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Gemstones and Methods for Controlling the Appearance
Thereof

By George Maltezos and Axel Scherer
CROSS REFERENCE TO RELATED APPLICATIONS

[0001]) This application is a continuation-in-part of US. SN 11/635,386, filed on
December 6, 2006, entitled “Enhancing the Optical Characteristics of a Gemstone” which
is incorporated herein by reference and also attached to the specification of the present
application as Annex A. Annex A forms part of the specification of the present
application. The present application also claims priority from provisional application S/N
61/005,063 filed on Novemiber 30, 2007 entitled Technique to Improve Diamond White
Light Return herein incorporated by reference in its entirety

FIELD

[0002) The present disclosure relates to gemstones, in particular to methods of

fabricating improved gemstones and gemstones thus obtained.
BACKGROUND

[0003] The above mentioned U.S. S/N 11/635,386 describes methods for increasing
brilliance and/or fire of a gemstone (e.g., diamond) using a combination of periodic nano-
and micro-sized features, which form a diffractive optical element disposed on or in the

body of the gemstone. Each size produces its own effect in the light path of the gemstone
SUMMARY

[0004]) Provided herein, are gemstones and related methods and systems for controlling
the appearance thereof, which in certain embodiments can increase brilliance and/or fire

of the gemstone using a combination of nano, micro and/or milli size features.
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[0005] According to a first aspect of the present disclosure, a method -for controlling
appearance of a gemstone comprising a plurality of facets is provided. The method
comprises: introducing roughness on one or more of the facets through application of
nanometer and/or micrometer sized features on the one or more facets, to provide the one

or more facets with a hazy white-colored appearance.

[0006) According to a second aspect of the present disclosure, a method of controlling
appearance of a gemstone comprising a plurality of facets is provided. The method
comprises: forming millimeter-sized reflective features on each facet, in particular

according to one or more techniques shown in Annex A.

[0007) According to a third aspect of the present disclosure, a gemstone comprising a
plurality of facets is provided. In the gemstone one or more of the facets have a hazy
white-colored appearance associated with nanometer and/or micrometer sized features on

said facets.

[0008) According to a fourth aspect of the present disclosure, a gemstone comprising a
plurality of facets is provided. In the gemstone, each facet is a reflective facet through
formation of millimeter-sized features on said each facet, and the gemstone has an

improved scintillation or play of light.

[0009]) Further aspects and embodiment of the present disclosure are disclosed in the
specification, drawings and claims of the present application. The details of one or more
embodiments of the disclosure are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages will be apparent from the

description and drawings, and from the claims.
BRIEF DESCRIPTION OF THE DRAWINGS

(0010) The accompanying drawings, which are incorporated into and constitute a part
of this specification, illustrate one or more embodiments of the present disclosure and,
together with the detailed description, serve to explain the principles and implementations

of the disclosure.
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[0011] Figure 1 shows a flowchart illustrating a method for controlling appearance of a

gemstone according to some embodiments herein disclosed.

[0012) Figure 2 shows a flowchart illustrating a method for controlling appearance of a

gemstone according to some embodiments herein disclosed.

[0013] Figure 3 shows a flowchart illustrating a method for controlling appearance of a

gemstone according to some embodiments herein disclosed.

[0014]) Figure 4 shows a flowchart illustrating a method for controll'mg appearance of a

gemstone according to some embodiments herein disclosed.
DETAILED DESCRIPTION

[0015]) Gemstones and related methods and systems for controlling appearances thereof

are provided herein.

[0016] A first aspect presented in the present application is that of introducing
roughness in the gemstone to make the stone look hazy and, in particular, white-colored.
Reference is made to the flowchart of Figure 1. In particular, roughness in the form of
non periodic nano- and/or micro-features, can be introduced in the gemstone by way of
etch pafameters and/or random surface masking techniques. In some embodiments the
non-periodic nano- and/or micro-features introduced in the gemstone are random nano
and/or microfeatures applied to one ore more facets of the gemstone, or sections thereof,
through etching and/or masking techniques. Etching of a gemstone is disclosed, for
example, in paragraphs [0040], [0046], (0052], [0083] and [0093) of Annex ‘A. Masking
techniques in association with a gemstone are disclosed, for example, in paragraphs
(0077]-[0080], [0084], [0088]-[0090], [0092], (0093], [0095], [0096], and. [0098]-[0101]
of Annex A.

[0017) In particular, the gemstone can be patterned to comprise different shapes,
similarly to an etched glass, each shape having a random surface roughness and providing

a hazy (i.e., cloudy) white light output. Roughness can be introduced on one or more

3
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facets of the gemstone and/or sections of the facets, in particular by applying the non-
periodic nano-and or micro-feature to one or more millimeter sized feature on one or

more facets of the gemstone.

[0018] According to a further aspect of the present application, features larger than
nano- or micro-features are introduced, on the order of a millimeter. Such features can
either act as diffractive features, or act as individual reflectors/mirrors if introduced
through smoothening, polishing or etching steps disclosed, by way of example, in Annex
A. This effect is called scintillation. Reference is made to the flowchart of Figure 2.

[0019] When millimeter-sized smooth features are introduced, the gemstone will have
a disco ball effect, i.e. a roughly prismatic object having a surface made of a plurality of

facets having a mirrored surface, with a great increase in brilliance and scintillation.

[0020] According to a further aspect of the present application, the millimeter-sized
reflective facets of the previous embodiment can be combined with periodic nano- or
micro-features or with non-periodic, and in particular random, nano- or micro-features. In
the first case, a non-white-colored disco ball effect will be obtained (e.g., “crazy color”
disco ball) while, in the second case, a white-colored disco ball effect will be obtained.

Reference is made to the flowcharts of Figures 3 and 4.

{0021) More specifically, a first pass is initially performed to make larger, millimeter-
scale facets (Figures 3 and 4 S1), and then a second pass is performed, to put diffraction
(by applying periodic nano- or micro-sized features) (Figures 3 S2) or haziness (by
applying non-periodic, and in particular random, nano- or micro-sized features) on the
millimeter-size facets (Figure 4 S3).

(0022) In summary in some embodiments, methods of fabricating improved gemstones
and gemstones thus obtained are described. Roughness is introduced on facets of a
gemstone through application of nanometer and/or micrometer sized features, to provide

the facets with a hazy white-colored appearance. Alternatively, millimeter-sized
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reflective features can be applied on the facets, to form a gemstone with ‘iinproved

scintillation or play of light.

[0023] The examples set forth above are provided to give those of ordinary skill in the
art a complete disclosure and description of how to make and use the embodiments of the
gemstones, methods and systems of the disclosure, and are not intended to limit the scope
of what the inventors regard as their disclosure. Modifications of the above-described
modes for carrying out the disclosure that are obvious to persons of skill in the art are
intended to be within the scope of the following claims. All patents and publications
mentioned in the specification are indicative of the levels of skill of those skilled in the
art to which the disclosure pertains. All references cited in this disclosure are
incorporated by reference to the same extent as if each reference had been incorporated

by reference in its entirety individually.

[0024]) The entire disclosure of each document cited (including patents, patent
applications, journal articles, abstracts, laboratory manuals, books, or other disclosures)
in the Background, Summary, Detailed Description and Annex A is hereby incorporated

herein by reference.

[0025] It is to be understood that the disclosures are not limited to particular
compositions or systems, which can, of course, vary. It is also to be understood that the
terminology used herein is for the purpose of describing particular embodiments only,
and is not intended to be limiting. As used in this specification and the appended claims,
the singular forms "a," "an," and "the" include plural referents unless the content clearly
dictates otherwise. The term “plurality” includes two or more referents unless the content
clearly dictates otherwise. Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood by one of ordinary skill in
the art to which the disclosure pertains.

[0026) Although any methods and materials similar or equivalent to those described
herein can be used in the practice for testing of the specific examples of appropriate

" materials and methods are described herein.
5
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(0027} A number of embodiments of the disclosure have been described. Nevertheless,
it will be understood that various modifications may be made without departing from the
spirit and scope of the present disclosure. Accordingly, other embodiments are within the

scope of the following claims.
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ANNEX A

ENHANCING THE OPTICAL CHARACTERISTICS OF A GEMSTONE

BACKGROUND
Eield of the [nvention .

[0002)  The field of the invention relates to gemstones and jewelry, and more
particularly to enhancing the optical characteristics of a gemstone and jewelry.
Description of the Related An

[0603] Gemstones are prized for their ranty and beauty. Among gemstones,
diamonds, in particular, are highly valued. Apart from their worth in industrial applications,
diamonds are considered symbols of love, beauty, and purity in many cultures. When used
for their aesthetic quality, diamond crystals are often cut and polished in ways that emphasize
certain optical properties such as their brilliarice or fire. This is especially triie of the round
brilliant cut, whose optical properties were studied and ‘mathematically characterized in a
paper by Marcel Tolkowsky in-1919.

(0004) FIG. 1 illustrates & typical round brilliant cut diamond 100, The round
brilliant cut includes'an upper crown portion 130.. The crown 130 generally has a flat:top
portion, known as the table 110, The lower portion of the round brilliant cut is the pavilion
150, whose fip ié called the culet 160. Very often the crown 130 and the pavilion 150 are
separated by a flat girdle 140 of some width to help prevent chipping that might otherwise
occur if the crown 130 and pavilion 150 were joined at a sharp angle. The diameter of the
round brilliant cut at the girdle 140 is called the spread of the diamond. The round bnlliant
cut also has a number of generally flat f‘ac‘ets 170, ‘
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(0005]  Tolkowsky began his study of the round brilliant cut with a poll of
passersby on city streets to determine the crown 130 and pavilion 150 angles and heights, as
well as their proportions to the spread 120 and table 110 width, which people found to be the
most beautiful. Tolkowsky then undertook a study of the round brilliant cut and showed
mathematically that the diamonds which the public found to be most beautiful were those
whose angles and proportions resulted in a better balance of brilliance and fire than round
brilliant cuts of other dimensions.

[0006)  The brilliance of the cut refers, in part, to its brightness in terms of the
amount of light that it reflects to a face-up observer (viewing the diamond crown 130
perpendicularly to the table 110 surface). Due to the geométry of the round brilliant cuit,
much of the light that enters the crystal from above is reflected by the walls of the pavilion
150, the pavilion_. in effect, acting as a comer reflector, and retwned toward an observer
through the crown 130. Light that is not reflected back towards the observer is said to have
“leaked" out of the diamond.

[0007) Fire, in contrast, refers to the rainbow of colors produced by the diamond,
noticeable mainly at the crown facets 170, This effect is due to the relatively high dispersion |
or wavelength dependence of the refractive index of diamend. Dispersion causes lfghx of
different wavelengths to be refracted different amounts upon entering the facets of the
diamond.  These different wavelengths then propagate along separate optical paths through
the diamond and also exit the stone at distinct angles as well. Flashes of color may thus be
seen at different angles of view. This effect is enhanced as light exits the diamond near the
critical angle between the diamond-to-air interfacé. This strong ability to split whité light
into its component colors is an important aspect of diamond's attraction as a gemstone, giving
it impressive prismatic action that results in the fire of a well-cut stone.

(0008) While Tolkowsky calculated “ideal” angles and proportions for a round
brlliant cut diamond‘that gave "the most vivid fire and the greatest brilliancy," he also noted,
of the pavilion angle in panicullar, that although “a greater angle would give better reflection, -
this would not compensate for the loss due to the corresponding reduction in dispersion.”
Thus, a round brilliant cut diamond, as well as any other style of cut, faces tradeoffs between
brilliance and fire, with the most beautiful cuts achieving a delicate balance between the two,
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For example, steep crown angles and small tables tend (o increase fire (a larger table size
means a smaller crown facet area - the part thal creates the most aispcrsion) in a round
brilliant cut diamond but also decrease the amount of brilliance. To make matters worse, a
diamond cutter must consider many other factors when cutting a particular diamond crystal,
which may result in a gem of less beauty than might be possible if the diamond were cut
exclusively with its optical properties in mind. These factors include the desire to remove as
little material as possible from the rough diamond crystal during the cutting process; the
desire to exclude inclusions from the final cut; the desire to target certain carat weights which
are typically more sought after by consumers (i.e. %4, 1, 2, carat, etc.); and the desire to use
certain high-seller fancy cuts such as princess, marquise, pear, oval, heart, etc. These
competing factors generally do not allow a diamond crystal lo be cut in such a way as to
simultaneously maximize brilliance and fire, or in many instances, to even achieve the
“ideal" balance between the two.

SUMMARY OF CERTAIN PREFERRED EMBODIMENTS OF THE INVENTION

(0009) Various embodiments are described berein, some of which may be used to
increase or control the fire and/or brilliance of a diamond.

[0010)  One embodiment of the invention comprises a gemstone comprising: a
body comprising crystallinie material and a diffractive optical element disposed oa or in the
body. The diffractive optical element comprises a plurality of diffractive features spaced
with respect to each other to diffract visible light,

(0011]  Ancther embodiment of the invention comprises a gemstone comprising: a
body having a surface and a diffractive optical element comprising a plurality of diffractive
features paltemed in the boedy or on the surface of the body. The diffractive features are
spaced with respect to-each other to diffract visible light. ‘

10012] Another embodiment of the invention comprises a method of altering the
fire of a gemstone. The method comprises providing a gemstone and forming a diffractive
optical element comprising a plurality of diffractive features in or on the gemstone. The
diffractive features are spaced with respect to each other to diffract visible light,
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[0013]  Another embodiment of the invention comprises jewelry, The jewelry
comprises a body comprising precious metal and a reflective diffractive optical element
disposed on cr in the body. The reflective diffractive optical element comprises a plurality of
diffractive features spaced with respect to each other to diffract visible light,

[0014]  Another embodiment of the invention compn'sés a method of simulating
the optical properties of a gemstone that includes a diffractive optical element. The method
comprises executing a ray-tracing algorithm to determine the propagation of light through the
gemstone, and simulating the effect of diffraction of at least a portion of the light from the
diffractive optical element. ‘ ‘

(0015) Another embodiment of the invention comprises a machine-readable
medium that, when read by a machine, causes the machine to perform a method. The method
comprises executing a ray-tracing algorithm to determine the propagation of light through a
gemstone, and simulating the effect of a diffractive optical element in or on the gemstone.

BRIEF DESCRIPTION OF THE DRAWINGS

(0016) Example embodiments of gemstones and methods of fabricating
diffractive features are illustrated in the accompanying drawings, which are for illustrative
purposes only.

(0017]  FIG. | is a schematic representation of a round brilliant cut diamond;

[0018)  FIG. 2 is a schematic representation of a diamond having patterned
thereon diffractive optical elements; ‘

(0019]  FIG. 3 is a schematic representation of & “‘sunflower” pattern;

~ [0020] FIG. 4A is a schématic representation of a ray of light incident upon a

diamond-to-air interface, | : |

10021) FIG. 4B is a schematic representation of a ray of light incident upon &
diffraction grating at a diamond-to-air interface;

[0022)  FIG. § is a cross-sectional view of a diffraction grating;

(0023]  FIG. 6A is 8 schemalic representation of the optical path of a ray of light
through a diamond;
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l0024] FIG. 6B is a schematic representation of the optical path of a ray of light
through a diamond having a diffractive optical element patterned thereon;

[0025)  FIG. 7A is a plot of the fraction of light, as function of wavelength,
coupled into certain diffractive orders of a diffraction grating according to one embodiment
of the invention; B

[0026]  FIG. 7B is a plot of the fraction of light, as a function of wavelength,
coupled into certain diffrective orders of a diffraction grating according to anoth.cr
embodiment of the invention;

(0027) FIG. 8 is a schematic representation of a fabrication procedure for
patlerning diffractive optical elemenits onto 8 surface of a gemstone;

[0028]  FIG. 9A is a schematic representation of a spinner for use in patterning
diffractive optical elemerits on gemstones or other jewelry; '

(0029]  FIG. 9B is a schematic representation of a spinner in an actuated
configuration; |

10030] FIG. 10 is a schematic representation of the setup of an electron beam
scanning epparatus according to one aspect of the invention, and

[0031]  FIG. 1l is ‘a schematic repmen;w'on of an exemplary method of directly
exposing a resist layer with a laser to form diffractive optical elements on gemstones or other
jewelry;

(0032) FIG. 12 is a schematic repmentatilon of an exemplary method of exposing
a resist iayer ‘us.ing an interference pattem crealed by two or more laser beams in order to
form diffractive optical elements on gemstones or other jewelry;

(0033) FIG. 13 is a schematic representation of a diffractive optical element
formed in the shape of a grephical feature according to one embodiment of the invention.

DETAILED DESCRIPTION OF THE CERTAIN PREFERRED EMBODIMENTS

| Enhancin tical Charactenstics of Gems with Di tive Elements
[0034)  As described above, the perceived beauty of a diamond is affected by
aspects of its optical properties, such as its brilliance and fire. The optical properties of a
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diamond can be controlled to some degree by the cut of the diamond. Certain cuts may
enhance the brilliance of the diamond, while others may enhance its perceived fire,
However, the tradeofT between brilliance and fire makes the “ideal™ diamond cut elusive, for
to emphasize one oplical property is to de-emphasize another, in most cases. Factors related
to the desired size and weight of a cut diamond can also influence the resulting optical
properties. For example, to achieve a specific weight, the diamond cutter may be forced to
use shapes, sizes, or proportions which add little to the beauty of the gem, in terms of its
optical properties, and, in some instances, may ¢ven worsen it. The result of these tradeoffs
is that many cut diamonds do not achieve their full potential for beauty. To put it in other
terms, the problem of achieving idea! optical properties for a diamond is over constrained in
the sense that there is insufficient flexibility amongst the varables (i.e. cut angles,
proportions, size, weight, etc.) to reach a solution which is close to optimal for each of the
diamond’s optical properties. While embodiments of the invention are described and
illustrated primarily in terms of round brilliant gemstone cuts, it should be understood that
any type of cut can be used. These may include princess, marquise, baguette, heart, briolette,
oval, and pear cuts, 1o name some examples. Those skilled in the art will be aware of many
other cuts which could also be used.

{0035] This problem can be solved by the use of modem fabrication techniques to
create diffractive optical elements, such as diffraction gratings and other types of arrays of
diffractive features, on or into a surface of a diamond. In certain preferred embodiments of
the invention, these diffractive optical elements can be patterned onto a gemastone after the
gemstone has been cut and polished, though cutting and polishing is not required. Each
diffractive épn'cal element may include a number of individua! diffractive features, such as
grooves, indentations, protrusions, reflective or absorbent markings, or the like. The
individual diffractive features can include any structure or features that scatter light, diffract
light, selectively modulate or alter the amplitude, or selectively modulate, aiter, or shift the
phase of incident light, or selectively re-direct incident light rays. Furthermore, the
individusl diffractive features of which any diffractive optical element is comprised need not
all be identical; diffractive features of different shapes can be used within a single diffractive
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optical element to achieve desired optical effects. Accordingly a wide variety of diffractive
features, scatter features, phase shift or amplitude modulation features may be used.

(0036]  These diffractive optical structures can be used to enhance the dispersion,
or fire, of a diamopd independent of the diamond’s cut or shape. In effect, the use of
diffractive optical elements adds an additional degree of freedom to the problem of
manipulating the optical properties of & diamond, allowing for the creation of more beautiful
diamonds. For instance, a diamond could be cut to increase its brilliance with less regard to
the impact upon its fire because the fire of the diamond can be enhanced later using the
techniques described herein. (The term “cut” is meant to refer to the “macroscopic” facets
and features of a gemstone rather than to the microscopic diffractive features described
heréin.) In thé case of a round brilliant cut diamond, brilliance could be emphasized in some
cases with a wider table 110 (with respect to a given spread 120), a thinner erown 130, 0r a
smaller culet angle. In other embodiments, the cut of a-diamond could be chosen to achieve a
desired carat weight and diffractive optical structures could later be used to enhance the cut's
optical characteristics, e.g., provide or increase fire, For example, the carat weight of a round
brilliant cut diamond could be increased by increasing the size of the table 110, relative to the
spread 120.The diffractive optical structures could be used to enhance the optical
characteristic, e.g., provide or increase fire.

[0037) In addition, much more contro] can be cxemd over the fire characteristics
of a diamond by using the principles of the invention than could be achieved by manipulating
its cut alone. For example, a diamond could be designed to exhibit intensely different colors
when viewed from slightly different angles. In other instances, the diffractivé optical
elements could be designed such that the diamond exhibits a more understated effect with
less intense colors.

{0038) Tt should be understood that while various embodiments will be described
primarily in terms of its applications to diamonds, the principles described herein could be
equally applied to improve the optical properties of any other gemstone, natural or synthetic,
including, but not limited to, crystals, minerals, precious met‘al§, and mineraloids. These may
include rubies, sapphires, pearls, and emeralds, Diamonds in particular do, however, possess
the advantages of having a high index of refraction, ‘enhancing their potential for brilliance by
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decreasing the critical angle of total internal reflection (making it much more likely that light
will be intemmally reflected inside a diamond than in other materials with lower refractive
indexes). Furthermore, diamonds impart relatively little color filtering to incident light,
depending upon the degree and type of impurities present in the diamond crystalline lattice,

. [0039) - Diffractive optical elements can also be applied to other natural and
artificial diamond stimulants and cléar stones with a relatively high refractive index such as
cubic zirconium, zircon, moissanite, topaz, rutile, strontium titanate, spinel, yttnum
aluminum gamet, strontium titanate, yttrium aluminum gamet (YAG), gadolinium gallium
gamet (GGG), and glass to name only a few examples. Furthermore, the diffractive optical
elements could also be applied to other items of jewelry, whether optically transmissive or
not (e.g., reflective diffractive structures could be used on opaque materials to add fire). In
fact, diffractive optical elements could be applied to any material whose aesthetic appearance
can be enhanced by the dispersive effects of diffractive optical elements.

(0040)  FIG. 2 illustrates a diamond which incorporates artificially panen;ed
diffractive optical elements. The diffractive optical elements are shown in the enlarged insets
‘220 and 230. In certain preferred embodiments, the diffractive optical elements are located
on the surface of a planar facet, such as a facet 210, It should be understood that for purposes
of this disclosure, any diffractive optical element disposed in proximity to the surface of a
gemstone, whether deposited on the surface or etched into it, for example, shall be considered
“on” the surface. In other embodiments, the diffractive optical elements may be located on
rounded surfaces of a diamond. In fact, embodiments described herein may make the use of
diamond cuts which feature some rounded surfaces, in place of the mainly planar facets on
common diamond cuts, more attractive than would otherwise be the case because such
rounded surfaces can now be made to exhibit a greater degree of the fire that is generally
more characteristic of faceted cuts, :

(0041]  In some embodiments, the diffractive optical elements can be deposited
onto the surface of the diamond. In these embodiments, the diffractive structures may
comprise a type of material other than the diamond or germstone (&.g., metal) upon which the
structures are deposited. In certain preferred embodiments, however, the diffractive oplical

clements can be patterned into or on the diamond surface itself using a variety of techniques
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discussed below, These embodiments can have the characteristic of comprising 100%
gemstone material, unlike embodiments in which the diffractive optical elements may be
formed out of a material distinct from that of which the gemstone is formed. In still other
embodiments, the diffractive optical elements may be located within a diamond, or other
optically transmissive gemstone. These structures can be formed using ion implantation
tech:ﬁquu or, in other instances, by forming diffractive features in proximity to the surfaces
of two or more portions of a gem (¢.g. a doublet), which are then joined together such that the
diffractive features are positioned within the gem. It is also possible to form diffractive
features inside a gemstone by growing an artificial crystal, interrupting the growth, forming
the diffractive features on & surface of the crystal (as discussed below), and then continuing
the process of growing the crystal.

[0042)  Inset 220 illustrates a two-dimensional array of diffractive features
pattemned on the surface of facet 210. The arfay of diffractive features 220 comprises a
triangular lattice of cylindrical indentations 222. In other cases, the diffractive features 222
of the array 220 could be deposited onto the facet 210, for example in the form of cylindrical
protrusions. In preferred embodiments, the size and spacing of the individual diffractive
features 222 are set so as to diffract light within the visible portion of the electromagnetic
spectrum. While the individual diffractive features 222 of the twe-dimensional array are
shown as being cylindrically shaped, literally any other shape is possible, Different shapes
can be chosen based upon ease of manufacture or upon each shape's particular diffractive
characteristics (different shapes may result in different relative intensities between the
various diffractive orders of the array). Furthermore, a triangular lattice is shown in inset
220, but many others lattice types are suitable, including square lattices or higher order
Jattices.

[0043]  In some embodiments, the spacing between diffractive features 222 in the
two-dimensional array 220 ¢an be periodic. In other embodiments, however, the spacing
between diffractive features can be quasi-periodic, or disordered. In these embodiments, the
distances (cmter-to—centér) between diffractive features 222 can be distributéd about a mean,
or a finite number of means, with a standard deviation that is approximately 2 times the
mean, or less. In certain preferred embodiments, the standard deviation can be approximately
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| times the mean, or less. In some embodiments, the mean itself can be approximately in the |
range of 2-50 microns. In more preferred embodiments, the mean can lie approximately in
the range of 4-20 microns. Other patterns and ranges are also possible.

[0044]  One specific type of two dimensional array that can be used is a
“sunflower structure,” an example of which is illustrated in FIG. 3. FIG. 3 shows a
diffractive optical element 300 which comprises a plurality of individual diffractive features
310. The locations of the diffractive features 310, with respect to a chosen coordinate
system, can be calculated according to the following forumula:

xi = Picos(ip) and yi= Pisin(ig) (Equation 1)
where i is an integer and the ordered pair (xi,yi) represents the coordinates of the ith
diffractive feature, P and ¢ are parameters which can be adjusted to alter features of the
design such as the mean feature-to-feature spacing, etc. Still other examples of two
dimensional arrays that can be used are Archimedean tilings and Penrose tilings, although the
configurations should not be limited to the patterns set forth as examples herein. The
diffractive optical effect that will result from these structures can be approximated as the
Fourier transform of the design itself. Other structures with a local order piramﬂer, ora

" finite number of local order parameters, are also possible. The diffractive optical element
may comprise other arrays of diffractive features such as tilings that include the following:
repetition of a supercell, which. contains many diffractive features, apodized arrays of
diffractive features where the periodicity and/or shape of the diffractive features is varied
throughout at least a portion thereof; and arrays of diffractive features with domains, where
the spacing, size, and depth or height of the diffractive features is locally uniform within a
domain but varies from domain to domain, Other geometries and arrangements are also
possible.

{0045) The array of diffractive fearures 220 has a two-dimensional periodicity
(the directions of periodicity are not necessarily orthogonal), however, other diffractive
optical elements can also be used with respect to one or three dimensional arrays of
diffractive features (periodic or not)

(0046) Inset 230 illustrates another embodiment of the invention where the
diffractive optical element is a diffraction grating on the surface of a diamond facet 210.
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Diffraction gratings similar to the one illustrated in inset 230 can be patterned onto all of the
facets 210 of a cut gemstone or any subset of facets. The diffraction grating 230 can be
oriented at any angle and can serve as a transmission grating or a reflection grating,
depending upon the angle at which light is incident upon it. ln some embodiments, the
grating 230 can be etched into the diamond surface. In other embodiments, the grating 230
may comprise material, metal (¢.g. gold) strips for instance, that is deposited onio the
diamond surface 210. Any number of diffraction gratings can b¢ patterned 6n the diamond
surfaces or inside the crystalline structure, _

[0047] A wide range of diffractive optical elements are possible. For example,
although the diffractive featuwres may be formed by topogr;tphjcal‘ features, in other
embodiments the diffractive features may be formed from variations in refractive index, For
example, in some embodiments, the plurality of grooves or indentations forming the
diffraction grating or lattice may be filled with another material with a different diffractive
index than the diamond. The diffractive optical element may also comprise a hologram.
Both surface and volume holograms may be used in a similar manner as described above.

[0048]  Diffraction gratings are well-understood but will be briefly reviewed in
this disclosure. FIG. 4A shows an abstract representation of a diamond-to-air interface 410.
It should be understood that similar principles will also apply to other gemstones, natural or
synthetic, and even to reflection gratings that are patterned onto metals and other non-
dielectric materials. In FIG. 4A, the side of the interface 410 with refractive index n;
represents diamond, while the side of the interface with refractive index ny represents air. A
ray of lig,hi 420 incident upon the interface at an angle less than the critical angle will be
partially reflected as ray 430, §o, and partially transmitted as ray 440, co. The angle of
reflectance will be equal to the angle of incidence, while the transmission angle is governed
by Snell's Law of refraction. Rays of light within the diamond (not shown) that are incident
\upon the interface 410 (from the diamond side) at angles greater than the critical angle will be
totally reflected.

(0049]  The natural fire of a diamond results from the fact that the refractive index
of diamond is wavelength-dependent, meaning that light rays of different wavelengths that
are refracted al a diamond-air-interface will propagate at slightly different angles. This
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dispersion effect also occurs when light enters the diamond. Accordingly, light of different
wavelengths propagates along different optical paths at different angles. Thus, as a result of
dispersion, component colors of white light are separated and are visible from different
angles of view, resulting in fire,

[0050) A diffraction granng can be used to geally increase the separation of
different wavelengths thereby enhancing fire, as explained with respect to FIG. 4B, FIG. 4B
illustrates the effect of a diffraction grating at the interface 410. The same incident ray 420
results in many different reflected rays, 9., and transmitted rays, &,. Each of these reflected
and transmitted rays represent a diffractive order of the grating. The réflected and diffracted
rays that occur at the same angles as those that would exist in the absence of the grating are
called the O order rays. FIG. 4B also illustrates the #1 and %2 orders, as indicated by the
subscnpts on the reflected and diffracted rays.

[0051) A cross-sectional view of one embodiment of the diffraction grating 230
having a surface profile $10 in FIG. 5. The grating profile 510 of this embodiment is a
square wave with a period 520, A, and a peak-to-peak amplitude 530, h. Diffraction gratings
with differently shaped profiles can also be used, however, depending upon the particular fire
effect that is desired, as will be described below, For example, the grating 230 could have &
sinusoidal or saw-tooth profile, to name only two examples.

(0052)  The diffraction grating illustrated in FIG. 5 is a spatial phase modulator.
In particular, it'is a surface relief grating and operates by spatially modulating the phase of
incident light waves, The diffractive features of the illustrated grating comprise etches into
the surface of a gemstone which operate by locally modifying (e.g., shifting) the phase of
light propagating through, or incident upen, them. The depth of the various etches illustrated
in FIG. § is substantially uniform, resulting in 8 binary spatial phase modulator. In other
embodiments, the plurality of etches could have a variable depth. In still other embodiments,
spatial phase modulation could be achieved by variations in refractive index, Many other
types of diffraction gratings can be used as well. For example, these can include gratings that
spatially modulate the amplitudé of incident light, whether by selective reflection or
absorption, etc. Gratings can also be designed and used in various embodiments which
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combine more than one of these effects. The equation governing the behavior of diffraction
gratings in general is referred to as the grating equation:

n, sin(a ) = n, sin(6) + i-;\'- , (Equation 2)

where A is the period of the grating, A is the wavelength of incident light, and i is an integer
representing the diffractive order. When i is ndn-wo, as is the case for the higher diffractive
orders, the angle of diffrection is strongly dependent upon wavelength, which can result in a
fire effect thdt is much stronger than the natural fire of a diamond. Furthermore, the
dispersive fiery effect of a grating is generally stronger for smaller grating periods because
the non-zero orders have & greater angular separation from the 0® order. |

{0053)  The angles of each of the diffractive orders of the grating are determined
by the period of the grating or the distance between like portions of the grating features. The
period of the grating or distance between like portions of the grating features can be referred
t0 as its structure factor, However, neither the structure factor of a graling, nor the diffraction
graling equation above describes the relative intensities of light rays in each of the diffractive
orders. The relative intensities are dependent upon the shape of the profile of the grating and
can be referred to as the form factor of the grating. The method of calculation of the relative
intensities of diffracted rays from the form factor of a grating is approximately related to the
Fourier transform of the grating profile and is within the ability of one of ordinary skill in the
art,

(0054] While the form and strucnu'e factors used in certain embodiments of the
invention will be described in this disclosure, it should be understood that & wide variety of
different combinations of form and structure factors could be-used. Different combinations
of form ‘and structure factors can be used to create different optical effects that will result in
diamonds with different appearances.

(00585) FI1GS. 6A and 6B, resp;:ctively, illustrate a typical light ray path through a
diamond with and without the presence of diffraction gratings on surfaces of the diamond.
FIG. 6A shows and incident ray 620 which enters & diamond 600 through the table portion of
the crown. The ray is internally reflected within the diamond at the pavilion facets 610 and
exits the diamond, again through the table, the pavilion behaving similarly to a comer
reflector. FIG. 6B illustrates the path of a similar incident ray 620, which enters the diamond
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600 through the table portion of the crown. However, in this case a diffraction grating has
been pattemmed on the first pavilion facet 610 along the ray's path. The diffraction grating
separates the incident ray 620 into a number of reflected rays, 6,, each with a different
direction of propagation. The reflected rays travel along their new angular path to be
reflected or transmitted at some other point along the diamond's surface.

(0056) In someé embodiments of the invention, there are points of complexity
which can arise with the introduction of diffraction gratings on the surface of a diamond, or
other gemstone. First, the presence of a diffraction grating along a pavilion facet 610 can
result in imbcrfect total vintemal reflection, resulting in some light escaping the diamond
which would otherwise be totally intemally reflected. This can rfesult in loss of brilliance, In
certain embodiments, this may be tolerable, while in others, the diffraction gratings can be
designed to reduce or minimize this loss.

[0057]  Second, when the incident light ray 620 is split into a number of
diffractive orders at the firét pavilion facet, not all of these orders will strike the second
pavilion facet at an angle such that they can be reflected back through the crown. In general,
it may not be possible to design the culet angle 630 such that each of the diffractive orders is
reflected back through the crown of the diamond, or even reflected at all, &t the second
pavilion facet along the optical path of incident ray 620. This, too, can result in a loss of
brilliance. | |

(0058)  Finally, the fact that light rays may be steered by more than one diffraction
grating on or within the diamond treates complexity. This may result, for example, in some
of the higher-order rays from a first diffraction grating being stéered back into the O® order by
a second diffraction grating, with little or no resalting fire enhancement, Proper design of the

" diffraction gratings 230 can be used to address each of these complexities.

1[0059]  One preferred embodiment of the invention which addresses each of these -
points of complexity is illustrated in the cross-section 510, or profile shown in FIG. § and
discussed above. ln certain embodiments, the grating 510 is pattened onto one or more of
the pavilion facets 610 of 2 round brilliant cut diamond. As shown, the grating of FIG. 5
compnses & series of tfenches, whose sidewalls 540 can be relatively steep so thal the
sidewalls account for only a small fraction of the footprint of each trench. However, the

20



WO 2009/073576 PCT/US2008/085078

ANNEX A

steepness of the sidewalls is not critical and the sidewalls may be on average angled between
approximately 0° and 60° with respect to the bottom of the trench (where 0° is taken to be
perfectly perpendicular to the trench bottom).  Furthermore, .in certain preferred
embodiments, the trenches are relatively shallow such that the aspect ratio of the height of a
trench 530 to its width 550 is relatively small. In these embodiments, the aspect ratio of the
trench height $30 to its width 550 may be approximately in the range of .0005 to .25. In
more preferred embodiments, the aspect ratio can be in the range of .0025t0 .1, Other ranges
are also possible. The bottom $50 of each trench can be substantially optically flat and
parallel to the diamond surface upon which the grating is patterned. The grating profile of
FIG. § will occasionally be referred 1o as square wave with the understanding that the
profile of the grating may ot be perfectly “square.” In other words, lhe'trvnch walls 540 may
not be perpendicular to the trench floors S50 and the trench walls 540 and trench floors 550
may not be perfectly planar, In some embodiments, the edges may be rounded.

(0060]  The duty cycle of the square wave profilé 510 shown in FIG. 5 is
approximately 50% and the period 520, A, is such that the grating is somewhat higher order
for visible light, meaning that the periodicity is many times the wavelength range of visible
light. This higher order design has benefits, despite the fact that the dispersive effects of
diffraction gratings generally increase with smaller periodicity, which will be explained
below. In some embodiments, the period is approximately in thé range of 1-100 microns. In
other preferred embodiments, the period can be approximately in the range of 2-50 microns.
In some preferred embodiments, the period can be in the range of 4-20 microns. In one
preferred embodiment, the period 520, A, is approximately 10 microns. This structure factor
resuits in adequate angular separation between the 0% order and the %} diffractive orders.
The angular separation between diffractive orders will, in general, also be dependent upon the
angle of incidence of light upon the grating. This can in turn depend upon the geometry of
the gemhstone being used as well as the particular optical paths through the gemstone of light

| rays that are of interest in a given design. For example, in a round brilliant cut gemstone,
light rays which enter the crown end are reflected back cut of the pavilion are particularly of
interest in the optical design. ln some embodiments, the periodicity of the grating can be
chosen such that the angular separation between the 0% order and the =1 diffractive orders for
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incident rays of interest is less than approximately 15°, though it may also be made greater.
In certain preferred embodiments, the angular separation between the 0¥ order and the 1
diffractive orders is less than approximately $° for incident rays of interest.

(0061]  The form factor of the diffraction grating illustrated in FIG. § is
determined, in part, by the height $30 or depth, b, of the trench walls 540. As previously
discussed, the form factor of the grating determines the relalive intensity of light in the
various diffractive orders. As an analytical tool, it is useful to think of one period of the
grating $10 as comprising two paralle! mirrors (light incident upon the grating from within
the diamond at angles greater than the critical angle will be reflected) offset by the distance h.
Light incident upon each of these mirrors will be reflected and will incur an h-dependent
phase shift in relation to light reflected by the other mirror. If this phasé shift is an integer
multiple of 27, the grating will behave approximately as a single mirror and the majority of
light will be reflected into the 0" order. If, however, the phase offset is an odd integer
multiple of 7, the majority of the incident light power will be reflected into the %1 orders.
The phase shifi (in multiples of 7), m, can be calculated according to the following equation:

e iﬁ’i%m, (Equation 3)

where 8 is the angle of incident light upon the grating, n is the refractive index of the
gemstone, h is the trench height 530, and A is the wavelength of incident light. Generally
speaking, the grating design of FIG. § will result in most of the optical power being reflected
into some combination of the 0® and %1 diffractive ordém with a negligible amount of power
coupled into higher orders. In certain preferred embodiments, the value of h ranges from
approximately 20 to 1000 nm. In some preferred embodiments, the value of h can range from
approximately 20 to 600 nm. In one particular preferred embodiment, the value of h is
approximately 240 om. While typical dimensions of a diffraction grating used in one
embodiment of the invention (that of FIG. 5) have been given in terms of physical sizes,
those skilled in the art will recognize that the dimensions could also be speciﬁéd in terms of
optical length, or physical distance of propagation of light multiplied by the refractive index
of the medium of propagation. In fact, if a different medium of propagation were selected,
the grating dimensions disclosed in this specification may need to be altered in order to
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maintain similar ranges of optical lengths which would result in similar optical behavior.
This conversion is within the skill of one having ordinary ékill in the at.

{0062) This diffraction grating design addresses the above-described
complexities. Due to the relatively small aspect ratio of trench height $30 to trench width
550, a large percentage of light incident upon the grating strikes the tops and bottoms 550 of
‘the trenches, rather than the sidewalls 540, and is totally internally reflected, rather than
escaping from the diamond. This helps to maintain the natural brilliance of thé diamond cut.
The difficulty in adequately reflecting the various diffractive orders, with their diverging
angular paths, off the pavilion facets 610 and back through the crown is lessened due to the
fact that the form factor of the grating (e.g., the shape of diffractive features) is such that the
grating couples most of the light incident upon the grating into thé 0® and £1 orders, The
structure factor of the grating (e.g., the period) is such that the grating causes the angular
separation between the 0% and ] diffractive orders to be less than approximately 15°,
allowing much of the light coupled into-each of these orders to be reflected back through the
crown much as it would in the absence of the grating on a pavilion facet 610.

(0063)  Finally, the culet angle 630 can be chosen to reduce or minimize the
imp;u:l of subsequent steering of light rays by reflection off of a second diffraction grating in
an optical path similar to that illustrated by ray 620. This is due to variation in the phase
offset as the angle of incidence upon the grating varies (See, e.g, Equation 3 which is
dependent upon 8 as well as b). In other words, for the case of a round brilliant cut gemstone,
a ray of light which enters the table portion 110 of the crown 130 approximately normal to

the table surface will strike a first pavilion facet at an angle that is dependent upon the culet
angle 530. The angle of incidence as well as the trench height 530, h, of the grating will
determine the phase offset according to Equation 3. The angle at which subsequent diffracted
rays of light strike a second pavilion facet, and hence the phase offset at that facet according
to Equation 3, is also dependent upon the culet angle 530.  The culet angle 630 can be
chosen so that the phase offset for light incident upon a first diffraction grating along ray path
620 is approximately an odd integer multiple of 7, resulting in strong coupling into the =1
diffractive orders, whereas the phase offset caused by a second diffraction grating on an
opposing pavilion facet along optical path 620 is approximately an integer multiple of 27 In
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this way, the second grating behaves primarily 35 a mirror without substantially upsetting the
diffractive order coupling caused by the first grating along the optical path 620. In certain -
preferred embodiments, the angle of & corner reflector formed by two or more facets, such as
the culet angle, is approximately between thé range of 60 and 120 degrees.

[0064]  As discussed, the diffraction grating 510 of certain preferred embodiments
of the invention has a relatively large periodicity (several times the wavelength range of
visible light) in order to lessen the angular separation between the 0° and the &1 orders,
thereby allowing for reflection of each of these diffractive orders back through the crown,
Furthermore, the form factor (¢.g., shape of the diffractive features) of the described grating
is such that the grating couples most of the optical power incidcnt'upon the grating into the
0" and £1 orders, rather than higher orders. Each of these characteristics tends to lessen the
dispersive effects of the grating since dispersion is greater for smaller graling periodicities
and higher diffractive orders. (Other designs according to the invention can be made to take
advantage of shorter grating periods and higher diffractive orders to achieve desirable optical
effects in gemstones). However, in this design a significant contribution of the enhancement
of the fire of the gemstone is due to the fact that across the visible spectrum different
proportions of light are coupled into the 0" and %1 diffractive orders for each wavelength,
This is related to the fact that the form factor of the grating will be slightly different for each
wavelength of visible light due to the difference in the optical dimensions of the grating at
various wavelengths. As a result, the distribution of light into the different orders may vary
with wavelength In other words, in a preferred embodiment, the enhenced fire of a gemstone
is caused principally by the form factor of a diffrection grating, which may be different for

~ different wavelengths and may be used to control the distribution of different color light in
the different orders, while the structure factor is utilized L& control the optical paths of
diffracted rays (in this case, maintaining brilliance by ensuring that #1 diffractive orders are
still back reflected through the crown of the gemstone). [n other embodiments, the structure
and form factors of a diffraction grating could be used in different ways to enhance the
optical characteristics of a gemstone.

[0065]  The grating of FIG. § can be designed or optimized in a number of ways to
achieve a wide varicty of optical characteristics, For example, the grating of FIG. 5 can be
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configured (for example, the trench height can be selected) so that a majority of green light is
coupled into the =1 diffractive orders, while a majority of red and blue light remain in the 0
order. This situation is illustrated in FIG. 7A which shows the proportion of incident light
reflected in the 0 and +1.diffractive orders as a function of wavelength for 8 beam of white
light incident upon the diffraction grating of FIG. 5. In this case, the grating has a trench

~ height or depth 530, h, equal 10 240 nm. Using Equation 2, and assuming a 90° culet angle
530 sach that light normally incident upon the table portion of the crown 110 would strike a
diffrection grating located on a pavilion facet 610 at 8=45° this trench height results in a
value of m=3 (a phase shift of 31) at the green wavelength of =550 nm. The results in strong
coupling into the =1 orders as the majority of the incident light power will be reflected into
the +1 orders if the phase offset is an'integer multiple of = as described above.  Using the
same ;qu;u'on it can be seen that =2 in the red regions of U‘xe spectrum and m=4 in the blue
regions of the visible spectrum. The result is low coupling into the #1 orders as the grating
will behave approximately as a single mirror and the majority of light will be reflected into
the 0 order if if this phase shif is an integer multiple of 2. Curve 710 represents the
fraction of light across the visible spectrum that is coupled into the +1 orders. Note the peak
in curve 710 that occurs in the midrange wavelengths of the visible spectrum which roughly
correspond to the color green. Curve 720 represents the fraction of light across the visible
spectrum which remains in the 0" order. ‘Note the peaks in curve 720 which occur near the
longer red waveléngths and the shorter blue wavelengths of the visible spectrum. This design
would result in a diamond with enhanced green and purple fire,

(0066]  In another variation, the grating of FIG. § could be designed so that a
majority of blue light is directéd into the ! orders, while a majority of red light remains
within the 0% order, as illustrated by curves 730 and 740, respectively of FIG. 7B. .In this
case, the trench height or depth §30, h, is equal to 186 nm. This design would result in a
diamond with enhariced red and blue fire. Accordingly, by varying the trench height 530, h,
of the grating 510, a broader range of colorful fire effects can be achieved in a gemstone.
The dimensions of the grating illustrated in FIG. § can be varied to accommodate a variety of
tastes,
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[0667)  In still other variations of the grating shown in FIG. 5, the duty cycle could
be changed from approximately 50% to other percentages. For example, a duty cycle of
approximately 30% or approximately 70% would result in an appreciable amount of coupling
of light into the 0" order not only when m is an even integer but also when m is an odd
integer. This may result in a softer fiery effect. The trench height 530, h, can also be varied
substantially. For example, for relatively small values of h, the value of m may be less than 1
for all visible wavelengths of light. In this case, the coupling into diffractive orders other
than the 0" order may never reach full strength. Furthermore, for relatively small values of h
there will be less wavelength variation in the effects of the grating, resulting in a more
understated enhancement of fire. In summary, with respect to the specific grating illustrated
in FIG. §, three dimensions, for example, can be varied to achieve a variety of optical effects:
the trench height 530 can be varied to control color dominances of the fire; period can be
varied to control angular steering of diffracted beams; and duty cycle can be varied to control
the strength of the enhanced fire as well as coupling into higher diffractive orders. |

[0068] It should be understood that the diffraction grating design of FIG. 5, along
with the several described variations, represents only a single embodiment of the invention.
This embodiment is intended o illustrate how certain complexities that may arise with the
intfroduction of diffractive optical elements to the surfaces of some types of gem cuts could be
addressed. A myriad of other designs (i.e. diffraction gratings of different shapes and
dimensions as well as other arrays of diffractive features) are not only possible but useful to
practicing the invention with gemstones of various types, cuts, quality, and sizes in order to
achieve a variety of desired optical characteristics. Other designs can be developed with the
aid of available method of 6pﬁcal design, including bul not limited to analytical methods,
finite difTerence time-domain (FDTD), and finite element methods (FEM),

[0069] Modified ray-tracing can also be used as an optical design methodology in
certain preferred embodiments of the invcntion. Ray-tracing algorithms are based on 2
geometric oplical approximation of light propagation and have the benefit that they can be
much less computationally intensive than a full simulation of Maxwell's equations such as
might be performed using FDTD or FEM. Since the light under which a diamond is typically
viewed is polychromatic and has a short coherence length, ray-tracing can be used to quickly
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model the optical properties of a gemstone with an acceptable degree of accuracy. Ray-
tracing algorithms typically catalog the surface properties of the object being simulated in
terms of angular dependence of reflectivity and transmission, diffusivity of the surface, etc.
and then simulate the paths of 2 number of light rays based on known laws of reflection,
refraction, and absorption. However, since ray-tracing entails a geometric optical
approximation of Maxwell’s equations, it does riot typically account for the effects of
diffraction,

[0070]‘ However, the ircreased fire of gemstones that is made possible with the
diffractive optical elements described herein depends upon diffractive effects and should be
included in the simulation. This can be done by augmenting the ray-tracing algorithm with
d.iﬁraction aigorithms that sir;\ulate the diffraction of light from, for example, a diffractive
optical element such as disclosed herein. The diffraction of the light can be based on
specifications that might include the location of diffractive optical cleménts on the gemstone,
their angular efficiency dependence, and the angles of diffractive orders, as well as their
relative intensities, that are caused by the diffractive optical elements. With this information,
the ray-tracing algorithm can be modified to simulate the additional light rays that result
whenever any given simulated ray is incident upon a diffractive optical element. These
properties of the diffractive optical elements may be obtained from 8 simulation of Maxwell's
equations, ¢.g. FDTD, or from analytical descriptions of the grating. They may be calculated
directly by the algorithm, or may be included in a database, entered by a user, eic.

{0071]  For the difﬁ‘action grating illustrated in FIG. $, and others, the ray-tracing
algonithm itsell can efficiently calculate the effects of the grating for inclusion in the
simulation. The an'glﬁ of propagation of diffracted rays can be calculated by the algorithm
according to Equation 2, 50 that the algorithm may only need to store the form factor of
diffractive features (e.g. in the form of the scattering efficiency of the individual diffractive
features). In the case of some periodic spatial phase modulators, including the diffraction
grating of FIG. §, the relative intensities of the various diffractive orders can also be obtained
directly by closed form enalytical expressions. For example, for the diffraction grating of
FIG. §, where the duQ cycle of the grating is approximately 50%, the power reflected in the
0" order is approximately given by cos(nmv/2)}, where m is given by Equation 3. The total
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power reflected in the other orders is approximately given by sin(rm/2)}, The fraction of
power coupled into a specific higher diffractive order cah be obtained from the square
magnitude of the Fourier transform of a function g, where g equals -1 in the trough regicn of
the grating and +1 in the uneiched, or peak, region of the grating. This method can be
adapted and used for a variety diffractive optical elements, paving the way for more
computationally efficient simulations of these diffrective optical elements..

[0072] ° When simulating the appearance of a cut gemstone with a convex
geometry, the ray-tracing dlgorithm ¢an be further adapted to accelerate the ray-tracing
algorithm. One of the calculation-intensive steps in ray tracing is collision detection, which
includes verifying which objects intersect a given ray and in what order. If a gemstorie has a
convex geometry and can be described by planar facets, this information can be used to
simplify the collision detection portion of the ray-tracing algoritham. In these cases, collision
detection can be performed by computing, for each facet, the distances between a point
within the gem along a ray path and the (infinite) plane in which each facet is contained,
This can be done using basic analytical geometry. The facet corresponding to the smallest
distance is the facet that actually intersects the ray. For rays escaping the gemstone, the
problem is trivial, as those rays cannot intersect with the gemstone again due 1o its convex
geometry, One benefit of this method of collision detection is that it does not require
triangulation of the gemstone surfaces, though this still may be beneficial in certain
circumslances. ‘

[0073)  In many cases, the diffractive optical element(s) used according to various
embodiments can be designed or optimized by software that includes ray-tracing and
simulation of the diffraction of light from the‘diffmctive optical element(s), In this way,
modified ray-tracing algorithms, as described herein, can not only simulate the optical
charscteristics of a “macroscopic” cut of the diamond, but also the appearance that a
gemstone will have after being patterned with one or more microscopic diffractive optical
elements.

[0074] In oné embodiment, simulation software that uses, for example, a ray- .

* tracing algorithm, as described above, could be used in conjunction with machine vision
techniques to analyze rough hewn gemstones to determine 8 macroscopic cut (e.g. an optimal
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macroscopic cut) for the gemsione, whether in terms of weight or bﬁlli‘ancc any other desired
characteristic. For example, the machine vision system could include a processor and a
detector such as a camera to image rough hewn gemstones and determine their dimensions as
well as identify the presence of defects such as inclusions. The machine vision system could
also comprise a laser mapping system, which could include one or more lasers and one or
more detéctors to track gemstone position and/or map the shape and features of a gemstone.
With this information, the rough hewn gemstone could be analyzed, and a cut determined
which emphasizes brilliance, carat weight, or some other property. The simulation software
could then be used to determine whether a diffractive optical element should be patterned on
the resulting cut gemstone and, if so, the location(s) of diffractive optica] elements to achieve
a desifed appearince. In certain embodiments, a collection of rough gemstones could be
sorted to provide the appropriate cut and diffractive optical element(s). In other
embodiments, cut diamonds can be processed, for example, using machine vision and/ot the
simulation software described herein to determine which diamonds should receive diffractive
optical elements, where such elements should be located, and/or the specifications for the
diffractive optical element (e.g., shape, size, etc.) In other embodiments, customers could be
given the opﬁ'on of selecting 8 pre<cut gemstone and then having the stone analyzed and
simulated, whether in person or over the internet, with the described ray-tracing algorithm so
that the customer can choose, for example, diffractive optical element types and/or positions
which result in an appearance that best suits his or her tastes. The customer's chosen
gemstone could then be patterned with his or her selected configuration of diffractive optical
elements, as described below. This simulation program may be provided by jewelers or
jewelry retail stores or other outfits that may charge the customer for the diamond or for the
service of providing the diffractive optical elements on the diamond or even cutting a
diamond and providing the diffractive optical element. Other arrangements are possible.
[0075])  In certain preferred embodiments of the invention, the above-described
optical methodologies can be used to create gem designs, entailing both macroscopic cuts and
facets, as well as microscopic diffractive optical elements, that direct as much light as
possible, in as many lighting conditions as possible, to the areas around junctions between
two or more facets of the gem. ‘The junctions between facets of a gemstone are traditionally
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the locations where ‘fire and scintillation are strongest because of the variety of angles and
orientations at which the joining facets are positioned and the corrésponding effect of those
angles on light incident upon the junctions. In much the same way, the junctions between
facets can also be used to further enhance the fire and scintillation caused by the diffractive
optical elements according to the present invention. In other words, when diffracn've optical
elements are designed to steer light to areas surounding junctichs between two of more
facets of a gemstone, the enhanced fire resulting from the diffractive optical elements
becomes cumulative with ‘natural fire caused by the refractive prism effect of gemstones
(diamionds in particular) in these areas, Furthermore, the fire that is visible at these junctions
will appear more similar, yet more intense, to the fire which consumers have come to know
dnd recognize, which may give gemstones that include diffractive optical elements described
herein a more “‘nature!” appearance.

0. Fabrication Procedures

[0076]  The diffractive opticel elements illustrated in the FIG. 2 insets 220 and
230 can be pattemned onto gemstones using a variety of lecﬁniqum, which will be disclosed
below. Other methods of manufacture may also be suitable for creating gemstones having
paltermied diffractive optical elements on the surface or within the gemstone. In particular,
several techniques used in the semiconductor industry can be adapted for this parpose. FIG.
8 illustrates a general framework that is shared by several of the métheds of manufacture that
disclosed herein, '

{0077]  The rdund brilliant cut diamend 800 sbowﬂ in FIG. 8 has previously been
cut and polished. In certain preferred embodiments, diffractive optical elements can be
patterned onto one or more facets of a cut and polished gemstone. In other embodiments,
diffractive optical elements can be pattemed on any gemstone surface, whether faceted and
polished or not. Furthermore, while FIG. 8 illustrates a method of patterning diffrective
optical elements on a diamond, any other gemstone can also be used. The inset illustrates a
magnified view of one facet 810 of the diamond 800, The facet surface 810 is replicated in
each of the frames 820, 830, 840, 850, and 860 in the lower portion of FIG. 8 that illustrate
individual processing steps in the fabrication of a diffractive optical element on the facet
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surface 810. At frame 820, a mask layer 812 is deposited onto the facet surface 810, The
mask layer 812 may comprise any suitable material. For example, titanium, aluminum,
platinum, chromium, silicon dioxide, and silicon nitride may serve as suitable mask layers.
In one preferred embodiment the mask layer 812 comprises a film of gold approximately 100
nm thick. Other thicknesses can also be used. ‘

[0078)  Next, at frame 830, a resist layer 814 is deposited on the mask layer 812.
The precise material used for the resist layer 814 can vary and will depend on the particular
fabrication process that is chosen. For example, if an electron beam lithography process is
used, the resist layer 814 can be any material that is sensitive to exposure by an electron
beam. In one embodiment, polymethylmethacrylate (PMMA) is used as an electron beam.
sensitive resist layer. In other manufacturing processes, such as direct laser lithography,
projection lithography, various types of interference lithography, and combinations thereof,
the resist layer 814 can be any material that is sensitive to exposure by a laser source of
choice. Many such materials are known in the semiconductor industry.

[0079)  Any method capable of depositing a uniform mask layer 812 and &
uniform resist layer 814 can be used to perform the processing steps illustrated in frames 820
and 830. In one preferred embodiment, 8 number of gemstones, which may have already
been cut and polished, are provided within a holder. The helder positions the gemstones so
that each of the desired facets 810, or other surfaces, can be coated with a mask layer 812 and
a resist layer 814 and then exposed simultaneously, or nearly so. The holder may comprise a
tray with a number of gemstone compartments, The compartments can be coated with a
release agent, such as vacuum grease, and then filled with a putty ‘material. Once the
compartments have been filled with the putty, the gemstones may be slightly depressed into
the putty. The orientation of the gemstones within the putty can vary depending on the
irtended location of the diffractive optical elements upon the gemstones, In the case of round
brilliant cut gemstones, they may be positioned crown-up, pavilion-up, or in any intermediate
orientation, After the gemstones have been positioned in the putty, the entire tray assembly
can be pressed against an optical flat, or other planar surface, to ensure that each gemstone is
positioned at a uniform height. The putty can then be allowed to cure, locking the gemstones

in place.
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[0080)  Once the gemstones are secure, a metal mask layer 812 can be evaporated
onto the surfaces of the gemstones. The holder may then be. positioned in & spinner and a
drop of resist material put on each gemstone, for example with a pipette-type device. The
spinner is then rotated at high speeds to spread the drop of resist material into a uniform resist
layer 814. Conventional spinners can be used in certain embodiments. However, they may
have the disadvantage that gemstones located at different radial distances from the axis of
rotation of the spinner can be coated with layers of resist of varying thicknesses due to the
difference in centrifugal force at the different radii. The thickness of ihe resist coating is
likely to be inhomogeneous even over the surfaces of a single gemstone, depending upon the
flow of resist material over the surfaces of the gemstone under centrifugal forces. For
example, resist material on a surface of a gemstone nearer the axis of rotation will be forced
outward under centrifugal forces but may be obstructed by the surface of the gemstone itself.
Resist material on the far side of the gemstone, in relation to the axis of rotation, will likely
see no such obstruction, [n other cases, resist on a surface nearer the axis of rotatién may
flow around the gemstone, and accumulate on surfaces on the far side. These disadvantages
can be overcome, in certain preferred embodiments, by using a new type of spinner, as
illustrated in FIG. 9A.

(0081]  In certain preferred embodiments, the spinner of FIG. 9A may comprise a
central portion 910 from which one or more arms 920 radially extend. The arms can include
joints 930 which allow segments 940 of the arms to hang substantially vertically under the
force of gravity. The hanging portions of the arms 940 can be adapted to support holders 950
containing one or more gemstones 960. The gemstones 960 can be positioned within the
holders so that the surfaces to be pattemed with one or more diffractive optical elements are
exposed. In some cases, round brilliant cut gemstones will be positioned so that the culet is
pointing up. The hanging portions of the arms 940 can hang freely or can be secured with a
locking mechanism for stability while drops of resist are applied to the gemstones. In some
embodiments of the spinner, a plurality of radially extending arms 920 could be mechanically
linked to provide structural support. In other embodiments of the spinner shown in FIG. 9A,
the function of the arms 920 could be performed by otlier structures such as a disk (as seen
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from above) with hinged portions around the perimeter of the disk. Other geometries are also
possible.

[0082)  Once drops of resist material have been added to the surfaces-to-be-
patterned, the spinner begins to rotate. If the center of mass of the hanging portions of the
arms together with the diamond holders is lower than the arm joints, centrifugal force will
cause the hanging portions of the radial arms (o rise and orient the exposed gemstone surfaces
more toward the axis of rotation, as illustrated in FIG. 9B. In this orientation, the centrifugal
force on each gemstone; and on each surface of individual gemstonés, is more balaficed,
resulting in more uniform resist layer coatings. In embodiments of the described spinner
which rely on centrifugal force to re-orient the gethstone holders, weights can be added to the
holders and spinner arms as necessary to achieve a desirable center of mass. In' other
embodiments, actuation mechanisms could be used to re-orient the hanging portions of the
arms 940. In some embodiments, the described joints 930 in the radial arms 920 can be
omitted such that portions of the arms do not hang vertically and the exposed surfaces of the
gemstones always point toward the axis of rotation. However, allowing-portions of the arms
to hang vértically during application of the resist material may simplify this task since the
gemstones will be in an orientation where drops of resist material can be more easily applied.

(0083)  After the resist layer 814 has dried, it can be exposed and the diffractive
optical elements etched into the facet surfaces 810, .as described below, afier which the
gemstones are expelled from the holder compartments,

(0084]  Once the mask 812 and resist 814 layers have been applied to the facet
surface 810, the resist layer can be exposed and developed with an appropriate deQeloping
solution, There are a number of'options for exposing the resist layer 814, including, but not
limited to, electron beam lithography, direct laser litho@‘aphy. projection lithography, various
types of interference lithography, and combinations thereof. .

{0085]  In the case of an electron beam lithography process, exposing thé resist
layer 814 can be done by selectively scanning or sweeping an electron beam over the facet
surface 810 in the pattern of the desired diffractive optical element, whether by moving the
clectron beam or by moving the gemstone with respect to the electron beam. A scanning
electron microscope (SEM) can be used to provide the electron beam. In some embodiments,
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the feature size of the diffractive optica) elements patterned onto the gemstone surfaces 810
can be limited by the spot size of the electron beam. The surface height variation that can be
tolerated before the electron beam is out of focus to the extent that resclution is compromised
is referred to as the depth of focus, or Rayleigh length. The depth of focus of a conventional
SEM is generally about 0.5 mm, bul since SEMs are typically used on surfaces with a small
amount of height variation, depth of focus usually does not create a problem. However, in
the case of using an SEM to pattem diffractive optical elements onto gemstone surfaces, the
depth of focus becomes much more critical since the gemstone surface t6 be patterned can
vary in height by several millimeters or possibly even centimeters.

(0086) The problem can be solved by using an SEM in a non-siandand
configuration where the working distance between the final aperture of the SEM is increased
1o be much longer than is conventionally used. This arrangement is illustrated in FIG. 10,
which shows an électron beam source 1000 separated from a gemstone 1010 by a working
distance 1040, By increasing the working distance and appropriately lengthening the focal
distance of the electron beam, a much larger depth of focus 1030 is lobtained‘, as cornpared to
the depth of focus 1020 that would result from a shorter working distance and a shorter focal
length, Accordingly, m various embodiments the focal length and working distance can be
greater than approximately 10 cm, allowing a depth of focus of greater than about 2 mm to be
obtained. I more preferred embodiments, the depth of focus ¢an be greater than about 5
mm. lne typical SEM, a 50 am spot size can still be maintained at a working distance of
over 10 cm, which enables electron beam lithography to be conducted with adequate depth of
focus to pattern a standard |-carat diamond.

[0087)  The resist layer 814 can also be exposed directly with a focused laser
beam. In much the same way as with electron beam lithography, the laser beam is selectively
scanned or swept over the gemstone surfaces in the pattern of the diffractive optical element-
to-be-formed using a beam steering mechanism. In other embodiments, the use of a beam
steering mechanism can be avoided using the scanning strategy illustrated in FIG. 11. A
gemstone 1110 can be disposed on & rotating stage 1120, The laser beam 1130 can be
focused or de-focused, as necessary, so that its diameter corresponds to the width of a desired
diffraction grating trench 1140. The laser beam, or the gemstone, can then be moved in one
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direction at & constant speed while the g,exhstone is rotated about an axis that passes through
the culet. In one embodiment, the lateral speed of the laser spot r:elau've to the gemstone
corresponds to approximately one period of the grating per revolution of the gemstone, This
results in a spiral grating on the pavilion of the gemstone without the need for a sophisticated
beam steering mechanism. It should be understood, however, that this in other embodiments,
the stage 1120 could also be moved vertically, 10 maintain laser spot size for different heights
on the gemstone. The stage 1120 could also be moved translationally in any manner
appropriate to expose a resist layer 814,

(0088]  In various other embodiments, the resist layer 814 can be exposed by
imaging a reticle containing the desired patfem of diffractive features onto gemstone
surfaces, Interference lithography, too, can be used to expose the resist layer 814, In this
method, an electromagnetic wave or optical interference pattem creates spatial modulation of
the intensity of the electromagnetic radiation that selectively exposes the resist layer 814,
The interference pattern can be created by interfering two or more lasers (in some cases
expanded and collirnated). as shown in FIG. 12. FIG. 12 illustrates an interference pattern
1210 formed by interfering multiple laser beams 1220, The characteristic length of the
resulting interference pattern can be modified by changing the relative angles 1230 between
the laser beams 1220. An intcrf&cnce pattern can also be created by illuminating a hologram
or a phase shifi mask. A phase shift mask may act as a conventional mask by selectively
blocking and transmitting light in a desired pattern. However, a phase shift mask may elso
comprise & van'aﬁle thickness plate through which laécr light is shined. The variations in
thickness of the plate spatially modulate the phase of the laser beam, resulting in interference
fringes which can selectively expose the resist layer 814, By modulating both phase and
intensity of incident light, a phase shift mask can give greater latitude in tailoring the pattern
of a diffractive optical element to be patterned on a gemstone, The phase shift mask ¢an be
designed so that the resulting interference pattern matches the désired pattemm of the
diffractive optical element that is being formed. Phase shiff masks may also be useful in
reducing depth-of-focus-related problems associated with somé forms of projection
lithography and can allow for the formation of relatively sharp diffractive features. For
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example, the phase shift mask can be configured to vary phase and intensity to imvide
wavefronts of a desired shape and pattem ‘

(0085]  Another methed of forming an interference patiern to selectively expose -
the resist layer 814 comprises using the macrostructure of a ‘gemstone itself to re-direct a
coherent beam of light incident upon the gemstons such that the beam interferes with itself to
create an interference pattern that selectively exposes a resist layer 814. For example, a laser
could be directed onto the crown of a round brilliant cut diamond. The laser beam enters the
diamond and, as discussed previously, is reflected off of the pavilion walls back towards the
crown., As the re-directed laser beam emerges fom the crown of the diamond, it will
interfere with itself at the crown as the laser beam directed into the diamond is incident on
the crown as described above. This optical interference creates an interference pattern that
can develop a resist layer 814 located on the crown. The beam réflected off 6f a first pavilion
facet onto a second pavilion facet can also interfere with light transmitted directly through the
crown to the second pavilion faget, thereby exposing a layer of resist located on the second
pavilion facet from inside the diamond. In this case, a resist layer lift-off process can be used
to transfer the resulting pattern to a mask layer, '

[0090]  In & resist layer lift-ofT process, a resist layer is deposited on a facet surface
before a mask layer (unlike what is shown in FIG. 8). The resist layer can be exposed and
developéd before a mask layer is deposited on top of it. After a mask layer is deposited, the
resist layer can be dissolved, causing the portions of the mask layer on top of the dissolved
resist layer to break off. This type of process is particularly advantageous when the resist
layer is exposed from within the gemstone, as described, because the resist layer, rather than
8 mask layer, is in contact with 8 gemstone facet surface.

l0091i Greater flexibility in achieving the desired exposure pattern using the
method of internal exposure of a resist layer can result from coating certain facets with
reflective layers to prevent light from exiting the gemstone at those facets so that it can be
used for contributing to an interference pattern at a subsequent suiface along the optical path
of light. In other cases, certain facets of the gemstone can be immersed in an'index tlnau:hingo

‘fluid so that light does exit the gemstone al those surfaces and does not contribute to an
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interference pattem at a subsequent surface along the optical path of light within the:
gemstone,

(0092)  As an'alternative to the methods that have been described for exposing and
developing the resist layer 814 to create the desired diffractive optical elements on the facet
surface 810, a nano-imprint technique could also be used. This technique entails using &
polymer material ‘is a pseudo-resist layer, The pattern for the desired diffrective optical
element can be directly stamped into the polymer material using known nano-imprini
techniques. The diffractive optical element pattern is then transferred to the mask layer 812
in much the same manner as described below. ‘

(0093])  Once the resist layer 814 has been exposed arid devcléped as illustrated at
frame 840, the mask layer 812 can be etched with the resulting pattern from the resist layer
814,  This processing stép can be performed with any suitable method. Id certain
embodiments, the mask layer 812 is etched with an ion milling process, In this way, the
pattern from the resist layer 814 is transferred to the mask layer 812, as shown at frame 850,
The pattem can then be transferred to the facet surface 810, as illustrated at frame 860.
Again, this processing step can be performed with any suiteble method. In certain
embodiments, this step is performed with a wet etch, In other embodiments, the diffractive
optical element pattern is etched into the facet surface 810 using a plasma process known as
reactive ion etching process, Various preferred embodiments of this plasma process can use
oxygen, CF4, CHF3, or Ag. This process can be particularly advantageous in creating
anisotropic etch profiles, i.. steep trench walls 540, In some émbodimcnts, it may be
desirable to use an inductively coupled plasma reactive ion etching (ICP-RIE) process to
transfer the diffractive optical element pattem to the facet surface 810, This process results
in a plasma with more uniform properties which can be beneficial in obtairiing uniform
eiches over the 3D geometry (e.g. height variations) of the gemstone. .

{0094 In some cases it may be desirable to follow the reactive ion etching
process with an isotropic wet etch to smooth rough features of the diffractive optical element
or remove residues resulting from the etching process chemistry such as fluofo carbons. In
the case of diamonds, amorphous carbon and grephite residues can also be formed on the

gemstone during etching and can also be removed with a wet et¢h. This can occasionally be
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important to enhance the quality of the diffractive optical -elements and maintain brilliance
and transparency of a diamond or other gemstone due to the negative effects of these residues
on the optical qualities of a gemstone.

[0095]  In some embodiments, it may be unnecessary to use separate resist 814
and mask 812 layers. The purpose for having both types of layers is generally due to the fact
that many types of resist layers are not resistant enough to a selected etch chemistry used to
transfer a diffractive optical element pattern into a gemstone surface; the entire resist layer
can be etched away before the pattemn ié satisfactorily formed in thé gemstone surface. To
overcome this problem, the pattern is first transferred to a mask layer 812 which is more
resistant to the etch chemistry. However, there are certain resist materials which are
sufficiently resistant to :selected etch chemistries such that separate mask layers aré not
required. One example is the negative electrok beam resist hydrogen silsesquioxane, If an
etch chemistry-resistant resist layer 814 is used, then at least two steps of the process
illustrated in FIG. 8 can be foregone. First, the mask layer 812 at frame 820 is not required.
Second, the process of transferring an etch pattern to a mask layer 812, as shown at frame
850, is not required, Other steps remain substantially as described above,

(0096]  Finally, once the diffractive optical element pattern has been transferred to
the facef surface 810, remaining portions of the mask layer 812 (as seen at frame 860) can be
removed. In certain preferred embodiments, this is done with a standard gold etch.

[0097) In eddition to manufacturing methods that share the general processing
framework of FIG. 8, several other fabrication methods can also be used to form diffractive
optical elements on the surfaces of gemstones. These can ifcludé direct laser ablation of
gemstone material with a high power pulsed laser. If this method is used on diamond, which
has relatively poor absorption, it may be beneficial to use a layer of material substantially
optically absorbing to the laser light to increase the efficiency of the laser ablation process.
In certain embodiments, graphite can bé used. A layer of graphite can dbe formed on the
diamond and a laser can be used to ablate the graphite layer. The heat from this process will
convert a layet of the underlying diamond into graphite, which can then be ablated (e.g., to
form the trenches or indentations), This process can be repeated as necessary to form the
desired diffractive optical elements on the diamond gem.
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(0098] . Another method of forming diffraction gratings in particular on a
gemstone, is to us¢ a specialized grating ruling machine to either etch a gemstone surface
directly or to etch a pattem into a pseudo-resist layer of the type used in conjunction with the
nano-imprinting technique described above. Such & ruling machine could also be used to
pattern a metallic mask layer directly.

[0099] . Yet another method of forming diffractive optical elemeats on a gemstone
employs using self-organized patterns to create patterned mask layers 812 or resist layers 814,
There are many processes which result in self-organized patterns of scales that will suitably
diffract visible light according to various embodiments of the invention.. Any one of these
processes known in the art can be used. Two processes, in particular, which result in self-
organized patterns will be described below.

[0100)  In one embodiment, a self-organized pattern can result from immersion of
a gemstone in 8 colloidal bath. For example, when an object is immersed in a colloidal
solution of microstopic particles and then removed from the solution under ceftain
conditions, it is possible to obtain a coating of & layer of particles arranged in a two-
dimensional array. In certain preferred embodiments, the layer of particles comprises a
mono-layer and the particles are organized in a closely-packed, substantially periodic airay,
The resulting {ayer of particles can then serve as a mask layer which can be used to transfer
the resulting pattern into a facet surface 810 according to the methods described above. The
particles can be of any shape and can form any suitable array, whether periodic of not.

{0101] . In another embodiment, reflow of a deposited layer is used to create a self-
organized pattern. For example, a thin film of material ¢an be deﬁosited onto & gemslone,
The thin film can be heated, or otherwise made to liquefy, 50 that it re-flows. As the material
reflows it can form a pattern that is suitable for forming a diffractive optical elemeat In
certain embodiments, the material need not be patterned before reflow; the reflow process
itself forms a desired pattern. [n other embodiments, the deposited material can be pattemed
in @ suitable manner and then made to reflow. For example, a resist layer could be deposited
on a gemstone, exposed, and developed as described above. The resist layer could theh be
made to reflow, thus modifying the pattern in which the resist layer had been previously
exposed. The pattern that results from the reflow process can be modiﬁ‘ed by altering
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characteristics of the surface tension between various layers deposited on the gemstone (eg
mask and resist layers) and/or the surrounding medium (e.g. air).

(0102)  Several of the fabrication methods which have been discussed benefit from
knowing the position of a gemstone being pattemned with a high degree of accuracy. The
position of a gemstone can be determined and tracked with any suitable technique, one of
which is laser mapping. In the case of diamonds, their fluorescence under X-ray illumination
could be used to track their position. Accordingly, the diamond could be illuminated so as to
fluoresce and the fluorescence could be detected by an optical detector to determine position
and orientation. Lastly, machine vision algorithms could be used in conjunction with a
camers, a laser mapping system, or other sensing device and processor to track the position
and orientation of a gemstone during the fabrication process by identifying recognizable
features of the gemstone, such as the culet. One illustrative use of this type of system could
be used to center a round brilliant cut gemstone on a rotatable, x-y translatable stage. For
example, the gemstone could be placed, with the culet facing up, at any position on the stage.
The stage could then be rotated and the machine vision system used to identify whether the
gemstone is off-center with respect to the axis of rotation. If the gemstone is off-center, the
culet will trace out a circle, easily identifiable by machine vision which can be configured to
provide feedback to translate the gemstone in the x and'y directions such that the radius of the
traced out circle is reduced. By this method, the gemstone can be precisely centered on the
stage. Other methods using machine vision algorithms could also be used and applied to
other cuts of gemstones.

(0103) According to the described fabrication methods, or any other suitable
method, diffractive optical elements can be patterned on a gemstone, The diffractive optical
elements can be pattemed on any gemstone surface or facet, at any orientation, in any pattern,
and have any size, In fact, the diffractive optical elements can even be formed in a
macroscopic shape (not to be confused with the microscopic individual diffractive features of
those elements), This is illustrated in FIG. 13 where a diffraction grating 1310 (here
comprising a plurality of lineas trenches 1320) is formed in the shape of & graphic (¢.g., 8
heart) 1300 that would be visible on the gemstone to the naked eye. [n one embodiment, an
outline of a desired diffractive optical element shape can be etched to an etch depth that
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increases visual contrast so that the design can be more easily seen, though this is not
required. The diffractive optical element can then be patterned on the etched surface in the
shape of the desired graphic. In this way, a diffrastive optical element can literally take the
form of any design, logo, symbol, or other graphical feature. The design will appear fery and
can easily catch the eye. This method can be useful for personalization of a gemstone or for
branding purposes, etc. It can be used to create graphical features which are visible to the
naked eye or are small enough that they remain invisible to the una:ded eye, which may bc
desirable for giving the gem a discreet identification mark,

[0104]  One advantage of the processed described herein is that the gemstone can
be subsequently modified, for example, to provide a new design which may be desired by the
consumer to give the gemstone a fresh appearance or to comrect a defect, For example, in
certain embodiments, the diffractive features will generally be shallow. In many cases,
therefore, the diffractive features can be easily polished away with little loss in caral weight,
Subsequently, a new diffractive optical element cduld be patterned on the same gemstone. In
this way, a single gemstone can be given a different optical appearance time and time again
as desired. Once one or more diffractive optical elements have been patterned on a
gemstone, the g‘cinstonc can be incorporeted into any piece of jewelry in much the same way
as is known in the art, Thus, gemstones can be incorporated into rings, earrings, necklaces,
braceléts, broaches, pendants, belt buckles, cuff links, etc.. Such jewelry may further
comprises settings, chains, pins, etc., as is customarily used in such jewelry.

{0105] It should be understood that the principles disclosed herein can be applied,
in addition to diamonds, to any gemstone or other optically transmissive jewelry. In fact the
diffractive optical element can be applied even to opaque portions of jewelry items, in the
form of reflection gratings, such as gold, silver, or platinum or other maternials,

(0106)  Preferred embodiments of the inventions have been described in
connection with the accompanying drawings. However, a wide variety of variation is
possible,  Components, and/or elements may be added, rémoved, or rearranged.
Additionally, processing steps may be added, removed, or reordered. The various algonithms
that have been described herein can be performed in software, hardware, or a combination of

the two. Instructions for performing the algorithms can be embodied by a computer program
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that is executed by the processor as @ series of computer-executable instructions. These
instructions or data usable to generate these instructions may reside, for example, in RAM or
on a hard drive or optical drive, or on a disc or the instructions may be stored on magnetic
tape, electronic read-only memory, or other appropriale data storage device or computer
.accessible medium that may or may not be dynamically changed or updated. Additionally,
some oriall the processing can be performed all on the same device, on one or more other
devices that communicates with the device, or various other combinations. The processor
may also be incorporated in a network and portions of the process may be performed by
separate devices in the network,

(0107)  While certain preferred embodiments have been explicitly described, other
embodiments will become apparent to those of ordinary skill in the art of the claimed
inventions based on this disclosure. Therefore, the scope of the disclosed inventions is
intended to be defined by reference to the claims and not simply with regard to the explicitly

described embodiments of the inventidns.
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. A gemstone comprising:

a body comprising crystalline material; and

8 diffractive optical element disposed on or in said body, said diffractive
optical element comprising & plurelity of diffractive features spaced with respect to
each other to diffract visible light.

2 The gemstone of Claim 1, wherein said body comprises a cut and polished
gemstone, |
3. The gemstone of Claim 2, wherein said body comprises two or more facets

and said diffractive optical element is disposed on at least one of said two or more facets.

4, The gemstone of Claim 3, wherein said‘ diffractive optical element is
configured to preferentially direct light toward one or more junctions formed by two or more
of said facets.

5 The gemstone of Claim 3, wherein said facets are arranged in a configuration
tha! increases brilliance of said gemstone and said diffractive optical element increases fire of
said gemstone.

6. The gemstone of Claim 3, wherein said facets are arranged in 8 configuration
that emphasizes brilliance of said gemstone over firé and said diffractive optical element
increases fire of said gemstone.

7. The gemstone of Claim 3, wherein at least two of said two or more facets form
a comer reflector with an angle between 60 and 120 degrees.

8. The gemstone of Claim 1, wherein said crystalline material comprises
naturally occurring diamond.

9. The gemstone of Claim 1, wherein said crystalline material comprises
synthetic diamond or synthetic or natural, ruby, sapphire, emerald, cubic zirconium, zircon,
moissanite, topaz, rutile, strontium titanate, spinel, yttrium aluminum -garnet, strontium
‘titanate, yttrium aluminum gamet (YAG), gadolinium gellium gamet (GGG).

10.  The gemstone of Claim 1, wherein said diffractive optical element comprises a
patterned layer of material deposited onto said body.
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11, The gemstone of Claim 10, wherein said diffractive optical element comprises
a diffraction grating composed of metal strips.

12, The gemstone of Claim 1, wherein said diffractive optical element comprises
indentations in said body. ‘

13, The gemstone of Claim 12, wherein said diffractive optical element comph’ws
etches in said body.

14, The gemstone of Claim 12, wherein bottoms of said indentations are
substantially fat. ' '

15, The gemstone of Claim 12, wherein said diffractive optical element comprises
a diffraction grating.

16,  The gemstone of Claim 15, wherein said plurality of diffractive feanures
comprise a plurality of grooves. ‘

17.  The gemstone of Claim 1§, whérein a cross section of said diffraction grating
substantially comprises a square wave,

18.  The gemstone of Claim 17, wherein the trough of said square wave is
substantially flat, -

19.  The gemstone of Ciaim 17, wherein the period of said square' wave is on
average approximately in the range of 4 to 20 microns.

20.  The gemstone of Claim 17, wherein the peak-to-trough amplitude of said
square wave is on average approximatély in the range of 20 to 600 om.

21, The gemstone of Claim lS,'wherdn the form factor of said diffraction grating
is selected such that the majonity of optical power incident upon the dif‘fm:tion grating is
coupled into the Oth and the +! dirﬁ;active orders.

22.  The gemstone of Claim 21, wherein the fraction of light coupled into the Oth
versus the +1 diffractive orders substantially varies as a function of wavelength in the visible
spectrum.

23, The gemstone of Claim 15, wherein the structure factor of said diffraction
grating is selected such that the angular separation of the 1 diffractive orders from the Oth
diffractive order, for a selected wavelength of visible light, is less than about 5°,
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24, The gemstone of Claim |, wherein said diffractive optical element comprises a
two dimensional array of diffractive features.

25, The gemstone of Claim 24, wherein said diffractive features are periodically
spaced.

26. The gemstone of Claim 25, wherein said diffractive features comprise
cylindrical indentations. ‘

27, The gemstone of Claim 25, wherein the spacing between said plurality of
diffractive features is quasi-periodic such that the feature-to-feature distance is distributed
about a mean, or & finite number of means, with a standard deviation which does not exceed
approximately one times said mean. ‘

28, The gemstone of Claim 24, wherein said plurality of diffractive features
substantially comprises a sunflower structure, an Archimedean tiling, or a Penrose tiling.

29.  The gemstone of Claim 24, wherein said array of diffractive features
comprises a square lattice, triangular lattice, or higher-order lattice. ‘

30. - The gemstone of Claim |, wherein said diffractive optical element comprises a
design, 10go, symbol, or other graphical feature,

31, The gemstone of Claim 1, wherein said gemstone is incorporated into ‘a piece
of jewelry. ‘

32. A gemstone compnising:

g body having 4 surface; and

a diffractive optical element comprising a plurality of diffractive features
pattemed in said body or on said surface of said body, said diffractive features spaced
with respect to each other to diffract visible light.

33,  The gemstone of Claim 32, wherein said gemstone comprises a crystal,
mineral, or mineraloid, ‘ '

34, The gemstone of Claim 32, wherein said gemstone is at least partially
optically transmissive. '

35, The gemstone of Claim 32, wherein said gemstone comprises glass or some
other optically transmissive material. |

36. A method of altering the fire of a gemstone comprising:
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providing a gemstone; and

forming a diffractive optical element comprising a plurality of diffractive
features in or on said gemstone, said diffractive features spaced with respect 10 each
other to diffract visible light.

37.  Analtered gemstone formed by the method of Claim 36

38. - The method of Claim 36, wherein the step of forming said diffractive optical
elerﬁent'comprises: .

depositing a mask layer onto a surface of said gemstone,

depositing a resist layer onto said mask layer;

exposing said resist layer in the pattern of said plurality of diffractive features;

developing said resist layer;

transferring said pattern of diffractive features to said etch mask layer; and

transferring said pattern of diffractive features onto said surface of said
gemstone.

19.  The method of Claim 38, wherein said gemstone is placed on & movable stage
during said step of exposing said resist layer.

40. The method of Claim 38, wherein said step of exposing said resist layer
coﬁpris& selectively scanning a laser beam over said resist layer.

41,  The method of Claim 38, wherein said step of exposing said resist layer
comprises using an interference pattern of elé'cu'omagnetic radiation to selectively expose
said resist layer,

42.  The method of Claim 41, wherein said interference pattern is produced using a
phase shift mask.

43, The method of Claim 41, wherein said interference pattern is produced by
interfering two or more laser beams.

44,  The méthod of Claim 38, wherein said resist layer comprises an electron
beam-sensitive polymer and said step of exposing said resist layer comprises selectively
scanning an electron beam over said resist layer,

45.  The method of Claim 44, wherein depth of focus of said electron beam is at
least about 2 mm,
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46.  The method of Claim 45, wherein providing said depth of focus of said
electron beam comprises establishing the distance between said gemstone and a fina) aperture
of an electron beam column which emits said electron beam to be greater than about 10 ¢m,

47.  The method of Claim 38, 'wherein said etch mask layer comprises a metal,
silicon dioxide, ot silicon nitride.

48,  The method of Claim 38, wherein transferring said pattern of diffractive
features to said mask layer comprises using an ion milling process.

49.  The method of Claim 38, wherein transferring said pattern of diffractive
features info said surface of said gémstone comprises using a reactive ion etching process or
inductively coupled plasma reactive ion etching process.

50.  The method of Claim 36, wherein said step of forming said diffractive optical
element comprises one of the following: direct laser ablation, graphite-assisted direct laser
ablation, nano-imprint téchniques, direct formation with a focused ion bedm, using self-
organized patterns, or formation with a grating ruling machine.

§1.  The method of Claim 50, wherein said self-organized patterns are formed by
immersion in & colloidal bath or by reflow of a layer of material deposited on said gemstone.

52,  The method of Claim 36, wherein after said forming step is performed, said
diffractive optical element is removed and a second diffractive optical element is formed on
said gemstone,

§3.  The method of Claim 36, wherein the step of forming said diffractive optical
element comprises:

depositing a resist layer onto a surface of said gemstone;

exposing said resist layer in the pattern of said plurality of diffractive features;

developing said resist layer;

transferring said pattem of diffractive features onto said surface of said
gemstone with .gn etching process, said resist layer being resistant to said etching
process.

S4.  The method of Claim 38, wherein said step of depositing a resist layer is
performed using 2 spinner configured to orient said gemstone such that centrifugal forces
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brought about by a rotating action of said sp'um‘er cause a resist material to substantially
uniformly coat selected surfaces of said gemstone.

53, The method of Claim 38, wherein said step of depositing a resist layer is
performed using a spinner, a portion ‘of the spinner structure being configurable in a first
position during application of a resist material to said gemstone and in a second posiﬁon
during a rotating action ofsavi‘d'spinncr.

§6.  Jewelry comprising:

a body comprising precious metal; and |

a reflective diffractive optical clement disposed on or in said body, said
reflective diffractive optical element comprising a plurality of diffractive features
spaced with respect to each other to diffract visible light.

57. A method of simulating the optical properties of a gemstone that includes a
diffractive optical element, said method comprising: |

executing a ray-tracing algorithm to determine the propagation of light
through said gemstone; and .

simulating the effect of diffraction of at least & portion of said light from said
diffractive optical element.

58, The method of Claim 57, wherein sdid meihod comprises executing a
compuler ray-tracing algorithm configured to simulate diffraction from a diffractive optical
clement,

$9.  The method of Claim $7, wherein said steps of executing a ray-tracing
algorithm and simulating the effect of diffraction are performed on a gemstone selected by a
user, and further comprising allowing said user to select a desired configuration of diffrective
optical elements to be patterned on said gemstone based on results of the simulation,

60.  The method of Claim 57, further compnising:

executing a8 machine vision algorithm to identify a feature or shape of a
gemstone;
determining, based on results of said machine vision algorithm and said ray-

tracing algorithm, a macroscopic cul, a type of diffractive optical element, or a

position of a diffractive optical element for said gemstone.
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61. A machine-readable medium that, when read by a machine, causes the
machine to perform 4 method comprising: |
' executing a ray-tracing algorithm to determine the propagation of light
through a gemstozie; and
simulating the effect of a diffractive optical element in or on said gemstone.

62.  The machine-readable medium of Claim 61, wherein said gemstone comprises
a diamond. '
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Various embodiments described herein comprise a gemstone or other piece of
jewelry, which incorporates one or more diffrective optical elements to enhance the fire
displayed by the gemstone. In certain embodiments, the diffractive optical element
comprises a diffraction grating etched on one or more facets of the gemstone, |
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WHAT IS CLAIMED IS

1. A method for controlling appearance of a gemstone comprising a plurality of facets, the

method comprising:

introducing roughness on one or more of the facets through application of nanometer
and/or micrometer sized features on the one or more facets, to provide the one or more facets

with a hazy white-colored appearance.

2. The method of claim 1, wherein roughness is introduced on a section of the one or more

facets.

3. The method of claim 1 or 2, wherein introducing roughness on one or more of the facets is
performed by forming non-periodic nanometer and/or micrometer sized features on said one or

more facets.

4. A method of controlling appearance of a gemstone comprising a plurality of facets,
comprising:
forming millimeter-sized reflective features on each facet according to one or more

techniques and/or methods shown in Annex A.
5. The method of claim 4, wherein the formed gemstone is a gemstone with a disco ball effect.

6. The method of claim 4 or 5, further comprising:

forming periodic nanometer and/or micrometer sized diffractive features on one or more

of said millimeter-sized reflective features

7. The method of claim 6, wherein the formed gemstone has diffractive color effects in addition
1o improved scintillation.

8. The method of claim 4, further comprising:

introducing roughness through application of nanometer and/or micrometer sized features
on said millimeter-sized reflective features, to provide the one or more millimeter sized reflective

features with a hazy white colored appearance.
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9. The method of claim 8, wherein introducing roughness on one or more of the millimeter sized
features is performed through application of non-periodic nanometer and/or micrometer sized

features on said one or more facets.

10. The method of claim 8 or 9, wherein introducing roughness on one or more of the millimeter
sized features is performed through formation of random nanometer and/or micrometer sized

features on said one or more millimeter-seized features.
11, The method of any of claims 4 to 9, wherein the gemstone includes at least 50 millimeter-
sized reflective features.
12. The method of any of claims 4 to 11, wherein forming said reflective features is performed
by forming a reflective optical element comprising a plurality of reflective features spaced with
respect to each other to reflect visible light.
13. The method of any of claims 4 to 12, wherein forming said reflective features comprises:

depositing a mask layer onto a surface of said gemstone;

depositing a resist layer onto said mask layer;,

exposing said resist layer in a pattern of said plurality of reflective features;

developing said resist layer,

transferring said pattern of reflective features to said mask layer; and

transferring said pattern of reflective features onto said surface of said gemstone .
14, The method of any of claims 4 to 12, wherein forming said reflective optical element
comprises:

depositing a resist layer onto a surface of said gemstone;

exposing said resist layer in the pattern of said plurality of reflective features;

developing said resist layer;

transferring said pattern of reflective features onto said surface with an etching process,

said resist layer being resistant to said etching process.
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15. A gemstone comprising a plurality of facets, wherein one or more of the facets have a hazy
white-colored appearance, said appearance associated with nanometer and/or micrometer sized

features on said facets.

16. A gemstone comprising a plurality of facets, wherein each facet is a reflective facet with
millimeter-sized features on said each facet, and the gemstone has an improved scintillation or
play of light.

17. The gemstone of claim 16, further comprising periodic nanometer and/or micrometer sized
diffractive features on one or more of the facets with millimeter-sized reflective features, the

gemstone further having diffractive color effects.

18. The gemstone of claims 16 or 17, further comprising nanometer and/or micrometer sized
features on one or more of the millimeter sized features, to form a gemstone with a rough facet,

the gemstone further having a white disco ball effect.

19, The gemstone of claim 18, wherein the nanometer and/or micrometer sized features are non-

periodic features.

20. The gemstone of claim 18, wherein the nanometer and/or micrometer sized features are

random features.
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Forming millimeter-sized reflective
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or play of light
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diffract visible light
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each facet, to form a gemstone with improved

scintillation or play of light
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Introducing roughness on one or more of the facets
through application -of nanometer and/or micrometer
sized features on the one or more millimeters sized
reflective features, to provide the one or more facets with

a hazy white-colored appearance

FIG. 4



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - claims
	Page 67 - claims
	Page 68 - claims
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings

