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57 ABSTRACT

A system for obtaining ellipsometric data from a sample.
The system includes a source for providing a monochro-
matic light beam. The system also includes a nonlinear
crystal for converting the monochromatic light beam into
photon pairs by disintegrating photons from the monochro-
matic light beam, such that each of the photon pairs exhibits
entanglement properties, wherein one of the photons of the
pair is directed to the sample and the other of the photons of
the pair is not directed to the sample. The system further
includes a circuit for calculating the coincidence of one of
the photons of the photon pair reflected from the sample and
the other of the photons of the photon pair, wherein the
measurements of the sample are obtained by analyzing the
coincidence and the entanglement properties between one of
the photons of the photon pair reflected from the sample and
the other of the photons of the photon pair.

67 Claims, 4 Drawing Sheets
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ENTANGLED-PHOTON ELLIPSOMETRY

This is a continuation of PCT/US01/43713, filed Nov.
21, 2001.

This application claims priority from provisional appli-
cations Ser. Nos. 60/252,846 filed Nov. 22, 2000, and
60/310,901 filed Aug. 8, 2001.

SPONSORSHIP INFORMATION

This invention was made with Government Support under
Contract Numbers EEC-9986821 and ECS-9810355
awarded by the National Science Foundation. The Govern-
ment has certain rights in the invention.

BACKGROUND OF THE INVENTION

The invention relates to the field of quantum ellipsometry,
which relies on the use of non-classical optical sources in
conjunction with a coincidence-detection scheme. One of
the age of old questions in the field has been: how does one
measure reliably the reflection or transmission coefficient of
an unknown sample? The reliability of these measurements
heavily depend on the reliability of the source and detector
used in the measurements. In the ideal condition, both the
source and detector are absolutely calibrated. In practice,
this condition is never met. However, high precision mea-
surements are often required, thus, a multitude of experi-
mental techniques have been developed. Two of those
techniques, are the null and interferometric approach, allow
getting around the imperfections of devices used in the
measurements.

In the field of ellipsometry, high precision measurements
are necessary in which the polarization of light is used to
determine the properties of various optical samples. Ellip-
someters have demonstrated to be useful also in other fields
that require high precision measurement, such as biomedical
applications.

In an ideal ellipsometer, the light emitted from a reliable
optical source is directed into an unknown optical system
(which may be an unknown sample that reflects the imping-
ing light) and thence into a reliable detector. The practitioner
keeps track of the emitted and detected radiation, and can
infer information about the optical system. A device may be
used as an ellipsometer if the source can emit light in any
specified state of polarization. A sample is characterized by
two parameters \ and A. The quantity 1 is related to the
magnitude of the ratio of the sample’s eigenpolarization
complex reflection coefficients, r,; and r,, via

Fi

2

tany =

5

A is the phase shift between them.

FIG. 1 illustrates the traditional null ellipsometer arrange-
ment. A sample 7 is illuminated with a beam of light that is
polarized by a linear polarizer 4 from a source 2. The
reflected light from the sample 7 is generally elliptically
polarized, is then analyzed. The polarization of the incident
beam is adjusted by a linear polarization analyzer 6 for the
change in the relative amplitude and phase, introduced by
the sample, between the two eigenpolarization, such that the
reflected beam is linearly polarized. Once the reflected beam
passed through an orthogonal linear polarizer 6, the linearly
polarized beam will yield a null measurement at the optical
detector 8.

As stated above, the null ellipsometer does not require a
calibrated detector since it does not measure intensity, but
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records a null. The principal drawback of null measurement
techniques is the need for a reference to calibrate the null.
For example, to define an initial location (the rotational axis
of reference at which an initial null is obtained), and then to
compare subsequent locations upon inserting the sample.
Thus, eliminating the problem of an unreliable source and
detector but necessitating the use of a reference sample. The
accuracy and reliability of the measurement results depend
on the information regarding the reference sample used. In
this instant, the measurements are a function of y, A, and
other essential parameters of the reference sample.

The inteferometric ellipsometer requires a configuration
in which light from the source follows more than one path,
usually created by the aid of beam splitters before reaching
a detector. A sample is placed on one of those paths. Thus,
the efficiency of the detector can be measured by performing
measurements when the sample is removed from the inter-
ferometer. The problem of an unreliable detector is
eliminated, however, the reliability of the source and other
components (beam splitters, mirrors, etc.) still remain. The
accuracy of the measurements are limited by the information
known regarding the parameters characterizing these optical
components. The stability of the optical arrangement is also
of importance to the performance of such a device.

SUMMARY OF THE INVENTION

Accordingly, the invention presents a novel interferomet-
ric technique to perform reliable ellipsometric measure-
ments. This technique relies on the use of a non-classical
optical source in conjunction with a coincidence-detection
scheme. The ellipsometric measurements acquired with this
scheme are absolute, and they neither require neither source
nor detector calibration, nor do they require a reference.

According to one embodiment of the invention, a system
for measuring ellipsometric data from a sample is provided.
The system includes a source for providing a monochro-
matic light beam. The system also includes a nonlinear
crystal for converting the monochromatic light beam into
photon pairs by disintegrating photons from the monochro-
matic light beam, such that each of the photon pairs exhibits
entanglement properties, wherein one of the photons of the
pair is directed to the sample and the other of the photons of
the pair is not directed to the sample. The system further
includes a circuit for calculating the coincidence of one of
the photons of the photon pair reflected from the sample and
the other of the photons of the photon pair, wherein the
measurements of the sample are obtained by analyzing the
coincidence and the entanglement properties between one of
the photons of the photon pair reflected from the sample and
the other of the photons of the photon pair.

According to another aspect of the invention, a method of
measuring ellipsometric data from a sample is provided. The
method includes providing a monochromatic light beam,
and converting the monochromatic light beam into photon
pairs by disintegrating photons from the monochromatic
light beam, such that each of the photon pairs exhibits
entanglement properties, wherein one of the photons of the
pair is directed to the sample and the other of the photons of
the pair is not directed to the sample. The method further
comprises calculating the coincidence of one of the photons
of the photon pair reflected from the sample and the other of
the photons of the photon pair, wherein the measurements of
the sample are obtained by analyzing the coincidence and
the entanglement properties between one of the photons of
the photon pair reflected from the sample and the other of the
photons of the photon pair.

According to another aspect of the invention, a system for
measuring ellipsometric data from a sample is provided. The
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system includes a source for providing a monochromatic
light beam, and a nonlinear crystal for converting the
monochromatic light beam into photon pairs and creating a
first beam that includes photon-pairs from disintegrated
photons from said monochromatic beam. The system further
includes a first beam splitter for splitting the first beam into
a second beam and third beam, wherein the second beam
includes photons from the photon-pairs directed to the
sample and the third beam includes photons from the
photon-pairs not directed to the sample. The system also
comprises a second beam splitter for combining reflected
photons from the sample of the second beam and third beam
into a recombined beam and splitting the recombined beam
into a fourth and fifth beam. The system also includes a
coincidence circuit for calculating the coincidence of the
fourth and fifth beam, wherein measurements on the sample
are obtained by analyzing the coincidence and entanglement
properties of the photons in the fourth and fifth beam.

According to another aspect the invention, a system for
measuring ellipsometric data is provided. The system
includes a source for providing a monochromatic light
beam, and nonlinear crystal for converting the monochro-
matic light beam into photon pairs and creating a first beam
that includes photon-pairs from disintegrated photons from
said monochromatic beam. The system also includes a first
beam splitter for splitting the first beam into a second and
third beam, wherein the second beam includes photons from
the photon-pairs directed to the sample and the third beam
includes photons from the photon pairs not directed to the
sample. The system further includes a coincidence circuit for
calculating the coincidence of reflections from the sample of
the second beam and third beam, wherein the measurements
of the sample are obtained by analyzing the coincidence and
properties of the photons pairs between the reflections from
the sample of the second beam and third beam.

According to another aspect of the invention, a method of
measuring ellipsometric data from a sample is provided. The
method includes the steps of providing a monochromatic
light beam, and converting the monochromatic light beam
into photon pairs and creating a first beam that includes
photon-pairs from disintegrated photons from said mono-
chromatic beam. The method also includes step of splitting
the first beam into a second and third beam, wherein the
second beam includes photons from the photon-pairs
directed to the sample and the third beam includes photons
from the photon pairs not directed to the sample. The method
further includes step of calculating the coincidence of reflec-
tions from the sample of the second beam and third beam,
wherein the measurements of the sample are obtained by
analyzing the coincidence and properties of the photons
pairs between the reflections from the sample of the second
beam and third beam.

According to another aspect of the invention, a method of
measuring ellipsometric data from a sample is provided. The
method includes providing a monochromatic light beam,
and converting the monochromatic light beam into photon
pairs and creating a first beam that includes photon-pairs
from disintegrated photons from said monochromatic beam.
The method further includes splitting the first beam into a
second beam and third beam, wherein the second beam
includes photons from the photon-pairs directed to the
sample and the third beam includes photons from the
photon-pairs not directed to the sample. The method also
comprises combining reflected photons from the sample of
the second beam and third beam into a recombined beam and
splitting the recombined beam into a fourth and fifth beam.
The method also includes calculating the coincidence of the
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fourth and fifth beam, wherein measurements on the sample
are obtained by analyzing the coincidence and entanglement
properties of the photons in the fourth and fifth beam.

According to another aspect of the present invention, a
system for measuring ellipsometric data from a sample is
provided. The system includes an entangled photon-pair
generator for converting a monochromatic light beam into
photon pairs, such that one of the photons of the pair is
directed to the sample and the other of the photons of the pair
is not directed to the sample. The system also includes a
coincidence measuring device for calculating the coinci-
dence of one of the photons of the photon pair reflected from
the sample and the other of the photons of the photon pair,
wherein the measurements of the sample are obtained by
analyzing the coincidence and the entanglement properties
between one of the photons of the photon pair reflected from
the sample and the other of the photons of the photon pair.

According another aspect of the present invention, a
method of measuring ellipsometric data from a sample is
provided. The method a converting a monochromatic light
beam into photon pairs, such that one of the photons of the
pair is directed to the sample and the other of the photons of
the pair is not directed to the sample. The method also
includes calculating the coincidence of one of the photons of
the photon pair reflected from the sample and the other of the
photons of the photon pair, wherein the measurements of the
sample are obtained by analyzing the coincidence and the
entanglement properties between one of the photons of the
photon pair reflected from the sample and the other of the
photons of the photon pair.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a conventional null ellipsometer;

FIG. 2 illustrates a reliable single-photon source con-
structed from a twin-photon source and gated detector;

FIG. 3 illustrates a block diagram of the invention;

FIG. 4 illustrates a quantum ellipsometer using an
entangled-photon hyper-interferometer;

FIG. § illustrates an unentangled photon elliposometer;
and

FIG. 6 illustrates an entangled photon ellipsometer.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention provides a novel technique for
obtaining reliable ellipsometric measurements based on the
use of twin photons produced by the process of spontaneous
optical parametric down conversion (SPDC). The present
invention extends the use of non-classical light sources in
ellipsometric measurements. The ellipsometric measure-
ments acquired with the use of the present invention are
absolute, they do not require that the source and detector be
absolutely calibrated nor do they require a reference.

Several of the embodiments of the present invention
utilize entangled-photon quantum ellipsometry to obtain
high accuracy in ellipsometric measurements. This elimi-
nates the need to be dependent on the optical components in
the system. Thus, the various embodiments illustrate utiliz-
ing entangled-photon quantum ellipsometry without taking
extraneous steps to calibrate both the source and/or detector
(s) to obtain highly accurate ellipsometric measurements.

FIG. 2 illustrates a reliable single-photon source con-
structed from a twin-photon source and gated detector. A
twin photon source 44 emits photons always in pairs. For
purposes of illustration, the twin photons are emitted from
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two different directions. One of the photons is directed to a
single-photon detector 48, and the other is directed into the
optical system under test and then directed to the detector
50. The detection of a photon by detector 48 serves as a gate
that activates 50. The arrival of the gating signal from
detector 48 guarantees that a photon has entered the optical
system 42 under test.

The twin-photon source 44 discussed may be readily
realized via the process of spontaneous parametric down
conversion (SPDC) from a second-order nonlinear crystal
(NLC) when illuminated with a monochromatic laser beam
(pump). A portion of the pump photons disintegrates into
photon pairs. The photon pairs are highly correlated since
they conserve the energy and momentum of the parent pump
photon. Such an arrangement will be discussed more below.

FIG. 3 illustrates a block diagram of the invention. The
illustrative embodiment of the present invention is described
by the polarization entangled photon pair generator 84, the
optical sample 86, and coincidence measurement device 88.
The polarization entangled photon-pair generator 84 pro-
vides the necessary components to produce entangled pho-
ton pairs. In particular, the polarization photon pair genera-
tor 84 includes an optical source of a monochromatic beam.
The illustrative embodiment of the invention does not
require that the light be ideal. The optical source may
provide a pump beam, which is passed through a nonlinear
optical medium. The source of the pump beam may be a
laser, semiconductor laser, light-emitting diode, incandes-
cent source, or other similar light source. The light source
provides light in the form of a beam of photons. The light
may be continuous-wave or pulses of, for example, femto-
second or longer duration. The light preferably has energy in
the wavelength range from radiowaves to x-rays. The optical
source may use twin beams of quantum-mechanically
entangled photons, which exhibit photon-pair occurrence
times that are highly, but not perfectly, correlated. Because
energy is conserved in the entangled-pair creation process,
the twin photons are produced nearly simultaneously and
each has a wavelength longer than the original. Momentum
is also conserved, resulting in a nearly one-to-one corre-
spondence between the direction of travel of a photon in one
beam and the direction of its matching photon in the other
beam. The polarization photon pair generator 84 disinte-
grates the photons from the monochromatic beam to gener-
ate highly correlated photon pairs. These photon pairs are
orthogonal to each other. Also, the polarization entangled
photon-pair generator 84 directs one member of the photon
pair to the optical sample 86 and the other member of the
photon pair to the coincidence measurement device 88.
Essentially, the polarization entangled photon-pair generator
84 acts like the twice source 40 mentioned above.

The nonlinear optical medium may be a crystal, a surface,
an interface or other similar component. The nonlinear
optical medium causes a portion of the pump beam to split
into a signal beam and an idler beam (referred to collectively
as twin beams), contributing a stream of daughter entangled
photons to the signal beam and a corresponding stream of
twin daughter entangled photons to the idler beam. The
signal beam and idler beam may be referred to as entangled-
photon beams (also called twin-photon, two-photon, or
two-mode squeezed-state beams). The interaction of the
pump beam with the nonlinear optical medium generates
entangled-photon beams by means of a nonlinear optical
process, such as spontaneous parametric downconversion as
illustrated, or entangled-photon beams may be generated by
other means.

Under the ideal spontaneous parametric downconversion
(SPDC) each pump-beam photon is split into twin daughter
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6

photons which are emitted simultaneously. Since energy and
momentum are conserved in the splitting process, the daugh-
ter photons share the energy and momentum of the mother.
This entangles the directions of the two daughters so that the
emission of one photon in a given direction is associated
with an absolutely certain simultaneous emission of a twin
photon in a matching direction. The twins may have the
same frequency (wavelength or color), in which case they
are identical (or degenerate); or differ in frequency
(wavelength or color), in which case they are in a sense
fraternal (or nondegenerate). The entanglement persists no
matter how far away the photons might be from each other.

The beams may be generated by SPDC in poled or
unpoled optical fibers, or at a surface or an interface, or
directly at the source or surface of the device producing the
pump beam. The beams may be generated by stimulated
parametric downconversion or by cascaded atomic
emissions, rather than by spontaneous parametric downcon-
version. With cascaded atomic emissions, a pump beam is
incident on a material that emits a cascade of two or more
photons, entangled via energy and momentum conservation.

Other nonlinear optical processes may be used to generate
multiple entangled photons (three, four, and more) in mul-
tiple beams. Triples and quadruples of entangled photons are
obtained from a higher-order downconverter, from a cascade
of two-photon downconverters, or from atomic cascades (for
example, an atom cascading through two intermediate levels
to produce three entangled photons). Thus, multiphoton
(e.g., three-photon) implementations of the invention are
possible.

After the optical sample 86 receives the photons pairs by
the polarization entangled photon-pair generator 84, these
photon pairs are reflected and sent to the coincidence
measuring device 88. The coincidence measuring device 88
calculates the coincidence of one of the photons of the
photon pair reflected from the sample and the other of the
photons of the photon pair. The coincidence measuring
device 88 utilizes the entanglement properties of the reflec-
tions of the photon pairs directed to the sample and the
photons pairs not directed to the sample and the calculated
coincidence rate to obtain the various ellipsometric data.
Thus, the invention does not require a reference sample to
determine ellipsometric data.

The coincidence measure device 88 may include various
polarization analyzers and detectors for measuring the coin-
cidence rate. The polarization analyzers may be positioned
at various angles.

The various embodiments of the invention discussed
below include the three components 84, 86, and 88 of FIG.
3. There are many other specific arrangements that may be
used to obtain ellipsometric data by utilizing entanglement
of photon pairs without changing the scope of the invention.

FIG. 4 illustrates a quantum ellipsometer. This illustrative
embodiment utilizes a nonlinear birefringent crystal (NLC)
14, which is illuminated by a laser pump 12, usually in the
ultraviolet, whereby a pair of entangled photons H and V are
generated by the process of the type-II spontaneous down
conversion, as discussed above. Before the photons enter the
first beam splitter 18, the photons are in a product polariza-
tion state, i.e., they exhibit classical correlations but not
entanglement. At the first beam splitter 18 the photons are
mixed with vacuum fluctuations entering the first beam
splitter 18 via the empty port beam 11. Also, the first beam
splitter 18 creates beams 13 and 9 where beam 9, is directed
to a sample 16. The photons in beam 9 are reflected from the
sample 16 and are then sent via a mirror 28 to a second beam


















