of a combination
of at least a first (Z0l) and a second (202)
effective zero-order wave plate, said first
(Z01) effective =zero-order wave plate being
comprised of two multiple order waveplates (MQOAl)
and (MOBl) which are combined with the fast axes
thereof oriented at a nominal ninety degrees to
one another, and said second (Z02) effective
zero-order wave plate being comprised of two
multiple order waveplates (MOA2) and {MOB2)
which are combined with the £fast axes thereof
oriented at a nominal ninety degrees to one
another; the fast axes (FAA2) and (FAB2) of the
multiple order waveplates (MOA2) and (MOB2) in
said second effective zero-order wave plate
(Z02) being rotated to a position away from zero
or ninety degrees with respect to the fast axes
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(FAAl) and (PABl), respectively, of the multiple
order waveplates (MOAl) and (MOB1l) in said first
effective zero-order waveplate (Z01l)};

a compensator system conprised of at 1least one
zero-order vwaveplate, ((MOA} or (MOB)), and at
least one effective zero-order waveplate, ((202)
or {(Z0ol) respectively), sald effective
zero-order wave plate, ((Z02) or (Z01l)), being
comprised of two multiple order waveplates which
are combined with the fast axes thereof oriented
at a nominal ninety degrees to one another, the
fast axes of the multiple order waveplates in
said effective zero-order wave plate, ({(Z02} or
(Z01l})), being rotated to a position away from
zero or ninety degrees with respect to the fast
axis of the =zero-order waveplate, ((MOA)} or
{MOB}};

where the identifiers are shown in Figs. 3e ~ 31.

Additional compensator systenms which are

specifically within the scope of the invention and
can be included in the selection group are:

a compensator system comprised of a first
triangular shaped element, which as viewed in
side elevation presents with first and second
sides which project to the left and right and
downwvard from an upper point, which £irst
triangular shaped element first and second sides
have reflective outer surfaces; said retarder
system further comprising a. second triangular
shaped element which as viewed in side elevation

PCT/US2006/026928
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presents with first and second sides which
project to the left and right and downward from
an upper point, said second triangular shaped
element being made of mnaterial which provides
reflective interfaces on first and second sides
inside thereof; said second triangular shaped
element being oriented with respect to the first
triangular shaped element such that the upper
point of said second triangular shaped element is
oriented essentially vertically directly above
the upper point of said first triangular shaped
elerent; such that in use an input
electromagnetic beam of radiation caused to
approach one of said first and second sides of
said first triangular shaped element along an
essentially horizontally oriented 1locus, is
caused to externally reflect from an outer
surface thereof and travel along a locus which is
essentially upwardly vertically oriented, then
enter said second triangular shaped element and
essentially totally internally reflect from one
of said first and second sides thereof, then
proceed along an essentially horizontal locus and
essentially totally internally‘reflect from the
other of said first and second sides and proceed
along an essentially downward vertically oriented
locus, then externally reflect from the other of
sald first and second sides of said flrst
triangular shaped elements and proceed along an
essentially horizontally coriented locus which is
undeviated and undisplaced from the essentially
horizontally oriented locus of said input beam of
essentially horizontally oriented electromagnetic
radiation even vwhen said retarder is caused to
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rotate; with a result being that retardation is
entered between oxthogonal components of said
input electromagnetic beam of radiation;

a compensator system comprised of, as viewed in
upright side elevation, first and second
orientation adjustable mirrored elements which
each have reflective surfaces; sald
compensator/retarder system further comprising a
third element which, as viewved in upright side
elevation, presents with first and second sides
wvhich project to the left and right and downward
from an upper point, said third element being
made - of material which provides vreflective
interfaces on first and second sides inside
thereof; said third elément being oriented with
respect to said first and second orientation
adjustable mirrored elements such thaf in use an
input electromagnetic beam of radiation caused té
approach one of said first and second orientation
adjustable mirrored elements along an essentially
horizontally oriented locus, is caused to
externally reflect therefrom and travel along a
locus which is essentially upwardly vertically
oriented, then enter said thizxd element and
essentially totally internally reflect from one
of said first and second sides thereof, then
proceed along an essentially horizontal locus and
essentially totally internally reflect from the
other of said first and second sides and proceed
along an essentially downward vertically oriented
locus, then reflect from the other of said first
and second orientation édjustable mirrored
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elements and proceed along an. essentially
horizontally oriented propagation direction locus
which 1s essentially undeviated and undisplaced
from the essentially horizontally oriented
propagation direction locus of said input beam of
essentially horizontally oriented electromagnetic
radiation even when said compensator/retarder is
caused to rotate; with a result' being that
retardation is entered betveen orthogonal
components of said input electromagnetic beam ~of
radiation;

a compensator system comprised of a parallelogram
shaped element which, as vieved in side
elevation, has top and bottom sides parallel to
one another, both said top and bottom sides being
oriented essentially horizontally, said retarder
system also having right and left sides parallel
to one another, both said right and left sides
being oriented at an angle to horizontal, said
retarder being made of a material with an index
of refraction greater than that of a surrounding
ambient; such that in use an input beam of
electromagnetic radiation caused to enter a side
of said retarder selected from the group
consisting of: (right and left), along an
essentially horizontally oriented 1locus, is
caused to diffracted inside said retarder system
and follow a locus which causes it to essentially
totally internally reflect from internal
interfaces of both said top and bottom sides, and
emerge from said vretarder system from a side
selected £from the group consisting of (left and
right respectively)} along an essentially
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horizontally oriented locus which is undeviated
and undisplaced from the essentially horizontally
oriented 1locus of said input beam of essentially
horizontally oriented electromagnetic radiation
even when said retarder is caused to rotate; with
a result being that retardation 1is entered
between orthogonal components of said input

electromagnetic beam of radiation;

a compensator system comprised of first and
second triangular shaped elements, said first
triangular shaped element, as viewved in side
elevation, presenting with first and second sides
which project to the left and right and downward
from an upper point, said first triangular shaped
element further comprising a third side which is
oriented essentially horizontally and which is
continuous with, and present below said first and
second sides; and said second triangular shaped
element, as viewed in side elevation, presenting
with first and second sides which project to the
left and right and upward from an Uupper point,
said second ‘triangular shaped element further
comprising a third side which is oriented
essentially horizontally and which is continuous
with, and present above said first and second
sides; said £first and second triangular shaped
elements being positioned so that a xiéhtmost
side of one of said first and second triangular
shaped elements is in contact with a leftmost
side of the other of said £irst and second
triangular shaped elements over at least a
portion of the lengths thereof; said first and

second triangular shaped elements each being made
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of material with an index of refraction greater
than that of a surrounding ambient; such that in
use an input beam of electromagnetic radiation
caused to enter a side of a triangular shaped
element selected from the group consisting of:
(first and second), not in contact with said
other triangular shape element, is caused to
diffracted inside said retarder and follow a
locus which causes it to essentially totally
internally reflect from internal interfaces of
said third sides of each of said first and second
triangular shaped elements, and emerge from a
side of said triangular shaped element selected
from the group consisfing of: (second and fixst),
not in contact vith said other triangular shape
element, along an essentially horizontally
oriented locus which is undeviated and
undisplaced from the essentially horizontally
oriented locus of said input beam of essentially
horizontally oriented electromagnetic radiation
even when sald retarder is caused to rotate; with
a result being that retardation is entered
between orthogonal compohents of said Iinput

electromagnetic beam of radiation;

a compensator system comprised of a triangular
shaped element, which as viewed in side elevation
presents with first and second sides which
project to the left and right and downward from
an upper point, said retarder system further
comprising a third side which 1is oriented
essentially horizontally and which is continuous
with, and present below said first and second

sides; said retarder system being made of a
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material with an index of refraction greatexr than
that of a surrounding ambient; such that in use a
an input beam of electromagnetic radiation caused
to enter a side of said retarder system selected
from the group consisting of: (first and second),
along an essentially horizontally oriented locus,
is caused to diffracted inside said retarder
system and follow a 1locus which causes it to
essentially totally internally zreflect from
internal interface of said third sides, and
emerge from said zretarder from a side selected
from the group consisting of (second anad first
respectively), along an essentially horizontally
oriented locus which is undeviated and
undisplaced from the essentially horizontally
oriented locus of said input beam of essentially
horizontally oriented electromagnetic radiation
even wvhen sald retarder system is caused to
rotate; with a result being that retardation is
entered between orthogonal components of said

input electromagnetic beam of radiation; and

a compensator system comprised of first and
second Berek-type retarders which each have an
optical axes essenﬁially perpendicular to a
surface thereof, each of which first and second
Berek-type retarders has a fast axis, said fast
axes in said first and second Berek-type
retarders being oriented in an orientation
selected from the group consisting of: (parallel
to one another and other than parallel to one
another); said first and second Berek~type
retarders each presenting with first and second

essentially parallel sides, and said first and
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second Berek-type retarders being oriented, as
vieved in side elevation, with first and second
sides of one Berek-type retarder being oriented
other than parallel to first and second sides of
the other Berek-type retarder; such that in use
an incident beam of electromagnetic radiation is
caused to impinge upon one of said first and
second Berek-type retarders on one side thereof,
partially transmit therethrough then impinge upon
the second Berek-type retarder, on one side
thereof, and partially transmit therethrough such
that a polarized bean of electromagnetic
radiation passing through both of said first and
second Berek-type <retarders emerges £from the
second thereof in a polarized state with a phase
angle between orthogonal components therxrein which
is different than that in the incident beam of
electromagnetic radiation, and in a propagation
direction which 1is essentially undeviated and
undisplaced from the incident beam of
electromagnetic radiation even when said retarder
system is caused to rotate; with a result being
that retardation 1is entered between orthogonal
components of said input electromagnetic beam of
radiation;

. a compensator system comprised of £first and

second Berek-type retarders which each have an
optical axes essentially perpendicular to a
surface thereof, each of which first and second
Berek-type retarders has a fast axis, said fast
axes in said first and second Berek-type
retarders Dbeing oriented other than parallel to

one another; saild first and second Berek-type



WO 2008/008058 PCT/US2006/026928

i0

15

20

25

30

27

retarders each presenting with first and second
essentially parallel sides, and said first and
second Berek-type retarders being oriented, as
viewed in side elevation, with first and second
sides of one Berek-type retarder being oriented
other. than parallel to first and second sides of
the other Berek-type retarder; such that in use
an incident beam of electromagnetic radiation 1is
caused to impinge upon one of said first and
second Berek-type retarders on one side thereof,
partially transmit therethrough then impinge upon
the second Berek-type retarder, on one side
thereof, and partially transmit therethrough such
that a polarized beam of electromagnetic
radiation passing through both of said first and
second Berek-type retarders emerges from the
second thereof in a polarized state with a phase
angle betwveen orthogonal components therein which
is different than that in the incident beam of
electromagnetic radiation, and in a propagation
direction which 1is essentially undeviated and
undisplaced from the incident beam of
electromagnetic radiation, said spectroscopic
ellipsometer/polarineter system further
comprising third and forth Berek-type retarders
wvhich each have an 6ptica1 axes essentially:
perpendicular to a surface thereof, each of which
third and forth Berek-type retarders has a fast
axis, said fast axes in said third and forth
Berek-type retarders being oriented other than
parallel to one another, saild third and forth
Berek-type retarders each presenting with first

and second essentially parallel sides, and said
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third and forth Berek-type retarders baing
oriented, as viewed in side elevation, with first
and second sides of one of said third and forth
Berek-type retarders being oriented other than
parallel to first and second sides of said forth
Berek-type retarder; such that in use an incident
beam of electromagnetic radiation exiting said
second Berek-type zretarder is caused to impinge
updn said third Berek-type retarder on one side
thereof, partially transmit therethrough then
inpinge upon said forth Berek-type retarder on
one side thereof, and partially transmit
therethrough such that a polarized beanm of
electromagnetic radilation passing through said
First, second, third and forth Berek~type
retarders emerges from the £forth thereof in a
polarized state with a phase angle between
orthogonal components therein which is different
than that in the incident beam of electromagnetic
radiation caused to impinge upon the first side
of sald £first Berek-type retarder, and 1in a
direction which 1is essentially undeviated and
undisplaced from said incident beam of
electromagnetic radiation even when said retaxrder
system is caused to rotate; with a result being
that retardation 1is entered between orthogonal
components of said input electromagnetic beam of
radiation;

a compensator system comprised of first, second,
third and forth Berek-type retarders which each
have an optical axes essentially perpendicular to
a surface thereof, each of which first and second

Berek-type retarders has a fast axis, sald fast
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axes in said first and second Berek-type
retarders being oriented essentially parallel to
one another; said first and second Berek-type
retarders each presenting with first and second
essentially parallel sides, and said first and
second Berek-type retarders being oriented, as
vieved in side elevation, with first and second
sides of one Berek-type retarder being oriented
other than parallel to first and second sides of

the other Berek-type retardexr; such that in use

‘an incident beam of electromagnetic radiation 1is

caused to impinge upon one of said first and
second Berek-type retardexs on one side thereof,
partially transmit therethrough then impinge upon
the second Berek-type retardexr, on one side‘
thereof, and partially transmit therethrough such
that a polarized beam of electromagnetic
radiation passing through both of sald first and
second Berek-type retarders emerges f£rom the
second thereof in a polarized state with a phase
angle between orthogonal components therein which
iz different than that in the incident beam of
electromagnetic radiation, and in a propagation
direction which is essentially undeviated and
undisplaced from the incident beam of
electromagnetic radiation; each of which third
and forth Berek-type retarders has a fast axis,
said fast axes in said third and forth Berek-type
retarders being oriented essentially parallel to
one another but other than parallel to the fast
axes of sald first and second Berek-type
retarders, said third@ and £forth Berek-type

retarders each presenting with first and second
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essentially parallel sides, and said third and
forth Berek-type retarders being oriented, as
vieved in side elevation, with first and second
sides of one of said third and £forth Berek-type
retarders Dbeing oriented other than parallel to
first and second sides of said forth Berek-type
retarder; such that in use an incident beam of
electromagnetic radiation exiting said second
Berek-type vretarder - is caused to impinge upon
said third Berek-type retarder on one side
thereof, partially transmit therethrough then
impinge upon said forth Berek-type retarder on
one side thereof, and partially transmit
therethrough such that a polarized beanm of
electromagnetic radiation passing through said
first, second, thixd and forth Berek-type
retarders emerges £from the ' forth thereof in a
polarized state with a phase angle betwveen
orthogonal components therein which is different
than that in the incident beam of electromagnetic
radiation caused to impinge upon the first side
of said £first Berek-type retarder, and in a
direction which 1is essentially undeviated and
undisplaced from said incident beam of
electromagnetic radiation even when sald retarderx
system is caused to rotate; with a result being
that vretardation 1is entered between orthogonal
components of said input electromagnetic beam of

radiation.

It is to be appreciated that the present
Application does not apply Compensator(s) in a system
which causes continuous rotation thereof during data

acquisition, but rather steps a compensator through a
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series of discrete rotational positions, and holds it
stationary while obtaining data. Further, wvhile not
required, the present invention benefits from
Compensator(s) designed to provide relatively
constant, achromatic Polarization State Modification

effects over a Spectroscopic range of wavelengths.

As a non-limiting example, the spectroscopic
ellipsometer system can provide at least one means
for discretely, seqguentially, modifying a
polarization state of a beam of electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation through a plurality of
polarization states, can comprise an essentially
circular "wheel" element with a plurality of discrete
polarization state modifier elements mounted
thereupon, on the perimeter thereof, and projecting
perpendicularly to a surface of said essentially
circular®wheel®. The essentially circular "wheel®
element further comprises a means for causing
rotation about a normal to said surface thereof, such
that in use said essentially circular "wheel" element
is caused to rotate to position a discrete
polarization state modifier element such, that the
beam of electromagnetic radiation, provided by said
source of polychromatic electromagnetic radiation,
passes therethrough.

As another non-limiting example, the
spectroscopic ellipsometer system at least one means
for discretely, sequentially, rodifying a
polarization state of a beam of electromagnetic
radiation provided by said source of polychromatic

electromagnetic radiation through a plurality of
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polarization states, can comprise a plurality of
discrete polarization state modifier elements mounted
on & slider element which 1is mounted in a guide
providing element. During use sliding the slider
element to the right or left serves to position a
discrete polarizer element such that said a beam of

electromagnetic radiation, provided by said source of

polychromatic electromagnetic radiation, passes
therethrough.
Contiﬁuing, it 1is further noted that a system

for providing an output bean of polychromatic
electromagnetic radiation which has a relatively
broad and flattened Intensity vs. Wavelength
characteristic over a wvavelength spectrum for use in
sald present invention systems can be applied in the
present invention systen. The reason for deing so0 is
to provide an  output beam of polychromatic
electfomagnetic. radiation which 1is substantially a
comingled composite of a plurality of input beams of
polychromatic electromagnetic radiation which
individually do not provide as relatively broad and
flattened a intensity vs. wavelength characteristic
over sald wavelength spectrum, as does said output
comingled composite beam of polychromatic
electromagnetic radiation. The system for providing
an output beam of polychromatic electromagnetic
radiation, which has & relatively broad and flattened
intensity vVs. wavelength characteristic over a

vavelength spectrum, comprises:

a. at least a first and a second source of

polychromatic electromagnetic radiation; and

i
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b. at least a first electromagnetic Dbeanm
combining means comprising a plate, (eqg.
uncoated fused silica or glass etc. such that
transmission characteristics thereof are
determined by angle-of-incidence and
polarization state of a beam of

electromagnetic radiation).

The at least a first electromagnetic beam combining
means is positioned with respect to said £first and
second sources of polychromatic electromagnetic
radiation such that a beam of polychromatic
electromagnetic radiation from sald first source of
polychromatic electromagnetic radiation passes
through said at 1least a first electromagnetic beam
combining means, and such that a beanm of
polychromatic electromagnetic radiation from said
second source of polychromatic electromagnetic
radiation reflects from said at least a first
electromagnetic beam combining means and is comingled
with said beam of polychromatic electromagnetic
radiation from said £first source of polychromatic
electromagnetic radiation which passes through said
at least a first electromagnetic beam combining
means. The resultant beam of polychromatic
electromagnetic radiation exiting the first
electromagnetic beam combining means is substantially
an output beam of polychromatic electromagnetic
radiation which has a relatively broad and flattened
intensity vs. wavelength over a wavelength spectrum,
comprising said comingled composite of a plurality of

input beans of polychromatic electromagnetic
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radiation which individually do not provide such a
relatively broad and flattened intensity . wvs.
wvavelength over a wavelength spectrum characteristic.
Said system for providing an output beam of
polychromatic electromagnetic radiation which has a
relatively broad and flattened intensity Vs,
wavelength characteristic over a wavelength spectrum
can also be optionally further characterized by a
third source of polychromatic electromagnetic
radiation, and/or a second electromagnetic beam
combining (BCM) means comprising an uncoated plate,
(eg. fused silica ox glass etc. such that
transmission characteristics thereof are determined
by angle-of-incidence and polarization state of a
beam of electromagnetic radiation). The second
electromagnetic beam combining means, when present,
is positioned with respect to said comingled beam of
polychromatic electromagnetic radiation which has a
relatively breoad and flattened intensity wvs.,.
wavelength over a wavelength spectrum and which exits
sald at least a first electromagnetic beam combining
means, such that it passes +through said second
electromagnetic beam combining means. The second
electromagnetic beam combining means is also
positioned with respect to the third source of
polychromatic electromagnetic radiation, (when
present), such that a beam of electromagnetic
radiation from said third source of polychromatic
electromagnetic radiation reflects from said second
electromagnetic beam combining means, such that a
second resultant bean of polychromatic -
electromagnetic radiation which is substantially an
ocutput beam of polychromatic electromagnetic
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radiation which has a relatively even more broadened
and flattened intensity vs. wavelength over a
wavelength spectrunm, comprising said comingled
composite of a plurality of input beams of
polychromatic electromagnetic radiation from said
first, second and third sources, which first, second
and third sources individually do not provide such a
relatively even more broadened and flattened
intensity vs. wavelength over a wavelength spectrum
characteristic.

At least one of said first and second, (when
present), electromagnetic beam combining means can
be pivotally mounted such that, for insfance, the
angle at which a bean of polychromatic
electromagnetic radiation from the second source of
polychromatic electromagnetic radiation reflects from
the at least one electromagnetic beam combining means
can be controlled to place it coincident with the
locus of a beam of polychromatic electromagnetic
radiation transmitted therethrough. Pivot means
providing two dimensional degrees of rotation freedonm
are preferred in this application. Further, where
sources of polychromatic electromagnetic radiation
can be moved, the pivot capability can be utilized to
allow use of optimum tilts of electromagnetic beam
combining means. That is, transmission and
reflection characteristics of an electromagnetic beam
combining means vary with the angle of incidence a
transmitted or reflected beam makes with respect
thereto, and pivot means can allow adjusting tilt to

optimize said characteristics.

Further, as the polarizer in the present
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invention spectroscopic ellipsometer system remains
essentially Eixed in position during data
acquisition, it is noted that it is preferable that a
source of electromagnetic radiation, and/or a present
Polarizer ox Pelarization State Generator be
positioned or configured so as to pass predominately
wgn Polarized electromagnetic radiation, as
referenced to saild beam combining systen. The
reason for this is that the split between "g"
learizafion transmisslion and reflection components
is less, as a function of wvavelength and
electromagnetic beam angle-of-incidence to said beéanm
combining means, when compared to that of the "p®
components. The "P" component is far more affected,
particularly around & Brewster angle condition,
hence, where an "S" component, with reference to a
beam combining system, is wutilized, it is to be
appreciliated that variation in intensity of
transmitted and reflected beams of electromagnetic
radiation output from the beam combining system, as
functions of wavelength and the angles of incidence
of beams of electromagnetic radiation from sources of
said transmitted and reflected beams of
electromagnetic radiation, is wminimized, as compared
to variation which occurs in "P" components.

Before discussing the Method of calibration of
the present invention spectroscopic ellipsometer
system, it is noted that the polarizer and analyzer
thereof, which are essentially fixed in position
during data acguisition, are not necessarily
absolutely fixed 1in position. S8aid polarizer and
analyzer are preferably what isg properly termed

"Rotatable". That is they can be rotated to various
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positions by a user between data acqguisitions, but
they are not caused to be Rotating while data is
being acquired. (Typical positioning of analyzer and
polarizer azimathal angles are plus or minus
forty-five (+/-45) degrees).

Continuing, a present invention method of
calibrating a spectroscopic ellipsometer system
comprising the steps of:

a. providing a spectroscopic ellipsometer system as
described above herein, either independently or in

functional combination with a reflectometer system;

said method further comprising, in any functional
order, the steps of:

b. for each of at 1least two ellipsometrically
different sample systems, obtaining at least one
multi-dimensional data set(s) comprising intensity as

a function of wavelength and .a function of a

plurality of discrete settings of said at least one

means for discretely, sequentially, modifying a
polarization state of a beam of electromagnetic
radiation provided by said source of pelychromatic
electromagnetic radiation;

c. providing a mathematical model of the
ellipsometer systenm, including provision for
accounting £or the settings of said at least one
means for discretely, sequentially, modifying a
polarization state of &a beam of electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation utilized in step b; and
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d. by simultaneous mathematical regression onto
said data sets, evaluating parameters in said
mathematical model, including polarization state
changing aspects of each of said plurality of
discrete settings of said at least one means for
discretely, sequentially, modifying a polarization
state of a beam of electromagnetic radiation provided
by said source of polychromatic electromagnetic
radiation. t

It is noted that the step of providing a means
for discretely, sequentially, nodifying a
polarization state of a beam of electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation through a plurality of

polarization states, can involve:

proQiding at least one such means for discretely,
sequentially, modifying a polarization state of a
beam of electromagnetic radiation provided by
sald source of polychromatic electromagnetic
radiation through a plurality of polarization
states that changes the phase angle Dbetween
orthogonal components of said electromagnetic
beam of radiation; or

providing at least one such means for discretely,
sequentially, modifying a polarization state of a
beam of electromagnetic =radiation provided by
said source of polychromatic electromagnetic
radiation through a plurality of polarization
states, that changes the magnitude intensity of

least one oxrthogonal component of said
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electromagnetic beam of radiation; or

" providing at least one such means for discretely,
sequentially, modifying a polarizatioh state of a
beam of electromagnetic radiation provided by
said source of polychromatic electromagnetic
radiation through a plurality of polarization
states, that changes both the phase angle between
orthogonal components and the magnitude of least
one orthogonal component of said electromagnetic
beam of radiation.

It is also mentioned that said method of
calibrating a spectroscopic ellipsometer system can
require, in the step b. obtaining of at 1least one
multi-dimensional data set(s) comprising intensity as
a function of wavelength and a function of a
plurality of discrete settings of said at least one
means for discretely, sequentially, modifying a
polarization state of a beam of electromagnetic
radiation, the obtaining of data <from at least as
many sample systems as are utilized discrete settings
of said at least one means for discretely,
sequentially, medifying a polarization state of a
beam of electromagnetic radiation provided by said
source of polychromatic electromagnetic radiation.
However, if characteristics of a means for
discretely, sequentially, modifying a polarization
state of a beam of electromagnetic radiation are
parameterized, say as a function of wavelength, are
expressed by equations with =a minimized number of
parameters therein, 1t is possible to reduce the

number of sample systems which must be utilized.
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In step b. of said procedure the various
polarization states can be set wutilizing the
previously described essentially circular "wheel"
element with a plurality of discrete polarizer
elements mounted thereupon on the pexrimeter thereof,
such that said and pfojecting discrete polarizer
elements perpendicularly to a surface thereof, oxr can
comprise the previously described slider element with
plurality of discrete polarizer elements mounted
thereupon, or using any functionally equivalent
means. Preferred present invention practice,
however, is to apply a Rotatable Compensator which is
sequentially set to various rotation angles, to

provide various discrete polarization states.

The preferred embodinent of the present
invention involves positioning 1input and output
polarizer/analyzer system azimuthal angles at typical
fixed, nominal, constant plus or minus forty-five
(+/- 45) degrees, although use of polarizer and
analyzer elements which are <rotatable between data
acquisition procedures 1s acceptable. It is noted
that the static positioning of said input and output
pelarizer/analyzer system azimuthal angles greatly
simplifies data acquisition, in that no phase sensors
are vrequired to detect rotational positioning are
necessary, because synchronization 1is unnecessary.
That is, as ellipsometric data is acquired
asynchronously, the system reguirements are greatly
reduced as compared to ellipsometer systems which
involve elements that are caused to rotate during
data acquisition. Also, as alluded to, fiber optics

are the preferred via for transporting
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electromagnetic radiation to and from the
ellipsometer system portion of the present invention.
The foregoing points make it possible to retro-fit
mount the ellipsometer portion of the present
invention to existing spectroscopic reflectometer
systems, (such as those presently marketed by
Nanometrics Inc.), in a manner that optionally

involves sharing of a source of electromagnetic

radiation and/or detector system thereof with said

ellipsometer systen.

While the foregoing has disclosed the present
invention system, it remains to describe the
mathematical basis for - practicing the present
invention. As described, the present Descrete
Polarization State Spectroscopic Ellipsometer

(DSP-SEtm) system basically consists of a source of

pelychromatic electromagnetic radiation, an optical
element for setting a polarization state, (eg. a
polarizer), a stage £for supporting a sample systen
with a sample system present thereupon, a means for
discretely, sequentially, modifying a polarization
state of a beam of electromagnetic radiation provided
by said source of polychromatic electromagnetic
radiation through a plurality of polarization states
by passage therethrough, an analyzer, and a means for
detecting béam intensity, (eg. a detector systenm).
As indicated, in practice the input element is
typically a polarizer with its transmission axis
oriented approximately +45 or -45 degrees from the
sample system plane of incidence. Using Mueller
Matrix/Stokes Vector Calculus, the input beam passing
through such a polarizer is represented by:
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cos(2P) .
sin(2P)

"

where "P" is the azimuthal angle of the polarizer
with respect to the sample plane of incidence. For
optimal performance over a vwide range of sample
systems, and computational simplicity, the "P" is
usuvally chosen to be +/~ 45 degrees, and the Stokes
Vector becomes:

&

‘p =

#

<D

Now, an anisotropic sample c¢an be optically
modeled by the Mueller Matrix:

T 1t =N 0 O
-N 1 0 0O

N‘S = C s
g0 -SC

and the Stokes Vector =resulting from a polarized
polychromatic electromagnetic radiation beanm

interaction with a sample system is described by:

1 =N 0 0\(1 t
Meto=| 1 0110 N
STF s{lat] | cat
0 -s CJin ~S.%1

A generalized polarization state modifier, (PSM)
element, {wvhich . can comrpise a combination of
elements), followed by a polarization state

insensitive detector yields the following Stokes
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Vector:

m00 m0l m02 mO3
mi0 mil mi2 mi3
m20 m2l m22 m23
m30 m31 m32 m33

pSM=(l ¢ 0 0)- =(m00 m0l m02 m03)

therefore, if there axe "n" discrete polarization
states, the beam intensity measured for the "n'th"

pelarization state is:
1 -N 0 o

1
N 1t 0 0 1]
0 0 C si=
0 0o -sc/lo

lp = PSM-Mg-lp = (m0, ml, m2, m3,)-

=m0, ~ miy N+ (M2, C - m3 S}
The transfer watrix for traditional 4-detectox
polarimeter systems is constructed by insexrting the
(PSM) into *yows™ which corxespond to the
polarization state measured by each detector:

lo mhy mly m2, m3, i
¥n=A“S L w0 mly m2; m3, N

L - m0; ml; m2, mi, ] C-%1

b ml; ml; m2; m3, ) \-S-%!

If the "A" transfer matrix is invexrtable, (ie. the
determinate is non-Zero), it can be concluded that
sample system's N, C and 8 ellipsometric parameters
can be determined fromvthe measured intensities at

each detector:

{ 1 Iy
SN i
- =A"" '

Catl i

PCT/US2006/026928
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Furthermore, in a traditional 4-detector polarimetex
system, the "AY transfer matrix 1is determined, (at
each wavelength of operétion), by inputting a series
of known polarization states and measuring the
resulting intensities at each detector.

While the present invention (DSP-SEtm) is

similarx to traditional 4-detectox polarimeter
systems, 1f differs in that more than 4 polarization
states can optionally be incorporated into the
measurement. ‘The uan patric therefore is generally
not "square®, and a simple jnversion can not be used
to directly extract sample system N, C and S
ellipsometic parameters. Regression analysis based
on known optical models can also be used to
determine, (ie. calibrate), the npn  transfer matrix
of the system, and to extract the ellipsometric
parameters from the un* pmeasuremed intensities.

While many variatlions are possible, in the
preferred, non-limiting, embodiment of the present

invention the (DSP~SEtm) the input polarizer, as

mentioned, is fixed at 45 degrees, such that the
Stokes Vector which enters the polarimeter aftex
interaction with the sample system is given by:

1 -N 0 01 1
N . R
Mglp=tef T 1 O OO N
c sl c
0 0 -SCJ\O -3

{where "k" is an arbitrary constant which accounts
for the unknown intensity provided by the source of
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polychromatic electromagnetic radiation).

For the 1lst discrete polarization state of the
detector system, a polarizer, (typically termed an

analyzer when placed after the sample system), with

the azimuthal angle threof set at 45 degrees, the
detected intensity is of the form: |

H

. N
= = & =kl ~C
=PSMyMglp=(1 0 -1 00k (1-0

i -5

For the next two discrete polarization statesa a
quarter-vave retardex can be inserted in front of'the
analyzer, at azimuthal angles of =zexo (0.0) a;\r;z_d
ninety (S80) degrees respectively, to provide:

([t 0 0 0 (1)
‘01 0 o |-N
{, = PSM,-Mg-Ip=(1 0 -1 0)- 00 0 1 k- c =kl +5) .
| {for retarder @ 0°)
\0 0 ~1 0] \-S/
(100 0) (1)
0100 -N
1, = PSMy-Mglp=(1 0 -1 0)- 000 -1 k- c =k(l - S)
(for retarder @ 90°)
\0 61 0/ \~S

For two additional discrete polarization states,'a
guarter—-wave retarder can be inserted in front of the
analyzer, -at azimuthal angles of +/- twenty-~two (22)
degrees, respectively, to provide:
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(1 o 0 0 )
i Tt -1
°z 3 (!
l:,:PS:\(yt\its-lp:(l ¢ -t 0)‘ 0 H i i k- N
: oz V||
0~1J? "'Ji 0 =
. 2 2 J
=(l ~Le, l.N+-'--J§-s &
2 2 2

(for retarder @ +22.5°)
Ssimple combinations of these intensities yield:

s IQ =k~{l - C) 1‘ - ‘2 = 2.k.S l' $ [2 =2k tl _ i’z = kN

from which sample system N, C, 5, and are easily

derived as:

- t{:‘g"‘}:"&‘* T C= (t‘ *h-20) s..‘:(h:‘ L)

e

A= a‘aﬂ(«s—) ‘P = i’a‘an CZ + Sz
C '3 "

While the math for the preceeding 5-state (DSP—SEtm)

system is elegant, & potential difficulty in
implementing said design is that insertion of the
quarter-wave plates to effact polarization states 1 -
4, introduces intensity loss as a result of
reflection from the optical element surface, which is
not present when obtaining the first data set wherein
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no quartexr-vave plate 1s present. This addlitionaul
inﬁensity loss nust be accounted £for in the
calibration algorithm. A modified approach involves
not obtaining or not utilizing the first data set.
While this slightly complicates the equations, a
simple analytic solution is still possible and values
for N, C and S can be derrived as:

=l =2kS h+h=2k Iy -1 =kN L+l=(2-C+y25)k
RO Rl e -V @D -2y 1) s li-h)
(h+1) o (h+h) T(h+h)

A more general 4-state {DSP~SEtm) approéch utilizes

an input polarizer, an output analyzer and four (4)
retarder elements at various azimuthal orientations.
In this approach, while the azimuthal ‘orientations
for +the optical elements are nominally chosen to be
the same as in the preceeding design, arbitrary
azimuthal orientations as well as non-ninety degree
retardation values are allowed. Under this
approach, the Stokes Vector provided to the
Polarimeter is given by:

i -N O O 1 1 - N-cos(2-P) s0
~N 1.0 0} cos(2P) - -N + cos(2-P) st

50l o 0 c s||sinen| | Csinzp s2| (ops#y
0 0o -scji o ~S-sin(2-P) s3

(vhere "P" is the input polarimeter azimuth).

The response of each discrete polarization state "n"
to an input Stokes Vector is:

PCT/US2006/026928
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I, ={m0, ml, m2, m3,) mb, =1
mln = (“n'srn - c&,,«sr,,-cr“)'SzA + (crﬂ)z * csﬂ'(.sr")z C2A
w2y = [(srn)z + csu‘(“ﬂ)z]'SZA ""(“ﬂ'c‘a - c&n-crn‘srn}CZ.A
man = (S2A~cr - QA'SF)‘SB (DPS ﬂz)

where crecos(2r), sr=sin(2r), ci=cas{5). s§=sin(8}, C2A=cos{2A), 82_A=sin(2A). ris the relarder azimuthal
orientation angle, 6 is the retardance, and A is the analyzer orientation.

" {for most retarders, the retardance varies inversely with wavelength, that is 8{) =543 )

These = polarization state modifying vectoxrs can be
packed intec a (4 x 4) square transfer matrix "a",
such that the measured intensity for each discrete
state is given by:

‘.) . mOo mi o mZ.) mJO 50
= Adg p { _ mly mi; m2; miy ‘ 3
lz mOz mlz m2-_; m3-_! s2
I; mO; ﬂﬂ; ml; m3; s3

To determine +the Stokes Vector incident on the
Polarimeter, the transfer wmatrix "A" s inverted and
multiplied times the measured intensities
coresponding to each disbrete polarization state:

50 m0p mlg m2p mlg) ' xq

sl m0; ml; m2; m3, Is

; 52 B md; ml, m2; m3} ‘ 153
A ' s3 m0y mly m2; m3; 15

and the sample system parameters:

s2 ~53

M = cos(2-P) ~ st C= Qo
=cos(2-P) -5 pravey Sz
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can then be extracted. To illustrate this approach,
a transfer matrix is constructed assuming nominal
azimuthal orientations of (0.0}, (90) (+22.5) and
(-22.5) degrees for each of the four (4) discrete
polarization states. The same nominal retardance Iis
assumed for each retarder. The analytical inversion
of this matrix is very complicated, but it is‘ still
trivial to numerically invert the matrix given the
§ammle expressions for each element given by:

i C2A c5-S2A S2A-s8

| Ca - ¢3-S2A ~(s24-55)

S2A C2A 2
i (1- cs)-—;—- +(1+ cﬁ)'T (1 + c.s)--si‘j;é + (1 - cs)- C:A (S2A ~ CZA)-SS-[%
- 2
 S2A C2A | .

t {1~ co)»—;- (14 e8) =2 (1 4e5) 320 (1 e5).22A (S2A + CZA)-S&IE

! 2 2 2 2 |

Multiplying the inverted matrix by the measured
intensities £foxr each discrete polarization state
allows straight £forward determination of the sample
system characterizing N, C, S, U,

and 4.

A General Regression Based Approach to Calibration of
(DSP*SEtﬁ) systems and allow extraction of accurate

ellipsometric sample system characterizing data

assumes that the V(DSP—SEtm) system  measures

polychromatic electromagnetic radiation beam
intensity at "n" discrete polarization states, 'and
that "m" samples with different ellipsometric
propexrties axre utilized. Fox a traditional
polarimeter systen, which is calibrated on a
wavelength by wavelength basis, it 1is necessary to
have "m" be greater than or equal to "n". However,
utilizing global regression which allows calibration
parameters to be parameterized vs. wavelength,
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{thereby reducing the number of ‘paxaméters reguired
to describe the system transfer Matrices YA" at each
wvavelength), it is possible to reduce the number of
calibration sample systems reguired, "m", to be less

5 than “n*. Under this approach, calibration of a
present invention (DSP—SEtm) systen, a
multi-dimensional data set nyn is measured

consisting of measured polychromatic electromagnetic
radiation beam intensities for each discrete
i polarization state, on each calibration sanmple
system, and at each wavelength in the speétral range
of the instrument:
U N 0 0 \(s
N 10 0
0 0 Gy Sixf
¢ 0 =Sk Gy

L
-

15 tgen{py)i.j i = A

@

d
Ad

To generate 'predicted" intensities measured by the
{DSP~SE m)’ (as a function of calibration parameters

t

20 . ,

spsecified 1in the vector py), the following equation

is applied: ) ) T

lexp; ; .« ' where i=1..n (for each discrete polarization state)
25 ji=1.m (for each calibration sample)
k=1..w {for each wavelength)

where “A"™ is an ("n“ x 4) matrix, in which each row

30 is possibly parameterized by foregoing eguation DSP#2

and the input vector Sn is possibly parameterized by

the input polarizer azimuth by an equation nspP#l.
The extraction of calibration sample system's N, C
and 8 parametres can be calculated as a function of
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film thickness and angle of incidence (given
calibration sample systems which are well
characterized by known optical models and optical

constants, such as SiO2 on 8i £ilns with

systematically increasing Sio2 £film thicknesses).

To perform regression analysis, the

‘tohi-squared" function:

2

xz;_,'z Z i n.“expi.j.k __ lgen(p))ix
] S (o j 5 (gl

is then minimized, (typically utilizing a non-linear
regression algorithm such as "Margquard-Levenberg"),
by adjusting calibration parameters specified in the
vector "p ™. To aid in the regression, both the

experimental and generated Iintensity vectors are
nermalized by the sum of the squares of all the
discrete polarization states at each wavelength.

If the global parameterization of callbration
parameters is not used, then the vector “py" consists

of the input Stokes Vector values “sn", and the

elements of the transfer matrix "A", all of which
must be defined at each wavelength, This requires at
least (4 + (4xn)) x w) calibration parameters,
assuming that the ellipsometric parameters (N, C and
S), for each calibration sample system are exadtly
known.
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Further, if global parameterization is used, the

input vector "sn" for all wavelengths can be

parameterized by the input polarizer azimuth "P", the
ellipsometric parameters of the "a? calibration

‘samples can be parametrically calculated as -a

function of angle of incidence (dm) and £ilm
thickness “tm", and the transfer matrix "A" can be

parameterized by the Azimuth of the analyzex "AY, the
orientation of each retarder “rn", and the retardance

of each retarder 3s a function of wavelength

S8 . 14 i¢ noted that higher order terms
could also be added to the retardance vs. wavelength
function, oxr to ény other of the calibration
parameters to improve f£it between the experimentally
mneasured and modeled generated data. Such a global
parameterization significantly reduces the number of
calibration parameters required to describe  the
tm} system over a spectroscopic range of
vavelengths. The total nuwrber of calibration
parameters in this suggested parameterization (otherx
variations are certainly possible as well), may be as
few as: '

%=p+%{k%+A+%ﬁ&%é1+m+m+1+n+m=&xm+&xm*2

To extract the ellipsometric parameters of an
arbitrary sample system which is insexted into a
general (DSP~SEtm) system, a regression analysis can

also be performed, and N, C and 8 can be defined and
evaluated ' by regression at gach wavelength
separately.
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FPurther, if the plane of incidence of the sample
system is allowed to vary slightly, (to account for
imperfect alignment to the ellipsometer system), the
Stokes Vector which enters the discrete polarization

state modifier becomes:

} LY Qa Q 1 -8 0 @ 14 (4] o [V 1 . $ —s-M

0 cos(s) -sins) O {}j-N 1.0 010 cos(s) sin(s) D10 N+ 5{f ~C)
Msle =kt o sints) costsy 0} 0 0 ¢ sllo —sin(x) cos(s) € 11171 -sM+cC

9 0 9 1 g 0 -SCJ\0 O ¢ tJ\0 -5

vhere "s" is the azimuthal misalignment of the sample
system, and presumably is very neay zero.

In this case the (DSP-SE m) system, would not neasure

t
the "true®"™ N, C and 8 parameters, but would instead

measure "effective" parawmeters Neff, Ceff and Seff:

Neff = N -s.{1 - C) Ceff =C ~5s-N Seftf =8

{
It would be possible to include the azimuthal

misalignment factor "s" as a £itting parameter in
subsequent analysis of the ellipsometric data

ten.
m) system

measured by a (DSP—SEt

It is believed that the present invention
spectroscopic ellipsometer - systen combination
comprising: ‘

polarizer and analvzer, (which are both £fixed

in position during data acquisition); and

at least one stepwise rotatable compensator
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means for discretely, seguentially,
wmodifving a polarization state of 3 beanm

of electromagnetic radiation provided by

zald source of polychromatic

electromagnetic radiation through a plurality
of polarization stateé, said means being
present at at least one location éelected

from the group consisting of:

betveen sald polarizer and said stage for
supporting a sample system; and

betwveen said stage for supporting a

sample system and said analyzer;

szid at least one stepwise rotatable compensator
means for discretely, sequentially, modifying a
polarization state of a beam of electromagnetic
radiation provided by s3a&id source of polychromatic
electromagnetic radiation through a plurality of

polarization states, being positioned so that sald

beam of electromagnetic radiation transwuits
therethrough in use;

is Patentably distinct over all prior art.

Patentability is thought to be further enhanced vwhen
sald present invention spectroscopic ellipsometer
system is combined with a reflectometer systen,
{particularly when said pxesént invention
spectroscopic ellipsometer system and reflectomneters
system share a common sSource of electromagnetic
radiation and/ox a muilti-element spectroscoplc
detectoxr thereol),
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and/or

where the source of polychromatic radiation comprises
a systenm for providing  an output  beam of
polvchromatic electromagnetic radiation, which has a
relatively broad and flattened intensity vE.
wavelength characteristic over a wavelength spectrum,
vhich comprises at least a first and a second source
of polychromatic electromagnetic zradiation; and at
least a first electromagnetic beam combining means
comprising a plate, (eg. uncoated fused silica ox
glass etc. such that reflection/transmission
characteristics thereof are determined by
angle-of-incidence and polarization state of a bean
of electromagnetic radiation).

The present invention will be better understood
by reference to the Detailed Description Section of

this Specification, in combination with the Drawings.

PCT/US2006/026928
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SUMMARY

It is therefore a primary purpose and/oxr
objective of the present invention teo disclose
spectroscopic ellipsometer and combined spectroscopié
reflectometer/ellipsoneter systemns, as well as
methods of calibration therefore; which present
invention system includes, in the spectroscopic
ellipsometer portion thereof, provision of polarizer
and analyzer elements which are fixed in position
during data acquisition procedures, and at least one
stepwise rotatable conmpensator means for imposing a
plurality of seguentially discrete, xather than
continuously varying, polarization states onto a bean
of electromagnetic radiation caused to be preseht ‘in

said spectroscopic ellipsometer systemn.

It is yet another purpose and/or objective of
the present Iinvention to disclose a combined
spectroscopic reflectometexr/ ellipsometer system
vhich includes optional integrated combination of
said zreflectometer and ‘ellipsometer system via the
sharing of a scurce of spectroscopic electromagnetic
radiation and/or the sharing of a multi-element
spectroscoplic detector systen.

It is another purpose and/or objective yet of
the present invention to disclose a preferred, but
not limiting, source of electromagnetic radiation
wvhich provides a plurality of wavelengths combined
from a plurality of sources.

PCT/US2006/026928
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It is another purpose and/or objective of the
present invention to disclose a method of calibration
of the spectroscopic ellipsometer system portion of
the present invention system which utilizes data
obtained wutilizing a seguential plurality of
polarization states.

Qther purposes and/or ' objectives will becone
clear from a reading of the Specification and Claims.

PCT/US2006/026928
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a present invention spectroscopic
ellipsometer system configuration.

Fig. 2 shovws a combined present invention
spectroscopic reflectoneter/ellipsoneter system.

Fig. 3a shows a frontal perspective view of a
discrete state polarizer comprising a wheel with five
discrxete polarizer elements mounted thereupon.

Fig. 3b shows a side elevational view of a discrete
state polarizer, as in Fig. 3a, oriented so that an
electromagnetic beam passing through one o©f the

discrete polarizer five elements.

Fig. 3¢ shows a front elevational view of a discrete
state polarizexr with five laterally slideably mounted
discrete polarizer elements mounted thexein.

Fig. 3a shows a present Iinvention system fox
providing an output beam {0B) ot {OB') of
polychromatic electromagnetic radiation which has a
relatively broad and 'flattened intensity vS.

wavelength characteristic over a wavelength spectrum.

Figs. 3e -~ 31 demonstrate functional construction of
preferred present invention compensator systems.

Figs. 331 - 3p show additional functional
construction of compensator systems which are within
the scope of the present invention.

PCT/US2006/026928
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Fig. 4 demonstrates the flow of a present invention
method of calibration of the spectroscopic

ellipsometer portion of the present invention.

Figs. 5-11 show Intensity vs. Wavelength for the
seven (M ellipsometrically different samnples,
obtained by fitting a wathematical model of the
samples and the spectroscopic ellipsometer system by
regression onto experimentally obtained data obtained
at each of five (5) discrete polarization states.

Figs. 12 & 13 show PSI and DELTA values obtained for
samples with thin and thick lavers of Oxide
thereupon.

Figs. 14 - 16 provide insight to the
Psuedo-Achromatic characteristics achieved by a Fig.
3f Compensator design.



10

15

20

25

30

WO 2008/008058

60

DETAILED DESCRIPTION

Turning now to Fig. 1, there 1is shown a
spectroscopic ellipsometer system configuration.
Shown are a source of polychromatic electromagnetic
radiation (QTH), (eg. a guartz-halogen-lamp), a
polarizer (P) a stage for supporting a sample system
(8TG) with a sample system (88) present thereupon, a
means (DSP) for discretely, sequentially, modifying a
polarization state of a beam of electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation through a plurality of
polarization states by passage therethrough, an
analyzer (A}, and a detector system (DET). {Note
preferred detector systems are spectroscopic
multi-element such as Bucket Brigade, Diode and CCD
arrays and that "off-the-shelf” spectrometer -systems
such as manufactured by Zeiss can also be applied).
Shown also are ellipsometer electromagnetic beam in
(EBI) and ellipsometer electromagnetic beam out
(EBO). It is noted that said means (DSP) fox
discretely, sequéntially, modifying a pelarization
state of a beam of electromagnetic zradiation, while
shown as present between said stage (8TG) for
supporting a sample system (8S) and said analyzer
(A), can generally be present as (DSP') between saild
polarizer (P) and said stage (STG) for supporting a
sample system (88}, and/or as (DSP) between said
stage (8TG) for supporting a sample sYstem and said
analvzer (A).

Fig. 2 shows a combined spectroscopic:
reflectometer/ ellipsometer system whexrein the source
of polychromatic electromagnetic radiation (QTH), and

PCT/US2006/026928
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detector (DET) system are common to both, and wherein
the spectroscopic ellipsometer system is shown as
being provided input and output electromagnetic bean
access via fiber optics (Fl) and (F2). Shown are
near-normal orientation reflectometer electromagnetic
beam in (RBI) and reflectometer electromagnetic beam
out (RBO), as well as sample system (S8S) specific
near Brewster condition ellipsometer electromagnetic
beam in (EBI) and ellipsometer electromagnetic bean
out (EBQ). While not shown, it is noted that the
source of polychromatic electromagnetic radlation
(QTH), and detector (DET) system can be located
distal from both the reflectometer and ellipsometer
portions of the combined spectroscopic
reflectoneter/ellipsometer system, with fiber optics
being present to interface to the reflectometer

portion as well.

In both Figs. 1 and 2, there can optionally be
other (eg. focusing elements ((FE) (FE'})), present on
one or both sides of the sample system (SS), as shown
in dashed lines. said other elements appear
ellipsometrically indistinguishable with polarization
state modifiers during use. Also shown in Figs. 1 &
2 are Compensator Stepping Means (CSM) (CSM') for use
in stepwise rotating compensator (DSP) and/oxr (DSP')

or operating means as shown in Figs. 3a - 3c.

Fig. 3a shows a frontal perspective view of a
discrete state  polarizer (DSP} comprising an
essentially circular "wheel" element (WE) with f£five
discrete polarization state modifiers elements (A)
(BY (CYy (D) and (E) mounted thereupon on the

perimeter thereof, such that said andlprojectinq,

PCT/US2006/026928
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discrete polarization state modifier elements (&) (B}

(¢) (D) and (E) project perpendicularly to a suxrface
thereof.

Fig. 3b shows a side elevational view of a
discrete state polarizer, as in Fig. 3a, oriented so
that an electromagnetic beam (EM) passing through one
(C) of the five discrete polarization state modifiers
(A) (B) (¢) (D) and (E) elements. Note that
discrete polarizer elements (&) and (B) are located
behind discrete polarizer elements (E) and (D)
respectively. Also note that 1f the essentially
circular "wheel" element (WE) is caused to rotate
about the pivot rod (PR) which projects from a lower
surface of said essentially circular "wheel" element,
each of the various five discrete polarizer (A) (B)
(¢) (D) and (E} elements can be rotated into the
position in which is shown discrete polarizex element
(C).

Fig. 3c shows a front elevational view of a
discrete state polarizer with five laterally
slideably mounted discrete polarizer (A) (B) (C) (D)
and (E) elements mounted on a slider element (SE)
which is mounted in a guide providing element (GE)
therein. Sliding the slidexr element (SE) to the
right or left serves to position each of the five
discrete polarizer (A) (B) (C) (D) and (E) elements
in a pesition at which an electromagnetic beam of
radiation can be caused to be present. {Note more or
less than five discrete polarizer elements can bhe
present).

Continuing, while Fig. 3a - 3c embodiments allow

stepper motor or other functional means, including

PCT/US2006/026928
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manual positioning, driven application means can be
applied to position independent polarizer elements
during use so that an electromagnetic beam passes
through a intended discrete polarizer element, Figs.
3e, 3f, 3g, 3h and 3i demonstrate that at least one
Compensator can be applied as (DSP) or (DSP') in
Figs. 1 and 2, which at least one Compensator (DSP)
and/oxr (DSP'), is, in use, rotated about the locus of
the electromagnetic beam (EBI) or (EBO}), by
Compensator Rotation Stepping Means (CSM') and/or
(CsM}. That is, the presently disclosed invention
then conprises a Discrete Polarization State
Spectroscopic Ellipsonmnetex System, with the
clarification being that the Discrete Polarization
State effecting means (DSP) and/or (DSP') is
preferably a Rotatable Compensator, which during use
is stepped through a plurality of discrete rotation
angles, and then held motionless during data
acqguisition. While not limiting, a utility providing
specific embodiment applies Psuedo-Achromatic
Rotatable Compensators. (Note, Figs. 14 - 16 show
various Psuedo-Achromatic Retardation vs. Wavelength
characteristics possible utilizing multiple element

compensators, as shown in Fig. 3f).

Further, essentially any Compensator which can
be placed 1into & beam of electromagnetic radiation
can be applied, such as those disclosed in Claim 9 of
Patent 5,872,630, (which 630 Patent is incorporated
by reference hereinto):

Berek-type;
Non-Berek-type;
Zero Order;

Zero Order comprising a plurality

PCT/US2006/026928
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of plates;

Rhomb;

Polymer;

Achromatic Crystal; and

Psuedo-Achromatic.

Figs. 3e, 3£, 39, 3h and 31 demonstrate
functional construction of preferred present
invention compensator systems. Fig. 3e simply
exemplifies that a single plate (SPC) compensator (1)
can be applied. Fig. 3f demonstrates construction of
a compensator (2) from first (Z0l) and second (Z02)
effectively Zero-Order, {eg. Quartz ox Bicrystaline
Cadniﬁm Sulfide or Bicrystaline Cadnium Selenide),
Waveplates, each of which - effective Zero-Qrder
Waveplates (Z0l) & (Z02) is shown to be constructed
from two Multiple Order waveplates, (ie. (MOAl) &
(MOB1) and (MOAZ) & (MOB2), respectively). The fast
axes (FAA2) & (FAB2) of said second effective
Zero-Order Waveplate (Z02) are oriented away from
zero or ninety degrees, (eg. in a range around a
nominal forty-five degrees such as between forty and
fifty degrees), with respect to the fast axes (FAAL)
& (FABL) of said first effective Zero-Ordex
ﬁaveplate (ZOl); In particular Fig. 14b is a
cross-sectional side view of a present invention
preferred compensator (PC) constructed from a first
effective zero-order plate (Z01l) which is constructed
from two multiple order plates (MOAl) and (MOBl), and
a second effective zero-order plate (Z02) which is
constructed from two multiple order plates (MOAZ) and
(MOBZ). An entered electromagnetic beam (EMBI)
emerges as electromagnetic beam (EMBO) with a
retardation entered between orthogonal components
thereof with a Retardation vs. Wavelength. Flgs. 3g
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and 3h are views looking into the left and right ends
of the preferred presént invention Compensator (PC)
as shown in Fig. 3£, and show that the Fast Axes
(FARZ) and (FAB2) of the second effective Zero-Order
Waveplate (Z02) are rotated away from zero or ninety
degrees and are 1ideally oriented at forty-five
degrees, with respect to the Fast Axes (FARLl) &
(FAB1) of the first effective Zero-0Order Waveplate
(zZ0l1). (Note that the fast axis (FAAl) of the fixst
effective Zero-Order Waveplate (Z01l) is shown as a
dashed line in PFig. 3h, £for reference). Fig. 31
demonstrates functional construction of another
preferred compensator (2') which is constructed from
twvo per se. single plate Zero-Order Waveplates (MOA)
and (MOB), which are typically made of materials such
as mica or polymer.

(It is specifically to be understood that a present
invention compensator system can be comprised of at
least one Zero-Order waveplate and at 1least one
effectively Zero-Order waveplate in combination, as
vell as combinations comprised of tvwo actual
Zero-Order waveplates or two effectively Zero-Order
waveplates).

Figs.  3j1 - 3p demonstrate additional
compensators which can be applied in the present

invention.

Fig. 331 shows that the f£first additional
present 1invention retarder system (3) comprises a
first triangular shaped element (P1l), which as viewved
in side elevation presents with first (081) and
second (082) sides which project to the left and
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right and downward £from an upper point (upl). Baid
first triangular shaped element (Pl) £first (0s1l) and
second (082) sides have reflective outer surfaces.‘
Said retarder system (3) further comprises a second
triangular shaped element (P2) which as viewed in
side elevation presents with first (IS1l) and second
(182) sides which project to the left and right and
downward from an upper point (UPZ), sald second
triangular shaped element (P2) being made of material
which provides internally reflective, phase delay
introducing, interfaces on first (ISl) and second
(182) sides inside thereof. Said second triangular
shaped element (P2) is oriented with respect to the
first triangular shaped element (P1l) such that the
upper point (UP2) of said second triangular shaped
element (P2) 1is oriented essentially vertically
directly above the upper point (UP1l) of said first
triangular shaped element (P1l). In use an input
electromagnetic beam of radiation (LB) caused to
approach said £irst (08S1) side of said first
triangular shaped element (Pl) along an essentially
horizontally oriented locus, is shown as being caused
to externally reflect from an outer surface thereof
and travel along as electromagnetic beam of radiation

(R1) which is essentially upwardly vertically

oriented. Next said electromagnetic beam of
radiation (R1) is caused to enter said second
triangular shaped element (P2) and essentially

totally internally reflect from said first (ISl) side
thereof, then proceed along an essentially horizontal
locus and essentially totally internally reflect from
the second (IS2) side thereof and procéed along an
essentially downward vertically oriented

electromagnetic beam of radiation (R3). This 1is



10

15

20

25

30

WO 2008/008058

67

followed by an external reflection £rom an outex
surface of said second side (082) of said first
triangular shaped element (Pl) such that said
électromagnetic beam (LB')‘ of radiation proceeds
along an essentially horizontally oriented locus,
undeviated and undisplaced from the essentially
horizontally oriented 1locus of said input beam (LB)
of essentially horizontally oriented electromagnetic
radiation. This is the case even when sald retarder
system (3) is caused to rotate. The result of said
described retarder systenm (3) application being that
retardation is entered between orthogonal components
of said input electromagnetic beam of radiation (LB).
Furthex, said first (Pl) and éecond (P2) triangular
shaped elements are typlically right triangles in side
elevation as shown in Fig. 3jl1, and the outer
surfaces of first (081) and second (0S82) sides are
typically, but not necessarily, made reflective by
the presence of a coating of metal thereupon. A
coating of metal serves assure a high reflectance and
good electromagnetic beamn radiation intensity
throughput. Also, assuming accurately manufactured
right angle first (P1l) and second (P2) triangulaxr
shaped elements are utilized, this compensator design
provides inherent compensation of both angular and
translational misalignments of the input 1light beam
(LB). As well, the total retardence provided is
compensated for angular misalignments of the input
electromagnetic radiation beam. That is, 1f the
input electromagnetic radiation beam (LB) is not
aligned so as to form an angle of incidence of
forty-five (45) degrees with the first outer surface
(081), the reflected electromagnetic beam (R1) will

internally reflect at the £first internal surface

PCT/US2006/026928



10

15

20

30

WO 2008/008058
PCT/US2006/026928

68

(181) of the second triangular shaped element (P2) at
a larger (smaller) angle than would bé the case 1if
said angle of incidence vere forty-five (45) degrees.
This effect, however, is directly compensated by a
smallex (larger) angle of incidence of
electromagnetic beam (R2) where it internally
reflects from inner surface (I82) of the second
triangular shaped element (P2). As anotherx comment
it is to be understood that because of the oblique
angles of incidence of the reflections from the outer
surfaces (081) and (082) of the first triangular
shaped element (P1l) a polarimeter/ellipsometex in
which said compensator (3) is present will require
calibration to characterize the PSI-like component
thereof.

Fig. 332 shows & variation (3') on Fig. 331,
vherein the f£irst triangular shaped element is
replaced by two rotatable reflecting means;
identified as (081') and (082'). This modification
allows user adjustment so that the 1locus of an
entering electromagentic peam (LB') exits .undeviated
and undisplaced from an entering electromagentic beam
(LB).

Fig. 3k shows that the second additional present
invention retardex gystem (4) comprises a
parallelogram shaped element which, as viewed in gside
elevation, has top (TS) and pottom sides (BS), each
of length (d) parallel to one another, both said top
(Ts) and bottom (NS) sides being oriented essentially
horizontally. Said retarderx system (4) also has
right (RS) and left (L8) sides parallel to one
another, both said right (RS) and 1left (LS) sides
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being of length (d/cos( <)), where alpha (=) is
shown as an angle at which said right (R8) and left
(LS) sides project from horizontal. Said retarder
system (4) is made of a material with an index of
refraction greater than that of a surrounding
ambient. 1In use an input beam of electromagnetic
radiation (LB) caused to enter the left side (LS) of
said retarder system (4), along an essentially
horizontally oriented locus, is caused to diffracted
inside said retarder system (4) and follow a locus
which causes it to. essentlially totally internally
reflect from internal interfaces of both said top
(TS) and bottom (BS) sides, and emerge from said
retarder system (4) és (LB') from the right side (RS)
thereof, along an essentially horizontally oriented
locus which is undeviated and undisplaced from the
essentially horizontally oriented locus of said input
beam (LB) of essentially horizontally oriented
electromagnetic radiation. This is the case even
wvhen said retarder system (4) is caused to rotate.
The <result of said described retarder system (4)
application being that retardation is entered between
orthogonal components of said input electromagnetic
beam of radiation at said internal reflections from
the top (TS) and bottom (BS) surfaces. This retarder
system is very robust as it is made of single piece
construction. It is noted that adjustment of the
angle alpha (=<) in manufacture allows setting the
amount of retardation which is provided by the
retarder system (4). 1In addition, coatings can be
externally applied to top (TS8) and bottom surface
(B8) to adjust retardation effected by internal
reflection from said top (TS) and bottom (BS)
surfaces. A formula which defines the retardation
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provided thereby being:

1

d - ‘ _ _q/sin (90 - @)
— =2 - tan ($), where ¢ = o + sin

h n

Fig. 31 shows that the third additional present
invention retarder system (5) comprises first (P1)
and second (P2) triangular shaped elements. Said
first (Pl) trxiangular shaped element, as viewed in
side elevation, presents with first (LS1) and second
(RS1) sides which project to the left and right and
downward £from an upper point (UP1l), said first
triangular shaped element (P1l) further comprising a
third side (H1) which is oriented essentially
horizontally and which 1is continuous with, and
present below said first (LS1l) and second (RS1)
sides. Sald second triangular shaped element (P2),
as viewed in side elevation, presents with £irst
(Ls2) and second (RS2) sides which project to the
left and right and upward from a lower point (LP2),
said second triangular shaped element (P2) further
comprising a third side (ﬁZ) which is oxriented
essentially horizontally and which is continuous
with, and present above said first (LS2) and second
(R82) sides. Said first (P1) and second (P2)
triangular shaped elements being positioned so that a
rightmost side (RS1}) of said first (Pl) triangular
shaped element is in contact with a leftmost side
(LS2) of said second (P2) triangular shaped element
over at least a portion of the lengths thereof. said
first (P1l) and second (P2) triangular shaped elements
are each made of material with an index of refraction
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greater than that of a surrounding ambient. In use
an input beam (LB) of electromagnetic radiation
caused to enter the 1left (LS1) side of said first
(P1) triangular shaped element and is caused to
diffracted inside said retarder system (5) and follow
& locus which causes it to essentially totally
internally =reflect from internal interfaces of said
third sides (H1l) and (H2) of said first (Pl) and
second (P2) triangular shaped elements, respectively,
and emerge from said right side (RS2) of said second
(P2} triangular shaped element as electromagnetic
radiation beam (LB') which 1is oriented along an
essentlially horizontal locus which is undeviated and
undisplaced Erom the essentially horizontally
oriented locus of said input beam (LB} of essentially
horizontally oxiented electromagnetic radiation.
This 1is the case even when sald retarder system (5)
is caused to rotate. The result of said described
retarder system (5) application being that
retardation 1s entered between crthogonal components
of said input electromagnetic beam of radiation (LB).
It is noted that as long as the third sides (H1) and
(H2) of salid first (Pl) and second (P2) triangular
shaped elements are parallel, the output
electromagnetic - bean (LB') is undeviated and
undisplaced from the input electromagnetic beam (LB)
in use. It 1is noted that  The triangular shape
elements (Pl) and/oxr (P2) can be made of wvarious
materials with wvarious indicies of refraction, and
coating(s) can be applied to one or both of the third
sides (H1) and (H2Z) of said first (Pl) and second
(P2) triangular shaped elements to adjust retardation
entered to an electromagnetic beam (LB1l).
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Fig. 3m shows that the forth additional present
invention retarder system (6) comprises a triangular
shaped element, which as viewed in side elevation
presents with first (L.8) and second (RS) sides which
project to the 1left and right and downward from an
upper point (UP). 8Said retarder system (6) further
comprises a third side (H) which 1is oriented
essentially horizontally and which 1is continuous
with, and present below said first (LS) and second
{RS) sides. Salid retarder system (6} is made of a
material with an index of refraction greater than
that of a surrounding ambient. In use an input beam
of electromagnetic radiation (LB) caused to enter the
first (LS) side of sald retarder system (6) along an
essentially horizontally oriented locus, is caused to
diffracted inside said retarder system (6) and follow
a locus which causes it to essentially totally
internally reflect from internal Iinterface of said
third (H) side, and emerge from sald retarder system
(6) from the second (RS) side along an essentially
horizontally oriented 1locus which is undeviated and
undisplaced from the essentially horizontally
oriented 1locus of saild Iinput beam of essentially
horizontally oriented electromagnetic radiation (LB).
This is the case even when sald retarder system (6)
is caused to rotate. The result of said described
retarder system (6) application being that
retardation is entered between orthogonal components
of said input eléctxomagnetic beam of radiation (LB).
The Fig. 6a retarder system (6) is typlcally an
isosceles prism which is available off-the-shelf with
an angle alpha (<) of forty-five (45) degrees. As
long as the input electromagnetic beam (LB) height
{h) is chosen in accordance with the formula:
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1 . . -1/ sin (90 - a))
d=2h [ ,where ¢ =a.+ sin ( r—
‘ (ion (o tan (4’)) - | "E

in conjunction with the index of refraction {n) of
the material from which the Fig. 6a retarder system
{6) is made, and the locus of the input
electromagnetic radiation beam (LB) is parallel with
the third side (H) of sald retarder system (6), the

.output electromagnetic beam (LB') will not be

deviated or translated with respect to the input
electromagnetic beam (LB). As well, note the dashed
line (DL) below the upper point (UP). This indicates
that as the region above said dashed line (DL) is not
utilizged, thé portion of said retarder system (6)

thereabove can he removed. It is also noted that the

“input electromagnetic beam (LB) enters and exits the .

retarder‘system (6) other than along a normal to a
surface thereof, said retarder system is not an ideal
retarder with a PSI of forty-five (45) degrees. It is
noted that the third side (H) of the retarder system
(6) can be coated to change the retardation effects
of an internal reflection of an electromagnetic beam
of radiation tﬁerefrom, and such a coating can have
an adverse effect on the nonideal PSI

characteristics.

Fig. 3p shows that the fifth additional present
invention retarder system (7) comprises first (PAl)
and second (PA2) parallelogram shaped elements which,
as viewed in side elevation, each have top
(T81)/(Ts2) and bottom (BS1)/(BS2) sides parallel to
one another, both said top (TS1l) (T82) and bottom
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{BS1l) (BS2) sides each being oriented at an angle to
horizontal. Said first (PAl) and second (PA2)
parallelogram shaped elements also each have right
(RS1)/(RS2) and left (LS1)/(LS2) sides parallel to
.one another, all said right (RS1) (RS82) and 1left
(LS1) (LS2) sides being ' oriented essentially
vertically. Said first (PAl) and second (PAZ2)
parallelogram shaped elements are made of material
with an index of refraction greater than that of a
surrounding ambient. A right most wvertically
oriented side (RS1) of said first parallelogram is in
contact with a leftmost (LS2) vertically oriented
side of the second parallelogram shaped element
(PAZ). In wuse an input beam of electromagnetic
radiation (LB) caused to entex an essentially
vertically oriented 1left side (LS1) of said first
parallelogram shaped element (PAL) along an
essentially horizontally oriented locus, is caused to
be diffracted inside sald retarder system and follow
a 1locus which causes ity to essentially totally
‘internally reflect from internal interfaces of both
said Top (T8l) (TS82) and bottom (BS1) (BS2) sides of
both said f£first and second parallelogram shaped
elements (PRl) (PA2), then emerge from a right side
(RS2) of said second parallelogram shaped element
(PAZ) along an essentially horizontally oriented
locus as output beam of electromagnetic radiation
({LB') which 1is undeviated‘and undisplaced from the
essentially horizontally oriented locus of said input
beam of essentially horizontally oriented
electromagnetic radiation (LB). This 1s the case
even when said retarder system (7) is caused to
rotate. The result of said described retarder system

(7) application being that zretardation is entered
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between orthogonal components of said input
electromagnetic beam of radiation (LB).

Fig. 3nl shows that the sixth additional present
invention retarder sYstem (8) comprises first (BK1l)
and second (BK2) Berek-type retarders which each have
an optical axes essentially perpendicular to a
surface thereof. As shown by Fig. 3n2, each of said
first (BKl) and second (BKZ) Berek-type retarders can
have fast axis which are oriented other than parallel
to one another, but for the presently described
retarder system it is assumed that the fast axes are
aligned, (ie. an angle PHI (¢)) of zero (0.0) degrees
exists Dbetween fast axes of the two‘Berek—type (BK1)}
and (BK2) plates in Fig. 3nl. 8Saild first and second
Berek-type retarders each present with first and
second essentially parallel sides. Said first (BK1l)
and second (BK2) Berek-type retarders are oriented,
as viewed in side elevation, with £first (LS1l) and
second (RS1) sides of one Berek-type retarder (BK1l)
being oriented other than parallel to first (LS2) and
second (RS2) sides of the other Berek-type retarder
(BK2). In use an incident beam of electromagnetic
radiation (LB} is caused to impinge upon one of said
first (BK1l) Berek-type retarder on one side (LS1)
thereof, partially transmit therethrough then impinge
upon the second Berek-type retarder (BK2), on one
side thereof (Ls2), and partially transmit
therethrough such that a polarized beam of
electromagnetic radiation (LB') passing through both
of sald first (BK1l) and second (BK2) Berek-type
retarders emerges £from the second thereof in a
polérized state with a phase angle between orthogonal

components therein which 1is different than that in
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the incident beam of electromagnetic radiation - (LB),
and in a direction which is an essentially undeviated
and undisplaced from the incident beam of
electromagnetic radiation. This is the case even
vhen said retarder system (8) is caused <to <rotate.
The result of said described retarder system (8)
application being that retardation is entered betwveen

orthogonal components of said input electromagnetic

‘beam of radiation. For insight it is mentioned that,

in general, a Berek-type retarder 1is a uniaxial
anisotropic plate with its optical axis essentlally
perpendicular to a surface thereof. The retardence
introduced to an electromagnetic beam caused to
transmit therethrough is determined by a tipping of
said plate. The retardation system (8) having two
such Berek-type retarders present, is, it is noted,
insensitive to small angular deviations in an Iinput
electromagnetic beam as each plate contributes
approximately hal of achieved retardence. This
insensitivity results because if the input
electromagnetic beam is slightly changed, one of sald
plates will contribute slightly more (less), but the
second slightly less (more) retardence because of
offsetting effective plate "tilts" with respect to
electromagnetic beams input thereto. Also, said
retarder system (8) is very nearly ideal in that the
PSI component of the retarder system (8) is very near
a constant forty-five (45) degrees. One problem
however, is that Berek-type retarder plates exhibit a
{1/wavelength) retardence characteristic which,
without more, makes use over a wide spectral range
difficult.

A variation of the Jjust described retarder
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system (8) applies to the seventh additional present
invention <retarder system (9) as well, with the
difference being that a Fig. 3n2 offset angle PHI (
) other than zero (0.0) is present between fast axes
of the two Berek-type plates. The description of the

system remains otherwise unchanged. The benefit
derived, however, is that a flatter than
(1/wavelength) retardation characteristic can be

achieved thereby.

Fig. 301 serves as the pictorial reference for
the eighth additional present 1invention retarder
system (8) which comprises first (BK1l), second (BK2),
third (BK3) and forth (BK4) Berek~type retarders
which each have an optical axes essentially
perpendicular to a surface thereof, each of which
first (BK1l) and second (BK2) Berek-type retarders has
a fast axis, said fast axes in gaid first (BKl) and
second (BK2) Bexek-type <zretarders being oriented
essentially parallel to one another. This 1is
exemplified by Fig. 302. 8aid first (BK1l) Berek-type
retarder presents with first (LS1l) and second (RS1)
essentially parallel sides and sald second (BKZ)
Berek-type <retarders each present with first (LSZ)
and second (RS2) essentially parallel sides, and said
first (BK1l) and second (BK2) Berek-type retarders are
oriented, as viewed in side elevation, with £first
{(L8l) and second (RSl1l) sides of sald first Berek-type
retarder being oriented other than parallel to £first
(L82) and second (R82) sides of said second (BK2)
Berek-type retarder. In use an incident beam of
electromagnetic radiation (LB) is caused to impinge
upon said first (BK1l) Berek-type retarder on said
first side (LS1) thereof, partially transmit
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therethrough then impinge wupon the second (BK2)
Berek-type retardef, on said first (L82) side
thereof, and partially transmit therethrough such

that a polarized beanm of electromagnetic radiation

"(LB') passing through both of said first (BK1l) and

gsecond (BK2) Berek-type retarders emerges from the
second thereof in a polarized state with a phase
angle between orthogonal components therein which is
different than that in the incident beam of
electromagnetic radiation (LB), and in a direction
which is an essentially undeviated and undisplaced
from the incident beam of electromagnetic radiation
(LB). Each of which third (BK3) and forth (BK4)
Berek-type retarders also has a fast axis, and said
fast axes in said third (BK3) and forth (BK4)
Berek-type retarders are oriented essentially
parallel to one another but other than parallel to
the parallel fast axes of said first (BK1) and second
(BK2) Berek-type retarders. Said third (BK3)
Berek-type retarder presents with first (L53) and
second (RS3) essentially parallel Sides, and said
forth (BK4) Berek-type presents with first {L84) and
second (RS4) essentially parallel sides, and said
first third (BK3} and forth (BK4) Berek-type
retarders are oriented, as viewed in side elevation,
with first (L83) and second (RS3) sides of one of
sald third (BK3) Berek-type retarder being oriented
other than 'parallel to first (LS4) and second (RS4)
sides of said forth (BK4) Berek-type retarder; such
that in wuse an incident beam of electromagnetic
radiation (LB') exiting said second (BK2) Berek-type
retarder 1is caused to impinge upon said third (BK3)
Berek-type retarder on said first (LS3) side thereof,
partially transmit therethrough then impinge upon
said forth (BK4) Berek-type retarder on said first
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(LSs4) side thereof, and partially transmit
therethrough such that a polarized beam of
electromagnetic radiation (LB'') passing through said
first (BK1l), second (BK2), third (BK3) and forth
(BK4) Berek-type retarders emerges from the forth
(BK4) thereof in a polarized state with a phase angle
between orthogonal components therein which 1is
different than that in the incident beam of
electromagnetic radiation (LB) caused to impinge upon
the first (LS1) side of said first (BKl1l) Berek-type
retarder, in a direction which 1is an essentially
undeviated and undisplaced from said incident beam of
electromagnetic radiation (LB). This 1s the case
even when said retarder system (8) is caused to
rotate. The result of said described retarder system
(8) application being that retardation is entered
between orthogonal conponents of said . input

electromégnetic beam of radiation.

A ninth present invention retarder system (9) is
also pictorially represented by Fig. 3ol and is
similar to that just described excepting that the
Berek-type <retarder plates (BK1l) and (BKZ) fast akes
need not be parallel to one another and the
Berek-type retarder plates (BK3) and (BK4) need not
be parallel to one another. However, if as a group
Berek-type retarder plates ((BKl) and (BK2))/({(BK3)
and (BK4)) are parallei, they can be, but need not be
parallel the fast axes of Berek-type retarder plates
({(BK3) and (BK4))/((BKl) and (BK2)). This embodiment
includes the case vwhere all the fast axes of all
Berek-type retarders (BK1l), (BK2), (BK3) and (BK4)
are all different.
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Turning now to Fig. 3d, it 1is shown that the
present invention system source of polychromatic
radiation (QTH) as in Fig. 1, can, but not
necessarily, be a system for providing an output beam
(0B) of polychromatic electromagnetic radiation which
has a relatively broad and flattened intensity vs.
wvavelength characteristic over a wavelength spectrum
(generally identified as (LS)), sald output beam (0OB)
of polychromatic electromagnetic radiation
substantially being a comingled composite of a
plurality of input beams, ((IBl1) and (IB2)), of
polychromatic electromagnetic radiation which
individually do not provide as relatively broad and
flattened & intensity vs. wavelength characteristic
over sald wavelength spectrum, as does said outpﬁt
comingled composite beam of pelychromatic
electromagnetic radiation, said system for providing
an output beam of polychronatic electromagnetié
radiation which has a relatively broad and flattened
intensity vs. wavelength characteristic over a

wavelength spectrum comprising:

a. at least a first (81) and a second {82) source
of polychromatic electromagnetic radiation,
((IBl) and (IB2) respectively); and

b. at least one electromagnetic beam combining
(BCM) means comprising an uncoated plate, (egq.
uncoated fused silica or glass etc. such that
transmission characteristics thereof are
determined by angle-of-incidence and
polarization state of a beam of

electromagnetic radiation).

The at least one electromagnetic beam combining means '
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(BCM) 1is positioned with respect to said first (81)
and second (s2) sources of polychromatic
electromagnetic radiation, ((IB1l) and (IB2)
respectively), such that a Dbeam of polychromatic
electromagnetic radiation (IBl) from saild first (S1)
source of polychromatic electromagnetic radiation
passes through said at least one electromagnetic beam
combining means (BCM), and such that a beam of
polychromatic electromagnetic radiation (IB2) from
said second (82) sgource of polychromatic
electromagnetic radiation rvreflects from said at least
one electromagnetic beam combining means (BCM) and is
comingled with said bean of polychromatic
electromagnetic radiation (IBl) from said first
source (S1) of polychromatic electromagnetic
radiation which passes through said at least one
electromagnetic beam combining means (BCM). The
resultant beam of polychromatic electromagnetic
radiation (0B) 1is . substantially an output beam of
pelychromatic elecﬁromagnetic radiation which has a
relatively broad and flattened intensity vs.
vavelength over a wavelength spectrum, comprising
said comingled conposite of a plurality of input
beams of polychromatic electromagnetic radiation
which individually do not provide such a relatively
broad and flattened intensity vs. wavelength over a
wavelength spectrum characteristic. Also shown in
Fig. 3d are collimating lenses (L1} and (L2Z) to
provide «collimated electromagnetic radiation to the
electromagnetic beam combining means (BCM), from
first (81) and a second (S2) source of polychromatic
electromagnetic radiation, ((IBL) and (1B2)
respectively).



10

15

20

25

30

35

WO 2008/008058

82

Fig. 34 further demonstratesz an optional thixd
source of polychromatic electromagnetic radiation
(83) and a second electromagnetic Dbeam combining
means (BCM'). The second electromagnetic beam
combining means (BCM') is positioned with respect to
saild comingled beam of polychromatic electromagnetic
radiation (0OB), (which has a relatively broad and
flattened intenéity vs. wavelength over a wavelength
spectrum, comprising wavelengths from sources (S1)
and (82), which exits said at least a first
electromagnetic beam combining means (BCM)), such
that sald comingled beam of polychromatic
electromagnetic radiation (0B) which has a relatively
broad and flattened intensity vs. wavelength over a
wavelength spectrum, passes through said second
electromagnetic beam combining means (BCM}. The
second electromagnetic beam combining means (BCM) is
positioned with respect to said third source of
polychromatic electromagnetic radiation (S83) such
that a beam of electromagnetic radiation from saild
third source of polychromatic electromagnetic
radiation (83) reflects from said second
electromagnetic beam combining means (BCM) to form a
second resultant bean of polychromatic
electromagnetic radiation (OB') which is
substantially an output beam of pelychromatic
electromagnetic radiation which has an even more
relatively broadened and £flattened intensity wvs.
wvavelength over a wavelength spectrum comprising said
comingled composite of a plurality of input beams of
polychromatic electromagnetic radiation, {from
sources (81), (82) and (583)), which sources (81},
(82) and (83) individually do not provide such an
even more relatively broadened and flattened

intensity wvs. wavelength over a wavelength spectrunm
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characteristic. Note that first or second resultant
beam of polychromatic electromagnetic radiation (OR)
(OB') in Fig. 3d can be comprise the source (QTH) in
Fig. 1.

A system as shown in Fig. 34 can also include a
pivot(s) (PV) (PV') to allow the beam combining means
(BCM) and/or (BCM'), respectively, to be rotated.
This can be beneficially applied to allow selection
of an optimum angle at which a beam of
electromagnetic radiation is caused to reflect
therefrom in use. It is noted that the angle at which
a beam of eleétromagnetic radiation approaches a beam
combining means affects the percent of an impinging
beam which actually reflects therxefrom and becomes
part of the output beam (0B), and where a beam source
positioning can be changed along with pivoting of a
beam combining mneans, this allows optimum combining
of transmitted and reflected beams. Also, pivot with
two degrees of rotational freedom can be applied to
simply effect coincidence of transmitted and
reflected beams of electromagnetic radiation which

originate from sources which are fixed in location.

Further, as described in the Disclosure of the
invention Section of this Specification, as the
polarizer in the present invention spectroscopic
ellipsometer system remains fixed in position during
data acguisition, it is preferable that a source of
electromagnetic radiation, and/or a present Polarizer
or Polarization State Generator be positioned or
configured so as to pass predominately "S" Polarized
electromagnetic radiation, as referenced to said bean
combining systen. The reason for this is that the
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split between transmission and reflection ng
polarization components is 1less, as a function of
wavelength and electromagnetic beanm
angle-of-incidence to said beam combining nmeans,

compared to that between the "P" components.

It is noted that any of said sources (81) (S82)
and (S3) of polychromatic electromagnetic radiation
can be Xenon or Duterium, and Quartz-Halogen Ilamps,

or other suitable source.

It is also noted that a suitable electromagnetic
beam combining (BCM) means can be made of glass or a
fused silica plate, (preferably uncoated), and can
also be "Hot Mirrors" which reflect IR and transmit
visual wavelengths, or "Cold Mirrors" which reflect
visible and transmit IR; mirror-type Beamsplitters ox
Pellicle Beamsplitters, such as described in Edmund
Indugtrial Optics Catalog Number\N997A.

It is also .generally noted that the present
invention spectroscopic ellipsometer system can, but
not necessarily; untilize Zeiss Diode Array
Spectrometer Systens identified by manufacturer
numbers in the group: (MMS1 (300-1150 nm); UV/VIS MMS
(190-730 nm); UV MMS (190-400 nm}); and IR MMS
(900—2400 nm)) as Detector System (DET). Said
identified Zeiss systems provide a very compact
system comprising a multiplicity of Detector Elements
and provide focusing via a Focusing Element, Slit,
and single concave holographic grating dispersive
optics. However, any functional multi-element
spectroscopic Detector arrangement is within the

scope of the present invention.
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Figs. 3e - 3P demonstrate Compensators £fox
application in the present invention, and Figs. 14 -
16 show Retardation vs. Wavelength for Compensator

designs which are Pseudo-Achromatic.

Contuinuing, Fig. 4 demonstrates the flow of a
present invention metheod of calibration of the
spectroscopic ellipsometer portion of the present

invention.

Figs. 5-11 shov Intensity vs. Wavelength for the
seven (7) ellipsometrically different samples at each
of five (5) imposed polarization states. Results
shown in Figs. 5 - 7 respectively, are £for Samples
identified as 1, 2, 3, 4, 5, 6, and 7, which
respectively have Oxide depths atop thereof of, (in
Angstroms), 17.50; 103.0; 193.0; 508.0; 1318.0;
4817.0 and 9961.0.

Figs. 12 & 13 show PSI and DELTA values obtained
for samples with thin (native), and thick, (9961
Angstrom), layers of Oxide thereupon. All <zresults
were obtained by fitting a mathematical model of the
sample system and the spectroscopic ellipsometer

system by regression onto experimental data.

Figs. 14 -~ 16 \are also included herein to
provide insight to the Psuedo-Achromatic
characteristics achieved by the Fig. 3f Compensator
design. Fig. 14 shows a plot of a conpensator
retardation charactexistic which depends as
(1/wavelength), (dashed line), as well as a present
invention compensator charactristic, (solid line).

The important thing to note is that a selected range
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of wavelengths over which a retardation of between
seventy-five (75) and one-hundred-thirty (130)
degrees is developed, is much greater for the present
invention compensator. A present invention
spectroscopic rotatable compensator ellipsometer
system can comprise at least one compensator(s) which
produces a retardance of, preferably, betveen
seventy-£five (75) and one-hundred-thirty (130)
degrees over a vrange of wavelengths defined by a

selection from the group consisting of:

a. between one—hundred—ninety (180} and

seven-hundred-£fifty (750) nanometers;

b. betwveen two-hundred-forty-five (245) and
nine-hundred (900) nanometers;

c¢. between three-hundred-eighty (380) and

seventeen-hundred (1700) nanometers;

d. within a range of wavelengths defined by a
maximum wavelength (MAXW) and a minimum
wavelength (MINW) wherein the ratio of
(MAXW)/(MINW) is at least
one-and-eight-tenths (1.8).

Acceptable practice howvever, provides for the case
wvherein at least one of said at least one
compensator(s) provides a retardation vs. wvavelength
characteristic retardation between thirty (30.0) and
less than one-hundred-thirty-five (135) degrees over
a range of wavelengths specified from MINW to MAXW by
a selection from the group consisting of:

@. MINW less than/equal to one-hundred-ninety

PCT/US2006/026928
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(190) and MAXW greater than/equal to
seventeen-hundred (1700);

b. MINW less than/edqual to two-hundred-twenty
5 (220) and MAXW greater than/equal to

one-thousand (1000) nanometers;

¢. within a range of wavelengths defined by a
maximum wavelength (MAXW) and a minimum
10 wavelength (MINW) range where
(MAXW)/(MINW) is at least four-and
one-half (4.5).

(NOTE, the specified wvales and ranges can not be
15 achieved by single plates with (1/wavelength)

retardation characteristics).

More specifically, Fig. 15 shows calculated

retardation Vs, wavelength curves for two
20 compensators which demonstrate (1/wavelength)
retardation characterics, (long and short dashed

lines), and the retardation curve, (solid line), of
a present invention assembly configuration as
demonstrated in Fig. 3f which is arrived at by

25 combining sald two retarders with a 45 degree angle
between the fast axes thereof. Fig. 16 shows a
re-scaled plot of the solid line curve shown in Fig.
15.

30 Again, it is emphasised that the present
Application does not apply Compensators in a systenm
which causes continuous rotation thereof during data
acquisition, but can benefit from a Compensator

designed to provide essentially constant Polarization
35
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State Modificatien effects over a Spectroscopic range

of wavelengths.

Having hereby disclosed the subject matter
of the present invention, it should be obvicus that
many modifications, substitutions, and variations of
the present invention are possible in view of the
teachings. It is therefore to be understood that the
invention.may be practiced other than as specifically
described, and should be limited in its breadth and

scope only by the Clains.
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CLAIMS
WE CLAIM:
1. a spectroscopic ellipsometer system comprising:

a source of polychromatic electromagnetic
radiation;

a polarizer which is fixed in position during

data acquisition;
a stage for supporting a sample system;

an analyzer which is fixed in position during

data acqguisition; and
a multi-element spectroscopic detector systen;

said spectroscopic ellipsometer system further
comprising at least one means for discretely,
sequentially, modifying a polarization state of a
beam of electromagnetic radiation provided by said
source of polychiomatic electromagnetic zradiation
through a plurality of polarization states, said
means for discretely, sequentially, modifying a
polarization state of a beam of electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation through a plurality of
polarization state being present at at least one

location selected from the group consisting of:

betwveen said polarizer and said stage for
supporting a sample system; and
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between saild stage for supporting a sample

system and said analyzer;

and positioned so that said beam of electromagnetic

radiation transmits therethrough in use;

in which said at least one means for discretely,
sequentially, modifying & polarization state of a
beam of electromagnetic radiation provided by said
source of polychromatic electromagnetic radiation
through a plurality of polarization states, involves
at least one compensator that step-wise discretely
changes the phase angle between orthogonal components
of said electromagnetic beam of radiation provided by
said souxrce of polychromatic electromagnetic
radiation through a sequence of positions which are

held fixed in position during data acquisition.

2. A spectroscopic ellipsometer system as in Claim 1,

in which the compensator comprises a single element.

3. A spectroscopic ellipsometer syétem as in Claim 1,
in which the compensator comprises at least two perx
se. zero-order waveplates (MCA) and (MOB), said perx
se. zero-order waveplates (MOA) and (MOB) having
their respective fast axes rotated to a position
offset from =zero or ninety degrees with respect to
one another, with a nominal wvalue being forty-five

degrees.

4. A spectroscopic ellipsometer system as in Claim 1,
in which the compensator comprises a combination of
at least a first (Z0l) and a second (Z02) effective
zero-order wave plate, said first (z0l) effective

zero-order wave plate being comprised of two
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multiple order waveplates (MOAl) and (MOB1) which
are combined with the fast axes thereof oriented at a
nominal ninety degreeé to one another, and sald
second (Z02) effective =zero-order wave plate being
comprised of two multiple order wvaveplates (MOAZ) and
(MOB2) which are combined with the fast axes thereof
oriented at a nominal ninety degrees to one another;
the fast axes (FAA2) and (FAB2) of the multiple order
waveplates (MOA2) and (MOB2) in said second
effective zero-order wave plate (Z02) being rotated
to a position at a nominal forty-five degrees to the
fast axes (FAAl) and (FABl), zespéctively, of the
multiple order waveplates (MOAl) and (MOB1) in said

first effective zero-order waveplate (ZOl).

5. A spectroscopic ellipsometer system as in Claim 1,
in which the compensator comprises at least =2 fixst
(zol) and a second (Z02) effective zero—order wave
plate, said £irst (Z0l) effective =zero-order wave
plate being comprised of two multiple order
waveplates (MOAl) and (MOBLl) which are combined with
the fast axes thereof oriented at a nominal ninety
degrees to one another, and said second (Z02)
effective zero-order wave plate being comprised of
two multiple ordexr .waveplates (MOAZ) and (MOB2)
which are combined with the fast axes thereof
oriented at a nominal ninety degrees to one another;
the fast axes (FAA2) and (FAB2) of the multiple oxder
waveplates (MOA2) and (MOBZ) in said second
effective zero-order wave plate (Z02) being <rotated
to a position away from zero or ninety degrees with
respect to the fast axes (FAAl) and (FABl),
respectively, of the multiple oxrder wvaveplates
(MOA1) and (MOBl) in said first effective zero-order
wvaveplate (Z0O1l}.
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6. A spectroscopic ellipsometer system as in Claim 1,
in which the compensator comprises at least one
zero-order waveplate, ((MOA) or (MOB)), and at least
one effective =zero-order waveplate, ((z02) oxr (z0Ol)
respectively), said effective zero-order wave plate,
((z0o2) or (z0l)), Dbeilng comprised of two multiple
order waveplates which are combined with the fast
axes thereof oriented at a nominal ninety degrees to
one another, the fast axes of the multiple ordexr
wvaveplates in sald effective zero-order wave plate,
((Z02) or (ZO1l)), being rotated to a position awvay
from zero or ninety degrees with respect to the fast

axis of the zero-order waveplate, ((MOA) ox (MOB}).

7. A spectroscopic ellipsometer system as in Claim 1,
in which the compensator comprises a first triangularx
shaped element, which as viewed in side elevation
presents with first and second sides which project
to the left and right and downward from an‘ upper
point, which f£first triangular shaped element Eirst
and second sides have reflective outer surfaces; sald
retarderx system further comprising a second
triangular shaped element which as viewed in side
elevation presents with first and second sides which
project to the left and right and downward from an
upper point, said second triangular shaped element
being made of material which provides reflective
interfaces on first and second sides inside thereof;
said second triangular shaped element being oriented
with respect to the first triangular shaped element
such that the upper point of said second triangulazx
shaped element Iis oriented essentially vertically
directly above the upper point of said first
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triangular shaped element; such that in use an input
electromagnetic beam of radiation caused to approach
one of said first and second sides of said first
triangular shaped element along an essentially
horizontally oriented locus, is caused to externally
reflect from an outer surface thereof and ‘travel
along a locus which 1s essentially upwardly
vertically oriented, then enter said second
triangular shaped element and essentially totally
internally reflect from one of said First and second
sides thereof, then proceed along an essentially
horizontal locus and essentially totally internally
reflect from the other of said first and second sides
and proceed along an essentially downward vertically
oriented locus, then externally reflect from the
other of said first and second sides of said first
triangular shaped elements and proceed along an
essentially horizontally oriented 1locus which is
undeviated and undisplaced from the essentially
horizontally oriented locus of said input beam of
essentially horizontally oriented electromagnetic
radiation; with a result being that retardation 1is
entered between oxrthogonal components of said input
electromagnetic beam of radiation.

8. A spectroscopic ellipsometer system as in Claim 1,
in which the compensator comprises, as viewed in
upright side elevation, first and second orientation
adjustable mirrored elements vhich each have
reflective surfaces; said compensator system further
comprising a third element which, as viewed in
upright side elevation, presents with first and
second sides which project to the left and right and
downward from an upper point, said +third element
being made of material which provides reflective
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interfaces on first and second sides inside thereof;
said third element being oriented with respect to
said first and second orientation adjustable mirrored
elements such that in use an input electromagnetic
beam of radiation caused to approach one of said
first and second orientation adjustable mirrored
elements along an essentially horizontally oriented
locus, is caused to externally reflect therefrom and
travel along a locus which 1is essentially wupwvardly
vertically oriented, then enter sald third element
and essentially totally internally reflect £from one
of said first and second sides thereof, then proceed
along an essentially horizontal locus and essentially
totally internally reflect £rom the other of said
first and second sides and proceed along an
essentially downward vertically oriented locus, then
reflect from the other of said first and second
orientation adjustable mirrored elements and proceed
along an essentially horigzontally oriented
propagation direction locus which 1is essentially
undeviated and undisplaced from the esgentially
horizontally oriented propagation direction locus of
said input beam of essentially horizontally oriented
electromagnetic radiation; with a result beling that
retardation is entered between orthogonal components

of said input electromagnetic beam of radiation.

9. A spectroscopic .ellipsometer system as in Claim 1,
in which the compensator comprises a parallelogram
shaped element which, as vieved in side elevation,
has top and bottom sides parallel to one another,
both said top and bottom sides being oriented
essentially horizontally, said retarder system also
having right and left sides parallel to one another,

both said right and left sides being oriented at an
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angle to horizontal, said retarder being made of a
material with an index of refraction greater than
that of a surrounding ambient; such that in use an
input beam of electromagnetic radiation caused to
enter a side of said retarder selected from the group
consisting of:

right and left;

along an essentially horizontally oxriented locus, 1is
caused to diffracted inside said retarder system and
follow a locus which causes it to essentially totally
internally feflect from internal interfaces of both
said top and bottom sides, and emerge from said
retarder system from a side selected from the group
consisting of

left and right respectively;

along an essentially horizontally oriented 1locus
which is undeviated and undisplaced £from the
essentially horizontally oriented locus of said input
beam of essentially horizontally oriented
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components

of sald input electromagnetic beam of radiation.

10. A spectroscopic ellipsometer system as in Claim
1, in which the compensator comprises first and
second triangular shaped elements, said first
triangular shaped elenent, as viewed in side
elevation, presenting with £first and second sides
which project to the left and right and downward from

an upper point, said first triangular shaped element
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further comprising & third side which iz oarisnted
essentially horizontally and which is continuous
with, and present below said first and second sides;
and sald second triangular shaped element, as viewed
in side elevation, presenting with first and second
sides which project to the left and right and upward
from an uppexr point, said second triangular shaped
element furthexr comprising a third side which 1is
oriented essentially horizontally and which is
continuous with, and present above said £irst and
second sides; said first and second triangular shaped
elements being positioned so that a rightmost side of
one of sald £first and second triangular shaped
elements is in contact with a leftmost side of the
other of said £first and second triangular shaped
elements over at 1least &a portion of +the lengths
thereof; said £irst and second triangular shaped
elements each being made of material with an index of
refraction greater than that of a surrounding
ambient; such that in use an input bean of
electromagnetic radiation caused to enter a side of a
triangular shaped element selected from the group
consgisting of:

first and second;

not in contact with said other triangular shape
element, is caused to diffracted inside said retarder
and follow a locus which causes it to essentially
totally internally reflect from internal interfaces
of sald third sides of each of said first and second
triangular shaped elements, and emerge from a side of
said triangular shaped element selected from the
group consisting of:
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second and first;

not in contact with said other triangular shape
element, along an essentially horizentally oriented
locus which is undeviated and undisplaced £rom the
essentially horizontally oriented locus of said input
beam of essentially horizontally oriented
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components

of said input electromagnetic beam of radiation.

11. A spectroscopic ellipsometer system as in Claim
1, in which the compensator comprises a triangular
shaped element, which as vieved in side elevation
presents with first and second sides which project to
the 1left and right and downward from an upper point,
said retarder system further comprising a third side
which is oriented essentially horizontally and which
is continuous with, and present below said first and
second sides; saild retarder system being made of a
material with an index of refracdtion greater than
that of a surrounding ambient; such that in use a an
input beam of electromagnetic radiation caused to
enter a side of said retarder system selected from

the group consisting of:
first and second;

along an essentially horizontally oriented locus, Iis
caused to diffracted inside sald retarder system and
follow a locus which causes it to essentially totally
internally reflect £from internal interface of sald
third sides, and emerge from sald retarder from a

side selected from the group consisting of
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second'and first respectively;

along an essentially horizontally oriented locus
vhich 1is undeviated and undisplaced from the
essentially horizontally oriented locus of said input
beam of essentially horizontally oriented
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components

of said input electromagnetic beam of radiation.

12. A spectroscopic ellipsometer system as in Clainm
1, in which the compensator comprises first and
second Berek-type retarders which each have an
optical axes essentially perpendicular to a surface
thereof, each of which first and second Berek-type
retarders has a fast axis, said fast axes in said
first and second Berek-type retarders being oriented
in an orieéntation selected from the group consisting
of:

parallel to one another; and

other than parallel to one another;
saild fiést and second Berek-type retarders each
presenting with first and second essentially parallel
sides, and said first and second Berek-type retarders
being oriented, as viewved 1in side elevatidn, with
first and second sides of one Berek-type retarder
being oriented other thaﬁ parallel to £first and
second sides of the other Berek-type <retarder; such
that in wuse an incident beam of electromagnetic
radiation is caused to impinge upon one of said £first
and second Berek-type retarders on one side thereof,

partially transmit therethrough then impinge upon the
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second Berek-type retarder, on one side thereof, and
partially transmit therethrough such that a polarized
beam of electromagnetic radiation passing through
both of said first and second Berek-type retarders
emerges from the second thereof in a polarized state
with a phase angle Dbetveen orthogonal components
therein which is different than that in the incident
beam of electromagnetic radiation, and in a
propagation direction which is essentially undeviated
and undisplaced  from the incident beam of
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components

of said input electromagnetic beam of radiation.

13. A spectroscopic ellipsometer system as in Claim
1, in which the compensator comprises £first and
second Berek-type retarders which each have an
optical axes essentially perpendicular to a surface
thereof, each of which first and éecond Berek-type
retarders has a fast axis, said £fast axes In said
first and second Berek-type retarders being oriented
other than parallel to one another; said first and
second Berek-type retarders each presenting with
first and second essentially parallel sides, and sald
first and second Berek-type retarders being oriented,
as viewed in side elevation, with £first and second
sides of one Berek-type retarder being oriented other
than parallel to first and second sides of the otherx
Berek-type retarder; such that 1in use an incident
beam of electromagnetic radiation Iis caunsed to
impinge upeon one of said first and second Berek—type
retarders on one side thereof, partially transmit
therethrough then impinge upon the second Berek-type
retarder, on one side thereof, and partially transmit

therethrough such that a polarized beam of

PCT/US2006/026928



10

15

20

25

30

35

WO 2008/008058

100

electromagnetic radiation passing through both of
said first and second Berek-type retarders emerges
from the second thereof in a polarized state with a
phase angle between orthogonal components therein
which is different than that in the incident beam of
electromagnetic radiation, and in a propagation
direction which 1is essentially undeviated and
undisplaced from the incident beam of electromagnetic
radiation, aaid spectroscopic
ellipsometer/polaximetef system further comprising
third and forth Berek-type retarders which each have
an optical axes essentially perpendicular to a
surface thereof, each of which third and £forth
Berek-type retarders has a fast axis, said fast axes
in said third and forth Berek-type retarders being
oriented other than parallel: to one another, said
third and forth Berek-type retarders each presenting
with first and second essentially parallel sides, and
said third and forth Berek-type retarders being
oriented, as viewed in side elevation, with first and
second sides of one of sald thizxd and forth
Berek-type retarders being oriented other than
parallel to first and second sides of said forth
Berek-type retarder; such that in use an incident
beam of electromagnetic radiation exiting sald second
Berek-type retarder 1is caused to impinge upon sald
third Berek-type retarder on one side thereof,
partially transmit therethrough then impinge upon
said forth Berek-type retarder on one side thereof,
and partially transmit therethrough such that a
polarized beam of electromagnetic radiation passing
through said first, second, third and forth
Berek-type retarders emerges from the £forth thereof
in a polarized state with a phase angle between

orthogonal components therein which is different than
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that in the incident beam ofl electromagnetic
radiation caused to impinge upon the first side of
said first Berek-type retarder, and in & direction
which is essentially undeviated and undisplaced £from
said incident beam of electromagnetic radiation; with
a result being that retardation Iis entered Dbetween
orthogonal components of said input electromagnetic
peam of radiation.

14. A spectroscopilc ellipsometer system as 1in Claim
1, in which the compensator comprises first, second,
third and forth Berek-type retarders which each have
an optical axes essentially perpendicular to a
surface thereof, each of which first and second
Berek-type retarders has a fast axis, said fast axes
in said first and second Berek-type retarders being
oriented essentially parallel to one another; said
first and second Berek-type retarders each presenting
with first and second essentially parallel sides, and
said first and second Berek-type retarders being
oriented, as viewed in side elevation, with first and
second sides of one Berek~-type retardex being
oriented other than parallel to first and second
sides of the other Berek-type retarder; such that in
use an incident beam of electromagnetic radiation is
caused to impinge upon one of said first and second
Berek-type retarders on one side thereof, partially
transmit therethrough then impinge upon the second
Berek-type ietarder, on one side thereof, and
partially transmit therethrough such that a polarized
beam of electromagnetic radiation passing through
both of said first and second Berek-type retarders
emerges from the second thereof in a polarized state
vith a phase -angle between orthogonal components

therein which is different than that in the incident
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beam of electromagnetic radiation, and in a
propagation direction which is essentially undeviated
and undisplaced from the incident beam of
electromagnetic radiation; each of which thixd and
forth Berek-type retarders has a fast axis, said fast
axes in said third and forth Berek-type retarders
being oriented essentially parallel to one another
put other than parallel to the fast axes of said
first and second Berek-type retarders, said third and
forth Berek-type retarders each presenting with first
and second essentially parallel sides, and sald third
and forth Berek-type retarders being oriented, as
viewed in side elevation, with first and second sides
of one of said third and forth Berek-type retarders
being oriented other than parallel to £irst and
second sides of said forth Berek-type retarder; such
that in use an incident beam of electromagnetic
radiation exiting said second Berek-type retarder is
caused to impinge upon sald third Berek-type retardex
on one side thereof, partially transmit therethrough
then impinge upon said forth Berek-type retarder on
one side thereof, and partially transmit therethrough
such that a polarized bean of electromagnetic
radiation passing through said first, second, third
and forth Berek-type retarders emerges from the forth
thereof in a polarized state with a phase angle
betveen orthogonal components thexein.‘ which is
different than that in the incident beam of
electromagnetic radiation caused to implnge upon the
first side of said fiist Berek-type retarder, and in
a direction which is essentially undeviated and
undisplaced from said incident beam of
electromagnetic radiation; with a result being that

retardation is entered between orthogonal components

of said input electromagnetic beam of radiation.
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15. A spectroscopic ellipsometer system as in Claim
1, in which the source of polychromatic
electromagnetic radiation comprises an output bean of
polychromatic electromagnetic radliation which has a
relatively broad and flattened intensity Vs .
wvavelength characteristic over a wavelength spectrun
for use in said present invention systens, provides
that said output hean of polychromatic
electromagnetic radiation substantially be a
comingled composite of a plurality of input beams of
polychromatlic electromagnetic radiation which
individually do not provide as relatively broad and
flattened a intensity vs. wavelength characteristic
over said wavelength spectrum, &as does said output
comingled composite beam of polychromatic
electromagnetic xadiatlon, said system for providing
an output beam of polychromatic electromagnetic
radiation which has a relatively proad and flattened
intensity vs. wavelength characteristic over a

wavelength spectrum conprising:

a. at least a £flrst and a second source of
polychromatic

electromagnetic radiation; and

k. at least a first electromagnetic beam

combining means;

said at least a £first electromagnetic bean
combining wmeans being positioned with respect to
said first and second sources of polychromatic
electromagnetic radiation such that a beam of
polychromatic electromagnetic radiation from said

first source of polychromatic electromagnetic
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radiation passes through said at least a first
electromagnetic beam combining means, and such
that & beam of polychromatic electromagnetic
radiation from said second source of
polychromatic electromagnetic radiation reflects
from sald at least a first electromagnetic bean
combining means and is comingled with said beam
of polychromatic electromagnetic radiation from
said first source of polychromatic
electromagnetic radiation which passes through
sald at least a first electromagnetic beam
combining means, said resultant bean of
polychromatic electromagnetic radiation
substantially being said cutput beam of
polychromatic electromagnetic radiation which has
a relatively broad and flattened intensity vs.
wavelength over a wavelength spectrum, comprising
said comingled composite of a plurality of input
beams of polychromatic electromagnetic radiation
which individually do not provide such a
relatively broad and flattened Iintensity wvs.
wavelength over a vavelength spectrum
characteristic.

A spectroscopic ellipsometer system as in Claim
in which at least one selection is made from the

group consisting of:

and

at least one of said polarizer and analyzer has
its azimuthal angle set to a selection from the
group consisting of:

essentially plus forty-five (45) degrees;

essentially minus forty-five (45) degrees;
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and

in which said polarizer is set so as to select an
"§" polarized electromagnetic beam component
referenced to the gource of said

electromagnetic beam.

17. A method of operating a spectroscopic
ellipsometer system comprising the steps of:

a. providing a spectroscopic ellipsometer system

comprising:

a source of polychromatic electromagnetic

radiation;

a polarizer which remains fixed in position
during data acquisition;

a stage for supporting a sample system;

an analyzer which remains fixed in position

during data acquisition; and
a multi-element spectroscopic detectoxr system;

said spectroscopilc ellipsoneter system further
comprising at least one means for discretely,
sequentially, step~-wise modifying a polarization
state of a beam of electromagnetic radiatlion provided
by said source of polychromatic electromagnetic
radiation through a plurality of polarization states,
said means for discretely, sequentially, step-wise
modifying a polarization state of a bean of
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electromagnetic radiation provided by sald source of
polychromatic electromagnetic radiation through a
plurality of polarization states being present at at
least one location selected from the group consisting
of:

between said polarizer and sald stage for
supporting a'sample system; and

betveen sald stage for supporting a sample
system and said analyzer;

and positioned so that said beam of electromagnetic
radiation transmits therethrough in use; said at
least one means for discretely, sequentially,
step~wise wmodifying a polarization state of a beam of
electromagnetic radiation being held fixed iIn
positiQn during data acguisition;

said method further comprising, in any functional
order, the steps of:

b. for each of at 1least two ellipsometrically
distinguished sample systems, obtaining at least one
multi-~dimensional data set{s) comprising intensity as
a function of wavelength and a function of a
plurality of discrete settings of said at least one
means for discretely, sequentiaily, modifying a
polarization state of a beam of electromagnetic
radiation provided by saild source of polychromatic
electromagnetic radiation;

c. providing & mathematical model of the
ellipsometer system, including provision fox
accounting for the settings of sald at least one
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means for discretely, sequentially, step-vise
modifying a polarization state of a beam of
electromagnetic radiation provided by said source of
polychromatic electromagnetic radiation utilized in
step b; and

d. by simultaneous mathematical regression onto
said data sets, evaluating parameters in said
mathematical model, including polarization state

. changing aspects of each of said plurality of

discrete settings of said at 1least one means for
discretely, sequentially, modifying a polarization
state of a beam of electromagnetic radiation ézovided
by said source of polychromatic electromagnetic
radiation;

in which the step of providing a means for
discretely, sequentially, step-wise modifying a
polarization state of a beam of electromagnetic
radiation provided by said souxrce of polychromatic
electromagnetic radiation through a plurality of
polérization states, involves providing at least one
compensator means that changes the phase angle
between oxrthogonal components of said electromagnetic
beam of radiation provided by said source of
polychromatic electromagnetic radiation as it is
rotated.

18. A method  of operating &  spectroscopic
ellipsometer system as in Claim 17, in which the step
of providing a means for discretely, sequentially,
modifying a polarization state of a bheam of
electromagnetic radiation provided by said source of
polychromatic electromagnetic radiation through a
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plurality of polarization states, involves providing

at least one selection from the group consisting of:
a single eélement compensator;

a compensator comprised of at least two per se.
zero-order wvaveplates (MOA) and (MOB), said per se.
zero-order waveplates (MOA) and (MOB) having their
respective fast axes rotated to a position offset
from =zero or ninety degrees with respect to one
another, with a nominal value being forty~§ive

degrees;

a compensator comprised of a combination of at least
a first (z01l) and a secénd (Z02) effective zero-order
wave plate, sald first (ZOl) effective zZero-order
vave plate being comprised of two mnultiple order
waveplates (MOAl) and (MOBl) which are combined with-
the fast axes thereof oriented at a nominal ninety
degrees to one another, and said second (Z02)
effective zero-order wave plate being conprised of
two multiple order waveplates (MOA2) and (MOB2) which
are combined with the fast axes thereof driented at a
nominal ninety degrees to one another; the fast axes
(FAARZ) and (FAB2) of the multiple order waveplates
(MOAZ): and (MOB2) in said second effective
zero-order wave plate (Z02) being rotated to a
position at a nominal forty-five degrees to the fast
axes (FAAl) and (FABl), vrespectively, of the
multiple oxder waveplates (MOAl) and (MOBl) in said
first effective zero-order wvaveplate (z0l);

a compensator comprised of a combination of at least
a first (Z0l) and a second (Z02) effective zero-~order
wave plate, said first (z0l) effective =zero-order

PCT/US2006/026928
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wave plate being comprised of two multiple order
waveplates (MOR1l) and (MOB1) which are combined with
the fast axes thereof oriented at a nominal ninety
degrees to one another, and said second (Z02)
effective zero-order wave plate being comprised of
two multiple order waveplates (MOA2Z) and (MOB2)
which are combined with the fast axes thereof
oriented at a nominal ninety degrees to one another;
the fast axes (FAA2) and (FAB2) of the nultiple order
waveplates (MOA2) and (MOB2) in said second
effective zero-order wave plate (zZ02) being rotated
to a position away from zero or ninety degrees with
respect to the fast axes (FAAl) and {FAB1),
respectively, of the multiple order vaveplates
(MOAL} and (MOB1l) in said first effective zero-order
waveplate (Z01);

a compensator comprised of at least one zero—-order
waveplate, ((MOA) or (MOB)), and at least one
effective zero-order waveplate, ((Z02) or (Z01)
respectively), said effective zero-order vave plate,
((202) or (z01)), being comprised of two multiple
order vaveplates which = are combined with the fast
axes thereof oriented at a nominal ﬁinety degrees to
one another, the fast axes of the multiple order
vaveplates in said effective zero-order wave plate,
((202) or (z01)), being rotated to a position avay
from zero or ninety degrees with respect to the fast
axis of the zero-order waveplate, ((MOA) or {MOB)};

a& compensator system comprised of a first triangular
shaped element, which as viewed - in side elevation
presents with first and second sides which project
to the left and right and downvard from an upper
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point, which £first triangular shaped element first
and second sides have reflective outer surfaces; said
retarder system further comprising a second
triangular shaped element which as viewed in side
elevation presents with first and second sides which
prodect to the left and right and déwnward from an
upper point, said second triangular shaped element
being made of material which provides reflective
interfaces on first and second sides inside thereof;
said second triangular shaped element being oriented
with respect to the first triangular shaped element
such that the upper point of said second triangular
shaped élement is oxriented essentially vertically
directly above the upper point of said first
triangular shaped element; such that in use an input
electromagnetic beam of radiation caused to approach
one of said first and second sides of said first
triangular shaped element along an essentially
horizontally oriented locus, is caused to externally
reflect from an outer surface thereof and travel
along a locus which is essentially upwaxdly
vertically oriented, then enter said second
triangular shaped element and essentially totally
internally reflect from one of said first and second
sides thereof, then proceed along an essentially
horizontal locus and essentially totally internally
reflect from the other of said first and second sides
and proceed along an essentially downwvard vertically
oriented locus, then externally reflect £rom the
other of said first and second sides of said first
triangular shaped elements and proceed along an
essentially horizontally oriented locus which is
undeviated and undisplaced from the essentially
horizontally oriented locus of said input beam of
essentially horizontally oriented electromagnetic
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radiation; with a result being that retardation is
entered between orthogonal compeonents of said input
electromagnetic beam of radiation;

a conpensator system comprised of, as viewed in
upright side elevation, first and second oxientation
adjustable mirrored elements  which each  have
reflective surfaces; saild compensator system further
comprising a third element which, as viewed in
upright side elevation, presents with first and
second sides which project to the left and right and
downward from an upper point, said third element
being made of material which provides zreflective
interfaces on first and second sides inside thereof;
said third element being oriented with respect to
said first and second orientation adjustable mirrored
elements such that in use an input electromagnetic
beam of radiation caused to approach one of said
first and second orientation adijustable wirrored
elements along an essentially horizontally oriented
locus, is caused to externally reflect therefrom and
travel along a locus which is essentially upwardly
vertically oriented, then enter said thizxd element
and essentially totally internally reflect from one
of sald first and second sides thereof, then proceed
along an essentially horizontal locus and essentially
totally internally reflect from +the other of said
first and second sides and proceed along an
essentially dovwnward vertically oriented locus, then
reflect from the other of said first and second
orientation adjustable mirrored elements and proceed
along an essentially horizontally oriented
propagation direction locus which 1is essentially

undeviated and undisplaced from the essentially
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horizontally oriented propagation dizrection locus of
said input beam of essentially horizontally oriented
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components
of said input electromagnetic beam of radiation;

a compensator system comprised of =& parallelogram
shaped element which, as viewed in side elevation,
has top and bottom sides parallel to one another,
both said top and bottom sides being oriented
essentially horizontally, said retarder system also
having right and left sides paralliel to one anothex,
both said right and left sides being oriented at an
angle to horizontal, said retarder being made of a
material with an index of refraction greater than
that of =a surrounding ambient; such that in use an
input beam. of electromagnetic radiation caused to
enter a side of said retarder selected from the group
consisting of:

right and left;

along an essentially horizontally oriented locus, is
caused to diffracted inside said retardér system and
follow a locus which causes it 'to essentially totally
internally reflect from internal interfaces of both
saild top and bottonm sides, and emerge from =said
retarder system from a side selected from the group
consisting of:

left and right respectively;
along an essentially horizontally oriented 1locus

which is undeviated and undisplaced from the
essentially horizontally oriented locus of said input
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bean of essentially horizontally oriented
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components
of sald input electromagnetic beam of radiation;

a compensator system comnprised of first and second

triangular shaped elements, said first triangular
shapéd element, as vieved in side elevation,
presenting with first and second sides which project
to the left and right and downward from an upper
point, said first trianqular shaped element further
comprising a third side which is oriented essentially
horizontally and which 1is continuous with, and
present below said first and second sides; and said
second ‘triangular shaped element, as viewed in side
elevation, presenting with first and second sides
vhich project to the left and right and upward from
an upper point, sald second triangular shaped element
further comprising a third side which is oriented
essentially horizontally and which is continuous
with, and present above said first and second sides;

‘said first and second triangular shaped elements

being positioned so that a rightmost side of one of
saild first and second triangular shaped elements is
in contact with a leftmost side of the other of said
first and second triangular shaped elements over at
least a portion of the lengths thereof; said first
and second trianqgular shaped elements each being made
of material with an index of refréction greater than
that of a surrounding ambient; such that in wuse an
input beam of electromagnetic radiation caused to
enter a side of a triangular shaped element selected
from the group consisting of: (first and second), not

in contact with said other triangular shape element,



10

15

20

25

30

WO 2008/008058

114

is caused to diffracted inside said retarder and
follow a locus which causes it to essentially totally
internally reflect £from internal interfaces of sald
third sides of each of said £first and second
triangular shaped elements, and emerge from a side of
said triangular shaped element selected £from the
group consisting of:

second and first;

not in contact with said other triangular shape
element, along an essentially horizontally oriented
locuz which is wundeviated and undisplaced from the
essentially horizontally oriented locus of said input
beam of essentially horizontally oriented
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components

of said input electromagnetic beam of radiation;

a compensator system comprised of & triangular shaped
element, which as viewed in side elevation presents
with first and second sides which project to the left
and right and downward from an upper point, said
retarder system further comprising a third side which
is oriented essentially .horizontally and which is
continuous with, and present below said £irst and
second sides; said retarder system being made of a
material with an index of refraction greater than
that of a surrounding ambient; such that in use a an
input beam of electromagnetic radiation caused to
enter a side of said retarder system selected from

the group consisting of:

first and second;

PCT/US2006/026928
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along an essentially horizontally oriented locus, is
caused to diffracted inside said retarder system and
follow a locus which causes it to essentially totally
internally reflect f£rom intexrnal interface of said
third sides, and emerge from said retarder from a
side selected from the group consisting of:

second and first respectively;

along an essentially horizontally oriented 1locus
which 1is undeviated and undisplaced from the
essentially horizontally oriented locus of said input
beam of essentially horizontally oriented
electromagnetic radiation; with a result being that
retardation is entered between orthogonal cowmponents

of said input electromagnetic beam of radiation;

a conmnpensator system comprised of first and second
Berek-type retarders which each have an optical axes
essentlially perpendicular to a surface thereof, each
of which first and second Berek-type retarders has a
fast axis, sald fast axes in said first and second
Berek-type retarders being oriented in an orientation

selected from the group consisting of:

parallel to one another; and

other than parallel to one another;

said first and second Berek-type retarders each
presenting with first and second essentially parallel
sides, and said first and second Berek-type retarders
being oriented, as viewed in side elevation, with
first and second sides of one Berek-type retarder
heing oriented other than parallel to first and

PCT/US2006/026928
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second sides of the other Berek-type zretarder; such
that in wuse an incident beam of electromagnetic
radiation is caused to impinge upon one of sald first
and  second Berek-type retarders on one side thereof,
partiglly transmit therethrough then impinge upon the
gsecond Bérek—type retarder, on one side thereof, and
partially transmit therethrough such that a polarized
beam of electromagnetic radiation passing through
both of said first and second Berek-type retarders
emerges from the second thereof in a polarized state
with a phase angle between orthogonal components
therein which is different than that in the incident
beam of electromagnetic radiation, and in a
propagation direction which is essentially undeviated
and undisplaced from the incident bhean of
electromagnetic radiation; with a result being that
retardation is entered between orthogonal components

of said input electromagnetic beam of radiation;

a compensator system comprised of first and second
Berek-type retarders which each have an optical axes
essentially perpendicular to a surface thereof, each
of which first and second Berek-type retarders has~ a
fast axis, sald fast axes in said first and second
Berek-type retarders being oriented other than
parallel to one another; said first and second
Berek-type retarders each presenting with first and
second essentially parallel sides, and said first and
second Berek-type retarders being oriented, as viewed
in side elevation, with first and second sides of one
Berek-type retarder being oriented other than
parallel to first and second sides of the other
Berek-type retarder; such that in use an incident
bean of electromagnetic radiation is caused to

impinge upon one of said first and second Berek-type
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retarders on one side thereof, partially transmit
therethrough then impinge upon the second Beiek—type
retarder, on one side thereof, and partially transmit
therethrough such that a polarized beam of
electromagnetic radiation passing through both of
said first and second Berek-type retarders emerges
from the second thereof in a polarized state with a
phase angle between orthogonal components therein
which 1s different than that in the incident beam of
electromagnetic radiation, and in a propagation
direction which is essentially undeviated and
undisplaced from the incident beam of electromagnetic
radiation, said spectroscopilc ellipsometer/
polarimeter system further comprising third and forth
Berek-type retarders which each have an optical axes
essentially perpendicular to a surface thereof, each
of which third and forth Berek-type retarders has a
fast axis, said fast axes in said third and forth
Berek-type retarders being oriented othexr than
pafallel te one another, saild third and forth
Berek-type retarders each presenting with first and
second essentially parallel sides, and said third and
forth Berek-type retarders being oriented, as viewed
in side elevation, with first and second sides of one
of said third and forth Berek-type retarders being
oriented other than parallel to first and second
sides of said forth Berek-type retardexr; such that in
use an incident beam of electromagnetic radiation
exiting sald second Berek-type retarder is caused to
impinge upon said third Berek-type retarder on one
side thereof, partially transmit therethrough then
impinge upon said forth Berek-type retarder on one
side thereof, and partially transmit therethrough
such that a polarized beam of electromagnetic

radiation passing through said first, second, thizxd
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and forth Berek-type retarders emerges from the forth
thereof in a polarized state with a phase angle
between orthogonal conponents therein wvhich is
different  than that in the incident beam of
electromagnetic radiation caused to impinge upon the
first side of said first Berek-type refardex, and in
a direction which Iis essenﬁially undeviated and
undisplaced from said incident beanm of
electromagnetic radiation; with a result being that
retardation 1is entered between orthogonal components

of said input electromagnetic beam of radlation;

a compensator system compxised of first, second,
third and forth Berek-type retarders which each have
an optical axes essentially perpendicular td a
surface thereof, each of which £first and second
Berek-type retarders has a fast axis, said fast axes
in sald first and second Berek-type retarders being
oriented essentially parallel to one another; said
first and second Berek-type retarders each presenting
with first and second essentially parallel sides, and
said first and second Berek-type retarders being
oriented, as viewed in side elevation, with first and
second sides of one Berek-type retarder being
oriented other than parallel to £first and second
sides of the other Berek-type retarder; such that in
use an incident beam of electromagnetic radiation is
caused to impinge upon one of said first and second
Berek-type retarders on one side thereof, partially
transmit therethrough then impinge upon the second
Berek-type retarder, on one side thereof, and
partially transmit therethrough such that a polarized
beam of electromagnetic radiation passing through
both of said first and second Berek-type retarders

emerges from the second thereof in a polarized state
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with a phase angle between orthogonal components
therein which is different than that in the incident
bean of electromagnetic radiation, and in a
propagation direction which is essentially undeviated
and undisplaced from the incident beanm of
electromagnetic radiation; each of which third and
forth Berek-type retarders has a fast axis, said fast
axes in said third and forth Berek-type retardexs
being oriented essentially parallel to one another
but other than parallel to the fast axes of said
first and second Berek-type retarders, said third and
forth Berek-type retarders each presenting with first
and second essentially parallel sides, and said third
and forth Berek-type retarders being oriented, as
viewed in side elevation, with first and second sides
of one of said third and foxrth Berek-type retarders
being oriented other than parallel to £flrst and
second sides of said forth Berek-type retarder; such
that in wuse an incident beam of electromagnetic
radiation exiting said second Berek-type retarder is
caused to impinge upon said third Berek-type retarder
on one side thereof, partially transmit therethrough
then impinge upon sald forth Berek-type retarder on
one side thereof, and partially transmit therethrough
such that a polarized beam of electromagnetic
radiation passing through said first, second, third
and forth Berek-type retarders emerges from the forth
thereof in a polarized state with a phase angle
between orthogonal components therein which is
different than that in the incident beam of
electromagnetic radiation caused to impinge upon the
first side of saild first Berek-type retarder, and in
a direction which 1s essentially undeviated and

undisplaced from said incident beam of
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electromagnetic radiation; with a result being that
retardation is entered between orthogonal components

of said input electromagnetic beam of radiation.

19. A method of operating a spectroscopic
ellipsometer system as in Claim 17, in which the step
b. obtéining of at least one multi-dimensional data
set{s) comprising 1intensity as a function of
wavelength and é function of a plurality of discrete
settings of said at least one means for discretely,
sequentially, wmodifying a polarization state of a
beam of electromagnetic radiation provided by said
source of polychromatic electromagnetic radiation for
each of at least two ellipsometrically distinguished
sample systems, involves obtaining data from at least
as many‘ sample systems as are utilized discrete
settings of said at least one means for discretely,
sequentially, modifving a polarization state of a
beam of electromagnetic radiation pﬁovided by said

source of polychromatic electromagnetic radiation.

20. A method of operating a spectroscopic
ellipsometer system as in Claim 17, in which the step
of providing a spectroscopic' ellipsometer system
further comprises providing a reflectometer

in a combination with the ellipsometer system, said
combination comprising a spectroscopic
reflectometer/ellipsometer system Dbeing configured
such that a polychromatic beam of electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation éan be directed to intexact
with a sample system present on said stage forx
supporting a sample system without any polarization
state being imposed thereupon; and such that a

polychromatic beanm of electromagnetic radiation
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provided by said source of  polychromatic
electromagnetic radiation can be, optionally

simultaneously, directed to interact with a sample
system present on said stage for supporting a sample
systém after a polarization state has been imposed

thereupon.

21. A method of operating a spectroscopic
ellipsometer system as in Claim 20 in which the step
of providing a polychromatic beam of electromagnetic
radiation without any polarization state heing
imposed thereupon which-is directed to interact with
a sanple system present on said stage for supporting
a sample system, is caused to approach said sample
system at a neaxr ‘normal angle-of-incidence; ’ and
wvherein a polychromatic beamr of. electromagnetic
radiation provided by said source of polychromatic
electromagnetic radiation wupon which a polarization
state has been imposed, is directed to interact with
a sample system present on said stage foxr supporting
a éémple system at an angle near the Brewstex angle

of the sample system.

22, A method of °~ operating a spectroscopic
ellipsometér system as in claim 21, in which at least
one of s2aid polychromatic beam of electromagnetic
radiation'provided byfﬁaid. source of polychromatic
electromagnetic xadiétion ‘upon which is, or is not,
imposed a polarization staté, is directed to-interact
with a sample system present on said stage for
supporting a sample system via a fibex optic means.

23. & method of operating a spectroscoplc
ellipsometer system as in Claim 17, in vhich the step
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of providing a polychromatic beam of electromagnetic
radiation comprises providing an output beam of
polychromatic electromagnetic radiatlion which has a
relatively broad and flattened infensity vs.
wavelength characteristic over a wavelength spectrum
for use in sald present invenfion systems, sald
output beam of polychromafic electromagnetic
radiation substantially be a comingled composite of a
plurality of input beans of polychromatic
electromagnetic radiation which individually do not
provide as relatively broad and flattened a intensity
vs. wavelength characteristic over saild wavelength
spectrum, as does saild output comingled composite
beam of polychromatic electromagnetic radiation, sald
system for providing an outpﬁt beam of polychromatic

electromagnetic radiation which has a relatively

broad and flattened intensity vSs. wavelength
characteristic over a wavelength spectrum
comprising:

a. at least a first and a second source of

polychromatic electromagnetic radiation; and

b. at least a first electromagnetic beanm

combining means;

said at least a first electromagnetic beam
combining means being positioned with respect to
said first and second sources of polychromatic
electromagnetic radiation 'such that a beam of
polychromatic electromagnetic radiation from sald
first source of polychromatic electromagnetic
radiation passes through said at least a first

electromagnetic beam combining means, and such
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that a beam of polychromatic electromagnetic
radiation from said second source of
polychromatic electromagnetic radiation reflects
from said at least a first electromagnetic bean
combining means and is comingled with said bean
of polychromatic electromagnetic radiation Erom
said first souxrce of polychromatic
electromagnetic radiation which passes through
said at least a first electromagnetic beam
combining means, said resultant beam of
polychromatic electromagnetic radiation
substantially being saild output beam of
polychromatic electromagnetic radiation which has
a relatively broad and flattened intensity vs.
wavelength over a wavelength spectrum, comprising
said comingled composite of a plurality of input
beams of polychromatic electromagnetic radiation
which individually do not provide such =a
relatively broad and flattened Intensity vs.
wavelength over a wavelength spectrum

characteristic.

24, A spectroscopic ellipsometer system as in Claim

1,

in which electromagnetic radiation from or to at

least one selection from the group consisting of:

the source of polychromatic electromagnetic
radiation; and

the multi-element spectroscopic detector
system;

ig via £iber optics.
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broviding a spectroscopic ellipsometer system comprising:
a source of polychromatic electromagnetic radiation;
a polarizer wvhich remains fixed in position during
data acquisition;
a stage for supporting a sample system;
an analyzer which remains fixed in position during
data acguisition; and
a detector system;
aid spectroscopic ellipsometer system further comprising at
least one means for discretely, sequentially, progressively
odifying a polarization state of a beam of electromagnetic
radiation provided by said source of polychromatic
lectromagnetic radiation through a plurality of
polarization states, said means being present at at least
one location selected from the group consisting of:
between said polarizer and said stage for
supporting a sample system; and
between said stage for supporting a sample
system and said analyzer.

ample systems, obtaining at least one multi-dimensional
ata set(s) comprising magnitude as a function of wavelength
nd a function of a plurality of discrete settings of said

least one means for discretely, seguentially,
rogress;vely modifying a polarization state of a beam of
lectromagnetic radiation provided by said source of

each of at 1least two ellipsometrically distinguished
e
clychromatic electromagnetlc radiation.

ncludlng provision for accounting for the settings of said

least one means for discretely, sequentially,
rogxe551vely modifying a polarization state of a beam of
lectromagnetic radiation provided by said source of

roviding a mathematical model of the ellipsometer system,
i
aolychromatic electromagnetlc radiation.

valuating parameters in said mathematical model, including
oclarization state changing aspects of each of said
lurality of discrete settings of said at least one means
for discretely, seguentially, progressively modifying a
olarization state of a beam of electromagnetic radiation
rovided by said source of polychromatic electromagnetic

y simultaneous mathematical regression onto said data sets,
adiation.
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