EP 4 825 601 A1

(1 9) Européisches

: Patentamt

European
Patent Office

Office européen
des brevets

(11) EP 4 825 601 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication:
21.10.2026 Bulletin 2026/43

(21) Application number: 25170830.1

(22) Date of filing: 15.04.2025

(51) International Patent Classification (IPC):

B42D 25/324 (2014.01) B42D 25/425 (2014.01)

(52) Cooperative Patent Classification (CPC):

B42D 25/324; B42D 25/425

(84) Designated Contracting States:
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB

GRHRHUIEISITLILT LU LV MC ME MK MT NL

NO PL PT RO RS SE SI SK SM TR
Designated Extension States:

BA

Designated Validation States:

GE KH LA MA MD TN

(71) Applicant: Giesecke+Devrient Currency
Technology GmbH
81677 Miinchen (DE)

(72) Inventors:

¢ PARISOTTO, Alessandro

83703 Gmund am Tegernsee (DE)
* BLAZEK, Matthias

83703 Gmund am Tegernsee (DE)
¢ STOECKL, Christian

83703 Gmund am Tegernsee (DE)

(74) Representative: Patentanwilte Geyer, Fehners &

Partner mbB
Perhamerstrasse 31
80687 Miinchen (DE)

(54) SECURITY ELEMENT, VALUABLE DOCUMENT AND METHOD FOR MANUFACTURING A

SECURITY ELEMENT

(57) ltis disclosed a security element for protecting
valuables. The security element comprises a substan-
tially flat substrate (2) having a surface defining a basic
plane, a micro relief structure (6) on the substrate (4)
including a plurality of micro relief structure elements
(9, 11), wherein each micro relief structure element (9,
11) comprises an element surface (10, 12), wherein a
color-generating nanostructure (20) is located at each
of the element surfaces (10, 12). The color-generating
nanostructure comprises a plurality of nano-projections
(24) or nano-recesses, wherein the nano-projections
(24) or nano-recesses are arranged according to a

two-dimensional arrangement, wherein a nearest
neighbour distance (n) exists between the centres of
neighbouring nano-projections (24) or nano-recesses.
The nano-projections (24) or nano-recesses are distrib-
uted non-periodically in the arrangement over the re-
spective element surface (10, 12), the nearest neigh-
bour distance (n) varies non-periodically over the re-
spective element surface (10, 12), wherein an average
of the nearest neighbour distance (n) is in a range from
170 nm to 600 nm, and a gap (g) exists between all
neighbouring nano-projections (24) or nano-recesses.

FIG. 1

Processed by Luminess, 75001 PARIS (FR)



1 EP 4 825 601 A1 2

Description

[0001] The invention relates to a security element for
protecting security papers, valuable documents or
other valuables. The security element comprises a sub-
stantially flat substrate having a surface, a micro relief
structure on the substrate including a plurality of micro
relief structure elements, and a nanostructure compris-
ing a plurality nano-projections or nano-recesses two-
dimensionally arranged on the micro relief structure
elements.

[0002] For security purposes, security elements with
micro relief structure arrangements are often added to
security documents, which allow for an authentication
of the security document to be verified and at the same
time increase protection against counterfeiting, as they
cannot be reproduced even with the most modern
copying devices. Such micro relief structure arrange-
ments are particularly suitable for forming motifs that
appear three-dimensional to the observer. This is parti-
cularly the case for micro-mirror structures, i.e. Fresnel
structures, which are used to simulate curved surfaces.
It is also possible to arrange the micro relief structure
elements in such a way that the motif exhibits dynamic
effects like i.e. movement effects when the security ele-
ment is tilted or rotated.

[0003] It is known that the motifs produced by the
micro relief structure arrangement can be coloured.
This is achieved by coating the surface of the micro
relief structure with a multilayer coating and/or by over-
laying the micro relief structure elements with color-
generating nanostructures. Known color-generating na-
nostructures are periodic photonic structures, i.e. they
have periodically arranged projections or recesses and
can be covered either with a simple metal layer or with
a multilayer coating. Conventional photonic structures,
such as diffraction gratings and photonic crystals re-
quire periodicity of the projections or the recesses to
create constructive interference and structural colors.
Disorder within such structures is therefore considered
as a defect, as local variations in the periodicity of
these photonic structures induce scattering and de-
crease the brightness/saturation of the structural colors
produced.

[0004] Fully disordered structures are typically used
to create white colors, as these scatter all wavelengths
of light. Such structures are not able to produce a struc-
tural color.

[0005] It is, therefore, an object of the invention to
provide a security element, a valuable document and a
method for manufacturing a security element compris-
ing an enhanced optical effect, especially by decreased
iridescence, minimized grating effects and greater de-
fect tolerance.

[0006] The invention is defined by the independent
claims. The dependent claims relate to preferred embo-
diments.

[0007] The invention provides a security element for
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protecting security papers, valuable documents and
other valuables. The security element comprises a sub-
stantially flat substrate having a surface. A plane sur-
face defines a basic plane for the purposes of this ap-
plication. The substrate can be optical transparent or
semi-transparent and can be a polymer substrate or a
polymer composite substrate. The polymer substrate is
preferably made out of polyethylene terephthalate
(PET), or out of polyethylene (PE), polypropylene (PP),
polyvinyl chloride (PVC), polystyrene (PS), polyester
like polycarbonate (PC), cellophane, polyactide (PLA),
celluloseacetat or other common polymer types. Poly-
mer substrates are preferred because they are resis-
tant against external (for example physical or chemical)
factors.

[0008] Onto the surface of the substrate, a micro re-
lief structure including a plurality of micro relief struc-
ture elements is applied. Each micro relief structure
element comprises an element surface. In the micro
relief structure, the micro relief structure elements can
be arranged in any way, they can be ordered or disor-
dered, periodic or aperiodic. Preferably, the micro relief
structure is a micro-mirror arrangement including a
plurality of directionally reflecting micro-mirrors. The mi-
cro-mirrors in particular form a periodic or aperiodic
sawtooth lattice. Preferably, the micro-mirrors having a
linear dimension of between 2 um and 100 um, prefer-
ably between 5 pm and 50 pm. In particular, the micro-
mirrors can have a triangular, square, rectangular, hex-
agonal or other polygonal base. The height of the mi-
cro-mirrors is preferably less than 15 um, preferably
less than 10 wm. In embodiments, the micro-mirrors
are oriented at random in the micro-mirror arrange-
ment. They can be oriented in at least two different
directions to create viewing angle dependent effects.
[0009] To provide the substrate with a micro-mirror
arrangement, a dielectric layer is applied to the surface
of the substrate, which has a micro-facet arrangement
as a structure for the micro-mirror arrangement. The
dielectric layer is preferably provided with the desired
micro-facet arrangement by embossing an embossing
varnish. The embossing varnish can be transparent or
coloured. The micro-facet arrangement comprises sev-
eral micro-facets, each of which is individually invisible
to the unarmed eye of an observer. The lateral extent of
a micro-facet is preferably smaller than 50 um, so that
individual micro-facets of a motif cannot be resolved by
the unarmed eye of an observer. However, the micro-
facets are preferably larger than 2 um in order to mini-
mise light diffraction at the boundary of adjacent micro-
facets. It is preferable for a micro-facet to have a lateral
dimension from 3 um to 10 um. A reflective layer is
applied to the micro-facet arrangement in the dielectric
layer so that they form the micro-mirror arrangement
together. A preferred arrangement of micro-facets in
the micro-facet arrangement is a Fresnel structure.
After coating with the reflective layer, the micro-mirror
arrangement preferably also has the form of a Fresnel
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structure.

[0010] Further, the micro relief structure elements
comprise a color-generating nanostructure which is lo-
cated at the element surfaces, preferably at each of
them. The color-generating nanostructure comprises a
plurality nano-projections or nano-recesses which are
arranged according to a two-dimensional arrangement.
Generally, the color-generating nanostructure is lo-
cated on the element surfaces, i.e. on the surface of
the above mentioned micro-facets, which means below
the reflective layer, but the color-generating nanostruc-
ture can also be located above the reflective layer. The
two-dimensional arrangement of the nano-projections
or the nano-recesses at each of the element surfaces
is non-periodic, wherein a nearest neighbour distance
exists between the centres of neighbouring nano-pro-
jections or nano-recesses, which varies non-periodi-
cally over the respective element surface and a gap
exists between all neighbouring nano-projections or
nano-recesses. Hence, none of the nano-projections
or nano-recesses abut to another, which means that
the nearest neighbour distance is in any case larger
than zero.

[0011] An average of the nearest neighbour dis-
tances over the respective element surface is in an
average value range from 170 nm to 600 nm, prefer-
ably from 230 nm to 450 nm. This average value of the
nearest neighbour distances over the respective ele-
ment surface corresponds to an average pitch value
P,y for the purposes of this disclosure. There can be
smaller and larger nearest neighbour distances be-
tween some neighbouring nano-projections or nano-re-
cesses, as long as the average pitch value is within the
above mentioned range. Preferably, a mathematical
distribution of a count of the nearest neighbour dis-
tances over the respective element surface varies in
the shape of a Gauf3-distribution, a Normal distribution,
a Poisson-distribution, or a Schulz-Flory distribution.
[0012] The gap between neighbouring nano-projec-
tions or nano-recesses varies non-periodically over the
respective element surface in a gap range from 50 nm
to 380 nm, preferably from 100 nm to 350 nm, most
preferably from 120 nm to 300 nm. The nearest neigh-
bour distance should be in a range from 170 nm to 600
nm.

[0013] Because of the average pitch value P,, in a
range from 170 nm to 600 nm, preferably between 230
nm and 450 nm, optical effects, especially color-effects
are generated. The average pitch value P, and there-
fore the color generated by the color-generating nanos-
tructure can be adapted by varying at least some of the
nearest neighbour distances between the nano-projec-
tions or the nano-recesses on the respective element
surface.

[0014] Additionally or alternatively, the gap range,
and therefore the color generated by the color-generat-
ing nanostructure can be adapted by varying a dia-
meter of at least some of the nano-projections or the
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nano-recesses. In embodiments, a maximum diameter
of the nano-projections or the nano-recesses is in a
diameter range from 80 nm to 400 nm, preferably in a
diameter range from 100 nm to 300 nm. It is possible,
that the diameter of the nano-projections or the nano-
recesses varies over the respective element surface,
which means that some diameters of nano-projections
or nano-recesses on the element surface differ from
other diameters of other nano-projections or nano-re-
cesses on the element surface. This influences the col-
or, generated by the nanostructure as well but leads to
a color loss. To enhance the optical effect, the diameter
of the nano-projections or nano-recesses are kept con-
stant and only the distribution of the points is varied.
Hence, the color-generating nanostructure is a subwa-
velength structure.

[0015] The color-generating nanostructure is applied
in a so called "correlated disorder", which is a see-
mingly random photonic structure but which produces
structural colors. A hidden order within the structures
enables coherent scattering and interference based
colors. These color-generating nanostructures ar-
ranged in correlated disorder are characterized by a
reduced iridescence, minimized grating effects and
greater defect tolerance. The disordered nature of
these nanostructures make them harder to define than
their ordered counterparts, which periodically repeat a
consistent unit cell and possess translational symmetry.
The color-generating nanostructures arranged in corre-
lated disorder therefore enhance protection against
counterfeiting. Nanostructures arranged in correlated
disorder help attenuate grating effects in reflective
structures and decrease the iridescence of plasmonic
color filters whilst maintaining color saturation. Using
color-generating nanostructures arranged in correlated
disorder create color whilst minimizing diffraction ef-
fects and thus minimizing iridescence. Hence, color-
generating nanostructures improve the optical effect of
the security element.

[0016] By arranging the nano-projections and the
nano-recesses in correlated disorder, the nano-projec-
tions and the nano-recesses remain a certain distance
away from each other. The nano-projections and the
nano-recesses have a random distribution, but a de-
sired average pitch value, which is the average value
of the nearest neighbour distances on one element sur-
face, within the above mentioned range. The arrange-
ment of the nano-projections and the nano-recesses is
randomized to minimize the grating effect. Elements of
order are introduced into the correlated disorder ar-
rangement of the nano-projections and the nano-re-
cesses to maximize their brightness whilst minimizing
the grating effects and therefore generating an attrac-
tive color effect.

[0017] Color-generating nanostructures with a corre-
lated disorder can be produced using a variety of algo-
rithms, such as the two algorithms described below.
The above mentioned gaps, the nearest neighbour dis-
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tances and the average pitch values are created using
these algorithms.

[0018] In a first algorithm, the color-generating na-
nostructure comprising nano-projections or nano-re-
cesses arranged in correlated disorder are generated
by an algorithm using a random placement of the nano-
projections or the nano-recesses and an exclusion
zone. In this algorithm, the nano-projections or the
nano-recesses are placed at random, for example
based on a random function from python. However, a
single exclusionary feature was added to the code,
which ensures that no nano-projections or nano-re-
cesses are able to touch. Furthermore, the nano-pro-
jections or the nano-recesses are kept at a constant
size. Preferably, the optical effect of the color-generat-
ing nanostructures is enhanced by reducing the varia-
tion of the gaps between neighbouring nano-projec-
tions or nano-recesses by forcing the nano-projections
or the nano-recesses to maintain a set minimum dis-
tance to their neighbouring nano-projections or nano-
recesses.

[0019] A second algorithm works in the same way as
the first algorithm, but the optical effect of the color-
generating nanostructures is enhanced by reducing
the variation of the gaps between neighbouring nano-
projections or nano-recesses by forcing the nano-pro-
jections or the nano-recesses to maintain a set mini-
mum distance to their neighbouring nano-projections
or nano-recesses and a certain number of predefined
nano-projections or nano-recesses is kept at a constant
distance to their neighbouring nano-projections or
nano-recesses.

[0020] In a third algorithm, the color-generating na-
nostructure comprising nano-projections or nano-re-
cesses arranged in correlated disorder are generated
by an algorithm using hyperuniform based arrange-
ments of nano-projections or nano-recesses. In a first
step, an initial point is randomly placed within an area
on the micro-mirror. In a second step, new candidate
points are then created around the existing points at a
distance between (P) and (2P), where P is a predefined
period. In a third step, the candidate points are then
ensured to be at least (P) distance away from all exist-
ing points and in a fourth step, steps two and three are
repeated until no more valid points can be added. Hy-
peruniform assemblies are definied by their density
fluctuations being suppressed at large scales. These
have been found to enhance absorption of solar cells
when compared to ordered assemblies. These hyperu-
niform assemblies provide greater colors than fully dis-
ordered assemblies. It is understood that the place-
ment of the points corresponds to the placement of the
nano-projections or the nano-recesses on the micro-
mirror.

[0021] It is noted, that a large number of other meth-
ods can be utilized to create correlated disorder.

[0022] Preferably, the color-generating nanostructure
comprises at least two sub-areas which are visible to
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the naked eye of an observer and which differ at least
partially in colors when viewed in reflected light. The
different colors of the sub-areas are preferably
achieved by a different design of the color-generating
nanostructure in the two sub-areas. The nearest neigh-
bour distance n, the gap g, the diameter d and/or the
height h of the color-generating nanostructure can be
varied from sub-region to sub-region to create different
color effects.

[0023] The micro relief structure comprises a reflec-
tive layer. Preferably, the reflective layer comprises at
least a metal layer and/or a dielectric layer. Most pre-
ferably, the reflective layer is an interference layer stack
comprising at least two metal layers separated by a di-
electric layer. In embodiments, the described layer
stack has a semi-transparent metal layer, a metallic
mirror layer underneath and a dielectric layer spaced
in between. Because of this layer structure only parts
of the incident light spectrum are reflected, so that the
reflection of white light appears colored to an observer.
The perceived color depends on the angle of incidence
of the light rays. Due to its multilayer structure, such a
color-shift structure offers the observer a different im-
age impression at different viewing angles and, for ex-
ample, shows a different color or brightness depending
on the viewing angle.

[0024] Preferably, the interference layer stack is a
thin film structure with the individual layers having a
thickness in micro- or nanometre range. The layers are
preferably applied by means of physical vapour deposi-
tion (PVD) or chemical vapour deposition (CVD). The
reflective layer has a maximum thickness of 20 um,
preferably 10 wm, highly preferably 2 um, and has pre-
ferably a symmetrical structure in its stack of layers.
The layer stack preferably comprises the following
layer sequence: absorber/dielectric material/reflector/-
dielectric material/absorber; absorber/dielectric materi-
al/magnetic reflector/dielectric material/absorber; ab-
sorber/ dielectric material/reflector/magnet/reflector/di-
electric material/ absorber; absorber/dielectric materia-
I/absorber. The absorber, the reflector and/or the mag-
netic reflector comprise Cr, Ti, Cu, Ni, Al, Si, Ge, Ga,
Fe, Co, Mn, Mg, Zn, Sn, V, Ag, or alloys thereof. The
dielectric layer comprises MgF,, SiO,, TiO,, ZnS,
Al,O3, Zn0O, ZrO, or Sn,05. Highly preferably the di-
electric layer comprises SiO,.

[0025] The micro relief structure provided with the
above described color-generating nanostructure is pre-
ferably suitable for the color design of security features
for security documents, such as banknotes, ID cards or
cards for payment transactions. These micro-mirror ar-
rangements can be used, for example, to produce mo-
tifs that also have a three-dimensional appearance an-
d/or a color tilting effect. They are particularly suitable
as human features that are visible to the unarmed eye
of an external observer. They can be arranged side by
side with known structures such as holograms, period-
ical nanostructures, moth-eye structures, micro-cavities
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and micro-lens arrays. In particular, they can be directly
adjacent to such structures, as the described micro-
mirror arrangements provided with the color-generating
nanostructure are embossed directly into the dielectric
layer and are thus produced with a very high positional
accuracy - a significantly higher positional accuracy is
achieved than with known printing processes. In addi-
tion, several different embossing structures and thus
several different security features can be produced in a
single embossing step, which significantly reduces the
manufacturing effort and thus the manufacturing costs
of the security element.

[0026] Preferably, the optically variable security ele-
ment is a foil element, such as a security thread, a
security tape or a security patch. It can then be easily
applied to a security document as a transfer element.
The foil element can also be equipped with other func-
tional layers, e.g. machine-readable magnetic coding,
UV luminescence, phosphorescence, infrared coding
or similar.

[0027] It is although provided a value document,
such as a banknote, a cheque, a credit or other pay-
ment card, an identity card or the like, with the de-
scribed optically variable security element. It is under-
stood that the value document can be modified in the
same ways as described for the optically variable se-
curity element. Here, it is equally possible to apply the
described dielectric layer directly to the security docu-
ment or the substrate body of the security document.
[0028] The invention further provides a method for
manufacturing a security element for protecting security
papers, valuable documents or other valuables, the se-
curity element comprising the following steps: Providing
a substantially flat substrate having a surface defining a
basic plane, applying a micro relief structure on the
substrate including a plurality of micro relief structure
elements, wherein each micro relied structure element
comprises an element surface, and applying a color-
generating nanostructure, which is located at each of
the element surfaces and comprises a plurality nano-
projections or nano-recesses. The nano-projections or
nano-recesses are arranged according to a two-dimen-
sional arrangement, wherein a nearest neighbour dis-
tance exists between the centres of neighbouring nano-
projections or nano-recesses. The two-dimensionally
arrangement of the nano-projections or the nano-re-
cesses is non-periodically over the respective element
surface, wherein the nearest neighbour distance be-
tween the centres of neighbouring nano-projections or
nano-recesses varies non-periodically over the respec-
tive element surface, wherein an average of the near-
est neighbour distances is in a range from 200 nm to
500 nm, and a gap exists between all neighbouring
nano-projections or nano-recesses.

[0029] It is understood that the method can be mod-
ified in the same way as described for the security ele-
ment.

[0030] In the following, embodiments of the invention
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are described with reference to enclosed drawings
which drawings also may disclose the inventive fea-
tures. These embodiments serve explanatory purposes
only and should not limit the invention. If embodiments
comprise a particular combination of elements or com-
ponents, the description should not be constructed that
all of these elements or components are essential to
the invention. Other embodiments can, rather, com-
prise alternative elements or components, less ele-
ments or components or additional elements or compo-
nents.

Fig. 1 shows a schematic cross-sectional view of a
security element;

Fig. 2 shows a periodic nanostructure in top view;

Fig. 3 shows the periodic nanostructure of Fig. 2
schematically in top view;

Fig. 4 shows the structure of Fig. 3 in detail;

Fig. 5 shows an histogram of the periodic nanos-
tructure of Fig. 2 demonstrating a distribution
of nearest neighbour distances across a point
distribution on one micro-mirror;

Fig. 6 shows an aperiodic color-generating nanos-
tructure in top view;

Fig. 7 shows the aperiodic color-generating nanos-
tructure of Fig. 6 schematically in top view;

Fig. 8 shows the structure of Fig. 7 in detail;

Fig. 9 shows an histogram of the aperiodic color-
generating nanostructure of Fig. 6 demon-
strating a distribution of nearest neighbour
distances across a point distribution on one
micro-mirror;

Fig. 10  shows a security element comprising three
different areas in top view;

Fig. 11 shows an histogram of one area of Fig 10,
demonstrating a distribution of nearest neigh-
bour distances across a point distribution in
the area; and

Fig. 12  shows an array of k-sphere images;

[0031] Fig. 1 shows a schematic cross-sectional view

of a security element 1. A dielectric layer 2, which is i.e.
an embossed lacquer layer is applied to a carrier sub-
strate 4, in which a relief structure in the form of a
micro-mirror arrangement 6 is embossed. The micro-
mirror arrangement 6 is provided with a reflective layer
8, i.e. as coating in form of a metal layer or a multilayer
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film.

[0032] In this exemplary embodiment, the micro-mir-
ror arrangement 6 contains a first group of relief struc-
ture elements 9 comprising a first element surface
working as first micro-mirrors 10 and a second group
of relief structure elements 11 comprising a second ele-
ment surface working as second micro-mirrors 12,
which are each inclined with respect to the plane of the
surface of the substrate 4 in such a way that they show
two different optical effects, i.e. two different three-di-
mensional motifs for an observer 14 from two different
viewing directions 16, 18. The individual micro-mirrors
10, 12 have a lateral dimension of between 5 pm and
50 wm and thus, for example, a square base area of 10
pm x 10 pm and are therefore not recognisable as
such to the observer 14.

[0033] Different colour effects which can be seen
from the two different viewing directions 16, 18 are pro-
duced by a (full-surface) surface conformal coating of
the micro-mirror arrangement 6 with the reflective layer
8 and an overlay of the micro-mirrors 10, 12 with a
color-generating nanostructure 20, which is a subwave-
length structure. This color-generating nanostructure
20 is shown in a first detail 22 in Fig. 1. The color-gen-
erating nanostructure 20 comprises a plurality of pro-
jections 24. These projections 24 are arranged non-
periodically. For the sake of less complexity we further
talk about projections 24, but the same disclosures are
also true for recesses. The modulation of the micro-
mirror arrangement 6 with the coated color-generating
nanostructure 20 is only shown in the first detail 22,
while the sawtooth profile of the micro-mirror arrange-
ment 6 can be recognised in the profile shown without
magpnification.

[0034] Fig. 2 shows a periodic nanostructure 28 in
top view, which could be provided on the micro-mirrors
10, 12, which means on the element surface of the
relief structure elements 9, 11, instead of the aperiodic
color-generating nanostructure 20. The periodic nanos-
tructure 28 comprises projections 24 (or recesses). A
first optical effect 30 of this periodic nanostructure 28 is
shown in the bottom left corner and a scale bar 32 with
a scale bar value s of 2 um is shown in the bottom right
corner. This periodic nanostructure 28 is schematically
shown in top view in Fig. 3 and in a second detail 34 in
Fig. 4. Fig. 5 shows a distribution of nearest neighbour
distances n across a point distribution on the respective
micro-mirror 10, 12, on which the periodic nanostruc-
ture 28 is provided, in a first histogram 36.

[0035] Asitcan be seen in Fig. 4 in the first detail 22,
the periodic nanostructure 28 comprises the plurality of
projections 24 (or recesses) which are regularly ar-
ranged. The neighbouring projections 24 are spaced
apart at a nearest neighbour distance n, which is the
same for each neighbouring projection 24 on the re-
spective micro-mirror 10, 12, on which the periodic na-
nostructure 28 is applied. The periodic nanostructure
28 is arranged in a periodic lattice wherein a pitch value
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corresponds to the nearest neighbour distance n which
corresponds in case of this periodic nanostructure 28 to
a period P, which is the distance between the centres of
the neighbouring projections 24.

[0036] This is explicitly shown in Fig. 5 in the first
histogram 36 in which a count (y-axis) of the projec-
tions 24 at one micro-mirror 10, 12, which is a periodic
lattice is shown above the nearest neighbour distance n
(x-axis) of the projections 24. One can see that the
nearest neighbour distance n between each of the pro-
jections 24 on the micro-mirror 10, 12 is equal and
corresponds to the period P of the periodic nanostruc-
ture 28.

[0037] Fig. 6 shows the color-generating nanostruc-
ture 20 as shown in Fig. 1, provided on the micro-mir-
rors 10, 12 of the security element 1 in top view. The
color-generating nanostructure 20 comprises non-peri-
odically arranged projections 24 (or recesses). A sec-
ond optical effect 38 of this structure is shown in the
bottom left corner and the scale bar 32 with the scale
bar value s of 2 um is shown in the bottom right corner.
[0038] This non-periodically arranged color-generat-
ing nanostructure 20 is schematically shown in top view
in Fig. 7 and in a third detail 40 in Fig. 8. Fig. 9 shows a
distribution of nearest neighbour distances n across the
point distribution on the respective micro-mirror 10, 12,
in which the color-generating nanostructure 20 is pro-
vided, in a second histogram 42.

[0039] As it can be seen in Fig. 8 in the third detail
40, the color-generating nanostructure 20 comprises a
plurality of projections 24 (or recesses) which are irre-
gularly arranged, which means that at least some of the
projections 24 differ in their nearest neighbour distance
n. In the color-generating nanostructure 20, shown in
Fig. 6, at least some of the neighbouring projections 24
differ in their nearest neighbour distance n and there-
fore gaps g between the projections 24 differ as well.
The gaps g vary on the respective micro-mirror 10, 12.
As it can be seen from Fig. 6 to 8, the non-periodically
arranged color-generating nanostructure 20 is isotropic
and does not possess periodicity. The projections 24
are arranged in correlated disorder. Therefore, these
color-generating nanostructures 20 are capable of pro-
ducing structural colors.

[0040] A second histogram 42 of this correlated dis-
order is explicitly shown in Fig. 9 in which a count (y-
axis) of the projections 24 on the micro-mirror 10, 12 is
shown above the nearest neighbour distance n (x-axis)
of the projections 24. One can see that the nearest
neighbour distance n between the projections 24 on
the micro-mirror 10, 12 varies and therefore the color-
generating nanostructure 20 is arranged non-periodi-
cally. Even if the color-generating nanostructure 20 is
non-periodically, an average pitch value P, is within an
average pitch value range from 170 nm to 600 nm. The
average pitch value P,, corresponds to an average of
the nearest neighbour distances n on the respective
micro-mirror 10, 12. This average pitch value P, is
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shown in Fig 9. As it can be seen in the second histo-
gram 42, a mathematical distribution of the nearest
neighbour distances n on the micro-mirror 10, 12 varies
in the shape of a Gaul3-distribution. Alternatively a Nor-
mal distribution, a Poisson-distribution, or a Schulz-
Flory distribution would be possible as well. Some
nearest neighbour distances n are above the average
pitch value P,, and some are below, but the average of
the nearest neighbour distances remains within the
above mentioned range.

[0041] In case of samples with correlated disorder,
there is no fixed period on the respective micro-mirror
10, 12, and the distance between neighbouring projec-
tions 24 (or recesses), the so called nearest neighbour
distance n, varies. However, within this distribution in
correlated disorder, the projections 24 can cluster
around an average value of the nearest neighbour dis-
tances n (average pitch value P,,) for the assembly.
Varying this average pitch value P, in the color-gener-
ating nanostructure 20, a distribution of the projections
24 within the color-generating nanostructure 20, varies,
which allows for color tuning to be achieved. The pro-
jections 24 can be distributed using a variety of algo-
rithms, as long as they maintain an isotropic point dis-
tribution and an average pitch value P, within the op-
tical length scales.

[0042] The above mentioned color tuning is shown in
Fig. 10. It is shown a security element 1 in top view
comprising three areas (first area 44, second area 46
and third area 48) with color-generating nanostructures
20 differing in at least one of their gaps g, their average
pitch value P,,, their diameter d or their height h of the
projections 24. In the first area 44, the color-generating
nanostructure 20 shows a yellowish color. In the sec-
ond area 46, the color-generating nanostructure 20
shows a darker, reddish color and in the third area 48,
the color-generating nanostructure 20 shows a darker,
blueish color. This color tuning is achieved by changing
the diameter d of some of the projections 24 (or re-
cesses) and/or changing the gap size g between neigh-
bouring projections 24 (or recesses) and/or changing
the height h of neighbouring projections 24 (or re-
cesses). In this case, the diameter d of the projections
24 is changed, which automatically changes the gaps g
between the projections 24.

[0043] Fig. 11 shows a third histogram 50 of the dis-
tribution in the first area 44 in which a count (y-axis) of
the projections 24 in the first area 44 is shown above
the nearest neighbour distance n (x-axis) of the projec-
tions 24. The same histogram would correspond to the
other two areas 46, 48 as well, as the same code was
used to create the color-generating nanostructures 20.
One can see that the nearest neighbour distance n
between the projections 24 in this area vary. The third
histogram 50 demonstrates the nearest neighbour dis-
tance n distribution for samples possessing correlated
disorder and shows an average pitch value P, of the
first area 44.
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[0044] Fig. 12 shows a schematic demonstrating k-
sphere images taken from three different arrangements
of color-shift coated color-generating nanostructures
20. The color scattering effect is dependent of the
structure type of the projections 24. Fig. 12 shows in
part A a schematic demonstrating an angular depen-
dence of the k-space hemispherical projections 24, in
part B a k-space image of a quasiordered arrangement
with a magenta color, in part C a k-space image of a
square arrangement with a magenta color and in part D
a k-space image of a hexagonal arrangement with a
magenta color.

[0045] To demonstrate the effect of order on irides-
cence, k-space sphere images were taken from 3 dif-
ferent arrangements of colour shift coated plasmonic
nanopillar structures in Fig 12. These images, demon-
strate how these structures reflect light on a hemisphe-
rical projection when visualized from a top. In part A,
the location of the angles ¢ and 6 are demonstrated in
a representative hemispherical schematic. The qua-
siordered structures do show some iridescence when
the angle 0 is varied, shifting from magenta colors to-
wards a pale blue. This pale blue is similar to that seen
from the color shift coating. However, these quasior-
dered structures do not vary in color when the ¢ is
varied, and their color is therefore considered isotropic.
On the other hand, the square (part C) and hexagonal
(part D) specimen show variations in color when both ¢
and 0 are varied. These effects are likely due to the
periodic arrangements of the structure and vary from
yellow, orange, red and blue when viewed at different
angles.

list of reference numerals

[0046]

1 security element

2 dielectric layer

4 substrate

6 micro-mirror arrangement
8 reflective layer

9 first relief structure element
10 first micro-mirrors

11 second relief structure element
12 second micro-mirrors

14  observer

16  first viewing angle

18  second viewing angle

20  color-generating nanostructure
22 first detail

24  projections

28  periodic nanostructure

30 first optical effect

32  scale bar

34  second detail

36 first histogram

38  second optical effect
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40  third detail

42  second histogram
44  first area

46  second area

48  third area

50 third histogram

d diameter

9 gap

h height

p period

P,y average pitch value
s scalebar size
Claims

1. A security element for protecting security papers,

valuable documents or other valuables, the secur-
ity element comprising:

- a substantially flat substrate (4) having a sur-
face defining a basic plane,

- a micro relief structure (6) on the substrate
(4) including a plurality of micro relief structure
elements (9, 11), wherein

- each micro relief structure element (9, 11)
comprises an element surface (10, 12), where-
in a color-generating nanostructure (20) is lo-
cated at each of the element surfaces (10, 12),
and

- the color-generating nanostructure comprises
a plurality of nano-projections (24) or nano-re-
cesses, wherein the nano-projections (24) or
nano-recesses are arranged according to a
two-dimensional arrangement, wherein a near-
est neighbour distance (n) exists between the
centres of neighbouring nano-projections (24)
Or nano-recesses,

characterized in that

- the nano-projections (24) or nano-recesses
are distributed non-periodically in the arrange-
ment over the respective element surface (10,
12),

- the nearest neighbour distance (n) varies
non-periodically over the respective element
surface (10, 12), wherein an average of the
nearest neighbour distance (n) is in a range
from 170 nm to 600 nm, and

- a gap (g) exists between all neighbouring
nano-projections (24) or nano-recesses.

The security element as claimed in claim 1, char-
acterized in, that the average of the nearest
neighbour distance (n) is in a range from 230 nm
to 450 nm.
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3.

10.

1.

12.

14

The security element as claimed in any of the
above claims, characterized in, that the gap (g)
between neighbouring nano-projections (24) or
nano-recesses varies non-periodically over the re-
spective element surface (10, 12) in a gap range
from 50 nm to 380 nm, preferably from 100 nm to
350 nm, most preferably from 120 nm to 300 nm.

The security element as claimed in any of the
above claims, characterized in, that a maximum
diameter (d) of the nano-projections (24) or the
nano-recesses is in a diameter range from 80 nm
to 400 nm, preferably in a diameter range from 100
nm to 300 nm.

The security element as claimed in claim 4, char-
acterized in, that the diameter (d) of the nano-
projections (24) or the nano-recesses varies over
the respective element surface (10, 12).

The security element as claimed in any of the
above claims, characterized in, that a maximum
height (h) of each nano-projection (24) or nano-re-
cess is in a height range from 50 nm to 400 nm,
preferably from 80 nm to 350 nm, most preferably
from 100 nm to 300 nm.

The security element as claimed in claim 6, char-
acterized in, that the height (h) of the nano-projec-
tions (24) or the nano-recesses varies over the re-
spective element surface (10, 12).

The security element as claimed in any of the
above claims, characterized in, that none of the
nano-projections (24) or the nano-recesses abut to
another.

The security element as claimed in any of the
above claims, characterized in, that a mathemati-
cal distribution of the nearest neighbour distances
(n) over the respective element surface (10, 12)
varies in the shape of a GauR-distribution, a Nor-
mal distribution, a Poisson-distribution, or a Schulz
Flory distribution.

The security element as claimed in any of the
above claims, characterized in, that a reflective
layer (8) is provided on the micro relief structure
(6) and comprises at least a metal layer and/or a
dielectric layer.

The security element as claimed in any of the
above claims, characterized in, that the reflective
layer (8) is a color-shift layer comprising at least
two metal layers separated by a dielectric layer.

The security element as claimed in any of the
above claims, characterized in, that the micro re-
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lief structure (6) is a micro-mirror structure includ-
ing a plurality of micro-mirrors (10, 12).

Valuable document comprising a security element
(1) as claimed in any of the above claims.

Method for manufacturing a security element (1)
for protecting security papers, valuable documents
or other valuables, the security element comprising
the following steps:

- providing a substantially flat substrate (4)
having a surface defining a basic plane,

- applying a micro relief structure (6) on the
substrate (4) including a plurality of micro relief
structure elements (9, 11), wherein

- each micro relief structure element (9, 11)
comprises an element surface (10, 12), and

- applying a color-generating nanostructure
(20) which is located at each of the element
surfaces (10, 12), the color-generating nanos-
tructure (20) comprises a plurality nano-projec-
tions (24) or nano-recesses, wherein the nano-
projections (24) or nano-recesses are ar-
ranged according to a two-dimensional ar-
rangement, wherein a nearest neighbour dis-
tance (n) exists between the centres of neigh-
bouring nano-projections (24) or nano-re-
cesses, characterized in that

- the nano-projections (24) or nano-recesses
are distributed non-periodically in the arrange-
ment over the respective element surface (10,
12),

- the nearest neighbour distance (n) varies
non-periodically over the respective element
surface (10, 12), wherein an average of the
nearest neighbour distance (n) is in a range
from 170 nm to 600 nm, and

- a gap (g) exists between all neighbouring
nano-projections (24) or nano-recesses.
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