
WO 2019/088929 	 PCT/SG2018/050556 

1 

HOLOGRAPHIC SECURITY ELEMENT AND METHOD OF FORMING 

THEREOF 

CROSS-REFERENCE TO RELATED APPLICATION 

	

5 	[0001] 	This application claims the benefit of priority of Singapore Patent Application 

No. 10201709097Q, filed 3 November 2017, the content of which being hereby 

incorporated by reference in its entirety for all purposes. 

TECHNICAL FIELD 

	

10 	[0002] 	The present invention generally relates to a security element and a method of 

forming the security element, and more particularly, to a holographic security element 

that may be incorporated in an article of interest for anti-counterfeiting. 

BACKGROUND 

	

15 	[0003] 	Anti-counterfeiting technologies are of particular importance as counterfeiting 

and forgery pose significant financial damage to global enterprises. As a safeguard, 

security tags (security elements) are routinely incorporated into various articles, such as 

banknotes, credit cards and product packaging. Security tags may be designed as 

graphical markers and/or spectrally encoded labels with characteristic physical properties 

	

20 	under an external stimuli, and verified by the naked eye or authenticated using analytical 

tools, such as optical microscopes or Raman spectroscopy. Unique security tags with 

features that have a high barrier to direct replication, yet are easy to detect, are attractive 

for deterring easy duplication. For example, security tags may include hard-to-replicate 

features, such as fine prints, intaglio prints, security-ink-printed images, watermarks, and 

	

25 	holograms. However, the barrier-to-entry to replicating anti-counterfeiting techniques is 

continually being compromised as a consequence of technological advancements, which 

enables or makes replication easier. 

[0004] 	In recent years, the adoption of nanoscale features have enabled microscopic 

images to be formed, such as in the form of ultra-high resolution reflective plasmonic 

	

30 	pixels, structural colour prints, as well as metasurface holograms. These nanoscale 

features enable the formation of micro-images in a single small foot-print area and could 
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be envisioned for encoding covert images in anti-counterfeiting tags. Furthermore, 

multiple-level security tagging could be achieved through involving the encryption of an 

additional level of security by means of a hidden security feature engineered within the 

tag, where the first level may be a simple marker easily validated by the general public 

	

5 	and the second level may be a unique feature that requires authentication by advanced 

analytical instruments. 

[0005] 	However, various challenges hamper widespread use of nanoscale elements in 

the field of security tagging, including: 

• unique features in the security tags may be required to deter easy replication (for 

	

10 	example, various conventional tagging approaches may have predicable and 

deterministic decoding mechanisms); 

• inspection tools employed for verification may not be destructive to security tags 

(for example, various conventional approaches may employ destructive inspection 

tools for verification); 

	

15 	• a sufficiently large (e.g., centimeter-scale) area may be required to be covered by 

the nanoscale features for the security tag to be visible without using specialised 

optical instruments (e.g., by the naked eye) between the holographic imaging 

plane (e.g., image screen) and the hologram plane (plane of the security element) 

to ensure easy verification of the security tag for the general public; and 

	

20 	• an area large enough to be observed by the naked eye, yet bearing nanoscale 

features, may be inherently be time-consuming (and hence costly) to fabricate. 

[0006] 	A need therefore exists to provide a security element, as well as a method of 

forming thereof, that seek to overcome, or at least ameliorate, one or more of the 

deficiencies or problems associated with conventional security elements, and more 

	

25 	particularly, to a holographic security element that may be incorporated in an article of 

interest for anti-counterfeiting. 

SUMMARY 

[0007] 	According to a first aspect of the present invention, there is provided a 

	

30 	holographic security element comprising: 

a substrate; and 
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an array of nano-reflectors configured to form a pattern on the substrate and to 

generate a holographic image corresponding to the pattern at a predetermined distance 

from the substrate when irradiated with a predetermined light source, wherein the array of 

nano-reflectors is configured to generate the holographic image at the predetermined 

	

5 	distance to have a size that is larger than a size of the pattern. 

[0008] 	In various embodiments, the size of the pattern is at most of micron scale and 

the size of the holographic image is at least of centimeter scale. 

[0009] 	In various embodiments, the size of the pattern has a largest lateral dimension 

that is smaller than about 1,000 micrometers, and the size of the holographic image has a 

	

10 	smallest lateral dimension that is larger than about 1 centimeter. 

[0010] 	In various embodiments, the size of the holographic image is at least 50 times 

larger than the size of the pattern. 

[0011] 	In various embodiments, the array of nano-reflectors is configured to directly 

generate the holographic image at the predetermined distance. 

	

15 	[0012] 	In various embodiments, spatial locations of the array of nano-reflectors on 

the substrate are configured to form the pattern such that interference of the reflected 

light from the array of nano-reflectors when irradiated with the predetermined light 

source generates the holographic image having substantially the above-mentioned size at 

the predetermined distance. 

	

20 	[0013] 	In various embodiments, the predetermined light source is a laser light source. 

[0014] 	In various embodiments, each of the array of nano-reflectors is a nano-minor. 

[0015] 	According to a second aspect of the present invention, there is provided a 

method of forming a holographic security element, the method comprising: 

providing a substrate; and 

	

25 	 configuring an array of nano-reflectors to form a pattern on the substrate 

and to generate a holographic image corresponding to the pattern at a 

predetermined distance from the holographic security element when irradiated 

with a predetermined light source, wherein the array of nano-reflectors is 

configured to generate the holographic image at the predetermined distance to 

	

30 	have a size that is larger than a size of the pattern. 
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[0016] 	In various embodiments, the size of the pattern is at most of micron scale and 

the size of the holographic image is at least of centimeter scale. 

[0017] 	In various embodiments, the size of the pattern has a largest lateral dimension 

that is smaller than about 1,000 micrometers, and the size of the holographic image has a 

	

5 	smallest lateral dimension that is larger than about 1 centimeter. 

[0018] 	In various embodiments, the size of the holographic image is at least 50 times 

larger than the size of the pattern. 

[0019] 	In various embodiments, the array of nano-reflectors is configured to directly 

generate the holographic image at the predetermined distance. 

	

10 	[0020] 	In various embodiments, the above-mentioned configuring the array of nano- 

reflectors comprises configuring spatial locations of the nano-reflectors in the array of 

nano-reflectors on the substrate to form the pattern such that interference of the reflected 

light from the array of nano-reflectors when irradiated with the predetermined light 

source generates the holographic image having substantially the above-mentioned size at 

	

15 	the predetermined distance. 

[0021] 	In various embodiments, the spatial locations of the nano-reflectors are 

configured based on a genetic algorithm, and 

wherein based on the genetic algorithm, the above-mentioned configuring 

the spatial locations of the nano-reflectors comprises: 

	

20 	 mutating a current chromosome array comprising nano-reflector location 

information to produce a mutated chromosome array; 

computing an interference of reflected light at the predetermined distance 

based on the nano-reflector location information of the mutated chromosome 

array; and 

	

25 	 determining whether to accept the mutated chromosome array based on 

whether the computed interference associated with the mutated chromosome array 

is closer to a target interference of reflected light at the predetermined distance for 

generating the holographic image than a computed interference of reflected light 

at the predetermined distance associated with the current chromosome array. 

	

30 	[0022] 	In various embodiments, the current chromosome array comprises a plurality 

of elements, each element respectively corresponding to a possible nano-reflector 
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location on the substrate and indicates a presence or an absence of a nano-reflector at the 

possible nano-reflector location, and the above-mentioned configuring the spatial 

locations of the nano-reflectors comprises performing iteratively, for each element of 

multiple elements or each subset of multiple subsets of elements of the plurality of 

	

5 	elements, the above-mentioned mutating a current chromosome array, the above- 

mentioned computing an interference and the above-mentioned determining whether to 

accept the mutated chromosome array. 

[0023] 	In various embodiments, the above-mentioned configuring the spatial 

locations of the nano-reflectors further comprises generating an initial chromosome array 

	

10 	comprising the plurality of elements, each element being randomly set to indicate either a 

presence or an absence of a nano-reflector at the corresponding possible nano-reflector 

location. 

[0024] 	In various embodiments, the predetermined light source is a laser light source. 

[0025] 	In various embodiments, each of the array of nano-reflectors is a nano-minor. 

	

15 	[0026] 	According to a third aspect of the present invention, there is provided an 

article having one or more holographic security elements incorporated therein, each of 

the one or more holographic security element comprises: 

a substrate; and 

an array of nano-reflectors configured to form a pattern on the substrate 

	

20 	and to generate a holographic image corresponding to the pattern at a predetermined 

distance from the holographic security element when irradiated with a predetermined 

light source, wherein the array of nano-reflectors is configured to generate the 

holographic image at the predetermined distance to have a size that is larger than a size of 

the pattern. 

25 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] 	Embodiments of the present invention will be better understood and 

readily apparent to one of ordinary skill in the art from the following written 

description, by way of example only, and in conjunction with the drawings, in which: 

	

30 	FIG. 1 depicts a schematic flow diagram of a method of forming a holographic 

security element according to various embodiments of the present invention; 
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FIG. 2 depicts a schematic drawing of a top view of a holographic security 

element according to various embodiments of the present invention; 

FIG. 3 depicts a schematic drawing of a top view of an article having one or more 

holographic security elements as shown in FIG. 2 incorporated therein according to 

	

5 	various embodiments of the present invention; 

FIG. 4 depicts an overview of a working operation of a nano-mirror based 

reflective-mode hologram according to various example embodiments of the present 

invention; 

FIGs. 5A to 5C show various aspects of an example genetic algorithm configured 

	

10 	for determining spatial distribution of an array of nano-minors on a substrate according 

to various example embodiments of the present invention; 

FIG. 6 illustrates the lensing magnification effect of the holographic security 

element according to various example embodiments of the present invention; and 

FIG. 7 depicts an example operation of the holographic security element 

	

15 	according to an example embodiment of the present invention. 

DETAILED DESCRIPTION 

[0028] 	Various embodiments of the present invention provide a security element and 

a method of forming thereof, and more particularly, to a holographic security element 

	

20 	that may be incorporated in (e.g., embedded in, attached to or applied to) an article of 

interest for anti-counterfeiting. 

[0029] 	FIG. 1 depicts a schematic flow diagram of a method 100 of forming (or 

fabricating/manufacturing) a holographic security element. The method 100 comprises 

providing (at 102) a substrate; and configuring (at 104) an array of nano-reflectors to 

	

25 	form a pattern on the substrate and to generate a holographic image corresponding to the 

pattern at a predetermined distance from the holographic security element when 

irradiated with a predetermined light source. In particular, the array of nano-reflectors is 

configured to generate the holographic image at the predetermined distance to have a size 

that is larger than a size of the pattern. 

	

30 	[0030] 	In various embodiments, the array of nano-reflectors may be a two- 

dimensional (2D) array of nano-reflectors. In various embodiments, the size of the 
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holographic image is an overall size such as the lateral or planar cross-sectional 

dimensions (e.g., area) of the holographic image. Similarly, in various embodiments, the 

size of the pattern is an overall size such as the lateral or planar cross-sectional 

dimensions (e.g., area) of the pattern. Accordingly, as the array of nano-reflectors is 

	

5 	configured to generate the holographic image at a predetermined distance from the 

substrate (e.g., above or over the substrate) to have a size that is larger than a size of the 

pattern formed on the substrate, for example, the area required for forming the array of 

nano-reflectors may advantageously be reduced, while the holographic image generated 

(e.g., projected) by the array of nano-reflectors may still be visible by a person without 

	

10 	requiring the use of a specialized magnifying or light-collecting optical instrument, such 

as a magnifying glass or a microscope, between the holographic imaging plane (e.g., 

image screen) and the hologram plane (plane of the security element or the array of nano- 

reflectors). As a result, the footprint required for the security element may be reduced, 

thus advantageously enabling the security element to be more readily incorporated in 

	

15 	(e.g., embedded in, attached to or applied to) an article of the interest desired to have anti- 

counterfeiting protection, therefore improving the feasibility and applicability of the 

security element. 

[0031] 	In various embodiments, the size of the pattern is at most of micron scale and 

the size of the holographic image is at least of centimeter scale. Accordingly, the array of 

	

20 	nano-reflectors of at most micro scale is advantageously configured to generate the 

holographic image at the predetermined distance to have a size that is at least of 

centimeter scale. Therefore, in various embodiments, the array of nano-reflectors is 

advantageously configured to generate the holographic image at the predetermined 

distance to have a size that is significantly larger than the size of the pattern. 

	

25 	[0032] 	In various embodiments, the size of the pattern has a largest lateral dimension 

(planar cross-sectional dimension) that is smaller than about 1,000 wn (micrometers), and 

the size of the holographic image has a smallest lateral dimension (planar cross-sectional 

dimension) that is larger than about 1 cm (centimeter). In other words, for example, the 

pattern occupies an area on the substrate whereby the largest dimension of the area (i.e., 

	

30 	length or width) is smaller than 1,000 	and the holographic image generated at the 

predetermined distance occupies an area having a largest dimension (i.e., length or width) 
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that is larger than about 1 centimeter. In various embodiments, the largest lateral 

dimension of the pattern is in the range of about 50 urn to about 1,000 urn, and the 

smallest lateral dimension of the holographic image is in the range of about 1 cm to about 

20 cm. In various embodiments, the largest lateral dimension of the pattern may be in a 

	

5 	range of about 60 um to about 900 um, a range of about 70 p.m to about 800 unn, a range 

of about 80 pm to about 700 urn, a range of about 90 urn to about 600 urn, a range of 

about 100 um to about 500 um, a range of about 110 p.m to about 400 pm, a range of 

about 120 Inn to about 300 urn, a range of about 130 p.m to about 200 urn, or a range of 

about 140 p.m to about 180 urn. In various embodiments, the smallest lateral dimension 

	

10 	of the holographic image may be in a range of about 2 cm to about 18 cm, a range of 

about 4 cm to about 16 cm, a range of about 6 cm to about 14 cm, a range of about 8 cm 

to about 12 cm, or a range of about 9 cm to about 11 cm. 

[0033] 	In various embodiments, a nano-reflector may refer to a reflector having a size 

in the nano-scale, such as having a largest lateral dimension in the range of about 20 nm 

	

15 	to about 400 nm. In various embodiments, the largest lateral dimension may be in a range 

of about 30 nm to about 350 rim, a range of about 40 nm to about 300 rim, a range of 

about 50 nm to about 250 nrn, a range of about 60 nm to about 200 nnt, a range of about 

70 nm to about 150 nm, or a range of about 80 nm to about 100 ntm In various 

embodiments, the largest lateral dimension may be set based on a subwaveleng-th of 

	

20 	visible light range. 

[0034] 	In various embodiments, the size of the holographic image is at least 50 times 

larger than the size of the pattern. In various embodiments, the size of the holographic 

image is about 50 times to 200 times the size of the pattern. In various embodiments, the 

size of the holographic image may be about 60 times to 180 times, about 70 times to 160 

	

25 	times, about 80 times to 140 times, about 90 times to 120 times, or about 100 times to 

110 times larger than the size of the pattern. 

[0035] 	In various embodiments, the array of nano-reflectors is configured to directly 

generate the holographic image at the predetermined distance, that is, without requiring 

the use of a specialized magnifying or light-collecting optical instrument, such as a 

	

30 	magnifying glass or a microscope, along the predetermined distance, such as between the 

holographic imaging plane (e.g., image screen) and the hologram plane (plane of the 
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security element or the array of nano-reflectors). In other words, the array of nano- 

reflectors is advantageously configured to generate (e.g., project) the holographic image 

having a size as described herein according to various embodiments at the predetermined 

distance (e.g., above the substrate) that is observable or resolvable by the naked eye 

	

5 	(unaided eye). 

[0036] 	In various embodiments, configuring the array of nano-reflectors comprises 

configuring spatial locations (or positions) of the nano-reflectors in the array of nano- 

reflectors on the substrate to form the pattern such that interference of the reflected light 

from the array of nano-reflectors when irradiated with the predetermined light source 

	

10 	generates the holographic image having substantially said size at the predetermined 

distance. 

[0037] 	In various embodiments, the spatial locations of the nano-reflectors are 

configured based on a genetic algorithm (which may also be referred to as a genetic 

method or technique). In particular, based on the genetic algorithm, the above-mentioned 

	

15 	configuring the spatial locations of the nano-reflectors comprises mutating a current 

chromosome array comprising nano-reflector location information (or position 

information) to produce a mutated chromosome array; computing an interference of 

reflected light at the predetermined distance based on the nano-reflector location 

information of the mutated chromosome array; and determining whether to accept the 

	

20 	mutated chromosome array based on whether the computed interference associated with 

the mutated chromosome array is closer to a target interference of reflected light at the 

predetermined distance for generating the holographic image than a computed 

interference of reflected light at the predetermined distance associated with the current 

chromosome array. 

	

25 	[0038] 	In various embodiments, the current chromosome array comprises a plurality 

of elements, each element respectively corresponding to a possible nano-reflector 

location on the substrate and indicates a presence or an absence of a nano-reflector at the 

possible nano-reflector location, and the above-mentioned configuring the spatial 

locations of the nano-reflectors comprises performing iteratively, for each element of 

	

30 	multiple elements or each subset of multiple subsets of elements of the plurality of 

elements, the above-mentioned mutating a current chromosome array, the above- 
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mentioned computing an interference and the above-mentioned determining whether to 

accept the mutated chromosome array. For example, the spatial locations of the nano- 

reflectors in the array of nano-reflectors may be configured based on mutating a current 

chromosome array iteratively with respect to each element of multiple elements of the 

	

5 	current chromosome array (i.e., one iteration for each element), and for each iteration, 

performing the above-mentioned computing an interference and the above-mentioned 

determining whether to accept the mutated chromosome array. In various embodiments, 

accepting the mutated chromosome array comprises updating or setting the current 

chromosome array as the mutated chromosome array, or in other words, replacing the 

10 current chromosome array with the mutated chromosome array. After the spatial 

locations of the nano-reflectors on the substrate have been configured (or determined) 

based on the genetic algorithm, the array of nano-reflectors may then be configured (or 

formed) on the substrate based on (or in accordance with) the nano-reflector location 

information of the current chromosome array (latest current chromosome array) to form 

	

15 	the corresponding pattern on the substrate. 

[0039] 	By way of example and without limitation, the chromosome array may be in 

form of a binary string where each element of the binary string is either a binary '1' (e.g., 

indicating the presence of a nano-reflector at the corresponding possible nano-reflector 

location) or a binary '0' (e.g., indicating the absence of a nano-reflector at the 

	

20 	corresponding possible nano-reflector location). 

[0040] 	In various embodiments, the above-mentioned configuring the spatial 

locations of the nano-reflectors further comprises generating an initial chromosome array 

comprising the plurality of elements, each element being randomly set to indicate either a 

presence or an absence of a nano-reflector at the corresponding possible nano-reflector 

	

25 	location. In other words, the initial chromosome array may be randomly set initially. 

[0041] 	In various embodiments, the predetermined light source is a laser light source, 

such as but not limited to, a green laser light source that is, for example, commercially 

available. 

[0042] 	In various embodiments, each of the array of nano-reflectors is a nano-mirror. 

	

30 	By way of examples only and without limitations, the nano-reflector or the nano-minor 

may be made of metal(s), such as but not limited to, gold, silver and/or aluminum. 



WO 2019/088929 	 PCT/SG2018/050556 

11 

[0043] 	FIG. 2 depicts a schematic drawing of a top view of a holographic security 

element 200 according to various embodiments of the present invention. The holographic 

security element 200 comprises a substrate 202; and an array 204 of nano-reflectors 206 

configured to form a pattern 208 on the substrate and to generate a holographic image 

	

5 	corresponding to the pattern 208 at a predetermined distance from the substrate 202 when 

irradiated with a predetermined light source. In particular, the array 204 of nano- 

reflectors 206 is configured to generate the holographic image at the predetermined 

distance to have a size that is larger than a size of the pattern. 

[0044] 	In FIG. 2, for illustration purpose only and without limitation, each circle 

	

10 	denotes a possible nano-reflector location (position) on the substrate 202, whereby each 

full circle 206 denotes the presence of a nano-reflector on the substrate 202 at the 

corresponding possible nano-reflector location and each dashed circle 210 denote the 

absence of a nano-reflector on the substrate 202 at the corresponding possible nano- 

reflector location. Accordingly, the array 204 of nano-reflectors 206 may be made up of 

15 the nano-reflectors 206 configured on the substrate 202 according to various 

embodiments of the present invention, which forms the corresponding pattern 208 on the 

substrate 202. 

[0045] 	It will be understood by a person skilled in the art that the possible nano- 

reflector locations on the substrate 202 and the array of nano-reflectors configured on the 

	

20 	substrate 202 are shown in FIG. 2 for illustration purpose only and without limitation. For 

example, it will be appreciated by a person skilled in the art that in practice, a large 

number of nano-reflectors 206 may be configured to form a pattern on the substrate 202 

for generating a holographic image corresponding to the pattern, such as tens or hundreds 

of thousands of nano-reflectors 206 or more, such as millions of nano-reflectors 206. 

	

25 	Therefore, it will be understood by a person skilled in the art that FIG. 2 is not indicative 

of the number of possible nano-reflector locations on the substrate 202 and the number of 

nano-reflectors configured on the substrate 202, and any number may be provided or 

determined as desired or as appropriate for various purposes. 

[0046] 	In various embodiments, the nano-reflector 206 may be configured to have a 

	

30 	circular shape (circular cross-section) as shown in FIG. 2 to, for example, provide a 

polarization-independent hologram, such as a circular disk or cylinder (e.g., flat circular 
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nano-reflector). However, the present invention is not limited to the nano-reflector 206 

having a circular shape, and in various other embodiments, other shapes such as but not 

limited to rectangular or elliptical shapes may also be used as desired or as appropriate. 

However, such a non-circular shape may not have the merit(s) of polarization- 

	

5 	independent associated with circular nano-reflectors. The nano-reflector 206 is also not 

limited to any particular size in general and the size of the nano-reflector 206 may be 

configured or determined as desired or as appropriate for various purposes. For example, 

the size of the nano-reflector 206 may be configured or determined in consideration that 

different size of the nano-reflector 206 may affect the diffraction efficiency and the 

	

10 	quality of the holographic image generated. In various embodiments, for example in the 

case of the nano-reflector 206 having a circular shape, a preferred range of the diameter 

of the nano-reflector 206 may be in the range of tens of nanometers to hundreds of 

nanometers for visible range hologram, such as but not limited to, a range of 10 nm to 

1,000 nm, a range of 20 nm to 800 nm, a range of 30 nm to 600 nm, a range of 40 nm to 

	

15 	500 nm, a range of 50 nm to 350 nm, a range of 70 nm to 300 nm, a range of 100 nm to 

200 nm, and a range of 130 nm to 170 nm. 

[0047] 	In various embodiments, the holographic security element 200 corresponds to 

the holographic security element formed by the method 100 as described hereinbefore 

with reference to FIG. 1, therefore, various features of the holographic security element 

	

20 	200 may correspond to (e.g., the same as) those of the holographic security element 

formed by the method 100 according to various embodiments, and thus need not be 

repeated with respect to the holographic security element 200 shown in FIG. 2 for clarity 

and conciseness. In other words, various embodiments described herein in context of the 

method 100 as shown in FIG. 1 are analogously valid for the holographic security 

	

25 	element 200 shown in FIG. 2, and vice versa. 

[0048] 	FIG. 3 depicts a schematic drawing of a top view of an article 300 having one 

or more holographic security elements 200 as described herein according to various 

embodiments incorporated therein (e.g., embedded in, attached to or applied to). It will be 

appreciated by a person skilled in the art that one or more holographic security elements 

	

30 	200 may be incorporated in any article of the interest desired to have anti-counterfeiting 
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protection, for example, various items or documents, such as but not limited to, smart 

cards, banknotes, security documents, and luxury and high-value consumer products. 

[0049] 	It will be appreciated to a person skilled in the art that the terminology used 

herein is for the purpose of describing various embodiments only and is not intended to 

	

5 	be limiting of the present invention. As used herein, the singular forms "a", "an" and 

"the" are intended to include the plural forms as well, unless the context clearly indicates 

otherwise. It will be further understood that the terms "comprises" and/or "comprising," 

when used in this specification, specify the presence of stated features, integers, steps, 

operations, elements, and/or components, but do not preclude the presence or addition of 

	

10 	one or more other features, integers, steps, operations, elements, components, and/or 

groups thereof. 

[0050] 	In order that the present invention may be readily understood and put into 

practical effect, various example embodiments of the present inventions will be described 

hereinafter by way of examples only and not limitations. It will be appreciated by a 

	

15 	person skilled in the art that the present invention may, however, be embodied in various 

different forms and should not be construed as limited to the example embodiments set 

forth hereinafter. Rather, these example embodiments are provided so that this disclosure 

will be thorough and complete, and will fully convey the scope of the present invention to 

those skilled in the art. 

	

20 	[0051] 	In particular, for better understanding of the present invention and without 

limitation or loss of generality, various example embodiments of the present invention 

will now be described with respect to the array of nano-reflectors being an array of nano- 

mirrors and each nano-reflector having a circular cross-section. 

[0052] 	Various example embodiments of the present invention provide reflective 

25 nano-mirror holograms for anti-counterfeiting. In particular, various example 

embodiments of the present invention provide a reflection-mode, large angle-of-view 

nano-mirror-based colour hologram which employs an array of nano-minors (which may 

also be referred to as "point sources") to reconstruct the desired diffractive image (e.g., 

corresponding to the "holographic image" described herein according to various 

30 embodiments). The holography approach according to various example embodiments 

exhibits a superior tolerance to the incident angle of a tilting plane wave to provide a 
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large angle-of-view. For example, this high angle-tolerance enables the hologram to 

exhibit a unique functionality of a lensing/amplification effect for a magnified image 

projection without requiring the use of an optical magnifying component between the 

holographic imaging plane (e.g., image screen) and the hologram plane (plane of the 

5 security element or the array of nano-minors). Such a lensing functionality 

advantageously enables applications as, for example, a security element (e.g., a security 

tag). For example, a first level of security is the hologram generated which can be easily 

identified by a person using, for example, a commercially-available green laser pointer, 

and a second level of security is the nanoscale features (corresponding to the nano- 

	

10 	mirrors) that require authentication by a specialised tool/instrument, such as a Scanning 

Electron Microscope (SEM). 

[0053] 	Various example embodiments provide an anti-counterfeiting approach or 

method that projects a centimeter-scale holographic image, observable to the naked eye, 

onto an opaque background using nanoscale mirrors occupying an area of only tens or 

	

15 	hundreds of microns which eases challenge(s) of large area nanofabrication. 

[0054] 	Various example embodiments provide a method for anti-counterfeiting by 

using a micro-hologram that is in the size of hundreds of microns, which advantageously 

greatly eases fabrication concern(s) of nano-features in large area. 

[0055] 	Various example embodiments provide a method for anti-counterfeiting by 

	

20 	using a micro-hologram and a point laser source. 

[0056] 	Various example embodiments provide a structure and a method for anti- 

counterfeiting that shows tiny spots (corresponding to the "nano-reflectors" or "point 

sources" as described herein according to various embodiments) on a substrate surface, 

but a large image viewable to the naked eye in projection. 

	

25 	[0057] 	Various example embodiments provide a structure comprising nano-minors 

that can form (e.g., generate or project) a large-angle-of view holographic image. This 

reflective mode nano-minor colour hologram approach or technique produces a 

lensing/amplification effect which yields a magnified image projection, that is, it 

amplifies a micron scale pattern area to a centimeter scale image without the requirement 

30 of an optical magnifying component between the holographic imaging plane and the 

hologram plane. Accordingly, such a technique may be applied for security tagging, 
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which enables the tag feature area to be visible (when projected into a holographic image) 

without the above-mentioned specialised optical magnifying instruments (e.g., 

magnifying glass or microscope), thus facilitating easy verification for a person (e.g., a 

general consumer). 

	

5 	[0058] 	As described in the background of the present specification, various 

challenges hamper widespread use of nanoscale elements in the field of security tagging. 

As such, there exist challenges for unique, scalable and covert security solutions that 

could be detected easily and repeatably without compromise, in order to circumvent 

counterfeiting. For example, various example embodiments of the present invention 

	

10 	tackle the two-fold problem of doing away with large fabrication area on the substrate, 

while enabling the security element (security tag) to be seen without the need for 

specialised optical magnifying instruments between the holographic imaging plane and 

the hologram plane. 

[0059] 	FIG. 4 depicts an overview of a working operation of a nano-minor based 

	

15 	reflective-mode hologram (or simply referred to as a reflective nano-minor hologram) 

400 according to various example embodiments of the present invention. The nano- 

mirror based reflective-mode hologram 400 is advantageously able to produce high- 

quality images even under a large angle-of-view. The nano-minor hologram 400 is 

configured to operate in the reflective mode with metal nano-minors 406 formed on a 

20 transparent substrate 402. As such, the nano-mirror hologram 400 has advantageously 

been found to reflect sufficient light for constructing a holographic image 410 (e.g., more 

light than conventional anti-counterfeiting techniques based on light transmission mode), 

thus allowing for a highly-efficient hologram. 

[0060] 	In various example embodiments, the array of nano-minors 406 have a 

	

25 	uniform size and the amplitude 408 (e.g., corresponding to the "predetermined distance" 

as described herein according to various embodiments) of light reflected from array of 

nano-mirrors 406 is at unity. Not wishing to be bound by theory, but after light is 

reflected from a nano-minor 406, the diffracted light may be described using the 

Rayleigh-Sommerfeld diffraction theory. In this regard, once the diffraction field of a 

	

30 	single nano-mirror (nano-disk) 406 is known, the total electric field of an array of nano- 

mirrors 406 may then be derived by summing the electric field components of all the 
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nano-mirrors 406 comprised in the array. To realise a holographic image 410 at a given 

distance z 408 from the array of nano-minors 406, according to various example 

embodiments of the present invention, the spatial location of each of the nano-minors 

406 is configured (e.g., determined) using a genetic algorithm. Accordingly, the working 

	

5 	operation of the reflective nano-mirror hologram 400 may therefore be based on a 

particular or predetermined manipulation of interference (total electric field by the array 

of nano-minors 406) of reflected light from the array of nano-minors 406 to realise the 

target holographic image at the predetermined distance 408 from the substrate 402. 

[0061] 	Accordingly, in the embodiment of FIG. 4, the amplitude 408 of light 

	

10 	reflected from same-size nano-minors 406 is assumed or configured to be at unity and 

Rayleigh-Sommerfeld diffraction theory is used to describe the light diffracted from each 

nano-mirror 406. The total electric field of the array of nano-minors 406 may then be 

derived by summing the diffraction field from each nano-minor comprised in the array of 

nano-mirrors 406. A genetic algorithm may then be employed to calculate (determine) 

	

15 	the exact spatial distribution of each nano-minor on the substrate 402 for projecting a 

holographic image at a distance z 408 away based on the interference of reflective light 

from the array of nano-minors 406. 

[0062] 	For illustration purpose and without limitation, an example genetic algorithm 

configured for determining spatial distribution (spatial locations) of the array of nano- 

	

20 	minors 406 on the substrate 402 will now be described with reference to FIGs. 5A to 5C 

according to various example embodiments of the present invention. As described 

hereinbefore, the spatial locations of the array of nano-minors 406 may be determined 

based on interference (total electric field by the array of nano-minors 406) of the 

reflected light from the array of nano-mirrors 406 to obtain a desired enlarged 

	

25 	holographic image 410 at a predetermined or particular distance 408 from the substrate 

402. In particular, FIG. 5A depicts a technique or mechanism of building up (generating) 

a chromosome array 520 (which may simply be referred to as "chromosome") for 

implementing the genetic algorithm In FIG. 5A, black dots located on grid nodes 

represent the nano-mirrors 406, whereby each nano-minor 406 has a diameter d and a 

	

30 	minimum edge-to-edge distance t. FIG. 5B depicts a flow diagram of operations or stages 

of the example genetic algorithm 540 according to various example embodiments of the 
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present invention. FIG. 5C depicts a flow diagram of an example implementation of the 

example genetic algorithm 540 according to various example embodiments of the present 

invention. 

[0063] 	In relation to the initialization operation 542 of the genetic algorithm 540, all 

	

5 	of the nano-minors 406 may be assumed to be located at respective grid nodes, with a 

total of N = mxm grid nodes as shown in FIG. 5A. Thus, the smallest edge-to-edge 

distance t may be fixed at t = F-d, where the grid period F = 450 nm and the nano-minor 

diameter d = 300 nm in a non-limiting example embodiment. The chromosome 520 

comprises nano-mirror location information (position information), namely, pi  to pN  as 

	

10 	shown in FIG. 5A. In other words, the chromosome 520 comprises a plurality of elements 

p„ 524, each element 524 respectively corresponding to a possible nano-minor location 

on the substrate 402 and indicates a presence or an absence of a nano-reflector at the 

possible nano-reflector location. Accordingly, as shown in FIG. 5A, the chromosome 520 

may be in form of a binary string where each element of the binary string is either a 

	

15 	binary '1' (e.g., indicating the presence of a nano-minor at the corresponding possible 

nano-mirror location) or a binary '0' (e.g., indicating the absence of a nano-minor at the 

corresponding possible nano-minor location). In particular, the initialization stage 542 

may include generating an initial chromosome 520 comprising a plurality of elements 

524, each element 524 being randomly set to indicate either a presence or an absence of a 

	

20 	nano-reflector at the corresponding possible nano-reflector location. For example, every 

element pn  524 in the initial chromosome 520 may takes a random value, which may be 

obtained by using a random function, such as the function of `rand' in MATLAB. 

[0064] 	In relation to the mutation operation 546 of the genetic algorithm 540, the 

mutation operation 546 may include mutating a current chromosome array 550 

	

25 	comprising nano-reflector location information to produce a mutated chromosome array 

552. For example, the mutation operation 546 may be realized by randomly selecting an 

element 524 of the chromosome 520 and modifying its value (e.g., changing it from 

binary '0' to '1' or from binary '1' to `0'), as for example illustrated in FIG. 5C. 

[0065] 	In relation to the evolution operation 556 of the genetic algorithm 540, the 

	

30 	evolution operation 556 may include computing an interference of reflected light at the 

predetermined distance based on the nano-minor location information of the mutated 
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chromosome array 552. For example, the evolution operation 556 may calculate the 

intensity at the target imaging plane 412, which may be chosen according to a particular 

requirement, such as Fresnel or Fraunhofer diffraction. For a given chromosome 550 

whose evolution result is E0  that is the electric field at the target imaging plane 412, the 

	

5 	n-th gene (n-th element) 524 taking the value of pn  = 1 mutates so that a new chromosome 

(mutated chromosome) 552 is generated. The evolution result Emutated  of the mutated 

chromosome 552 may then be computed using, for example, E mutated = E0 + (-1)PnXEn, 

where pn  takes the value before mutation and En  denotes the electric field diffracting from 

the nano-mirror located at the n-th node. Accordingly, the evolution operation 546 may 

	

10 	be implemented with ease by only utilizing a simple addition operation, which makes the 

design or configuration of the nano-minor array flexible without any limitation on nano- 

mirror number and total size of nano-minor array, which advantageously allows a large- 

scale nano-device to be achieved. 

[0066] 	In relation to the next generation operation 560 of the genetic algorithm 540, 

	

15 	the next generation operation 560 may include determining whether to accept the mutated 

chromosome array 552 based on whether the computed interference associated with the 

mutated chromosome array 552 is closer to a target interference of reflected light at the 

predetermined distance for generating the holographic image than a computed 

interference of reflected light at the predetermined distance associated with the current 

20 chromosome array 550, as for example illustrated in FIG. 5C. For example, after 

evaluation, the mutated chromosome 552 may be accepted as the new generation 

chromosome (e.g., the current chromosome 550 may be updated or replaced with the 

mutated chromosome 552) if the evolution result is closer to the target interference. 

Otherwise, the mutated chromosome 552 may simply be discarded without any change to 

25 the current chromosome 550 and the evolution E0. In various example embodiments, 

whether the evolution result Emutated  is closer to the target interference than the current 

result Eo  based on a root mean square error (RMSE) function. For example, the evolution 

result Emutated is accepted (or rejected) by comparing the RMSE between the intensity 

profile computed based on the mutated chromosome 522) and the target intensity profile 

	

30 	with the RMSE between the intensity profile computed based on the current chromosome 

550. For example, if the comparison returns a smaller RMSE, then the evolution result 
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Emutated is accepted. Otherwise, the evolution result Emutated  (and the associated mutated 

chromosome 552) is rejected. In various example embodiments, when the RMSE is 

smaller than a predetermined threshold value, such as but not limited to, 10%, the 

mutated chromosome may be determined to be acceptable as a final chromosome based 

	

5 	on which the array of nano-minors may then be configured, and the genetic algorithm 

may then stop (which may be referred to as a stop criteria). 

[0067] 	In various example embodiments, the genetic algorithm 540 is configured to 

perform iteratively, for each element of multiple elements or each subset of multiple 

subsets of elements of the plurality of elements, the mutation operation 546, the evolution 

	

10 	operation 556 and the next generation operation 560. In other words, the mutation 

operation 546, the evolution operation 556 and the next generation operation 560 are 

repeated for the above-mentioned each element or each subset of elements. For example, 

in the case of the genetic algorithm 540 being configured to perform iteratively for each 

element, the next gene (element) in the iteration may be randomly chosen (which has not 

	

15 	yet been mutated) to be subjected to the mutation operation 546, and then the evolution 

operation 556 and the next generation operation 560. For example, the mutation operation 

546, the evolution operation 556 and the next generation operation 560 are repeated for 

each element until all the elements in the chromosome has been mutated once or the 

above-described stop criteria has been met, and the resultant chromosome may indicate 

	

20 	the nano-minor location information for configuring the spatial locations of the nano- 

mirrors on the substrate that best generate the desired holographic image (with the 

desired profile) at the predetermined distance. For example, in the case of the genetic 

algorithm 540 being configured to perform iteratively for each subset of elements (i.e., 

when the number M of mutated genes (elements) is larger than one), the evolution 

	

25 	operation 556 for the mutated chromosome may be implemented by Emutated = E0 + 

Em,i(-1)PmEm  . However, through experiments conducted according to various 

example embodiments of the present invention, the genetic algorithm 540 is fastest and 

most efficient when M = 1, which makes the genetic algorithm 540 behave like a 

randomly binary searching algorithm. This shows its strong transplantable capacity 

	

30 	between various algorithms. 
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[0068] 	In various example embodiments, the particular or elaborate manipulation of 

the interference of the reflected light to obtain the desired enlarged holographic image 

refers to the electric field of reflected light that can be described precisely in simulations 

by considering both the electric field distribution at the nano-minor surface and the 

	

5 	coherent superposition of the diffracting field from every nano-minor in the array. 

[0069] 	In various example embodiments, the array of nano-minors 406 may be 

configured to achieve various technical effects, such as, different magnifications. 

[0070] 	For example, the high angle tolerance from the nano-minor configuration 

allows the lensing effect when the hologram is illuminated with spherical wave that can 

	

10 	be decomposed to many tilting plane wave according to Fourier transform. For example, 

assuming zs, z, and zo  represent the distance of the center of the spherical wave to the 

hologram plane, the distance between the imaging plane and the hologram plane, and the 

distance of the imaging plane to the hologram plane in planar wave incidence, 

respectively, the following relationships may govern the magnification M: 

1 1 1 
—+— _ —,  
zs  z, zo  

zs  
M= 

zs  — zo  

	

15 	[0071] 	For example, it can be seen that when zs, approaches zo, the magnification can 

be large. Accordingly, the magnification M is related to the relative position of the array 

of nano-mirrors (point light sources) and the desired imaging plane position for plane 

wave incidence. The closer the value of zs  and zo  is to each other, the larger the 

magnification is. By way of an example only and without limitation, FIG. 6 illustrates the 

	

20 	relationship between zs  and z, for the lensing magnification effect for zs  = 300 nm. 

[0072] 	In various example embodiments, the large angle of view is demonstrated in 

various experiments with the enlarged image having high quality. Without wishing to be 

bound by theory, the large angle of view may come from the tolerance to the incident 

angle due to, at least in part, the use of nano-disks (nano-minors having circular cross- 

	

25 	section) that can mimic point sources at reflected electric field when the dimension of the 

nano-disk is sufficient small. 

[0073] 	In various example embodiments, the holography approach or technique 

according to various example embodiments of the present invention exhibits a reflective 
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operation of about 15% efficiency and a superior tolerance to the incident angle of a 

tilting plane wave to provide a large angle-of-view. This high angle-tolerance enables the 

nano-mirror hologram to exhibit a unique functionality of a lensing/amplification effect 

for a magnified image projection without the requirement of an optical magnifying 

	

5 	component, such as an amplifying lens or an optical microscope between the holographic 

imaging plane (e.g., image screen) and the hologram plane. Such a lensing functionality 

advantageously enables applications as, for example, a security element (e.g., a security 

tag). For example, a first level of security is the hologram generated which can be easily 

identified by a person using, for example, a commercially-available green laser pointer, 

	

10 	and a second level of security is the nanoscale features (corresponding to the nano- 

mirrors) that require special design input as well as authentication by a specialised 

tool/instrument, such as a SEM. 

[0074] 	By way of an example only and without limitation, a specific method of 

forming a holographic security element according to an example embodiment of the 

	

15 	present invention will now be described. In the example embodiment, an array of nano- 

mirrors is fabricated using Electron Beam Lithography. A Corning glass substrate was 

spun with positive-tone electron beam resist PMMA (950K molecular weight, 

MicroChem Corp., 1.67% in anisole) at 3000 rpm to a thickness of about 180 nm. Baking 

of the resist was performed at 180°C for 2 minutes. EBL was performed using an Elionix 

	

20 	ELS-7000 EBL system (Elionix Inc.) with an accelerating voltage of 100 kV and a beam 

current of 500 pA. A writing field of 150 pm x 150 pm was employed. No proximity- 

effect correction was performed for any exposure. Unexposed regions of PMMA resist 

were removed by immersing the samples in a 1:3 MIBK/IPA developer at room 

temperature for 50 seconds. The sample was blow-dried with a steady stream of N2. 

25 Metal deposition was performed using an electron beam evaporator (Explorer Coating 

System, Denton Vacuum Inc.) at a working pressure of about 1 x 10-6  Ton. A 200 nm- 

thick layer of aluminum was deposited onto the sample at the rate of 2.0 A/s. During the 

evaporation process, the sample chamber was kept at a constant temperature of 20 °C and 

the sample holder was rotated at 50 rpm to maintain uniform deposition. Lift-off was 

30 performed thereafter in NMP solvent to produce the resultant array of nano-minors 
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(nano-minor structures) as depicted in the SEM images of representative nanostructures 

shown in FIG. 7. 

[0075] 	Various experiment results of the holographic security element formed in the 

above example embodiment will now be described. 

	

5 	[0076] 	To test the reflective nano-minor hologram, a collimated green laser 701 was 

first focused using a microscope objective lens 702 to generate a spherical wave. Next, 

the focused light was passed through a cube beam splitter 706 with the size of 5 mm x 5 

mm x 5 mm In order to ensure the focused spot is located outside the beam splitter 706, 

the working distance of the objective lens 702 was set larger than 5 mm The fabricated 

	

10 	sample 710 was placed 1 mm away from the focused spot so that the light illuminating 

the sample 710 was divergent. Light from the sample 710 was reflected in the vertical 

direction after passing through the beam splitter 706, as shown in the optical setup in 

FIG. 7. The resultant holographic image formed was then projected onto a screen 712, 

which in this case, was a piece of white paper. Image contrast and brightness have been 

	

15 	post-processed and optimised for figure clarity. It was noted that the 'background' 

intensity arises from the reflection of areas on the quartz substrate which is void of any 

metallic disk nanostructures. In FIG. 7, the desired or designed holographic image 

composed of the icon "Merlion" and letters "IMRE" can be observed. It was noted that 

from the array of nano-minors (nanostructures) occupying an area of about 200 pm x 200 

	

20 	pm, the lensing effect of the array of nano-minors has magnified this micro-pattern to an 

area of about 2 cm x 2 cm which can be easily observed and verified with the naked eye. 

[0077] 	Accordingly, the holographic security element according to various 

embodiments of the present invention include one or more of the following advantages: 

1. Nano/Micro-scale features — the holographic security element (security feature or 

	

25 	tag) comprises nano-reflectors (e.g., nanoscale metal mirror nano-patterned 

features) which are challenging to replicate and reproduce without knowledge of 

metasurface design and nanofabrication. The nano-reflectors may also be 

configured or customised to generate a desired holographic image. 

2. Cost-effective fabrication design — the array of nano-reflectors altogether occupy 

	

30 	a relatively small area or footprint (e.g., hundreds of microns), thus doing away 

with the need to fabricate an extensive area of security features which is time 



WO 2019/088929 	 PCT/SG2018/050556 

23 

consuming and costly. For example, the small-size holographic security element 

occupies barely a dot size, thus facilitating a seamless incorporation into various 

articles, such as by not limited to, smart cards, banknotes, security documents, 

luxury, high-value consumer products and so on, without noticeably affecting the 

	

5 	surrounding or overall aesthetics (e.g., brand aesthetics) and/or design of the 

article. 

3. Straight-forward and non-destructive verification — a simple green laser (pointer) 

is sufficient to illuminate and project the hologram for a non-destructive means of 

inspection. 

	

10 	4. Lensing/amplification effect — the method of forming the holographic security 

element produces a lensing/amplification effect which yields a magnified image 

projection. For example, the method may be applied to amplify (e.g., about 100 

times) a micron-scale (e.g., 200 pm) pattern area to a centimeter-scale (e.g., 2 cm) 

holographic image without the requirement of an optical magnifying component 

	

15 	between the imaging plane (e.g., the image screen) and the hologram plane. This 

enables the security feature area (security element) to be visible (after being 

projected) without requiring the above-mentioned specialised optical magnifying 

instruments (e.g., magnifying glass or microscope) to facilitate easy verification 

of the security element by a person (e.g., a general consumer). 

	

20 	[0078] 	While embodiments of the present invention have been particularly shown and 

described with reference to specific embodiments, it should be understood by those 

skilled in the art that various changes in form and detail may be made therein without 

departing from the scope of the present invention as defined by the appended claims. The 

scope of the present invention is thus indicated by the appended claims and all changes 

	

25 	which come within the meaning and range of equivalency of the claims are therefore 

intended to be embraced. 



24 

 

CLAIMS 

 

What is claimed is: 

 

1. A holographic security element comprising: 5 

  a substrate; and 

  an array of nano-reflectors configured to form a pattern on the substrate and 

to generate a holographic image corresponding to the pattern at a predetermined 

distance from the substrate when irradiated with a predetermined light source, 

wherein the array of nano-reflectors is configured to generate the holographic 10 

image at the predetermined distance and the holographic image has a size that is 

larger than a size of the pattern, wherein 

  the array of nano-reflectors is a two-dimensional array, each nano-reflector 

of the array of nano-reflectors having a largest lateral dimension in a range of 10 

nanometers to 1,000 nanometers, and 15 

  spatial locations of the array of nano-reflectors on the substrate are 

configured to form the pattern such that interference of light reflected from the array 

of nano-reflectors when irradiated with the predetermined light source generates 

the holographic image having substantially said size at the predetermined distance. 

 20 

2. The holographic security element according to claim 1, wherein the size of the 

pattern has a largest lateral dimension that is smaller than 1,000 micrometers and 

the size of the holographic image has a smallest lateral dimension that is larger than 

1 centimeter. 

 25 

3. The holographic security element according to claim 2, wherein the size of the 

holographic image is at least 50 times larger than the size of the pattern.   

 

4. The holographic security element according to claim 1, wherein the array of nano-

reflectors is configured to directly generate the holographic image at the 30 

predetermined distance. 



25 

 

 

5. The holographic security element according to claim 1, wherein the predetermined 

light source is a laser light source. 

 

6. The holographic security element according to claim 1, wherein each of the array 5 

of nano-reflectors is a nano-mirror.  

 

7. A method of forming a holographic security element, the method comprising: 

  providing a substrate; and 

  configuring an array of nano-reflectors to form a pattern on the substrate 10 

and to generate a holographic image corresponding to the pattern at a predetermined 

distance from the holographic security element when irradiated with a 

predetermined light source, wherein the array of nano-reflectors is configured to 

generate the holographic image at the predetermined distance and the holographic 

image has a size that is larger than a size of the pattern, wherein  15 

  the array of nano-reflectors is a two-dimensional array, each nano-reflector 

of the array of nano-reflectors having a largest lateral dimension in a range of 10 

nanometers to 1,000 nanometers, and 

  said configuring the array of nano-reflectors comprises configuring spatial 

locations of the nano-reflectors in the array of nano-reflectors on the substrate to 20 

form the pattern such that interference of light reflected from the array of nano-

reflectors when irradiated with the predetermined light source generates the 

holographic image having substantially said size at the predetermined distance. 

 

8. The method according to claim 7, wherein the size of the pattern has a largest lateral 25 

dimension that is smaller than 1,000 micrometers and the size of the holographic 

image has a smallest lateral dimension that is larger than 1 centimeter. 

 

9. The method according to claim 8, wherein the size of the holographic image is at 

least 50 times larger than the size of the pattern.   30 
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10. The method according to claim 7, wherein the array of nano-reflectors is configured 

to directly generate the holographic image at the predetermined distance. 

 

11. The method according to claim 7, wherein the spatial locations of the nano-

reflectors are configured based on a genetic algorithm, and 5 

  wherein based on the genetic algorithm, said configuring the spatial 

locations of the nano-reflectors comprises:  

  mutating a current chromosome array comprising nano-reflector location 

information to produce a mutated chromosome array;  

  computing an interference of light reflected at the predetermined distance 10 

based on the nano-reflector location information of the mutated chromosome array; 

and 

  determining whether to accept the mutated chromosome array based on 

whether the computed interference associated with the mutated chromosome array 

is closer to a target interference of reflected light at the predetermined distance for 15 

generating the holographic image than a computed interference of reflected light at 

the predetermined distance associated with the current chromosome array.  

 

12. The method according to claim 11, wherein the current chromosome array 

comprises a plurality of elements, each element respectively corresponding to a 20 

nano-reflector location on the substrate and indicates a presence or an absence of a 

nano-reflector at the nano-reflector location, and said configuring the spatial 

locations of the nano-reflectors comprises performing iteratively, for each element 

of multiple elements or each subset of multiple subsets of elements of the plurality 

of elements, said mutating a current chromosome array, said computing an 25 

interference and said determining whether to accept the mutated chromosome array. 

 

13. The method according to claim 12, wherein said configuring the spatial locations 

of the nano-reflectors further comprises generating an initial chromosome array 

comprising the plurality of elements, each element being randomly set to indicate 30 
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either a presence or an absence of a nano-reflector at the corresponding nano-

reflector location. 

 

14. The method according to claim 7, wherein the predetermined light source is a laser 

light source. 5 

 

15. The method according to claim 7, wherein each of the array of nano-reflectors is a 

nano-mirror. 

 

16. An article having one or more holographic security elements incorporated therein, 10 

each of the one or more holographic security element comprises: 

  a substrate; and 

  an array of nano-reflectors configured to form a pattern on the substrate and 

to generate a holographic image corresponding to the pattern at a predetermined 

distance from the holographic security element when irradiated with a 15 

predetermined light source, wherein the array of nano-reflectors is configured to 

generate the holographic image at the predetermined distance and the holographic 

image has a size that is larger than a size of the pattern, wherein 

  the array of nano-reflectors is a two-dimensional array, each nano-reflector 

of the array of nano-reflectors having a largest lateral dimension in a range of 10 20 

nanometers to 1,000 nanometers, and 

  spatial locations of the array of nano-reflectors on the substrate are 

configured to form the pattern such that interference of light reflected from the array 

of nano-reflectors when irradiated with the predetermined light source generates 

the holographic image having substantially said size at the predetermined distance. 25 


