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FABRICATION OF DENDRITIC STRUCTURES AND TAGS

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of U.S. Provisional Application No. 62/662,979
filed on April 26, 2018.

TECHNICAL FIELD
This disclosure relates to dendritic structures and methods for making dendritic

structures.

BACKGROUND

The present disclosure relates generally to the formation and use of dendritic
structures. A dendritic structure is a structure that develops with a typical multi-branching,
tree-like form. Dendritic patterns are very common in nature and are illustrated by diverse
phenomena such as snowflake formation and lightning. Dendritic crystallization forms a
natural fractal pattern. A fractal is generally defined as a rough or fragmented geometric
shape that can be subdivided into parts, each of which is (at least superficially) a reduced-size
copy of the whole, a property called self-similarity. This self-similarity leads to a fine
structure at arbitrarily small scales. Because they appear similar (but not identical) at all
levels of magnification, fractals are often considered to be infinitely complex. In practice,
however, the finest observable levels of structure will be limited by physical and/or chemical

constraints.

SUMMARY

This disclosure features methods for the fabrication of dendritic structures. In
general, a dendritic metal structure can be formed by the electrodeposition of ions on or in an
ion conductor. There are several viable options for the composition of the ion conductor,
which can exist as a liquid, solid, or gel. Metals such as silver and copper are particularly
appropriate as they are highly mobile in a variety of materials and are readily reduced and
oxidized, which makes the electrochemical aspects of the process relatively straightforward.

This disclosure also features dendritic structures that are used for a wide variety of
applications. For example, the dendritic structures disclosed herein are used as identification
tags for a variety of commercial transactions and security applications. Due to their complex

nature and the random processes involved in their formation, dendritic structures are unique



10

15

20

25

30

WO 2019/210129 PCT/US2019/029284

and therefore function as “fingerprints,” enabling unique tagging and later identification of a
wide variety of articles. To permit wide-scale use in commercial environments, the
disclosure also features methods for implementing large-volume fabrication of dendritic
structures. Further, the disclosure features methods and systems for protecting dendritic
structures from tampering once the structures are applied to various articles.

In a first general aspect, the disclosure features methods that include introducing an
electrolyte material onto a substrate, into a substrate, or both onto and into a substrate,
positioning electrodes on the substrate, and applying electrical potentials to at least some of
the electrodes to form one or more dendritic structures on the substrate.

Embodiments of the methods can include any one or more of the following features.

Introducing the electrolyte material can include incorporating the electrolyte material
into a body of the substrate. Introducing the electrolyte material can include positioning the
substrate in a solution that includes the electrolyte material. Introducing the electrolyte
material can include applying at least one of a solid layer and a gel-based layer comprising
the electrolyte material to the substrate.

Positioning electrodes on the substrate can include depositing a fluid on the substrate
to form the electrodes on the substrate. Positioning electrodes on the substrate can include
transferring an image of the electrodes formed on an image carrier to the substrate. The
image of the electrodes can be formed from at least one metal material. Positioning
electrodes on the substrate can include contacting the substrate with the electrodes.

The methods can include curing the substrate prior to applying the electrical
potentials. Curing the substrate can include at least one of heating the substrate and directing
a gas to flow over the substrate.

The fluid can be an aqueous solution that includes at least one metal material. The at
least one metal material can include silver. The electrodes can be formed of the at least one
metal material.

The electrolyte material can include at least one type of metal ion. At least one of the
types of metal ions can correspond to the at least one metal material. The electrolyte material
can include an aqueous solution of silver ions. The electrolyte material can include an
aqueous silver nitrate solution.

Depositing the fluid can include discharging the fluid from a nozzle.

The electrical potentials can be applied to the substrate for a period of between 1.0
seconds and 10 seconds. The dendritic structures can form between pairs of anode and

cathode electrodes on the substrate, and the methods can include applying the electrical
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potentials such that a potential difference between each paired anode and cathode electrodes
is between 2.0 volts and 10.0 volts.

The methods can include fixing the substrate after formation of the one or more
dendritic structures. Fixing the substrate can include exposing the substrate to a thiosulfate-
based fixing solution.

The methods can include oxidizing the one or more dendritic structures formed on the
substrate. Oxidizing the one or more dendritic structures can be performed by heating the
dendritic structures to a temperature of between 90 degrees C and 100 degrees C.

The methods can include applying a coating material to the oxidized dendritic
structures. The coating material can include at least one material selected from the group
consisting of cyanoacrylate, polymethylmethacrylate, polyethylene terephthalate,
polysiloxane, silicon dioxide, silicon nitride, polyvinylchloride, and cellulose acetate.

The substrate can be formed from one or more materials selected from the group
consisting of synthetic paper materials, polyethylene, polypropylene, polyester, polystyrene,
polyamide, polyolefin, acetate, acrylate, vinyl, polyester, and polyethylene terephthalate.

The substrate can include a first structural material and a second adsorbent material.
The first structural material can include at least one of a polymeric material and a cloth
material. The second adsorbent material can include silica. The second adsorbent material
can be positioned at least partially within a body of the first structural material.

In a second general aspect, forming dendritic structures includes introducing an
electrolyte material onto a substrate, into a substrate, or both onto and into a substrate, and
applying an electrical potential to at least one pair of electrodes positioned on the substrate to
form one or more dendritic structures on the substrate.

In a third general aspect, forming dendritic structures includes contacting a substrate
with water, wherein the substrate includes a metal, thereby solubilizing the metal in the water
to create an ionically conductive solution, and applying an electrical potential to at least two
electrodes positioned on the substrate to form one or more dendritic structures on the
substrate.

Implementations of the second and third general aspects can include one or more of
the following features in any combination.

Introducing the electrolyte material can include incorporating the electrolyte material
into a body of the substrate, contacting the substrate with a solution comprising the
electrolyte material, or applying at least one of a solid layer and a gel-based layer comprising

the electrolyte material to the substrate.
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The first and second general aspects may include positioning the at least one pair of
electrodes on the substrate. Positioning the at least one pair of electrodes on the substrate
may include contacting the substrate with at least two electrodes. In some cases, positioning
the at least one pair of electrodes on the substrate includes depositing a conductive fluid on
the substrate or forming metal layers on the substrate, and may further include curing the
substrate prior to applying the electrical potential. Curing the substrate may include at least
one of heating the substrate and directing a gas to flow over the substrate. Positioning the at
least one pair of electrodes on the substrate may include depositing an electrically conductive
fluid on the substrate (e.g., by discharging the conductive fluid from a nozzle). The
electrically conductive fluid includes at least one metal material. The at least one metal
material may include silver. The at least two electrodes can be formed of the at least one
metal material.

The electrolyte material typically includes at least one type of metal ion. The at least one of
the at least one type of metal ion can correspond to the at least one metal material. The
electrolyte material typically includes a metal salt or a metal-containing compound having a
solubility in water of at least 1 g/L. at 25°C.In some cases, the electrolyte material includes an
aqueous solution of silver ions (e.g., an aqueous silver nitrate solution).

The electrical potential is typically applied to the at least one pair of electrodes for a
period of between 1 second and 30 seconds. The one or more dendritic structures form
between the at least one pair of electrodes on the substrate, and a potential difference between
the electrodes in the at least one pair of electrodes is between 2 volts and 20 volts.

Some implementations include fixing the substrate after formation of the one or more
dendritic structures. Fixing the substrate may include exposing the substrate to a thiosulfate-
based fixing solution.

Some implementations include oxidizing the one or more dendritic structures formed
on the substrate. Oxidizing the one or more dendritic structures may include heating the
dendritic structures to a temperature of between 90 degrees C and 100 degrees C.

Some implementations include applying a coating material to the one or more
dendritic structures. The coating material can include at least one material selected from the
group consisting of cyanoacrylate, polymethylmethacrylate, polyethylene terephthalate,
polysiloxane, silicon dioxide, silicon nitride, polyvinylchloride, and cellulose acetate.

The substrate typically includes one or more materials selected from the group

consisting of synthetic and non-synthetic paper and card materials, polyethylene,
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polypropylene, polyester, polystyrene, polyamide, polyolefin, acetate, cellulose acetate,
acrylate, vinyl, polyester, and polyethylene terephthalate.

In some implementations, the substrate includes a first structural material and a
second adsorbent material. The first structural material may include at least one of a
polymeric material, a paper material, and a cloth material. The second adsorbent material
may include silica. In some cases, the second adsorbent material is positioned at least
partially within a body of the first structural material. The second adsorbent material may
include a gel, such as gelatin. In some cases, the second adsorbent material includes an
electrolyte. The substrate may include a gel. The gel may be coated directly on the substrate.
In some cases, the substrate is a capsule configured to contain a pharmaceutical product.

In some implementations, each of the one or more dendritic structure includes a
plurality of members extending away from a common point of the dendritic structure to form
a stochastically branched arrangement of the members. The one or more dendritic structures
can include metal. In some cases, the one or more dendritic structures are, consist of metal, or
consist essentially of metal.

Implementations of the second general aspect may include one or more of the
following features. The substrate may include a water-permeable gel. The metal may be in
the form of a metal salt or a metal-containing compound. The metal salt or the metal-
containing compound typically has a solubility in water of at least 1 g/L at 25°C. Each of the
one or more dendritic structure includes a plurality of members extending away from a
common point of the dendritic structure to form a stochastically branched arrangement of the
members.

In a fourth general aspect, a food product or a container includes a dendritic structure
affixed to a surface of the food product or the container. In some cases, the container is
configured to contain a pharmaceutical product. Each of the one or more dendritic structure
includes a plurality of members extending away from a common point of the dendritic
structure to form a stochastically branched arrangement of the members.

Embodiments of the methods can also include any of the other features disclosed
herein, including features disclosed in connection with different embodiments, in any
combination except as expressly stated otherwise.

Certain features, aspects, and steps are disclosed herein in connection with particular
embodiments. In general, however, those features, aspects, and steps are not particular to
those embodiments, and can be combined with other embodiments and other features,

aspects, and steps as desired. Accordingly, while particular embodiments have been
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described herein for purposes of illustration, it should be appreciated that other combinations
of the features, aspects, and steps disclosed herein are also within the scope of the disclosure,
and that particular embodiments described herein can also include features, aspects, and steps
disclosed in connection with other embodiments.

The entire contents of each of the following are incorporated herein by reference:
U.S. Patent Application Publication No. US 2016/0034758; PCT Patent Application
Publication No. WO 2014/165148; and PCT Patent Application Publication No. WO
2016/073910.

Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. Although methods and materials similar or equivalent to those described herein can
be used in the practice or testing of the subject matter herein, suitable methods and materials
are described below. All publications, patent applications, patents, and other references
mentioned herein are incorporated by reference in their entirety. In case of conflict, the
present specification, including definitions, will control. In addition, the materials, methods,
and examples are illustrative only and not intended to be limiting.

The details of one or more embodiments are set forth in the accompanying drawings
and the description below. Other features and advantages will be apparent from the

description, drawings, and claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic diagram showing an example of a dendritic structure on a
substrate.

FIG. 2 is a photomicrograph of an example of a dendritic metal structure.

FIG. 3 is a graph showing a profilometry measurement of another example of a
dendritic metal structure.

FIG. 4 is a scanning electron micrograph of another example of a dendritic structure.

FIG. 5 is a schematic diagram showing an example of a method for fabricating
dendritic structures using liquid or gel electrolytes.

FIG. 6 is a schematic diagram showing an example of a method for fabricating
dendritic structures.

FIG. 7 is an image showing example dendritic structures grown between parallel

electrodes.
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FIG. 8 is a schematic diagram showing an example of a device with a dendritic
structure.

FIG. 9A is a schematic diagram showing an example of a system for high-throughput
fabrication of dendritic structures and tags.

FIG. 9B is a schematic diagram showing one example of a dendritic structure growth
subsystem.

FIG. 10 is a flow chart that includes a series of example steps for fabricating dendritic
structures.

FIG. 11 is a schematic diagram showing an example of a dendritic tag that includes a
protective layer encapsulating a dendritic structure.

FIG. 12 is a schematic diagram showing another example of a dendritic tag that
includes a protective layer applied as a film over a dendritic structure.

FIGS. 13A and 13B depict electrochemical activation of gel-based layers.

FIGS. 14A and 14B depict applications for gel-grown dendrites.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

Dendritic structures appear in a wide variety of natural forms, including, for example,
lightning, dielectric breakdown, the flow of rivers, mechanical fractures, and blood vessels.
Typically, the particular forms of these dendritic structures are a product of the physical
processes that give rise to them and a component of randomness inherent to flow processes.
This disclosure introduces dendritic structures by describing certain features thereof and
methods for making such structures, including methods for fabricating dendritic structures
that are suitable for large-scale manufacturing. Subsequent sections of this disclosure discuss
a variety of applications for dendritic structures, including the use of dendritic structures in

commercial transactions.

Fabrication of Dendritic Structures

One example of a dendritic structure is shown in schematic top view in FIG. 1.
Dendritic structure 134 is disposed on a substrate 170. Although dendritic structures in
nature form by a wide range of physical and chemical processes, metallic dendritic structures
have a number of properties that are advantageous for various applications. For example,
metallic dendritic structures can be simply formed and “read” electrically and/or optically

and/or using other non-destructive measurement methods (for example, using X-ray
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fluorescence (XRF) methods). Accordingly, dendritic metal structures are useful in many of
the applications disclosed herein.

In some implementations, a dendritic structure includes a plurality of members
extending away from a common point of the dendritic structure to form a stochastically
branched arrangement of members. Due to their multi-branched, stochastically grown
structure (as will be described further herein), dendritic metal structures can provide an
effectively unique, randomly generated identifier. Moreover, dendritic metal structures can
also be made to have “nanoscale” features in their individual conducting elements, which
allows them to contain or represent a great deal of information in a relatively small area.
Moreover, as will be described in more detail below, because dendritic metal structures can
be formed using deposition from a solid electrolyte, the fabrication of such devices can be
relatively simple and therefore of low cost. Dendritic metal structures suitable for use in the
methods described herein are described generally in U.S. Patent No. 8,345,910, U.S. Patent
Application Publication No. US 2011/0254117, and PCT Patent Application Publications
Nos. WO 2012/065076 and WO 2012/065083, the entire contents of each of which are
incorporated by reference herein.

A photomicrograph of an example of a dendritic metal structure 200 is shown in FIG.
2, in which dendritic silver structures are grown from a nickel cathode 202. FIG. 3is a
profilometry measurement of another example of a dendritic metal structure. In general, a
dendritic metal structure has a multi-branched structure formed of segments of reduced
metallic material. In certain embodiments, dendritic metal structures have an average
individual segment width (i.e., in the plane of the dendritic metal structure) of no more than
about 300 um (e.g., no more than about 100 um, no more than about 10 um, no more than
about 1 um, or even no more than about 200 nm). In certain embodiments, dendritic metal
structures have an average individual segment width of at least about 20 nm.

In some embodiments, dendritic metal structures have an average thickness (i.e.,
normal to the plane of the dendritic metal structures) of no more than about 100 um (e.g., no
more than about 10 um, no more than about 5 um, no more than about 500 nm, no more than
about 200 nm, or even no more than about 50 nm). In certain such embodiments, dendritic
metal structures have an average thickness of at least about 10 nm.

The areas of dendritic metal structures can range from several mm? to micro- or even
nano-scale dimensions, depending on the method of fabrication and the application for which
the structures are used. Dendritic metal structures can include one or a plurality of

separately-nucleated branched structures, as described in more detail below.
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Dendritic metal structures can be formed from a variety of metallic materials. Metals
such as silver and copper can be particularly useful as they are highly mobile in a variety of
materials and are readily reduced and oxidized so the electrochemical aspects of the
fabrication process are relatively straightforward. Silver is especially appropriate for
dendritic structure growth applications due to its nobility and ease of both reduction and
oxidation. Accordingly, in certain embodiments, dendritic metal structures are formed from
silver. Dendritic metal structures can also be formed, for example, from copper, from zinc,
and/or from iron. Dendritic metal structures can also be formed from multiple metals to
make duplication of such structures more difficult.

Dendritic metal structures can be formed by electrodeposition in an ion conductor
(i.e., an electrolyte) by generating an ion current in the ion conductor and using the flow of
ions to build up the dendritic structure in or on the ion conductor via electrochemical
processes. The ion conductor can be liquid, gel, or solid, or a combination thereof.

A sustained ion current will only flow through the ion conductor if there is a source of
ions at one point and a sink of ions at another. The process of electrodeposition, in which
metal cations in the electrolyte are reduced by electrons from a negative electrode (e.g., a
cathode), is essentially an ion sink as ions are removed from the electrolyte to become atoms.
However, in the absence of an ion source, the reduction of the ions at the cathode occurs at
the expense of the electrolyte. The concentration of ions in the solid electrolyte therefore
decreases during electrodeposition until the electrode potential equals the applied potential
and reduction will cease.

It is therefore desirable in certain embodiments to have an oxidizable positive
electrode (e.g., anode) — one which can supply ions into the electrolyte to maintain ion
concentration and overall charge neutrality. In the case of a silver (or copper) ion-containing
electrolyte, the oxidizable anode can be implemented merely as a solid silver (or copper)
member, or a member formed from a compound or alloy containing free metal.

The anode will oxidize when a bias is applied if the oxidation potential of the metal is
greater than that of the solid solution. Under steady state conditions, as current flows in the
solution, the metal ions will be reduced at the cathode. For the case of silver, the electrode

reactions are:

Anode: Ag— Agh+e
Cathode: Agt+e — Ag
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with the bias being supplied by an external power source.

The deposition of Ag metal at the cathode and partial dissolution of the Ag at the
anode indicates that fabrication of the dendritic structure is analogous to the reduction-
oxidation electrolysis of metal from an aqueous solution, except that when a solid electrolyte
is used in fabrication (e.g., rather than a solution of ions), the anions are fixed in position.
Accordingly, when a bias is applied across the electrodes, silver ions migrate toward the
cathode under the driving force of the applied field and the concentration gradient. At the
boundary layer between the electrolyte and the electrodes, a potential difference exists due to
the transfer of charge and change of state associated with the electrode reactions. This
potential difference, typically in the order of a few hundred millivolts, leads to polarization in
the region close to the phase boundary, known as the double layer. Even though the voltage
associated with the polarization is small, structures with a long, thin region of solid
electrolyte between the electrodes typically require higher voltages to initiate
electrodeposition as most of the applied voltage will be dropped across the high resistance
electrolyte. For example, the polarization-resistance of a 10 um? electrode will be around 10°
Q, but if a 50 nm thick 100 QQ-cm Ag-Ge-Se electrolyte between anode and cathode is 10 um
wide and 100 um long, the series resistance will be twice this value and so at least 0.75 V is
typically used to generate a 0.25 V drop at the cathode to cause electrodeposition.

As in any plating operation, the ions nearest the electron-supplying cathode will
theoretically be reduced first. However, in real-world fabrication processes in which the
nanoscale roughness of the electrodes is significant and the fields are relatively high,
statistical non-uniformities in the ion concentration and in the electrode topography can
promote localized deposition or nucleation rather than blanket plating. Even if multiple
nuclei are formed, the nuclei with the highest field and best ion supply will be favored for
subsequent growth, extending out from the cathode as individual elongated metallic features.
The deposition interface continually moves toward the anode, increasing the field and thereby
speeding the overall growth rate of the electrodeposit. Without wishing to be bound by
theory, it is believed that the addition of new atoms to the growing electrodeposit occurs
through a field enhanced diffusion aggregation mechanism.

The electrodeposition of metal on the cathode does not mean that ions entering from
the oxidizable anode have to travel the entire length of the structure to replace those that are
reduced. For example, in solids, the ions move through the electrolyte by a coordinated

motion in which the ion closest to the reduced ion will move to the vacated negative site on
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the hosting material and those upstream will do likewise, each filling the vacated site of the
one downstream, until the last vacated space closest to the anode is filled by the incoming
ion. So, in the initial stages of deposition, the electrodeposit is actually made up of reduced
ions from the electrolyte itself but since each ion deposited on the growing electrodeposit
corresponds to one that has been removed from the metal source, the net effect is a shift of
mass from the anode toward the cathode. In general, the growth process in these structures is
more complex than a simple plating operation as the deposition interface is moving toward
the source of the ions. Since the electrodeposit is physically connected to the cathode, it can
supply electrons for subsequent ion reduction, so the growing electrodeposit will harvest ions
from the electrolyte, plating them onto its surface to extend itself outwards from the cathode.
This has two consequences: the growth interface continually moves out to meet the ions, and
the growth closes the gap between the electrodes thereby increasing the field. Both of these
help to speed the overall growth rate of the deposit.

Without wishing to be bound by theory, in the most general case, it is believed that
the process of deposit formation starts with the nucleation of the new metal atom phase on the
cathode and the deposits develop with a structure that generally follows a Volmer-Weber 3-D
island growth mechanism. The addition of new atoms to the growing deposit occurs due to a
diffusion-limited aggregation (DLA) mechanism, as described for example in T. A. Witten
and L. M. Sander, Phys. Rev. Lett. 47: 1400 (1981). In this growth process, an immobile
“seed” is fixed on a plane in which particles are randomly moving. Particles that move close
enough to the seed in order to be attracted to it attach and form the aggregate. When the
aggregate consists of multiple particles, growth proceeds outwards and with greater speed as
the new deposits extend to capture more moving particles. Thus, the branches of the core
clusters grow faster than the interior regions. The precise morphology depends on parameter
such as the potential difference and the concentration of ions in the electrolyte, as described
for example in Y. Sawada, A. Dougherty, and J. P. Gollub, Pays. Rev. Lett. 56: 1260 (1986).

At low ion concentrations and low fields, the deposition process is determined by the
(non-directional) diffusion of metal ions in the electrolyte and the resulting pattern is fractal
in nature. For high ion concentrations and high fields as are common in the methods
described herein, the moving ions have a strong directional component, and dendritic
structure formation occurs. The dendritic structures have a branched morphology, but grow
along a preferred axis largely defined by the applied electric field. As an example, FIG. 7
shows dendritic metal structures 700 grown between parallel electrodes (i.e., an anode at the

top of the figure and a cathode at the bottom of the figure).
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The complexity of the dendritic form in two dimensions is evident from images such
as shown in FIG. 7. The stochastic growth process ensures that the shape of every newly-
grown dendritic structure is truly unique. It should be noted, however, that the growth
process is generally three dimensional. When a dendritic structure forms inside a solid
electrolyte, there are no restrictions on growth direction and the structure will typically
branch out like a tree to fill a volume, but even when electrodeposition occurs on the surface
of a solid ion conductor, there is still an “upward” component of growth, i.e., in a direction
normal to the surface. This occurs because, in addition to the lateral growth across the
surface, there is electrodeposition at the interface between the ion conductor and the metal
dendrite. This basal deposition pushes the earlier-deposited material upwards, resulting in a
nanoscale “mountainous” three-dimensional form. This form is shown in FIG. 4, which is a
scanning electron micrograph of the edge of a silver dendritic structure 400 on a silver-doped
chalcogenide glass 402. The micro- and nano-scale facets of such 3-D features are once
again formed via stochastic processes and introduce yet another layer of complexity (and
randomness) to the overall structure.

In some embodiments, dendritic metal structures are formed by methods that include
providing an ion conductor and two or more electrodes in contact with the ion conductor, and
applying a bias voltage across the electrodes sufficient to grow the dendritic metal structure
in or on the ion conductor. Methods for growing dendritic metal structures are described
generally in U.S. Patent No. 8,345,910, U.S. Patent Application Publication No. US
2011/0254117, and PCT Patent Application Publications Nos. WO 2012/065076 and WO
2012/065083.

The stochastic nature of the electrodeposition process leads to randomly-branched and
randomly-faceted patterns each time a dendritic structure is grown on a new region of an ion
conducting medium. As will be discussed subsequently, as a result of their random and
unique nature, these dendritic structures can be used to generate unique identifiers that are
useful in a variety of applications, including object identification and tracking, and data
encryption. The methods and apparatus used to create these patterns is straightforward and
the materials involved can be placed on a variety of substrates, including pliable and/or
flexible materials. Examples of device formats and methods for generating dendritic
structures are described subsequently in greater detail.

A wide variety of ion conductors can be used, for example, including solid films (e.g.,
oxides/chalcogenides), gels, and liquids. For certain applications, it can be desirable to use a

solid 1on conductor. Solid ion conductors are useful due to their mechanical and chemical
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stability which allows them to be used in the field with minimal encapsulation. Examples of
solid ion conductors suitable for use in certain embodiments include “superionic™ solid
electrolytes (fast ion conductors) and/or other materials such as oxides which have suitable
ion mobility.

Dendritic metal structures can be formed by deposition from a solid electrolyte. In
certain embodiments, the solid electrolyte includes silver or copper ions, as such materials
tend to have high ion mobility and can be less difficult to make than alkali metal solid
electrolytes. Silver is also well-suited for electrode growth applications due to its mobility
and ease of both reduction and oxidation. In some embodiments, copper-containing solid
electrolytes can be used to form dendritic copper structures. For example, crystalline Ag
halides, principally Agl, and silver chalcogenides, e.g., Ag:S, Ag:Se, and AgzTe, and their
copper counterparts, can be used as solid electrolytes.

The layer of solid electrolyte can be, for example, a metal-containing chalcogenide
glass (i.e., containing oxygen, sulfur, selenium and/or tellurium, although oxide glasses are
often treated separately from the others in the literature). Chalcogenide glasses can be
formed with a wide range of physical characteristics and can be made using a variety of
techniques, such as physical vapor deposition, chemical vapor deposition, spin casting and
melt quenching. The tellurides exhibit the most metallic character in their bonding and are
the “weakest” glasses as they can crystallize very readily (hence their use in so-called phase
change technologies such as re-writable CDs and DV Ds) and the others exhibit an increasing
glass transition temperature going further up Group VI of the periodic table, with oxides
having the highest thermal stability. Stable binary glasses can, for example, include a Group
IV or Group V element, such as germanium or arsenic, with a wide range of atomic ratios
possible. The bandgaps of the chalcogenide glasses range from about 1-3 eV for telluride,
selenide and sulfide glasses, to 5-10 eV for the oxide glasses. The non-oxide glasses are
typically more flexible than oxide glasses, but more rigid than organic polymers; other
physical properties follow the same trend. Such structural flexibility can result in the
formation of voids through which ions can readily move from one equilibrium position to
another. It can also allow chalcogenides glasses to be used with flexible substrates.

In some embodiments, a solid electrolyte formed of Ag-doped Ges0S7o is used for
dendritic structure fabrication. In other embodiments, different materials can be used as the
solid electrolyte. For example, silver- or copper-doped oxide glasses such as Si02 or
transition metal oxides can be used in harsher operating environments. Such glasses can

withstand higher processing temperatures, are more resistant to mechanical abrasion and
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chemical damage, and can provide higher transmission over the visible wavelength range
than the higher chalcogenide glasses, but may provide slower dendritic structure growth due
to lower ion mobility.

In certain embodiments, the chalcogenide glass is a germanium chalcogenide glass.
Germanium chalcogenides have relatively low coulombic energies and relatively low
activation energies for ion transport. Germanium chalcogenides are desirably glassy in
nature; ion conductivity can often be greater in glassy materials than in the corresponding
crystalline materials. Of course, crystalline or semi-crystalline materials can also be used.
Germanium chalcogenides also tend to be relatively soft materials, making them suitable for
use in certain methods in which the dendritic metal structure is formed, annealed or otherwise
moved to the interface between the solid electrolyte and the electrically active structure, as
described in more detail below. Germanium chalcogenides are also relatively flexible, and
can be used on flexible devices. Accordingly, in some embodiments, devices that include the
fabricated dendritic structure(s) are flexible. These mechanical properties of the germanium
chalcogenides also help avoid cracking during thermal expansion and mechanical stress
during use.

In certain embodiments, the solid electrolyte includes a solid solution of AsxSix--Ag,
GexSe1x—-Ag, GexS1x—-Ag, AsxS1x--Cu, GexSe1x--Cu, GexS1x—-Cu, where x ranges from
about 0.1 to about 0.5, other chalcogenide materials incorporating silver, copper, zinc, iron,
combinations of these materials, Ag- and Cu-doped transition metal oxides, Ag- and Cu-
doped silicon or germanium oxides, and the like. Photodissolution techniques can be used to
load metal and/or metal ions into the solid electrolyte.

In some embodiments, the solid electrolyte includes a germanium-selenide glass with
about 10 to about 50 atomic percent silver diffused in the glass (e.g., Ags3GezoSes7). Such
materials can be formed using evaporation. Additional solid electrolyte materials and
methods of forming them are discussed in U.S. Patent No. 6,635,914, the entire contents of
which are incorporated herein by reference.

As one example of the fabrication of the solid electrolyte, a 50 nm layer of Geo.20-
0.40Se0.80-0.60 is first deposited onto the surface of an electrically active structure, and the Ge--
Se layer is covered with about 20 nm of silver. The silver is dissolved into the Ge--Se glass
by exposing the silver to a light source having a wavelength of about 405 nm and a power
density of about 5 mW/cm? for about ten minutes. Any excess silver is then removed using a
Fe(NOs)s solution. The solid electrolyte material is then patterned and etched using reactive

ion etching (RIE) (e.g., CF4+02) or wet etching (e.g., using NaOH:IPA:DI).
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The addition of metallic elements such as silver or copper to a chalcogenide glass
transforms it into an electrolyte, as silver and copper atoms can form mobile cations within
the chalcogenide glass material. The ions are associated with the non-bridging chalcogen
atoms but the bonds formed are relatively long. As with any coulombic attraction, the
coulombic energy is proportional to the inverse of the cation-anion distance, so long bonds
lead to reduced attractive forces between the charged species. The Ge-chalcogenide glasses
are therefore among the electrolytes with the lowest coulombic energies. Thermal vibrations
will allow partial dissociation, which results in a two-step process of defect formation
followed by ion migration. The activation energy for this process strongly depends on the
distance between the hopping cation and the anion located at the next nearest neighbor as
well as the height of the intervening barrier. In addition to having low coulombic energies,
the Ge-chalcogenides also have relatively low activation energies for ion transport. In this
respect, the existence of channels due to the structure of the electrolyte is critical in the ion
transport process. As an example of this effect, the Ag* conductivity in glassy AgAsSzis a
factor of 100 larger than that in the crystalline counterpart due to the more “open” structure of
the non-crystalline material.

The rigidity and bonding character of the oxide electrolytes means that their ion
mobility is typically orders of magnitude lower than that of the Ge-chalcogenides but this
also results in higher thermal, chemical, and mechanical stability. Increased stability
suggests that Ag- or Cu-doped oxide glasses, such as SiO2 or many of the transition metal
oxides (e.g., WOs3), may be more suitable for harsher operating environments.

Other electrolyte materials can also be used in the fabrication methods disclosed
herein. As suggested above, tellurides (e.g., doped germanium tellurides) can also be used in
certain embodiments. In some embodiments, the solid electrolyte is a metal (e.g., copper)
doped transition metal oxide.

The solid electrolyte material can have a thickness, for example, in a range of about 1
nm to about 1 um. In certain embodiments, the layer of solid electrolyte has a thickness in
the range of about 5 nm to about 100 nm. In some embodiments, the solid electrolyte has a
thickness less than about 10 nm. For example, the solid electrolyte can have a thickness in
the range of about 1 nm to about 10 nm. Where the solid electrolyte has low transmissivity at
desired wavelengths, use of thinner solid electrolyte layers can improve overall transmission
to the electrically-active layer. Such solid electrolyte layers need not be completely
continuous on the micro- or nano-scale, as reduced sheet resistance can be achieved even

with discontinuous dendritic structures. Moreover, thinner solid electrolyte layers can be
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more flexible, allowing for increased process and device flexibility. The sold ion conductor
may be deposited on the substrate and retained after growth but may also be removed (i.e.,
before use) to ensure that the dendritic pattern cannot be altered unintentionally after
fabrication.

In certain embodiments, the dendritic metal structure is disposed at the interface
between a substrate and the electrolyte. For example, in the embodiment shown in the
schematic side cross-sectional view of FIG. 8, electrical device 800 includes a cathode 832
disposed at the interface between the substrate 810 (on second substrate 820) and a solid
electrolyte 840. A sacrificial anode 836 is positioned, for example, on top of the solid
electrolyte. To prevent deposition on top of the solid electrolyte, a growth retarding layer
850 (e.g., a hard oxide layer chemically bound to or oxidatively grown from the top of the
electrolyte layer) can be formed thereon. A dendritic metal structure 834 can be formed at
the interface between the solid electrolyte and the electrically active structure by the
application of a bias. In certain embodiments, the solid electrolyte is a relatively soft glass
(e.g., a germanium chalcogenide glass such as silver-doped germanium arsenide or selenide),
which can deform slightly to allow the dendritic metal structure to grow at the interface. In
such embodiments, the dendritic metal structure can have good electrical contact with the
electrically active structure, as there is substantially no solid electrolyte disposed
therebetween.

In some embodiments, a liquid or gel electrolyte is used for dendritic structure
fabrication. Liquid or gel electrolytes are easier to remove after growth and so may be more
suitable for tags which only contain the dendritic structure but not the ion conductor in the
field. If aliquids or gel electrolyte is to be a permanent (or semi-permanent) part of a
fabricated device, the device may include additional layers to contain and protect the
electrolyte, as will be discussed in greater detail subsequently.

FIG. 5 is a schematic diagram showing one embodiment of a method for fabricating
dendritic structures using a liquid or gel electrolyte. The method is described herein with
respect to a liquid electrolyte, but it should be appreciated that similar steps can be performed
in conjunction with the use of a gel electrolyte. A substrate 410 having a surface 412 and a
cathode 422 disposed thereon is provided. Also provided is an anode 424 formed from a
metal; in this embodiment, the anode is also disposed on surface 412 of the substrate 410. A
liquid 430 in which the metal of the anode is at least partially soluble (i.e., in some cationic
form) is then disposed on the surface of the substrate. As shown in FIG. 3, in this

embodiment, the liquid is simply disposed as a relatively thin film on the surface of the
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substrate, held in place by surface tension. The liquid is in electrical contact with both the
anode 424 and the cathode 422. A bias voltage is applied across the cathode and the anode
sufficient to grow the dendritic metal structure 440 extending from the cathode.

Anode 424 and cathode 422 are positioned relative to substrate 410 so that the
dendritic metal structure can be electrodeposited. As the dendritic metal structure grows
from the cathode, it is disposed on the on the surface of the substrate. The anode can be, for
example, also disposed on the surface of the substrate. In such embodiments, the anode can
help to direct the growth of the dendrite.

In some embodiments, the anode is not disposed on the substrate, but rather is in
contact with the liquid. In such embodiments, the anode can, for example, be positioned
within 1 ¢cm, or even 5 mm of the surface. For example, FIG. 6 shows an embodiment in
which the anode 524 is not disposed on the surface 512 of the substrate 510, but rather is
suspended slightly above it. In this example, the liquid 530 is provided in a relatively large
volume (i.e., in tank 550, in which the substrate bearing the cathode 522 and the anode are
also disposed).

Disposing the electrodes on the substrate surface can have certain advantages. For
example, when the electrodes are disposed in such a manner, the electrode contact area and
contact resistance can be carefully controlled, ensuring that they are approximately the same
for each growth location for dendritic structures. This control can help to ensure that the
process of dendritic structure growth is more uniform from one location to another.

However, in certain embodiments, the anode can be placed (i.e., not deposited, such
as in the form of a separate piece of metal) on the surface of the substrate, then removed from
the surface after deposition. In such embodiments, the anode can help to direct the
directionality of growth, as described above, but can easily be removed. In practice, the
anode forms part of a voltage source and is contacted with the surface of the substrate during
the growth process, and then withdrawn or otherwise removed after the growth process is
complete.

In some embodiments, the anode and/or the cathode are placed on the surface of the
substrate, but are not deposited thereon. For example, either the anode or the cathode or both
can be placed or held in contact with the surface, so as to provide directionality to the growth
of the dendritic metal structure, but can be easily removed once growth is complete.

In the process of electrodeposition, metal cations in the liquid are reduced at the
cathode. To replace the metal cations in the liquid and allow for continued growth of the

dendritic metal structure, the anode can include the same metal as the metal of the dendritic
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metal structure. As the dendritic metal structure grows by reduction at the cathode, the anode
is concomitantly oxidized and dissolved into the liquid, resulting in a net mass transfer from
the anode to the growing dendritic metal structure. For example, the anode can be formed of
silver, a silver alloy, copper or a copper alloy. When the metal is provided by the anode, the
liquid need not have any metal ions dissolved in it when it is disposed on the surface of the
substrate. By physically changing the anode material during growth, or by providing an
electrical bias in sequence to anodes of differing composition, it is possible to grow a
dendritic structure that includes multiple metals either as a mixture or as segments in the
structure. Fabricating dendritic structures in this manner makes subsequent replication of the
structures (i.e., in a separate growth process) very difficult.

In some embodiments, the anode need not dissolve into the liquid, and the dendritic
metal structures can be grown only from the metal initially dissolved into the liquid. For
example, the anode can be relatively inert, as described below with respect to the cathode. In
such embodiments, a relatively large volume of liquid can be provided in order to supply the
desired amount of metal cations.

In certain embodiments, it is possible that the ion conductor is not actually a part of
the device structure but is instead incorporated in a “writing” apparatus. In such
embodiments, the dendritic structure can be physically transferred to the substrate or
otherwise retained on the substrate after growth at the electrolyte-substrate interface.
Similarly, in some embodiments, the electrodes are not part of the device and are instead
mounted on the apparatus that applies the voltage to the ion conductor, thereby simplifying
the device structure.

A transparent layer can be disposed over the dendritic metal structure to protect the
electrodeposit from damage and help to prevent duplication of the structure by the use of
impression/molding techniques. This layer can be engineered to allow the growth of the
dendritic metal structure at the interface between the ion conductor and the protective film or
it may be applied after growth. The transparent layer can be, for example, a layer of
transparent polymer, or a layer of deposited material such as an oxide or nitride of silicon,
titanium or germanium.

In general, substrates used to support the dendritic structure can be rigid or flexible,
and a wide range of different materials having different mechanical properties can be used as
substrates. Typically, appropriate ion conductors and electrode materials are selected based

on the type of substrate that is used.
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While a wide range of substrate materials, from insulators to conductors, may be used,
in some embodiments an additional barrier layer may be used to prevent interaction between
certain substrates and the ion conductor. Thus, the barrier layer is disposed between the
substrate and the dendritic metal structure. Accordingly, the barrier layer can be between the
ion conductor and the substrate during the electrodeposition operation.

Examples of suitable rigid (or semi-rigid) substrates include glass, hard plastic,
metals, and semiconductors. Dendritic structures and devices that include such structures can
be formed on integrated circuits (either on the chip itself or outside the package). Examples
of flexible substrates include plastic sheets, metal foils, smooth paper, and coated close-
weave fabrics.

Electrodes allow the voltage to be applied to the ion conductor to induce the flow of
ions and activate the redox processes necessary for electrodeposition. The electrode
materials may be deposited and patterned using a variety of methods including
sputtering/etching, lift-off, shadow masking, screen printing, and standard (roll-to-roll)
printing using conductive inks. In addition, other techniques which will be described
subsequently, including inkjet and other digital printing methods, gravure printing, and offset
printing, can be used to deposit the electrode materials. A wide range of viable electrode
patterns is possible, including parallel, concentric, and multi-contact configurations.

In some embodiments, an anode and a cathode can be formed in contact with a solid
electrolyte so that the dendritic metal structure can be electrodeposited. In the process of
electrodeposition, metal cations in the electrolyte are reduced at the cathode. To replace the
metal cations in the electrolyte and allow for continued growth of the dendritic metal
structure, the anode can include the same metal as the metal of the dendritic metal structure
and the solid electrolyte. As the dendritic metal structure grows by reduction at the cathode,
the anode is concomitantly oxidized and dissolved into the solid electrolyte, resulting in a net
mass transfer from the anode to the growing dendritic metal structure. For example, the
anode can be formed of silver, a silver alloy, copper or a copper alloy. In other embodiments,
the anode need not dissolve into the solid electrolyte, and the dendritic metal structures can
be grown only from the metal initially dissolved into the solid electrolyte. For example, the
anode can be relatively inert, as described below with respect to the cathode.

In certain embodiments, the cathode can be relatively inert and generally does not
dissolve during the electrodeposition operation. For example, the cathode can be formed
from an inert material such as aluminum, tungsten, nickel, molybdenum, platinum, gold,

chromium, palladium, metal silicides, metal nitrides, and doped silicon.
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Of course, in other embodiments, the cathode need not be formed from an inert
material. In particular, it should be noted that both the cathode and anode can be formed
from reactive materials, and further, in certain embodiments, both the cathode and another
can be formed from the same material (for example, both can be formed from copper or from
silver). When both electrodes are formed from the metal of the dendritic metal structures,
either electrode can act as the anode from which the dendritic metal structures grow,
providing additional process flexibility. Appropriate cathode materials can be selected based
on the desired electrodeposition conditions. Various configurations of solid electrolyte and
electrodes suitable for use in the methods disclosed herein are discussed, for example, in U.S.
Patent No. 6,635,914.

Contacts may be electrically coupled to the anode and/or cathode to facilitate forming
electrical contact to the respective electrodes. Contacts can be formed of any conductive
material and are preferably formed of a metal such as aluminum, aluminum alloys, tungsten,
or copper. Generating the dendritic pattern typically involves the application of a small
voltage (e.g., 0.1 to 10 V) to the electrodes in contact with the ion conducting film.

In some embodiments, the fractal dimension of the dendritic structure (i.e., its
effective density) can be controlled via the magnitude of the applied voltage; however, the
specific shape of the structure is typically random. In certain embodiments, multiple
electrodes can be used to generate multiple dendritic forms to fabricate more complex shapes
and produce large area dendritic structures. Use of a plurality of dendritic structures in
various applications can provide can provide for information redundancy, e.g., in the event
that one of the dendritic structures is damaged.

Fabrication of dendritic structures can occur in a variety of contexts and applications.
In some embodiments, dendritic structure growth can be performed during manufacture of a
tag or device that uses or includes the dendritic structure. In certain embodiments, dendritic
structure growth can be performed by user, e.g., during implementation of an application of
dendritic structure. In this scenario, the ion conductor can be retained within the device.
Conversely, when the dendritic structure is grown during device manufacturing, the
fabrication process can be performed with a removable ion conductor. Moreover, provided
the electrodes and the ion remain in place, additional growth of the dendritic structure can be
performed following manufacture (e.g., during implementation of an application) to
deliberately alter an existing dendritic structure.

In some embodiments, when a sufficient bias (e.g., 100 mV or more) is applied across

the anode and the cathode, metallic ions (e.g., Ag") to move from the anode (in this example,
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made of silver) and/or from metal dissolved in the solid electrolyte toward the cathode.
Metallic ions at the cathode are reduced to form the dendritic metal structure, which grows
and extends from the cathode out onto the solid electrolyte. The amount of electrodeposited
material is determined by factors such as the applied voltage, the nature of the metal, the ion
current magnitude and the time during which the current is allowed to flow. The dendritic
metal structure can be deposited within or on the layer of solid electrolyte as an increased
concentration of reduced metal compared to the concentration of such material in the bulk
solid electrolyte material. Electrodeposits can have significant growth parallel to as well as
normal to the solid electrolyte surface. The applied bias voltage can typically be, for
example, in the range of 200 mV to 20 V, but other bias voltages can also be used.

Dendritic structure growth causes a mass transfer of metal from the solid electrolyte
to the growing dendritic structure. For example, when the solid electrolyte has a metallic
sheen due to excess metal, the growth process can transfer that metal to the dendritic
structure, thereby increasing the apparent transmission of the solid electrolyte. When the
solid electrolyte is not replenished with metal (e.g., by a sacrificial electrode), dendritic
structure growth can significantly deplete the solid electrolyte of metal. Depletion of metal in
the solid electrolyte can also occur when metal dissolves into the solid electrolyte from the
anode much more slowly than it is plated onto the dendritic metal structures. In general, the
bias voltage applied between the anode and cathode can be reversed to redissolve metal from
the dendritic structures, thereby providing a method to more precisely tune the extent of
dendritic structure growth.

In certain embodiments, the metal ions can, for example, be provided by the anode.
For example, the anode can be formed from the metal dissolved in the solid electrolyte, and
the metal of the anode dissolves into the solid electrolyte as the dendritic metal structure is
grown.

The following describes one example of fabrication of a dendritic metal structure. On
alayer of parylene, GesoSer base glass (2400 A thick) and silver layers (800 A thick) were
thermally evaporated and patterned on the diaphragm. The ratio of GesoSe7 to Ag was
approximately 3:1. Immediately after the deposition, photo-dissolution was performed using
a 15 min UV exposure to diffuse silver into the GesoSe7o layer to form the solid electrolyte.
The anode (silver) and cathode (nickel) were separately evaporated and patterned on the
diaphragm. A voltage bias was then applied across the anode and the cathode to grow a

dendritic metal structure.
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As another fabrication example, a 50 nm layer of Geo.20-0.40S€0.80-060 Was first
deposited onto the surface of a polysilicon material, and the Ge--Se layer was covered with
about 20 nm of silver. The silver was dissolved into the Ge--Se glass by exposing the silver to
a light source having a wavelength of about 405 nm and a power density of about 5 mW/cm?
for about ten minutes. Any excess silver was then removed using a Fe(NOs)s solution. The
solid electrolyte material was then patterned and etched to provide a desired shape.

A DC bias from 3 to 10 V was applied to electrochemically grow a dendritic silver
structure extending out from the tip of the cathode 202, which is shown in FIG. 2. FIG. 3
shows a SEM micrograph of the electrodeposited dendritic silver structure 300. A VEECO
NT9800 optical profilometer was used to measure the optical profile in FIG. 3, which shows

that the dendritic silver structures had a height on the order of 90 nm.

High-Throughput Fabrication of Dendritic Structures

As discussed above in connection with FIG. 1, the anode(s) used in the fabrication of
dendritic structures is/are typically formed from a metal such as copper, silver, or an alloy of
copper and/or silver. The cathode(s) is/are typically formed from any one or more of a
variety of electrically conductive materials, such as aluminum, tungsten, nickel,
molybdenum, platinum, gold, chromium, palladium, metal silicides, metal nitrides, and/or
doped silicon. An electrolyte in the form of a liquid can be deposited atop a substrate so that
both the cathode and the anode are positioned within the volume of liquid. The liquid can
include, for example, water, or another liquid in which metal cations are soluble. More
generally, the electrolyte can include a variety of substances, including gels and solid films,
in which metal cations are labile.

The cathode and anode are in electrical contact with the liquid by virtue of their
positions within the liquid. Accordingly, when an electrical potential difference is applied
between the cathode and the anode, a dendritic structure begins to grow in a general direction
from the cathode to the anode. The dendritic structure is generally formed from the metal (or
one of the metals) that form(s) the anode. During deposition of the dendritic structure, metal
cations in the electrolyte are reduced at the cathode, and extend the dendritic structure in the
direction of the anode. In some embodiments, metal atoms of the anode are oxidized to form
cations during deposition of the dendritic structure. The cations dissolve in the electrolyte
(e.g., aliquid) to replace the reduced cations that form the dendritic structure. In certain
embodiments, the anode is not oxidized, and the dendritic structure is formed only from metal

cations dissolved in the liquid when the liquid is deposited on the substrate.
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The morphology of a particular dendritic structure will generally depend upon a
number of factors, including the geometry of the cathode and anode, the metal cations that
form the dendritic structure, the potential difference applied between the cathode and anode,
the ionic current between the cathode and anode, the nature of the electrolyte acting as the ion
transport medium, and the deposition time. In general, dendritic structures can be formed
from a variety of metals including, but not limited to, silver, copper, zinc, gold, iron, tin, and
mixtures thereof.

The fabrication methods described so far can readily be used to fabricate a variety of
dendritic structures. However, use of dendritic structures for large volume commercial
applications and transactions requires that the structures be fabricated in large numbers. In
this section, additional methods are disclosed for fabricating large numbers of dendritic
structures.

FIG. 9A is a schematic diagram of a system 900 for high-throughput fabrication of
dendritic structures and tags. System 900 includes an electrode print subsystem 902, a
dendritic structure growth subsystem 904, and a finishing subsystem 906. A substrate 908 is
roll-fed (as shown in FIG. 9A) or fed in sheet form through each of the above subsystems in
succession to fabricate the structures. In particular, in the electrode print subsystem 902,
anodes and cathodes are applied directly to substrate 908 in a wet printing process, after
which the electrode-forming “ink™ is cured. Then, in dendritic structure growth subsystem
904, dendritic structures are formed on substrate 908 by applying electrical potentials to the
anodes and cathodes deposited in electrode print subsystem 902. Following fabrication, the
dendritic structures are stabilized on substrate 908. Next, in finishing subsystem 906,
substrate 908 (which now includes one or more dendritic structures) is coated with a
protective coating and, optionally, an adhesive material. Substrate 908 is also cut or
otherwise separated so that individual structures are available for incorporation into dendritic
tags.

FIG. 10 is a flow chart 1000 that includes a series of example steps for fabricating
dendritic structures. In a first step 1002, electrodes (i.e., one or more anodes and one or more
cathodes) are deposited on substrate 908. A variety of different methods can be used for the
deposition. In some embodiments, for example, a fluid (also referred to herein as an “ink™)
that includes one or more conductive materials can be deposited on substrate 908 to form the
electrodes. Referring to electrode print subsystem 902 of FIG. 9A, a reservoir 910 contains
the fluid 914, which is discharged through nozzle 912 onto the surface of substrate 908 as the

substrate passes through electrode print subsystem 902.
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As shown in FIG. 9A, electrode print subsystem 902 implements an inkjet or, more
generally, a digital printing process for depositing conducting materials on substrate 908.
However, other methods can also be used to deposit conducting materials. In certain
embodiments, for example, electrode print subsystem 902 can be a gravure printing
subsystem in which in which an image carrier (such as a roller) is imprinted with an image of
the electrodes, and contact between the image carrier (e.g., by rolling) and substrate 908
applies the electrodes to substrate 908.

In some embodiments, electrode print subsystem 902 can be an offset printing
subsystem in which an image of the electrodes is formed in ink on a printing plate,
transferred to an intermediate material surface (such as a rubber or other polymer surface),
and then applied to substrate 908 by contacting the intermediate material surface and
substrate 908.

A variety of conductive materials can be used in fluid 914. In some embodiments, for
example, fluid 914 includes silver (e.g., silver particles suspended in solvent, resin, or
aqueous solution), copper (e.g., copper particles suspended in solvent, resin, or aqueous
solution), nickel (e.g., nickel particles suspended in solvent, resin, or aqueous solution),
carbon (e.g., carbon black or graphite/graphene particles suspended in solvent, resin, or
aqueous solution).

It should be noted that, in general, the anode and cathode electrodes can be formed
from the same material or from different materials. In some embodiments, for example, both
the anode and cathode are formed from silver, from copper, or from any of the other materials
discussed previously. Depending upon the nature of electrode print subsystem 902, forming
both the anode and cathode from the same material can have certain advantages. Generally,
by using the same ink to print both the anode and cathode, the printing process can be
considerably simplified, and the speed of the process can be increased accordingly,
particularly when using methods such as gravure printing to apply the electrodes to substrate
908.

Various materials can be used to form substrate 908. In certain embodiments, for
example, substrate 908 is a synthetic paper material. Other suitable substrate materials
include, for example, one or more plastics, such as polyethylene (e.g., polyethylene
terephthalate, PET), polypropylene, polyester, polystyrene, polyamide, polyolefin, acetate,
acrylate, vinyl, polyester, and Mylar®, and woven and non-woven materials such as linen,
silk, microfiber polyester cloth, polyethylene terephthalate (Dacron®), spun-bonded
polyolefin (Tyvek®), expanded polytetrafluoroethylene (Goretex®), and a variety of papers.
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Returning to FIG. 10, in the next step 1004, the electrodes applied to substrate 908 are
cured. Curing ensures that the electrodes are dried and stable in advance of further
processing steps that are performed in aqueous solution. Various methods can be used to
cure the applied electrodes. For example, in some embodiments, electrode print subsystem
902 (FIG. 9A) includes a curing apparatus 916 that heats substrate 908, that directs a flow of
a gas across the surface of substrate 908, or performs both actions, to cure the applied
electrodes. The electrodes may also be cured in an oven with an inert ambient, the oven being
heated using infra-red heating elements or microwaves, or by passing the substrate between
heated plates or rollers.

After the electrodes have cured, substrate 908 with the electrodes applied is directed
into dendritic structure growth subsystem 904. Returning to FIG. 10, in the next step 1006,
the substrate is immersed in an electrolyte solution to prepare the substrate for the growth of
dendritic structures. FIG. 9B is a schematic diagram that shows one example of a dendritic
structure growth subsystem 904. Subsystem 904 in FIG. 9B includes an electrolyte
immersion bath 952 into which a substrate (not shown) is delivered and maintained for a
period of time prior to the growth of dendritic structures on the substrate. While the substrate
is in bath 952, the substrate is immersed in electrolyte solution 953.

Various electrolyte solutions can be used in bath 952. In some embodiments, for
example, electrolyte solution 953 is a silver nitrate solution. The electrolyte solution may also
contain silver chloride, silver lactate, silver sulfamate, silver complexes with hydantoin,
and/or silver cyanide. In certain embodiments, electrolyte solution 953 can be a copper-
based electrolyte solution that includes aqueous solutions of copper sulfate and/or copper
chloride.

The concentration of electrolyte solution 953 can generally be selected as desired,
depending upon such factors as the constituents of the solution, the electrical potentials to be
applied during dendritic structure growth, and the nature of the substrate material. In certain
embodiments, for example, where electrolyte solution 953 is a silver nitrate solution, the
concentration of silver ions in the solution can be between 0.05 mol/L and 1.0 mol/L (e.g.,
between 0.05 mol/L and 0.8 mol/L, between 0.10 mol/L and 0.8 mol/L, between 0.10 mol/L
and 0.6 mol/L, between 0.15 mol/L and 0.5 mol/L). Ion concentrations up to 1.0 ml/L are
suitable for growth of dendritic structures with applied voltages of between 0.2 V and 10 V.
Ion concentrations from 0.005 mol/L to 0.05 mol/L can be used for the growth of dense

structures over hundreds of seconds.
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In certain embodiments, electrolyte solution 953 is heated during immersion of the
substrate in the solution. For example, solution 953 can be maintained at a temperature of
between 25 degrees C and 90 degrees C (e.g., between 30 degrees C and 85 degrees C,
between 35 degrees C and 80 degrees C, between 40 degrees C and 80 degrees C) during
immersion of substrate 908.

Returning to FIG. 10, in the next step 1008, electrical potentials are applied to the
electrodes deposited on substrate 908 in step 1002 to initiate growth of dendritic structures on
substrate 908. Referring to FIG. 9B, in some embodiments, subunit 954 of dendritic structure
growth subsystem 904 includes a plurality of contact electrodes 957 connected to a voltage
source 955. Contact electrodes 957 individually contact the electrodes deposited on substrate
908 (i.e., contact electrodes 957 are lowered until they make physical contact with substrate
908). Then, voltage source 955 applies suitable electrical potentials to each of the deposited
electrodes on substrate 908 via contact electrodes 957.

As discussed above, dendritic structure growth generally occurs between anode-
cathode pairs when an electrical potential difference is applied. In certain embodiments,
voltage source 955 applies a potential difference between one or more anode-cathode pairs of
deposited electrodes on substrate 908 of between 2.0 V and 10.0 V (e.g., between 2.0 V and
9.0V, between 3.0 V and 9.0 V, between 4.0 V and 8.0 V).

In general, voltage source 955 applies potential differences between anode-cathode
pairs until the growth of dendritic structures on substrate 908 is complete to the extent
desired. In certain embodiments, for example, the potential differences are applied by
voltage source 955 between pairs of deposited anodes and cathodes for between 1.0 seconds
and 10.0 seconds (e.g., between 2.0 seconds and 9.0 seconds, between 3.0 seconds and 8.0
seconds).

Returning to FIG. 10, in a next step 1010 following growth of dendritic structures on
substrate 908, the substrate is rinsed to remove electrolyte solution. To implement this step,
in certain embodiments dendritic structure growth subsystem 904 includes an electrolyte
rinse bath 956. Substrate 908 passes through rinse bath 956 which contains rinsing fluid 959.
Rinsing fluid 959 washes remaining electrolyte solution from substrate 908.

Various rinsing fluids can be used to wash away excess electrolyte solution. In some
embodiments, for example, rinsing fluid 959 corresponds to water (e.g., deionized water).
The rinsing fluids may also be mild acid solutions, mild base solutions, or organic solvents.

In certain embodiments, rinsing of substrate 908 is performed at elevated temperature.

For example, as substrate 908 is immersed in rinsing fluid 959, the temperature of rinsing
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fluid 959 can be maintained between 25 degrees C and 90 degrees C (e.g., between 30
degrees C and 85 degrees C, between 35 degrees C and 80 degrees C, between 40 degrees C
and 80 degrees C).

Returning again to FIG. 10, substrate 908 is then fixed in step 1012. Fixation refers to
a chemical treatment that halts further activity of any residual electrolyte material on or
within substrate 908. To perform this treatment, as shown in FIG. 9B, dendritic structure
growth subsystem 904 can include a fixing bath 958. As substrate 908 passes through fixing
bath 958, the substrate is exposed to fixing solution 961 contained within the bath. Fixing
solution 961 chemically deactivates residual electrolyte material in or on substrate 908.

Various fixing solutions can be used to deactivate electrolyte materials. For example,
in certain embodiments, fixing solution 961 is a thiosulfate-based photographic fixing
solution. Typical thiosulfates used for fixing include, but are not limited to, sodium
thiosulfate and ammonium thiosulfate, sometimes combined with chelating agents such as
ethylenediaminetetraacetic acid.

Following fixation of substrate 908, the next step in FIG. 10 is the removal of fixing
solution in step 1014 by rising substrate 908. As shown in FIG. 9B, dendritic structure
growth subsystem 904 can include a rinsing bath 960 that removes residual fixing solution
961 and any exhausted chemical agents from substrate 908. Rinsing bath 960 operates in a
manner similar to bath 956 described above, and can use similar rinsing fluids and
temperatures.

Returning to FIG. 10, in the next step 1016, substrate 908 is dried and the dendritic
structures grown on the substrate are oxidized. Drying substrate 908 ensures that the
substrate 908 is prepared for subsequent mechanical handling operations such as
cutting/dicing. The dendritic structures are oxidized to stabilize the surfaces of the structures
chemically.

Substrate drying and dendritic structure oxidation can be performed in a variety of
ways. In some embodiments, for example, dendritic structure growth subsystem 904 includes
a drying/oxidation apparatus 962 featuring heating elements 965. As substrate 908 passes
through heating elements 965, the substrate is heated, causing evaporation of residual liquid
on or within substrate 908. Further, heating substrate 908 in the presence of atmospheric
oxygen initiates oxidation of the dendritic structures formed on substrate 908.

In general, the temperature to which substrate 908 is heated depends upon the nature
of substrate 908, the liquid to be removed, and the material(s) from which the dendritic

structures are formed. In some embodiments, for example, substrate 908 is heated to a
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temperature of between 90 degrees C and 100 degrees C by heating elements 965. In certain
embodiments, substrate 908 is heated to a temperature of between 100 degrees C and 200
degrees C to drive off the residual liquid.

Typically, the drying and oxidation processes are performed for a relatively brief
period of time. For example, in some embodiments, the drying and oxidation processes are
performed in a period of between 10 seconds and 300 seconds (e.g., between 15 seconds and
200 seconds, between 20 seconds and 100 seconds, between 10 seconds and 60 seconds).

After drying and oxidation, in the next step 1018 of flow chart 1000, substrate 908 is
delivered to finishing subsystem 906 (FIG. 9A), where coating and cutting of substrate 908
occurs. As shown in FIG. 9A, finishing subsystem 906 can including a coating apparatus 918
for applying one or more coating and/or adhesive materials to substrate 908, and a cutting
apparatus 920 for separating substrate 908 into smaller pieces (e.g., each of which contains a
dendritic structure).

In general, coating apparatus 918 includes one or more nozzles, heating elements,
laminators, spin coating tables, and/or other elements that are used to apply
coatings/adhesives to substrate 908. Examples of such coatings are discussed further below.

Cutting apparatus 920 can generally include any one or more of a variety of
cutting/dicing elements, including blades/knives, saws, laser cutters, heating elements, any
other elements that function to section substrate 908 into smaller pieces.

After substrate 908 has been coated and cut into pieces, the procedure shown in flow
chart 1000 ends at step 1020. The pieces of substrate 908, each of which typically includes
one or more dendritic structures, can then be used in the subsequent fabrication of dendritic
tags for use in a variety of identification, authentication, and tracking applications.

As discussed above, in step 1018, substrate 908 can be coated with various materials
which function as protective layers for the dendritic structure(s) grown on the substrate.
Examples of such materials include, but are not limited to, cyanoacrylate applied as a low
viscosity (high-wicking) liquid and hardened by chemical reaction with water or UV
exposure to form a hard acrylic coating, polymethylmethacrylate liquid or vapor hardened by
chemical reaction with peroxide or UV exposure to form a hard Lucite® (Perspex®) coating,
polyethylene terephthalate, polysiloxane liquid or condensed vapor that is thermally cured to
give a silicate coating, silicon dioxide or silicon nitride deposited by the pyrolysis of vapor
sources in a chemical vapor deposition reaction to create a highly conformal oxide or nitride
film. Polymeric materials such as polyvinylchloride and cellulose acetate may also be

applied as a tape, affixed with adhesive, to cover the dendrite.
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For use in secure environments, it can be advantageous for dendritic structures
supported on substrate 908 to be made more difficult to tamper with following fabrication,
and also to be made sufficiently robust to retain their morphologies when exposed to a variety
of physical and chemical environments. By rendering the dendritic structures difficult to
modify or copy and the tags difficult to remove from articles to which they are applied,
duplication or reuse of the tags for counterfeiting purposes is challenging and/or
economically infeasible.

To prevent alteration of dendritic structure morphologies and to protect the fabricated
structures/tags against degradation in a variety of different environments, the present section
discloses various systems and methods for treating fabricated dendritic structures. As
discussed above in connection with FIG. 9B, these treatments can be applied to fabricated
dendritic structures by finishing subsystem 906.

To protect dendritic structures against environmental degradation, one or more layers
of protective materials can be applied to encapsulate the dendritic structure. FIG. 11 shows a
schematic diagram of a dendritic tag that includes a substrate 908 and a dendritic structure
1104 formed on the substrate. A protective layer 1102 is applied over dendritic structure
1104 to encapsulate the structure. Although protective layer 1102 in applied to only one
surface of substrate 908 in FIG. 11, more generally, protective layer 1102 can be applied to
both surfaces of substrate 908 to partially or fully encapsulate both substrate 908 and
dendritic structure 1104. Further, although a single protective layer 1102 is applied to the
dendritic tag, more generally, one or more protective layers can be applied. Multiple
protective layers can include different materials having different properties. For example, in
some embodiments, a first protective layer can be applied to mechanical rigidity to the
dendritic tag, and a second protective layer can be applied to impart water impermeability to
the encapsulated dendritic tag. The following discussion will focus on properties of
protective layer 1102 for clarity. However, it should be understood that a variety of different
combinations of layers, each having different properties, can be used to protect dendritic tags.
In particular, combinations of any number of layers of any of the different materials disclosed
herein can be used.

In certain embodiments, protective layer 1102 has a relatively high Mohs hardness
number to resist mechanical abrasion of the encapsulated dendritic tag. In some
embodiments, for example, the Mohs hardness number of protective layer 1102 is 4 or more
(e.g.. 5 or more, 6 or more, 7 or more, 8 or more). Further, in some embodiments, protective

layer 1102 has relatively high water impermeability and degrades relatively slowly in
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sunlight. These properties of protective layer 1102 protect the encapsulated dendritic tag
against environmental degradation.

In addition, in some embodiments, protective layer 1102 is relatively resistant to a
variety of different classes of chemical compounds, including some or all of acids, chlorine-
based compounds, bleaches, and detergents. The resistance of protective layer 1102 to these
materials further protects encapsulated dendritic tags.

Protective layer 1102 is generally applied to dendritic tags in a manner that preserves
the delicate dendritic structure 1104 on each tag. A variety of methods can be used for
application of the protective layer. In some embodiments, for example, protective layer 1102
can be vapor deposited using chemical vapor deposition or physical vapor deposition
techniques. In certain embodiments, protective layer 1102 can be applied as a low viscosity
liquid to dendritic structure 1104 and the upper surface of substrate 908.

Typically, both vapor and liquid deposition techniques are performed in a reduced-
pressure environment to ensure that protective layer 1102 fills small gaps between the
structural features of dendritic structure 1104. In some embodiments, for example, vapor
and/or liquid deposition of protective layer 1102 is performed at an ambient pressure of 100
Torr or less (e.g., 50 Torr or less, 30 Torr or less, 20 Torr or less, 10 Torr or less, 5 Torr or
less, 1 Torr or less, 500 mTorr or less, 300 mTorr or less, 100 mTorr or less).

Following deposition of protective layer 1102, in certain embodiments, the protective
layer is hardened. Hardening of protective layer 1102 can be performed by physical or
chemical techniques. Suitable physical techniques for hardening protective layer 1102
include directing a flow of air onto protective layer 1102, heating the encapsulated dendritic
tag to cure protective layer 1102, and/or photocuring protective layer 1102 by exposing
protective layer 1102 to radiation, e.g., ultraviolet radiation. Suitable chemical techniques for
hardening protective layer 1102 include, for example, exposing protective layer 1102 to
chemical crosslinking agents such as formaldehyde.

In general, the material from which protective layer 1902 is formed is chosen for its
particular physical and chemical properties to ensure that the dendritic tag it encapsulates is
protected from degradation in a variety of different environments. A variety of different
materials can be used singly, or in combination, to form protective layer. In some
embodiments, protective layer 1102 includes cyanoacrylate, a low-viscosity liquid. A
protective layer formed from cyanoacrylate can be hardened by chemical reaction with water
and/or by exposure to ultraviolet radiation. Hardening yields a hard acrylic coating over

dendritic structure 1104,
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In certain embodiments, protective layer 1102 includes polymethylmethacrylate
(PMMA), which can be deposited either as a vapor or a liquid onto the dendritic tag, and
hardened by chemical reaction with a peroxide material or exposure to ultraviolet radiation.
The hardened PMMA forms an acrylic layer that encapsulates dendritic structure 1104.

In some embodiments, protective layer 1102 includes polysiloxane, which can be
deposited either as a vapor or a liquid onto the dendritic tag. Hardening of polysiloxane by
thermal curing vields a silicate coating that encapsulates dendritic structure 1104.

In certain embodiments, protective layer 1102 includes polyethylene, e.g.,
polyethylene terephthalate (PET), which can be deposited either as a vapor or liquid onto the
dendritic tag (e.g., as a monomer) and hardened by chemical reaction or exposure to heat or
ultraviolet radiation. The hardened PET forms a layer than encapsulates dendritic structure
1104.

In some embodiments, protective layer 1102 includes silicon dioxide and/or silicon
nitride. These materials can be deposited by pyrolysis of vapor sources in a chemical vapor
deposition reaction, yielding a highly conformal oxide and/or nitride film that encapsulates
dendritic structure 1104.

FIG. 12 shows a schematic diagram of another dendritic tag featuring a substrate 908
and a dendritic structure 1204 formed thereon. In FIG. 12, the dendritic tag is not
encapsulated by a protective layer 1202 deposited from vapor or liquid to form a conformal
film on the dendritic structure. Instead, protective layer 1202 formed from a relatively soft,
compliant material that is applied as a solid film over the dendritic tag. The technique shown
in FIG. 12 is particularly suitable for relatively robust dendritic structures that resist
deformation, as the application of protective layer 1202 exerts a downward force on dendritic
structure 1204.

Dendritic structure 1204 is sandwiched between protective layer 1202 and substrate
908 in FIG. 12, and may not be fully coated by protective layer 1202 (i.e., not all portions of
dendritic structure 1204 may be in contact with protective layer 1202). Voids between
protective layer 1202 and dendritic structure 1204, such as voids 1206 and 1208, may trap
gases or may enclose volumes in which the pressure is reduced relative to ambient pressure.
Following application of protective layer 1202 to the dendritic tag, the protective layer can be
hardened using any one or more of the physical and chemical methods disclosed above.

A variety of materials can be used to form the solid protective layer 1202 that is
applied to the dendritic tag. Suitable materials include, but are not limited to, acrylic,

polycarbonate, PMMA, PVC, and/or glass.
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Following application of one or more protective layers, the encapsulated dendritic tag
is protected from physical and chemical degradation by the environment, but is accessible for
optical measurements and is also electrically (e.g., capacitively) addressable. As such, the
dendritic tag can function as an identifier containing information that can be “read” by optical
and electrical methods.

In FIGS. 9A, 9B, and 10, which are discussed above as examples of methods for
fabricating dendritic structures, electrodes are applied to the surface of substrate 908 and then
electrical potentials are applied to the electrodes via contact electrodes 957, which are
lowered into contact with substrate 908 and the fabricated electrodes on the substrate surface.

However, other dendritic structure fabrication methods can be used in which
electrodes are not fabricated on the surface of substrate 908. In particular, in some
embodiments, contact electrodes 957 can be patterned according to a desired arrangement of
electrodes on the surface of substrate 908. When contact electrodes 957 are lowered into
contact with the substrate, contact occurs at one or more points corresponding to the surface
structures and positions of contact electrodes 957, thereby forming electrical contact points
on the surface of substrate 908 in the desired pattern. In this manner, patterned dendritic
structure growth on substrate 908 can still be achieved, but without performing the electrode
and printing steps (e.g., steps 1002 and 1004 in FIG. 10) discussed previously.

In the methods discussed above in connection with FIGS. 9A, 9B, and 10, substrate
908 1s immersed in a liquid electrolyte solution 953 in step 1006, or alternatively, a solid or
gel-based electrolyte is applied to substrate 908 prior to the application of electrical potentials
via contact electrodes 957 to facilitate dendritic structure growth.

However, in certain embodiments, substrate 908 can be formed from one or more
materials that incorporate an electrolyte within the structure of substrate 908, such that the
immersion step 1006 can be eliminated or performed earlier in the process to “soak” substrate
908 in the electrolyte. In these embodiments, substrate 908 is not immersed in an electrolyte
solution, nor is an exterior surface of substrate 908 in contact with a gel-based or solid
electrolyte when electrical potentials are applied.

For example, substrate 908 can be formed from certain types of hydrophobic, woven
or non-woven, polymeric or cloth materials that are packed with adsorbent, hydrophilic
materials such as silica, and that effectively function as “sponges™ for electrolytes. When
such materials are used to form substrate 908, the procedure shown in FIG. 10 can optionally
include a step, performed prior to step 1008, in which an electrolyte material is introduced

into substrate 908 by soaking the substrate in an electrolyte solution, by injecting the
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electrolyte into substrate 908, or by using other methods to drive the electrolyte into the bulk
structure of substrate 908. The product of these various optional processes is a substrate 908
that includes electrolyte material incorporated into the body of the substrate, below the
substrate surfaces.

Applying electrical potentials to such a substrate 908 (e.g., via electrodes printed on
the substrate surface, or directly via a pattern of contact electrodes 957) causes the growth of
dendritic structures on the surface of substrate 908, in a manner similar to the methods
discussed above. Using a substrate 908 with electrolyte material incorporated into its bulk
structure can, in some circumstances, provide certain advantages. In general manufacturing
processes, handling and processing such a substrate can be considerably simpler than
handling and processing a “dry” substrate with a film of liquid, gel-based, or solid electrolyte
deposited on its surface.

It has been observed experimentally that when dendritic structures are grown on a
substrate impregnated with electrolyte material, a portion of the dendritic structure may grow
into the bulk substrate material. That is, a portion of the dendritic structure growth occurs in
a direction orthogonal to the substrate surface, toward the body of the substrate. When the
dendritic structure grows at least partially into the substrate, the dendritic structure can
essentially become anchored or bound to the substrate in a manner that makes accidental or
deliberate removal of the dendritic structure from the substrate without damage to the
dendritic structure very difficult. For dendritic structures that are used in a variety of
security-related applications, this can be an important aspect to prevent tampering.

It should be noted that the various options and modifications discussed above to the
example methods shown in FIGS. 9A, 9B, and 10 can generally be combined with one
another, and with any of the steps of FIGS. 9A, 9B, and 10 to implement methods for
fabricating dendritic structures. That is, in general, the various steps discussed herein are
generally combinable in various ways to fabricate dendritic structures, and except where
expressly noted otherwise, method steps disclosed in the context of one embodiment can also
be used in other embodiments. In particular, for example, methods for fabricating dendritic
structures can include both the use of a substrate 908 with an electrolyte material
incorporated into the bulk structure of the substrate, and the application of electrical
potentials to the substrate with or without printing electrodes on the surface of substrate 908
before the application of the electrical potentials.

In gel-based implementations, dendritic structures can be grown on a thin layer of a

water-permeable gel (e.g., gelatin) on the surface of a substrate (e.g., smooth paper or
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plastic). Gelatin is low cost, readily available in industrial quantities, and binds as a stable
film to a wide variety of rigid and flexible substrates. The permeability of water-permeable
gel-based layers to aqueous processing agents allows the water-permeable gel to be
electrochemically activated by various methods.

In one implementation, as depicted in FIG. 13A, a water-permeable gel layer 1300 on
a substrate 1302 (e.g., paper or plastic) is contacted with an aqueous electrolyte solution. The
substrate 1302 having the water-permeable gel layer 1300 may be commercially available, or
may be prepared by depositing a layer of water-permeable gel on the substrate. The water-
permeable gel layer 1300 may be electrochemically inert. As noted previously, one example
of a water-permeable gel is gelatin. Contacting the water-permeable gel layer with an
aqueous electrolyte solution may include soaking the substrate in the solution. Suitable
examples of aqueous electrolyte solutions include solutions of silver nitrate and copper
sulfate, with concentrations in a range of 0.1M to 2M, 0.1M to 1M, 0.1M to 0.5M, or 0.5M to
IM. In another implementation, as depicted in FIG. 13B, a colloid 1310 on a substrate 1312
is contacted with water. The substrate 1312 having the colloid 1310 may be commercially
available, or may be prepared by depositing a colloidal mixture of a water-permeable gel and
metal salts on the substrate. Suitable examples of metal salts include silver nitrate and copper
sulfate and other metal salts having a solubility of at least 1 g/L. at 25°C. In some
implementations, substrate 1312 has 1 pg to 50 ug of a metal per square centimeter of a
substrate. Contacting the colloid 1310 with water may include soaking the substrate 1312 in
water, thereby forming an aqueous electrolyte within the water-permeable gel.

For the implementations depicted in FIGS. 13A and 13B, after contacting with the
aqueous electrolyte solution or water, respectively, excess liquid may be removed from the
surface. Dendritic structures can be grown on the surface of the water-permeable gel by
contacting first and second electrodes (e.g., an anode including silver or copper and a cathode
including tungsten or other metal, respectively) with the surface or using surface electrodes
that have been pre-formed on the substrate (e.g., by screen printing with a conductive ink).
Gel-based dendrites can be fabricated in a roll-to-roll process, such as that described with
respect to FIGS. 9A and 9B.

In one example, silver dendrites can be grown by soaking commercially available
photographic paper having a colloidal layer including gelatin and silver halide crystals. The
photographic paper is soaked in a solution including silver nitrate or other metal salt having a
solubility of at least 1 g/L. at 25°C and a concentration in a range of 0.1M to 2M, 0.1M to 1M,
0.1M to 0.5M, or 0.5M to 1M. After soaking (e.g., for about 30 min to about 60 min), the
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excess electrolyte is washed from the photographic paper (e.g., to prevent further reactions).
In the case of silver nitrate, a fixer can be used to prevent photo-darkening of residual
chemicals. Following growth of dendritic structures, a drying step can be employed. The
resulting dendritic structures can be coated with a protective layer (e.g., as described with
respect to FIGS. 11A and 11B).

In another example, ILFORD Multigrade IV RC Deluxe variable contrast black &
white photo paper (medium weight, 190 gsm resin coated) was used as a substrate having a
gelatin layer. The silver halide contained in the gelatin layer does not dissolve readily in
solution, and therefore only forms weak electrolytes in water. Thus, for at least this reason,
the silver halide in this and other commercially available photo papers are not considered to
be suitable for dendrite growth. Electrodes were screen printed onto the gelatin layer using
silver ink and allowed to dry for 4 to 5 hours. The substrates were then soaked in silver
nitrate solution (AgNOs dissolved in ultrapure water) with a concentration between 0.1 M
and 0.5 M and for 30 to 60 minutes to allow the solution to fully penetrate the gelatin. The
substrates were removed from the soaking bath, and excess liquid was removed from the
surface, leaving the gelatin saturated with the silver nitrate solution. Generally, compressed
air or nitrogen pulses from a nozzle over a period of 10 seconds was adequate to achieve the
desired wetness, however, rollers, gentle blading, or blotting may be used to achieve the same
effect. After removal of excess liquid, dendrites were grown with an applied bias across the
electrodes of 7 to 15V for 30 to 50 s. The resulting dendritic patterns had well-defined
branches. The substrates were allowed to dry to ensure that the dendrites were securely
attached to the surface of the gelatin. Suitable drying was achieved, for example, at room
temperature or on a hotplate at a moderate temperature (e.g., 80 °C). The substrates were
then fixed to prevent the darkening of the silver nitrate in natural light. A typical fixer
solution concentration is 20 % (volumetric - 60 ml of ILFORD’s Rapid Fixer solution in 240
ml of DI water). The fixing process included contacting the substrates with fixer solution for
60-90 s, dipping the substrates into a water bath for 30-45 s, and then drying the substrates on
a hot plate at 80 °C.

In some implementations, a substrate with gel-grown dendrites can be cut to yield
individual tags. The tags can be affixed to an item (e.g., packaging) to identify the item.
FIG. 14A depicts a container 1400 including dendritic structure 1402 affixed to label 1404.
The container 1400 can be configured to contain a liquid or a solid product. In some
implementations, a water-permeable gel layer can be applied directly to an item (e.g.,

packaging, a container, a pharmaceutical product, or a food product), or an item can

35



10

15

20

25

WO 2019/210129 PCT/US2019/029284

otherwise include a water-permeable gel layer (e.g., the item is formed of a water-permeable
gel layer), and the water-permeable gel layer electrochemically activated (e.g., as described
with respect to FIGS. 13A and 13B), such that dendritic structures can be grown in-situ on
the item. FIG. 14B depicts vessel 1410 (e.g., a capsule) having a body 1412 and a cap 1414.
The body 1412 is configured to hold a solid substance (e.g., a pharmaceutical product), and
the cap 1414 has an inside diameter configured to fit around the outside diameter of the body
1412, and thereby contain a solid substance in the vessel 1410. The body 1412 and the cap
1414 are typically formed of gelatin. In some implementations, electrodes 1416 may be
printed directly on the body 1412 or the cap 1414 to facilitate growth of a dendritic structure
1418 directly on a surface of the body or the cap of the vessel 1410 prior to filling. In one
example, the dendritic structure 1418 is formed by a process such as that described with
respect to FIG. 13A.

The dendritic structures and tags disclosed herein have complex structures, no two of
which are precisely identical. Because each dendritic structure is unique, a tag containing the
structure can be affixed to an article to act as a “fingerprint” that uniquely identifies the
article. Moreover, because dendritic tags can be economically fabricated in large volumes
and protected against degradation, duplication, and removal, they are particularly well suited
for use in commercial transactions, where identification and authentication of goods is of

great importance to many commercial entities.

OTHER EMBODIMENTS
A number of embodiments have been described. Nevertheless, it will be understood
that various modifications may be made without departing from the spirit and scope of the

disclosure. Accordingly, other embodiments are within the scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method of forming dendritic structures, the method comprising:

introducing an electrolyte material onto a substrate, into a substrate, or both onto and
into a substrate; and

applying an electrical potential to at least one pair of electrodes positioned on the

substrate to form one or more dendritic structures on the substrate.

2. The method of claim 1, wherein introducing the electrolyte material comprises

incorporating the electrolyte material into a body of the substrate.

3. The method of claim 1 or claim 2, wherein introducing the electrolyte material

comprises contacting the substrate with a solution comprising the electrolyte material.

4. The method of any one of the above claims, wherein introducing the electrolyte
material comprises applying at least one of a solid layer and a gel-based layer comprising the

electrolyte material to the substrate.

5. The method of any one of the above claims, further comprising positioning the at least

one pair of electrodes on the substrate.

6. The method of claim 5, wherein positioning the at least one pair of electrodes on the

substrate comprises contacting the substrate with at least two electrodes.

7. The method of claim 5, wherein positioning the at least one pair of electrodes on the
substrate comprises depositing a conductive fluid on the substrate or forming metal layers on

the substrate.

8. The method of claim 7, wherein positioning the at least one pair of electrodes on the
substrate comprises depositing a conductive fluid on the substrate, and further comprising

curing the substrate prior to applying the electrical potential.

9. The method of claim 8, wherein curing the substrate comprises at least one of heating

the substrate and directing a gas to flow over the substrate.
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10. The method of claim 7, wherein positioning the at least one pair of electrodes on the
substrate comprises depositing an electrically conductive fluid on the substrate, and the

electrically conductive fluid comprises at least one metal material.

11. The method of claim 10, wherein the at least one metal material comprises silver.

12. The method of claim 10, wherein the at least two electrodes are formed of the at least

one metal material.

13. The method of claim 10, wherein the electrolyte material comprises at least one type

of metal 1on.

14. The method of claim 13, wherein at least one of the at least one type of metal ion

corresponds to the at least one metal material.

15.  The method of any one of the above claims, wherein the electrolyte material

comprises an aqueous solution of silver ions.

16. The method of claim 15, wherein the electrolyte material comprises an aqueous silver

nitrate solution.

17. The method of claim 7, wherein positioning the at least one pair of electrodes on the
substrate comprises depositing a conductive fluid on the substrate, and depositing the

conductive fluid comprises discharging the conductive fluid from a nozzle.
18.  The method of any one of the above claims, wherein the electrolyte material
comprises a metal salt or a metal-containing compound having a solubility in water of at least

1 g/L at 25°C.

19. The method of any one of the above claims, wherein the electrical potential is applied

to the at least one pair of electrodes for a period of between 1 second and 30 seconds.
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20. The method of any one of the above claims, wherein the dendritic structures form
between the at least one pair of electrodes on the substrate, and a potential difference between

the electrodes in the at least one pair of electrodes is between 2 volts and 20 volts.

21. The method of any one of the above claims, further comprising fixing the substrate

after formation of the one or more dendritic structures.

22. The method of claim 21, wherein the fixing the substrate comprises exposing the

substrate to a thiosulfate-based fixing solution.

23.  The method of any one of the above claims, further comprising oxidizing the one or

more dendritic structures formed on the substrate.

24, The method of claim 23, further comprising oxidizing the one or more dendritic
structures by heating the dendritic structures to a temperature of between 90 degrees C and

100 degrees C.

25.  The method of any one of the above claims, further comprising applying a coating

material to the dendritic structures.

26. The method of claim 25, wherein the coating material comprises at least one material
selected from the group consisting of cyanoacrylate, polymethylmethacrylate, polyethylene
terephthalate, polysiloxane, silicon dioxide, silicon nitride, polyvinylchloride, and cellulose

acetate.

27.  The method of any one of the above claims, wherein the substrate comprises one or
more materials selected from the group consisting of synthetic and non-synthetic paper and
card materials, polyethylene, polypropylene, polyester, polystyrene, polyamide, polyolefin,

acetate, cellulose acetate, acrylate, vinyl, polyester, and polyethylene terephthalate.

28.  The method of any one of the above claims, wherein the substrate comprises a first

structural material and a second adsorbent material.
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29. The method of claim 28, wherein the first structural material comprises at least one of

a polymeric material, a paper material, and a cloth material.

30. The method of claim 28 or claim 29, wherein the second adsorbent material comprises
silica.
31. The method of any one of claims 28-30, wherein the second adsorbent material is

positioned at least partially within a body of the first structural material.

32. The method of any one of claims 28-30, wherein the second adsorbent material

comprises a gel.

33. The method of claim 32, wherein the gel comprises gelatin.

34. The method of any one of claims 28-33, wherein the second adsorbent material

comprises an electrolyte.

35. The method of any one of the above claims, wherein the substrate comprises a gel.

36. The method of claim 35, wherein the gel is coated directly on the substrate.

37. The method of claim 35 or claim 36, wherein the substrate is a capsule configured to

contain a pharmaceutical product.
38.  The method of any one of the above claims, wherein each of the one or more dendritic
structure comprises a plurality of members extending away from a common point of the

dendritic structure to form a stochastically branched arrangement of the members.

39.  The method of any one of the above claims, wherein the one or more dendritic

structures comprise metal.

40. The method of any one of the above claims, wherein the one or more dendritic

structures are metal.
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41. A method of forming dendritic structures, the method comprising:

contacting a substrate with water, wherein the substrate comprises a metal, thereby
solubilizing the metal in the water to create an ionically conductive solution; and

applying an electrical potential to at least two electrodes positioned on the substrate to

form one or more dendritic structures on the substrate.

42, The method of claim 41, wherein the substrate comprises a water-permeable gel.

43, The method of claim 41 or claim 42, further comprising positioning the at least two

electrodes on the substrate.

44, The method of any one of claims 41-43, wherein the metal is in the form of a metal

salt or a metal-containing compound.

45.  The method of claim 44, wherein the metal salt or the metal-containing compound has

a solubility in water of at least 1 g/L at 25°C.
46. The method of any one of claims 41-45, wherein each of the one or more dendritic
structure comprises a plurality of members extending away from a common point of the

dendritic structure to form a stochastically branched arrangement of the members.

47. A food product or a container comprising a dendritic structure affixed to a surface of

the food product or the container.

48.  The food product or the container of claim 47, wherein the container is configured to

contain a pharmaceutical product.
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