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(57) Abstract: An  interferometric
ellipsometer (100) for measuring ellipsometric
parameters of a sample. The ellipsometer
comprises a light source (12) that is arranged to
direct a light beam (14) onto the sample (16) for
reflection. An interferometer (20) is arranged
to receive and split the reflected light beam
(18) from the sample (16) into two beams, one
split beam (26) being modified by an optical
system to generate a reference beam (30) that
has p- and s-polarisations with a common
phase and with a fixed relative amplitude and
which is recombined with the remaining split
beam (24) to generate an output beam (42)
having temporal p- and s-fringes. An output
detector (44) is arranged to detect the output
beam (42) and output signals representing
the p- and s-components of the output beam
from which the ellipsometric parameters of the
sample (16) can be determined.
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AN INTERFEROMETRIC ELLIPSOMETER
FIELD OF THE INVENTION

The present invention relates to an ellipsometer for performing optical measurements on a

sample, such as ellipticity measutements.
BACKGROUND TO THE INVENTION

Ellipsometers are very widely used in industry and ‘research to, amongst other things,
measute and control the deposition of thin coatings on semi-conductor wafers and optical
components. They do this by measuring the el]iptidty of polarized light after reflection
from a sample. Commercial ellipsometers ate mostly based on one of three rmethods:

polatisation modulation, a rotating component ot nulling.

Typically, the ellipsometers are arranged to measute the ellipsometric angles y and A,

defined as:
r r
tany = gpg A= arg(——‘-’—j
rS rS
where 7, and 7 are the amplitude Fresnel teflection coefficients of a sample for p- and s-

polarized light, fespectively. A number of techniques can be used within commetcial
ellipsometets to measure these angles, including: nulling, rotating element (usually .a

polatiser or a waveplate) or polarisation modulation[1].

Interferometric based ellipsometers have also been proposed. For example, Hazebroek and
Holscher proposed an interferometric - ellipsometer [2] that is based on a2 modified
Michelson interferometer and requires a double reflection of the light by the sample in the
measutement arm. At the intetferometer output, a Wollaston ptism separates the beam into
its p- and s-polarized components before detection by a pait of photodetectots. Temporal
fringes ate generated at the photodetectors by driving a corner cube reflector in the
reference arm at a constant speed via an electromechanical driver. This design has two

disadvantages: the rate at which data may be acquited is severely limited by the
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electromechanical driver and the double reflection from the sample causes the fringe
amplitude to be proportional to |7,|* and |7 For weakly reflecting samples, this results
in small amplitude fringes with consequent difficulty of detection and decreased signal-to-
noise ratio. Improvements [3] have been proposed to this design, including modifications
to the signal processing and the addition of optical components to allow reflectometry, but
the basic instrument retains the modified Michelson intetferometer, mechanical scanning

and the double reflection from the sample.

Other designs based on the basic modified Michelson intetferometer approach have also

been proposed. For example, Wind and Hemmes [4, 5] proposed a design called the “Le

" Poole configuration” in which a Zeeman-split two frequency laser is utilised. This

configuration obviates the need for mechanical scanning and allows much faster data
acquisition since the two frequencies of the laser can differ by a few MHz. Alternatively, it
has been recognised that one can apply a small modulation cutrent to a semiconductor
laset diode which causes the laser wavelength to vary slightly [6] and this, together with an
interferometer with unbalanced arms, can be used to ctreate a heterodyne interferometric
ellipsometer [7, 8, 9, 10]. Both approaches create insttuments that have the advantages of
rapid data acquisition, no moving parts and inexpensive, compact optical sources. As an
alternative to directly modulating the laser diode, or using a two frequency laser, it has been
recognised that one can generate the necessary frequencies via acousto-optic modulators
[11] in a design similar to the “Le Poole” configuration. These alternative approaches that
exploit the basic modified Michelson interferometer design all still require a double

reflection of the measurement beam by the sample.

The ellipsomettic parameters of transparent ot semi-transparent films can be determined 1n
a modified Mach-Zehnder interferometer in which oﬁe reflection from, and one
transtission through, the film are used to generate signals from which the film parameters
may be infetred [12,13, 14, 15]. The difficulty with this approach is that the substrate must
obviously be transparent as well, which greatly restricts the applicability of the design. In
addition, since the sample itself is used as one of the beam splitters in the interferometer (at
45° angle of incidence), it is inconvenient to rotate the sample to access different.an‘g';les c'>f

incidence.
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A two beam interferometer based on a Koster prism beam splitter has been proposed in
[16]. It operates at normal incidence and is capable of measuring the thickness of opaque
films and the thickness and refractive index of transparent films. It does not measure the
ellipsometric angles, but rather relies on measuring phase shifts associated with
transmission through the substrate alone and the film plus substrate to determine the film
parameters. As such, it does not constitute a true ellipsometer. A variety of other schemes
have been proposed that allow the.measurement of thin films at atbitrary angles of
incidence (17] with the Késter 'prigm beam splitter. However, all of the proposed
instruments require a double reflection from the sample in the measurement of A and, in
addition, requite the substrate to be partially covered in order’ to provide a reference
surface. Furthermore, the proposed methods do not measure i, but rather rely on a
modest rearrangement that enables the intensity reflection (or transmission) coefficients to

be measured directly.

In this specification whete reference has been made to patent specifications, other external
documents, or other sources of information, this is generally for the purpose of providing a
context for discussing the features of the invention. Unlesé specifically stated otherwise,
reference to such external documents is not to be construed as an admission that such
documents, or such soutces of information, in any jurisdiction, are priot att, or form part

of the common general knowledge in the art.

It is an object of the present invention to provide an improved interferometric ellipsometer
that can be utilised for measuting ellipsometric parameters of a sample, or to at least

provide the puB]ic with a useful choice.
SUMMARY OF THE INVENTION

In a first aspect, the present invention broadly consists in an interferometric ellipsometer
for measuring ellipsometric parameters of a sample, comptising: a light source that is
arranged to direct a light beam onto the sample for reflection; an interferometer that is
arranged to receive and split the reflected light beam from the sample into two beams, one
split beam being modified by an optical system to generate a refetence beam that has p-
and s-polarisations with 2 common phase and with a fixed relative amplitude and which is

recombined with the remaining split beam to generate an output beam having temporal p-
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and s-fringes; and an output detector that is arranged to detect the output beam and output
signals representing the p- and s-components of the output beam from which the

ellipsometric parametets of the sample can be determined.

In one form, the interferometer may comprise: an input beam splitter that is arranged to
split the reflected light beam from ‘the sample into two beams; a measurement arm
following the input beam splitter down which one split beam travels; a reference arm
following the input beam splitter down which the other split beam travels, the reference
arm having an optical system that is arranged to modify the split beam into a reference
beam that has p- and s-polarisations with common phase and fixed relative amplitude; and
an output beam splitter that is arranged to combine the split beam from the measutement
arm and the teference beam from the reference atm to genétate an oufput beam having

temporal p- and s-fringes.

Preferably, the optical system of the reference arm of the interferometer may compzise a
first polariser having its transmission axis at approximately 45° with respect to the plane of

incidence.

Additionally, the optical system of the reference arm of the interferometer may further
comptises a second polariser priot to the first polariser in the reference atm, the second
polatiser having its transmission axis at approximately 90° or 0°. Preferably, the optical
system of the reference arm may comptise a wave plate between the first and second
polatisets in the reference arm that is arranged to rotate the polatization of the split beam
in the reference atm to provide enhanced fringe visibility in the output beam of the

intetferometer. More preferably, the wave plate is 2 half- or quarter-wave plate.

Preferably, the reference atm of the interferometer may comptise one ot mote reflecting
surfaces that guide the split beam of the reference arm from input beam splitter, through
the optical system of the reference arm, to the output beam splitter. By way of example, the

reflecting sutfaces may be mirrors or the like.

Preferably, the measurement arm of the interferometer comprises oné or more reflecting

sutfaces that guide the split beam of the measurement arm from the input beam splitter to
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the output beam splittet. By way of example, the reflecting surfaces may be mirrors or the

like.

In an alternative form, the interferometer may comptise: a beam splitter that is arranged to
split the reflected light beam from the sample into two beams; and a teference arm
following the beam splitter down whith one split beam travels, the reference arm having an
optical S}.rstern that is arranged to modify the split beam into a reference beam that has p-
and s-polarisations with common pha§e and fixed relative amplitude, the reference arm also
being arranged to ditect the teference beam back into the beam splitter for recombining

with the other split beam to genetate an output beam having temporal p- and s-fringes.

Preferably, the optical systei of the reference arm of the interferometer may comptise a

polariser having its transmission axis at approximately 45° with respect to the plane of-

incidence.

Preferably, the reference arm of the intetferometer may comprise an arrangement of
reflecting surfaces that guide the split beam of the reference arm from beam splitter,
through the optical system of the reference arm, and back to the beam splitter. By way of

example, the reflecting surfaces may be mitrots.

Alternatively, the reference arm of the interferometer tnay comptise an arrangement of
reflecting corﬁponents that guide the split beam of the reference arm from beam splitter,
through the optical system of the reference arm, and back to the beam splitter. By'way of
example, the reflecting components may be seiected from any one or more of the

following: mittots, cotner cube reflectors, and prisms.

In one form, the interferometric ellipsometer may further comptise a’ time-varying
component that is arranged to create a time-varying difference between the split beams of
the measurement and reference arms to thereby generate an output beam having temporal
fringes at the output of the interferometer. The time-varying component may be provided
at the light source. For example, the time-varying component may be a modulation
component in the light soutce that is atranged to modulate the wavelength of the light

beam directed at the sample to thereby create the time-varying difference. Alternatively,
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the time-vatying component may be provided in either arm of the interferometer. For
example, the time-varying component may be a mechanical scanning device that is
mounted to a reflecting sutface in either of the measurement or reference arms of the
interferometer, the mechanical scanning device being atranged to translate in a linear
fashion at a constant speed to thereby create the time-varying difference m the split beam

travelling in that that arm.

In another form, the interferometric eijsometef may further comprise a frequency-
shifting component that is arranged to create a frequency-difference between the split
beams of the measurement and reference arms to' theteby generate an output beam
heterodyne signal having temporal fringes at the output of the interferometer. For
example, the frequency—shifting component may be an acousto-optical or electro-optic
modulator provided in either of the reference or measurement atms of the interferometet,
the acousto-optical modulator being arranged to shift the source frequency of the split
beam in that arm theteby generating a frequency difference for creating an output beam

heterodyne signal with temporal fringes at the output of the interferometer.

In one form, the light soutce may be arranged to genetate a light beam that has a
wavelength falling within any of the following bands: ultraviolet, visible, near infrared, or
infrared. In another form, the light source may be atranged to generate a broadband light

beam to enable spectroscopic measurements of the ellipsometric patameters.

Preferably, the output detector comprises: 2 Wollaston prism ot a polatising beam splitter
cube for separating the output beam from the interferometer into its p- and s-component
beams; and first and second optical detectors that are arranged to sense the respective p-
and s-component beams and generate output signals representing the amplitude and phase
of the p- and s-components of the output beam. Mote preferably, the opticai detectors are

photodetectors.

Preferably, the interferometric ellipsometer further comprises a control system that is
arranged to receive and process the p- and s-component signals from the output detectot
to thereby generate ellipsometric parameters from which physical properties of the sample

specimen can then be determined.
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In a second aspect, the present invention broadly consists in a method for measuring the
ellipsometric parametets of 2 sample comprising the steps of: directing a light beam onto
the sample for reflection; splitting the reflected light beam from the sample into two
beams; modifying one of the split beams with an optical system to generate a reference
beam having p- and s-polatisations” with common phase and fixed telative amplitude;
recombining the reference beam with the remaining split beam to generate an output beam
having temporal p- and s-fringes; detecting the p- and s-components of the output beam;
and generating signals representing the p- and s-components of the output beam fro.m

which the ellipsomettic parameters of the sample can beé determined.

In one form, the step of directing a light beam onto the sample for reflection may comprise
directing light that has a wavelength falling within any of the following bands: ultraviolet,
visible, near infrared, or infrared. In another form, this step may comprise directing

broadband light to enable spectroscopic measutements of the ellipsomettic patameters.

Preferably, the step of splitting the reflected light beam frol;n the sample into two beams
may comprise providing an input beam splitter in the path ’of the reflected light beam.
Mote preferably, the step further comptises prroviding a measurement arm down which one
split beam (the measurement beam) travels and a reference arm down which the other split
beam travels, the reference arm having an optical system that is arranged to modify the
split bearﬁ into a reference beam that has p- and s-polarisations with common phase and

fixed relative amplitude.

Preferably, the step of modifying one of the split beams into a reference beam may
comprise providing an optical system in the path of the split beam that comprises any one

or morte of the features defined in respect of the first aspect of the invention.

Preferably, the step of recombining the teference beam with the remaining split beam to
generate an output beam having temporal p- and s-fringes may comprise providing an

output beam splitter in the path of the beams.
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Preferably, the method further comprises the step of either generating a time-varying
difference between the split beams of the measurement and reference arms such that the
output beam has temporal fringes when the beams ate recombined, or alternatively
generating a frequency-difference in the beams of either the reference or measurement
arms such that the output beam heterodyne signal has temporal fringes when the beams are
récombined. In one form, the time-varying difference may be generated by operating a
mechanical scanning ot translation device to time-vaty either of the beams in either of the
arms. In an alternative form, the time-varying difference may be generated by modulating
the wavelength of the light beam that is directed onto the sample for reflection. In one
form, the frequency-difference may be generated by dper;u-jng an acousto-optic modulator
in either of the measurement or reference arms to shift the source frequency of the split

beam of that arm to generate the frequency-difference.

Preferably, the steps of detecting the p- and s-components of the output beam and
generating signals representing the p- and s-components may compzise providing an output
detector having any one or more of the features defined in respect of the first aspect of the

invention.

Preferably, the method may further comprise the step of processing the p- and s-
component signals to generate ellipsometric parameters, for example the ellipsometric
angles ¥ and A, from which physical properties of the sample specimen can then be

determined.

In a third aspect, the present invention broadly consists in an interferometric ellipsometer
for measuring ellipsometric parameters of a sample, comprising: a light soutce that is
arranged to direct a light beam onto the sample for reflection from the sample once; an

mnterfetometer that is arranged to receive and modify the single reflected light beam from
the sample into an output beam having temporal p- and s-fringes; and an output detector
that is arranged to detect the output beam and output signals representing the p- and s-
components of the output beam from which the ellipsometric parameters of the sample

can be determined.
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The third aspect of the invention may comprise any one ot more of the features mentioned

above in respect of the first aspect of the invention.

In a fourth aspect, the present invention broadly consists in 2 method for measuring the
ellipsometric parameters of a sample comprising the steps of: directing a light beam onto
the sample for reflection from the’ sample once; providing an interferometer that is
arranged to receive and modify the single reflected light beam from the sample into an
output beam having temporal p- and s-fringes; detecting the p- and s-components of the
output beam; and generating signals representing the p- and s-components of the output

beam from which the ellipsometric parameters of the sample can be determined.

The fourth aspect of the invention may comprise any one. or mote of the features

mentioned above in respect of the second aspect of the invention.

In a fifth aspect, the present invention broadly consists in an interferometer for use in a
system for measuring ellipsomettic parameters of a sample, the interferometer being
arranged to: receive a light beam that has been reflected from the sample once; modify the
received light beam into an output beam having‘temporal p- and s-fringes; and output the

output beam.

Prefetably, the interferometer may be atranged to receive and split the reflected light beam
from the‘sarnple into two beams, one split beam being modified by an optical system to
generate a reference beam that has p- and s-polatisations with a common phase and with a
fixed relative amplitude and which is recombined with the remaining split beam to generate

the output beam having temporal p- and s-fringes.

The interferometer may comprise any one or more of the features desctibed in respect of
the interferometer of the interferometric ellipsometer of the first and/or third aspects of
the invention. Further, the intetferometer may further comprise or be coupled to one ot
mote of the other parts or components of the interfetometric ellipsometer of the first
and/or third aspects of the invention. By way of example only, the interferometer may
further comprise or be coupled to: a light source that is atranged to direct a light beam

onto the sample for reflection; and/or an output detector that is arranged to detect the
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output beam and output signals representing the p- and s-components of the output beam
from which the ellipsometric parameters of the sample can be determined. It will be
appreciated that the light source and/or output detector may have any one or more of the
features described in respect of the first and/or third aspects of the invention. Even
further, the interferometer may be a part or component of a system for measuring
ellipsometric parameters of a sample that has one or more of the features desctibed in
respect of the interferometric ellipsometer of the first and/or third aspects of the

invention.

In a sixth aspect, the present invention broadly consists in an interfetence method for
petforming on a light beam reflected from a sample once in a system for rnéasuring
ellipsometric parametets of that sample, the method cdmprising the steps of: receiving the
reflected light beam from the sample; modifying the received light beam into an output

beam having temporal p- and s-fringes; and outputting the output beam.

Preferably, the step of modifying the received light beam may comprise: splitting the light
beam into two beams; modifying one of the split beams with an optical system to generate
a reference beam having p- and s-polarisations with common phase and fixed relative
amplitude; and recombining the reference beam with the remaining split beam to generate

the output beam having temporal p- and s-fringes.

The interference method may comprise any one or more of the features desctibed in
respect of the interference steps of the method for measuring ellipsometric parameters of
the second and/or fourth aspects of the mvention. Further, the interference method mair
further cofnprise one ot mote of the other steps of the method for measuting ellipsomettic
patameters of the second and/or fourth aspects of the invention. By way of example only,
the interference method may further comprise the step(s) of: directing a light beam onto

the sample for reflection; and/or detec?ing the p- and s-components of the output beam;

. and/or generating signals representing the p- and s-components of the output beam from

which the ellipsomettic parameters of the sample can be determined. It will be appreciated
that these further steps may have any one or more of the featutes described in respect of
the second and/or fourth aspects of the invention. Even further, the interference method

may form an aspect of a system for measuring ellipsometric parameters of a sample that

10
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has one or motre of the features described in respect of the method for measuting

ellipsometric parameters of the second and/or fourth aspects of the invention.

The phrase “plane of incidence” as used in this specification and claims, unless the context
specifies otherwise, 1s intended to mean the plane that is spanned by the incident and

reflected beams of the sample and which contains the normal to the sutface of the sample.

The term “arm” as used in this specification and claims, unless the context specifies
otherwise, is intended to mean optical path or pathway along which a light beam travels.

The term “comprising” as used in this specification and claims means “consisting at least in
patt of”. When interpreting each statement in this specification and claims that includes
the term “comptising”, featutes other than that or those prefaced by the term may also be
present. Related terms such as “comprise” and “comprises” are to be interpreted in the

same manner.

The invention consists in the foregoing and also envisages constructions of which the

following giveé examples only.
BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention will be described by way of example only and with .

reference to the drawings, in which:

Figute 1 is a schematic diagram of a first preferred form of the interferometric
ellipsometer of the present invention; .

Figure 2 is a schematic diagram of a second prefetred form of the intetferometric
ellipsometer of the present invention;

Figute 3 is a schematic diagram of a third preferred form of the interferometric
cllipsometer of the present invention; ‘ |

Figure 4 is a schematic diagram of a fourth preferred form of the interferometric

cllipsometer of the present invention;

11
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Figure 5 is a schematic diagram of a fifth preferred form of the interferometric
ellipsometer of the present invention;

Figure 6 is a graph showing a comparison of expected ellipsometric angles and measured
ellipsometric angles obtained with an interferometric ellipsometer of the present invention
for a sample of silicon dioxide film on a silicon substrate;

Figure 7 is a graph showing a compatison of expected ellipsometric angles and measured
ellipsometric angles obtained with an interferometric ellipsometer of the present invention
for a sample of BK7 glass sample; and, |

Figure 8 is a graph showing the observed noise for a straight-through measurement of
ellipsomettic angles obtained with an interferometric ellipsometer of the present invention

for air with no sample present.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The present invention is an interferometric ellipsometer for measuting ellipsometric

. parameters of samples such as, for example but not limited to, semiconductor wafers and

optical components. It will be appteciated that other suitable specimens could also be
measured with the ellipsometer instrument. The ellipsometer only requites a single
reflection from the sample and this charactetistic makes it suitable for interrogating

samples having relatively low reflectivity 1n addidon to those having higher reﬁectivity.

At a broad level, the ellipsometer comptises a light source that is arranged to direct a light
beam at the sutface of the sample, an interferometer that receives and modifies the
reflected light beam, and an output detector that is arranged to detect and generate signals
reptesenting the p- and s-components of the polarised output beam from the temporal
fringes produced by the interferometer. The p- and s-component signals can then be
proceséed to extract ellipsometric parameters, such as the angles y and A, of the sample.
In one preferred form, the interferometer is arranged to split the teflected light beam into
two beams ot signals for its measurement and reference arms. The split beam of the
reference arm passes through an optical system to generate a reference beam which is then
tecombined with the temaining split beam of the measurement arm at the output of the
interferometer to produce a beam with temporal fringes. The fringes can give ditectly the

state of polatisation of the reflected light from the sample via interrogation of the p- and s-

12
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components of the output beam. The ellipsometer cteates the temporal fringes at the
output of the interferometer either by creating a time-varying difference between the
beams of the measurement and reference arms or by creating a heterodyne signal via a
frequency shifting component. The time-varying difference may be generated by a time-
varying component at the light source or in the interferometer. For example, the light
soutce may be modulated in wavelength or a mechanical scanning or translation device
may be ptrovided in the interferometer to time-vatry either beam of the measurement or
reference arms. The frequency differ;ence may be created by an acousto-optic ot electro-

optic modulator in either arm of the interferometer.
First preferred form interferometric ellipsometer

Referring to Figure 1, a first preferred form of the interferometric ellipsometer 100 will be
desctibed. The ellipsometer 100 includes a light source 12 that is arranged to direct an
incident light beam 14 onto the surface of a sample 16 that is being measured. The light
source 12 may be, for example, a laser or any other optical soutce for generating a light
beam. The light source 12 can be atranged to ditect light at any desited wavelength or
wavelengths in the electromagnetic specttum, including ultraviolet, visible, near infrared,
and infrared. The light beam 14 from the light source 12 incident on the sample 16 is
reflected once from the sample and the reflected light beam 18 is arranged to entet an
interferometer 20. The angle of incidence of the light beam 14 is detetmined by, for
example, ;1 goniometet 17 or other angle measurement device associated with the sample

16.

In the first preferred form, the intetferometer 20 is provided with a beam splitter 22 at the

' input that is arfanged to split the reflected light beam 18 into two beams 24 and 26.

Preferably, the beam splitter 22 is a neutral beam splitter that is non-polatising and is
arranged to split the reflected light beam 18 into two beams 24,26 having equal amplitude
components. Upon exiting the 'input beam splitter 22, split beam 24, known as the
measurement beam, is arranged to travel down the measurement arm of the interferometer
20 directly to an output beam splitter 28, which is also preferably a neuttal beam splitter
that is non-polarising. The other split beam 26 is arranged to travel down a reference arm

of the intetferometer 20. The reference arm of the interferometer 20 comprises an optical
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system having one ot more optical components that modify split beam 26 into a suitable,
reference beam 30 for recombining with the measurement beam 24 at the output beam
splitter 28 so as to produce an output beam 42 having polatization fringes repres'en{ative' of
the reflected beam 18 from the sample.

The optical system of the reference arm of the interferometer 20 will now be desctibed in
more detail. The optical component or components of the optical system are atranged to
generate a reference beam 30 hax'ring p- and s-components or polarisations that have a
common phase and a fixed relative -amplitude. The reference beam 30 has p- and s-
polarisations with a common phase and fixed relative amplitude so as to allow these
common factors to cancel out when calculating the ellipsometric angles from the ratio of
the p- and s-components of the output beam 42 after interference at output beam splitter
28. The optical system in the reference arm is arranged such that a suitable reference beam
having p- and s-polatisations with common phase and fixed relative amplitude can be
generated from split beam 26 from input beam splitter 22 irrespective of the sample 16. In
other wotds, the reference arm is arranged to generate a suitable reference beam having p-
and s-polarisations with common phase and fixed relative émplitude from the split beam

26, regardless of the polarisation of the reflected beam 18 from the sample.

By way of example, in the opfical system of the reference arm of interferometer 20, the
split beam 26 first encounters a first reflecting surface or component 36 that is atranged to
reflect or guide the beam toward a second reflecting surface or component 40. The
reflecting surfaces 36,40 may be mirrors or the like, and the mittors may be planar for
example. The split beam 26 is then reflected from the second mitror 40 through a

polatiser 38 and toward the output beam splitter 28. The polariser 38 is preferably oriented
with its transmission axis at approximately 45° with respect to the plane of incidence (the

reference plane), although this does not necessarily have to be accurately set and may be

varied to other angles if desired. It will be appteciated that the plane of incidence is the

. plane spanned by the incident 14 and reflected 18 beams and contains the normal-to the

surface of the sample 16.

In the first preferred form, the second mirror 40 is mounted or fixed to a translation or

scanning device, such as a piezoelectric transducer 41 or the like, that i§ atranged to
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translate in a linear fashion at a constant speed to generate a time-varying difference
between the beams 24,30 of the measurement and reference arms. This creates the
necessary heterodyne signal having temporal fringes in the output beam 42. It will be
appreciated that the first mitror 36 may alternatively be mechanically scanned by the
piezoelectric transducer if desired. Further, it will be appreciated that the split beam 24 in
the measurement arm may alternatively be time-vatied in a similar fashion in other
arrangements. In other altetnative forms, it will be appreciated that time-varying difference
between the beams or signals of i’neglsurement and reference arms may be provided by
modulating the laser wavelength of the light soutce 12. In other alternative forms, it-will be
appreciated that a suitable heterodyne signal may also be produced by placing an acousto-
optic or electro-optic modulator in one of the arms of the interferometer 20 to create a
frequency-difference via frequency-shifting. It will be appreciated that any other form of
heterodyne signal generating component or means could alternatively beé used in the

ellipsometer to create temporal fringes in the output beam.

As mentioned, the optical system in the reference arm. of the interferometer 20 is arranged
to modify the split beam 26 into a suitable reference beam 30 for recombining with the
measurement beam 24 to produce an output beam with fringes. As will be demonstrated

in the theory section of this specification below, the effect of the optical system in the

teference arm, when the polariser 38 is set at 45°, is to provide a polarised reference beam

|

where o is a complex term that is common to both the p- and s-polarisations of the

of the form:

reference beam 30. In other wotds, the amplitude and phase of the p- and s-polarisations
of the refetence beam 30 are common. The effect of the optical system in the reference

arm, when polatiser 38 is set at some arbitrary azimuthal angle P, is to provide a polarised

[cos P}
ay
sin P

reference beam of the form:
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In other words, the p- and s-polarisations of the reference beam 30 have a common phase

and fixed relative amplitude as previously mentioned.

As mentioned, a neutral beam splitter 28 is provided at the output of the interferometer 20.
The output beam splittér 28 1s arranged to combine split beam 24 (measurement beam)
from the measurement arm and the’ reference beam 30 from the reference arm imto an
output beam 42 having temporal p- and s-fringes. The ellipsometer 100 comprises an
output detector 44 that is atranged to detect the output beam 42 from the interferometer
20 and output signals 46 representing the p- and s-components of the output beam. These
can then be converted into digital signals for processing by, for example, a control system
such as a computer 48 or other programmable device or microprocessor, which rnéy form
patt of the control system of the ellipsometer. By way of example, the p- and s-component
signals, which represent the p- and s-fringes, may be processed to extract ellipsometric
patametets such as, for example, the ellipsometric angles y/ and A from which physical
froperties of the sample specimen 16 can be determined in a manner known to a skilled

person in the art.

In the preferred form, the output detector 44 may comprise a Wollaston prism 50 for
separating the polarised output beam 42 into its p- and s-components. It will be
appreciated that a polarising beam splitter cube or other optical compone;lt capable of
separating the output beam into its p- and s-components could alternatively be used
instead of the Wollaston prism 50. The p- and s-components of the light emanating from
the Wollaston prism 50 are then sensed by respective optical detectors, such as
photodetectors 52,54 or the like, that ére arranged to convert the p- and s-component light
beams into electrical output signals for processing. In the preferred form, the output
signals are converted by an analogue-to-digital converter into digital signals for processing
by a computer or other processor to generate the measured ellipsometric parameters of the

sample.

Other alternative forms of the interferomettic ellipsometer will now be described. Like
components ate referenced by like numerals. The alternative forms utilise modifed
interferometer designs relative to the first preferred form ellipsometer 100 but the light

source and output detector remain substantially the same. The alternative components
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mentioned in respective of the first preferred form may also be employed in the alternative

forms of the ellipsometer.
Second preferred form interferometric ellipsometer

The first preferred form of the ellipsometer 100 does not patticularly lend itself to
spectroscopic measurements with low. coherence soutces in view of the unbalanced nature
of the measurement and referehce_, arms of the interferometer 20. However, the
components of the interferometer frray be rearranged to balance the measurement and
teference arms as shown in the second preferred form' of the ellipsometer 200 of Figure 2

to produce an instrument that is bettet suited to spectroscopic wotk.

The second preferred form of ellipsometer 200 may employ a broadband light source 120
such as a light bulb or any other appropriéte broadband light source that is capable of
generating a broadband light beam 140 for directing at the sample 16. The interferometer
220 of the ellipsometer 200 is rearranged such that split beam 24 is guided via the first
reflecting surface 36 to the output beam splitter 28 in the measurement arm. Further, the
reference arm is modified such that split beam 26 is reflected from the second reflecting
surface 40 toward and through the polariser 384to the output beam splitter 28. As before,
the split -beam 26 is converted into the reference beam 30 after it passes through the
polariser 38. The reference beam 30 is then recombined with split beam 24 (measurement
beam) at £he output beam splitter 28. As shown, the second reflecting sutface 40, such as a
mirror or the like, is coupled to a piezo-electric transducer 41 to create the time-varying
difference between the beams of the reference and measurement beams. It will be
appreciated that the piezo-electtic transducer may alterhatively be coupled to the fitst
teflecting surface 36 in the measurement arm o that any other alternative means of
generating the necessary heterodyne signal mentioned in respect of the first prefetred form
may be used. With this interferometer 220 configuration, the refetence and measurement
arm are balanced with similar or .subst:'mtially equal optical path lengths and therefore the

ellipsometer 200 is more suited to spectroscopic work.

Third preferred form interferometric ellipsometer
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Referring to Figure 3, the third preferred form of the ellipsometer 300 comptises ‘a
modified interferometer 320 having fewer components than the first 100 and second 200

forms but with the same measurement functionality and principle of operation.

The interferometer 320 in the thitd preferred form comprises a single neutral input/output
beam splitter 280 that is arranged to ‘divide the light beam 18 reflected by the sample 16
into two equal split beams 24,26. The first split beam 24 (measutement beam) is reflected
directly toward the Wollaston prism 50 of the output detector 44. The second split beam
26 is guided through the polarisel" 38 and converted into the refetence beam 30. As before,
the polariser is preferably oriented at 45° with respect to the place of incidence. The
reference beam 30 is then redirected back toward the input/output beam splitter 24 by an

atrangement of reflecting surfaces or components.

In the preferred form, the reference beam 30 may first encounter an arrangement of two
sepetate reflecting surfaces 362,36b, such as mirrors or the like, that are arranged to reflect
the incoming reference beam 30 back toward the input/ output beam splitter 24 in a path
parallel to the inconﬁﬁg teference beam. For example, the two reflecting surfaces may be
otiented at right angles with respect to each other. In alternative forms, the reflecting
surfaces 36a,36b may be teplaced by a cotner cube reflector, prism, or aﬁy other suitable
reflecting arrangements or components. Once refected froth the reflecting surfaces
36a,36b, the reference beam 30 travels toward a second reflecting surface 40. The second
reflecting surface 40 is arranged to reflect the teference beam 30 into the input/output
beam splitter 24 for recombining with the measurement beam 24 to generate the output
beam 42 having temporal fringes for detection by the output detector 44. In the preferred
form, the first reflecting sutfaces 362,36b ate fixed or mounted to the piezpelecttic
transducer 41 to generate a time-vatying difference between the measurement and
teference beams 24,30 as before. However, it will be appreciated that the piezoelectric

transducer could be provided on the second reflecting surface 40 or that any of the other

- alternative forms mentioned for generating the necessary heterodyne signal Having

temporal fringes in the output beam 42 could be used.

Fourth prefetred form interferometric ellipsometer
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Referring to Figure 4, the fourth preferred form of the ellipsometer 400 is similar to the
first preferred form shown in Figure 1. The difference is that the interferometer 420 is
provided with additional optical components in the reference arm. In particular, the
interferometer 420 comprises a second polatiser 32 after the input beam splitter 22 in
addition to the first polariser 38. The second polariser 32 is preferably set ot otiented with

its transmission axis at an angle of approximately 90° with respect to the reference plane or

alternatively it may be set at an angle of approximately 0°. An optional half- or quarter-
wave plate 34 is also prdvided aft.er the fust reflecting surface 36. The half- or quarter-
wave plate 34 is arrénged to totate the polarisation caused by the additional polal-isér 32in
otdet to provide better fringe visibility, although the half- ot quarter-wave plate 34 is not

essential to the optical system.
Fifth preferred form interferometric ellipsometer

Referring to Figure 5, the fifth preferred form of the ellipsometer 500 is similar to the
second preferred form shown in Figure 2. The difference is. that the interferometer 520 is
provided with additional optical components in the reference arm as described with respect
to the fourth preferred form. In particular, the intetferometer 520 comprises a second
polariser 32 after the input beam splitter 22 in addition to the first polariser 38. Again, the
polariser 32 is preferably set at an angle of approximately 90° with respect to the reference
plane or alternatively it may be set at an angle of approximately 0°. Also, an optional half-
or quarter-wave plate 34 is provided after the second reflecting surface 40 before polariser
38. The purpose of the additional polariser 32 and half- or quartet-wave plate 34 is the

same as that described above.
Theory

The theory behind the design and opetation of the first preferred form ellipsometer 100
will now be described, although this theory applies generally to all forms of the
ellipsometer. For complete generality, it is assumed that the input light is élliptically
polatized, with azimuthal ar'lgle @ and ellipticity & For convenience, it will be assumed that

the ellipsometer instrument employs a time-varying component to create the temporal
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fringes and in which polariser 38 is set to 45°. Consider first the case when there is no
sample, that is, the light enters the interferometer directly. This step will setve as the

calibration step. Using Jones' mattix algebra, the input state may be written as:

in

cos@cosg—isinfsing
sin@cosg+ icos@sing

{ueXP(if)} e
vexp(in) '

whete u, v, £and 7 represent the polar components of the input state as this form will be
more convenient. The first beam splitter 22 creates two equal amplitude beams; the
measurement beam E,_ and the beam which will become the reference beam, E_. Using the
appropriate Jones’ matrix algebta for each of the components in the two paths we have, for

E .

m*

‘E 1[1 ot oE ('¢) .
=— _expli
m 20 1 01 in p 1

_ luexp(e)| .
2 L exp(in)} exp(zgzﬁl )

2

where @, is the phase acquired by this beam in travelling to the second beam splitter 28. -

As an intermediate step, the Jones’ mattix for a polatiser at 45° is given by:

I I

where R(¢) is the rotation mattix for angle ¢. For B,, we have:
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{1 of1[t tj»¥ o1 O .
E =—| . = P E,expli
’ 2{0 1}2{1 1}[0 rSM}{O 1} oi2)

= ?i: (r;” uexp(i&)+rMv exp(iﬁ){ﬂ explig, ) “)

where ¢, is the time-varying phase, for example produced by the linear motion of the

second mirror 40, acquired by E, in travelling to the second beam splitter 28. For the first
preferred form ellipsometer 100, rlﬁw and 7Y represent the combined effect of the

reflections from the first 36 and second 40 mirrors. For the second preferred form
ellipsometer 200, the effect of the mitrors 36,40 is cleatly split between the measurement

and reference arms, but this does not affect the principle of operation in any way.
W= i‘;w u exp(z'f)—H'SMvexp(z' 77) is a complex number whose magnitude and phase are

common to both p- and s-polatisations.

At the output of the interferometer 20, the Wollaston prism 50 of the output detector 44
separates the output beam 42 into its p- and s—polarised components. Interference causes
temporal fringes at the heterodyne frequency for each of these components at their
respective photodetectors 52,54.  The photocutrents for the p- and s-polatised

components are given by:

. 2

I, a u +Lv:|—+u|w‘cos(a)0t + &) (5)
pof

I, a v +'T+ v|w] cos(wyt +17) ‘ (6)

where @yt = ¢,() - ¢, is the temporal fﬁnge frequency.

The ratio of the ac components of these two signals yields the calibration quantities:

v. Yk
(] 2 o

< | =
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Ag® = arg(vp )"c —arg(v, ) =& -7 .(8) .

where kp, K, are constants that encapsulate the losses at the mirrors and beam splitters,

5  the electric field amplitude, and the optical-to-voltage conversion process.

When the light is reflected from a sample 16, F;; becomes:

r,u exp(i[f + §p]>
Ei" ” [I’SVCXP(I.[U + 53]):| '. . (9)

The beam in the reference arm now becomes:

10
o L1 o P fuexplile +5, )
TT4l0 1)1 1) M vexpliln + 8, ])
= ?}(r;” lrp ‘u exp(i[.f +0 » ])+ ;~;‘4 !}~S~]V exp(i[n + 9, DE} (10)
_Lz)
S 221
where z = (r;w ‘rp |u exp(i[f +6, ])-i— M |1‘slv exp(i[n + 0, ])) is a complex number whose
magnitude and phase are common to both p- and s-polatisations. The photocurtents are
15 now:
2 [? lz|2 .
I, a u, +T+u|rp||z|cos(w0t+§+5p) (11)
I a V| +%+vrs z|cos(wyt + 17+ 5,) . (12).
20

The ratio of the ac components will be:
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k, ulr,
y =L ',, =tany V' (13)
ks V|
and the relative phase
AP" =&+ 8, —n—6,=A¢° - A (14)

Equations (13) and (14) allow ellipsometric angles y and A to be readily determined from

the calibration and measutements ratios and phases according to:

tany = Tl | 15
VT (15)
A=5,, -6, =0p°—Ag" (16)

Experimental Results

A prototype of the ellipsometer instrument of Figure 1 has been built and results of some
expetimental trials with the prototype are described below. These experimental results are
to demonstrate the capability of the ellipsometer instrument by way of example only and it
will be appreciated that the capability of the ellipsometer instrument is not necessatily

limited to these experimental results.

Measutements were made in 5° steps from 45° to 85° angle of incidence (AOI) on two
reptesentative samples: a silicon dioxide film on a silicon substrate (Figute 6) and a BK7
glass surface (Figure 7). A He-Ne laser (\ = 632.8nm) was used as the light soutce. The
photodetector outputs were sampled by 2 16 bit A-to-D card and a direct, least squares
algorithm was used to fit the ellipse formed when Vs is plotted against Vp [18]. The
élgorithrn teturns the geomettic parameters of the ellipse that were subsequently used to
calculate the voltage ratio and phase difference. The fringe frequency was arbitrarily set to
apéroximately 320Hz and each pair of (tany, A) values obtained by averaging 50

consecutive fringes.
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Referring to Figure 6, a reference wafer was used to establish the accuracy of the
interferometric ellipsometer. The accompanying calibration certificate gives the oxide
thickness, as measured by a Plasmos ellipsometet, as 102.73nm. The solid curves in Figure
6 show the calculated values! for tany and A as a function of angle of incidence for an
oxide layer of this thickness. The open symbols, which are the experimentally measured
values, are seen to be in good agreerﬁent with their expected values. The oxide thickness

that best fits the experimental data was found by numetically minimizing the etror function

[1]: : |
e=Y|o" - pf + (o - &Y )

AOI

Where p = tany and superscripts m and ¢ représent the measured and calculated
quantities, respectively. The best fit value for the oxide thickness was accordingly found to

be 102.25nm, which was in good agreement with the certificate value.

Referring to Figure 7, a polished BK7 glass sutface was measured as this is representative
of substrates that are difficult to. measure with known intetferometric ellipsometers that

employ a double reflection from the sample, especially near the Brewster angle. In
particular, BK7 glass has a low reflectivity. Figure 7 shows experimental values for taniy

and A as a function of angle of incidence. The solid cutves were obtained by assuming the
sutface was covered with a thin film of water and by using the error function (17) above to

find the optimal film thickness, which was 2.2nm. Note that even close to the Brewster

anle of 56.57°, tany and A are readily measured with the ellipsometer instrument.

Referﬁng to Figure 8, repeated measutements were made with the ellipsometer instrument
with no sample at a fixed AOI of 90° to establish the precision of the instrument. In
particular, the instrument was also placed in its straight-through configuration with no
sample, and taniy and A were measured repeatedly every 2s for 1 minute. The resulting
series is plotted in Figure 8. The estimated uncertainties are Crany = 5.4x10™* and o) =
0.024°. If it is assumed that noise in A is due to vatiations in the optical path length

difference of the interferometer arms, then precision for the “air” samples is ~41pm.
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Summary of benefits and advantages

By way of example only, the ellipsometer instrument of the present invention may, in some

embodiments, offer one or more of the following characteristics:

1. The ellipsometer may have an inherent reference condition. A measurement in the

straight through position allows one to determine I/ and Ag.

2. Alignment of the light beam from the light source can be petformed with
interferometric precision. The amplitude of the temporal fringes provides
immediate feedback about the beam alignment which can be done with very high

precision.

3. Data acquisition is fast and is limited only by the rate at which the beam can be
modulated. If this is done electtonically, rates of a few MHz can be easily achieved;
if it is done mechanically, for example via the piezoelectric transducer mounted to

one of the mirrors, it may be limited to a few kHz.

4. The ellipsometer requires only a single reflection from the sample. This is

advantageous when measuring samples having low reflectivity.

5. The sample may be mounted at (almost) any angle of incidence. There is typically
no inhetrent restriction, apart from mechanical ones, that limit the range of

mcidence angles.

6. The ellipsometer can be broadband. The beam splittets and polarisers can all be
broadband optical components. The design does not necessatily requite any
waveplates and is thus inherently broadband. It can thetefore be ad;ipted to suit

‘spectroscopic work.

7. The light soutce does not need to be modulated if rnechanjcal scanning of one of

the mitrors is used.

8. None of the optical components needs to be actively rotated.
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The foregoing description of the invention includes preferred forms thereof. Modifications
may be made thereto without departing from the scope of the invention as defined by the

accompanying claims.
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CLAIMS

1. An intetrferometric ellipsometer for measuring ellipsometric parameters of a sample,
comprising:

a light source that is arranged to direct a light beam onto the sample for reflection;

an interferometer that is arranged to receive and split the reflected light beam from
the sample into two beams, one split beam being modified by an optical system to generate
a reference beam that has p- and ‘s—p.olarisations with a2 common phase and with a fixed
relative amplitude and which is reconibined ‘with the remaining split beam to generate an
output beam having temporal p- and s-fringes; and =~

an output detector that is arranged to detect the output beam and ou%:put‘signals

tepresenting the p- and s-components of the output‘beam from which the ellipsomettic

parameters of the sample can be determined.

2. An interferometric ellipsometer according to claim 1 whetein the interferometer
comprises: .

an input beam splitter that is arranged to split the reflected light 'beam from the
sample into two beams; A

a measurement arm following the input beam splitter down which one split beam
travels; 4

a reference atm following the input beam splitter down which the other split beam
travels, the reference arm having an optical system that is arranged to modify the split
beam into a reference beam that has p- and s-polarisations with common phase and fixed
relative amplitude; and

an 6utput beam splitter that is atranged to combine the split beam from the
measurement arm and the reference beam from the reference arm to generate an output

beam having temporal p- and s-fringes.
3. An interferometric ellipsometer according to claim 2 wherein the optical system of the

reference atm of the interferometer comptises a first polariser having its transmission

axis at approximately 45° with respect to the plane of incidence.
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10.

An intetferomettic ellipsometer according to claim 3 wherein the optical system of the
reference arm of the interferometer comptises a second polatiser prior to the first
polatiser in the reference arm, the second polariser having its transmission axis at

approximately 90°.

An intetferometric ellipsometer according to claim 4 wherein the optical system of the
reference arm comprises a wave plate between the first and second polarisers in the
reference arm that is arranged to rotate the polarization of the split beam in the
teference arm to provide enhanced fringe visibility in the output beam of the

i

interferometer.

An interferometeric ellipsometer according to claim 5 whetein the wave plate is a half-

wave plate.

An interferometric ellipsometer according to claim 3 wherein the optical system of the
P 2 p Yy

reference arm of the intetferometer comprises a second polasiset prior to the first

polatiser in the reference arm, the second polatiser having its transmission axis at

approximately 0°.

An interferometric ellipsometer according to claim 7 wherein the optical system of the
reference arm comprises a wave plate between the first and second polarisets in the
reference arm that is arranged to rotate the polatization of the split beém. in the
teference arm to provide enmhanced fringe visibility in the output beam of the

interferometer.

An interferometric ellipsometer according to claim 8 wherein the wave plate is a

quarter wave-plate.

An interferometric ellipsometer according to any one of claims 2-9 wherein the
reference arm of the intetferometer comprisés one or more treflecting surfaces that
guide the split beam of the reference arm from input beam splitter, through the optical

system of the reference arm, to the output beam splitter.
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11. An interferometric ellipsometer according to any one of claims 2-10 wherein the
measurement arm of the interferometer comptises one or more reflecting surfaces that
guide the split beam of the measurement atm from the input beam splitter to the

output beam splitter.

12. An intetferometric ellipsometer according to claim 10 or claim 11 wherein the

reflecting surfaces are mirrors.

13. An interferometric ellipsometer according to claim 1 wherein the interferometer
comptises: | '

a beam splitter that is arranged to split the reflected light beam from the samlple into
two beams; and

a reference arm following the beam splitter down which one split beam travels, the
reference arm having an optical system that is arranged to modify the split beam into a
teference beam that has p- and s-polatisations with common phase and fixed relative
amplitude, the reference arm also being atranged to direct the reference beam back into the

beam splitter for recombining with the other split beam to generate an output beam having

temporal p- and s-fringes.

14. An interferometric ellipsometer according to claim 13 whetein the optical system of
the reference arm of the interferometer comprises a polatiser having its transmission

axis at approximately 45 ° with respect to the plane of incidence.

15. An interferometric ellipsometer according to claim 13 or claim 14 wherein the
reference arm of the interferometer comprises an arrangement of reflecting surfaces
that guide the split beam of the reference arm from beam splitter, through the optical

system of the reference arm, and back to the beam splitter.

16. An interferometric ellipsometer according to claim 15 wherein the reflecting surfaces

are mirrors

17. An interferomettic ellipsometer according to claim 13 or claim 14 "wherein the

reference arm of the interferometer comprises an arrangement of teflecting
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18.

19.

20.

21.

22.

23.

24.

components that guide the split beam of the reference atm from beam splitter,

through the optical systerﬁ of the reference arm, and back to the beam splitter.

An interferometric ellipsometer according to claim 17 wherein the reflecting
components are selected from any one or more of the following: mitrors, corner cube

reflectors, and prisms.

An interferometric ellipsometer according to any one of the preceding claims. further
comptising a time-varying component that is atranged to create a time-vatying
difference between the split beams of the measurement and reference arms to thereby

generate an output beam having temporal fringes at the output of the intetferometer.

An interferometric ellipsometer according to claim 19 wherein the time-varying

component is provided at the light source.

An intetferometric ellipsometer according to claim 20 wherein the time-varying
component is a modulation component in the light source that is arranged to modulate
the wavelength of the light beam directed at the sample to thereby create the time-

varying difference.

An interferometric ellipsometer according to claim 19 wherein the time-varying

component is provided in either arm of the intetrferometet.

An interferometric ellipsometer according to claim 22 wherein the time-varying
component is 2 mechanical scanning device that is mounted to a reflecting surface in
either of the measurement or reference arms of the interferometer, the mechanical
scanning device being arranged to translate in a linear fashion at a consfant speed to

thereby create the time-varying difference in the split beam travelling in that that arm.

"An interferometric ellipsometer according to any one of claims 1-18 further

comptising a frequency-shifting component that is arranged to create a frequency-

difference between the split beams of the measurement and refetence arms to thereby
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25.

26.

27.

28.

29.

generate an output beam heterodyne signal having temporal fringes at the output of

the interferometet.

An interferometric ellipsometer according to claim 24 wherein the frequency-shifting
component is an acousto-optical modulator provided in either of the reference ot
measurement arms of the mteiferometer, the acousto-optical modulator being
arranged to shift the source frequency of the split beam in that atm thereby generating
a frequency difference for cr'eatgng an output beam heterodyne signal with temporal
fringes at the output of the interferometet.

An interferometric ellipsometer according to claim 24 wherein the frequencyl—shifting
component is an electro-optical modulator provided in either of the reference or
measurement arms of the interferometer, the acousto-optical modulator being
arranged to shift the source frequency of the split beam in that arm thereby generating
a frequency difference for creating an output beam heterodyne signal with témpc;ral

fringes at the output of the intetferometet.

An interferometric ellipsometer according to any one of the preceding claims wherein
the light soutce is arranged to generate a light beam that has a Waxfélength falling

within any of the following bands: ultraviolet, visible, near infrared, or infrared.

An interferomettic ellipsometer according to any one of claims 1- 26 wherein the light
source 1Is arranged to generate a broadband light beam to enable spectroscopic

measurements of the ellipsometric parameters.

An ellipsometer according to any one of the preceding claims wherein the output
detector comprises: a Wollaston prism for separating the output beam from the
interferometer into its p- and s-component beams; and -first and second optical
detectors that are arranged to seﬁse the respective p- and s-component beams and
generate output signals representing the amplitude and phase of the p- and s-

components of the output beam.
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30. An ellipsometer according’ to any one claims 1-28 wherein the output detector
comptises: a polarising beam splitter cube for separating the output beam from the
interferometer into its p- and s-component beams; and first and second optical
detectors that are arranged to sense the respective p- and s—corhponent beams and
genérate output signals representing the amplitude and phase of the p- and s-

components of the output beam.’

31. An ellipsometer according to claim 29 ot claims 30 wherein the optical detectors are

photodetectors.

32. An ellipsometer according to any one of the preceding claims further comprising 2
control system that is arranged to receive and process the p- and s-component signals
from the output detector to thereby generate ellipsometric parameters from which

physical properties of the sample specimen can then be determined.

33. A method for measuring the ellipsometric parameters of a sample comptising the steps
of: | ‘

directing a light beam onto the sample for reflection;

splitting the reflected light beam from the sample into two beafns;

modifying one of the split beams with an optical system to-generate a refetence beam
having p- and s-polarisations with common phase and fixed relative amplitude;

recémbining the reference beam with the remaining split beam to genetate an output
beam having temporal p- and s-fringes;

detecting the p- and s-components of the output beam; and

generating signals representing the p- and s-components of the output beam from

which the ellipsometric parameters of the sample can be detetmined.
34. A method according to claim 33 wherein the step of splitting the reflected light beam
from the sample into two beams comprises providing a beam splittet in the path of the

reflected light beam.

35. A method according to claim 33 ot claim 34 wherein the step of splitting the reflected

beam from the sample further comprises providing a measurement arm down which
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36.

37.

38.

39.

40.

- 41,

42.

one split beam travels and a reference arm down which the other split beam travels, .
the reference arm having an optical system that is arranged to modify the split beam
into a reference beam that has p- and s-polatisations with common phase and fixed

relative amplitude.

A method according to any one of claims 33-35 whetein the step of modifying one of
the split beams into a reference beam comprises providing an optical system in the
path of the split beam that comptises a polariser having its transmission axis at

approximately 45° with respect to the plane of incidence.

A method according to any one of claims 33-36 wherein the step of recombi;tling the
reference beam with the remaining split beam to generate an output beam having
tempotal p- and s-fringes comprises providing a beam splitter in the path of the

beams.

A method according to any one of claims 33-37 whetein the step of directing a light
beam onto the sample for teflection comprises directing light that has a wavelength

falling within any of the following bands: ultraviolet, visible, near infrared, or infrared.

A method according to any one of claims 33-37 wherein the step of directing a light
beam onto the sample for reflection compﬁses directing broadband light to enable

spectroscopic measurements of the ellipsometric parameters.

A method according to anjr one of claims 33-39 further comprising the step of
genefating a time-varying difference between the split beams such that the output

beam has temporal fringes when the beams ate recombined.
A method according to any one of claims 33-39 further comprising the éﬁep of
generating a frequency-difference between the split beams such that the output beam

heterodyne signal has temporal fringes when the beams are recombined.

An interferomettic ellipsometer for measuring ellipsometric parameters of a sample,

comprising:
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a light soutce that is arranged to direct a light beam onto the sample for reflection
from the sample once;

an interferometer that is artanged to receive and modify the single reflected light
beam from the sample into an output beam having temporal p- and s-fringes; and

an output detector that is arranged to detect the output beam and output signals
representing the p- and s-componerits of the output beam from which the ellipsometric

parameters of the sample can be determined.

43. A method for measuting the ellipsometric parameters of a sample comprising the
steps of: ' '
directing a light beam onto the sample for reflection from the sample once;
providing an interferometer that is atranged to recetve and modify the single reflected
light beam from the sample into an output beam having temporal p- and s-fringes;
detecting the p- and s-components of the output beam; and

generating signals representing the p- and s-components of the output beam from

which the ellipsometric parameters of the sample can be determined.

44. An interferometer for use in a system for measuring ellipsomettic patameters of a
sample, the interferometer being arranged to:
receive a light beam that has been reflected from the sample once;
modify the received light beam into an output beam having temporal p- and s-fringes;
and |

output the output beam.

45.  An interferometer according to claim 44 that is arranged to receive and split the
reflected light beam from the sample into two beams, one split beam being'modiﬁed
by an optical system to generate a reference beam that has p- and s-polérisations with
a common phase and with a fixed relative amplitude and which is recombined with
the remaining split beam to geﬁetate the output beam having temporal p- and s-

fringes.
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46.

An intetference method for performing on a light beam reflected from a sample once

in a system for measuring ellipsometric parameters of that sample, the method
compiising the steps of:

receiving the reflected light beam from the sample;

modifying the received light beam into an output beam having temporal p- and s-
fringes; and

outputting the output beam.

47.  An interference method according to claim 46 wherein the step of modifying the

received light beam comprises: '

10

splitting the light beam into two beams;
modifying one of the split beams with an optical system to generate a reference beam

having p- and s-polarisations with common phase and fixed relative amplitude; and

15

recombining the reference beam with the remaining split beam to generate the output

beam having temporal p- and s-fringes.
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