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Abstract

Metallic nanostructures are a critical component in many micro- and nanoscale technologies, including nano-
electronics, chemical sensing and sub-wavelength optics. Such structures are generally fabricated using indirect 
patterning techniques, resulting in expensive, lengthy, multi-step manufacturing operations. Here, we introduce a set 
of processes that exploit electrochemical transport in superionic conductors to achieve single-step, all solid-state 
nanopatterning of metals like silver and copper. Three processes, superionic stamping (or imprinting), electron beam 
direct writing and coloration, and tip-based direct writing are discussed in this paper.
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1.     Main heading in bold Arial 9, initial capital

From interconnects in electronics to electrodes in 
chemical sensors, batteries and fuel-cells, to antennae 
and plasmonic waveguides in sub-wavelength optics 
and structural colour generation, metallic (Ag, Au and 
Cu) nanostructures play in defining role in micro and 
nanotechnology [1-6]. With such ubiquitous application
in this emerging field, it is of critical importance to be 
able to economically manufacture them at these length 
scales. However, conventional methods for fabricating
metallic micro- and nanopatterns are typically indirect 
in nature. For example, in the ‘lift-off’ process, micro- or 
nanoscale patterns are first lithographically created in a
photoresist and used as sacrificial moulds. Metal is 
deposited by evaporation or sputtering and the photo 
resist is subsequently removed or lifting off the excess 
metal, leaving behind the desired metal pattern [1]. The 
damascene process [7] that is widely used to create 
copper interconnects by the semiconductor industry, in
a similar manner, uses trenches patterned in a 
dielectric film as the moulds into which copper is 
electrochemically deposited. Subsequent planarization 
by chemical-mechanical polishing removes the excess 
copper leaving behind metallic interconnect patterns
inlaid in the dielectric film.  This kind of indirect 
processing tends to be expensive and complex, and 
requires multiple process steps, typically around 20 per 
layer [8], with stringent process and environment 
control and very costly equipment. Because of these 
reasons, there has been an increased interest in direct 
patterning methods for metallic micro- and
nanostructures.

Dry-etching or reactive-ion etching (RIE) of metals 
has been attempted by a number of research groups
as a means of simplifying the process steps in the 
fabrication of metallic micro- and nanostructures with 
varying degrees of success. Schwartz and Schaible
[12] have used a CCl4 while Ohno et al [13, 14] have 
used a SiCl4 mixture with N2, Cl2 and NH3 and others
[15] have used with BCl3. In most of these cases, the 
high substrate temperatures (typically in the range of 

250�C) during the etching process makes finding 
suitable mask materials a challenge. Low-temperature 
etching of such metals is difficult because of the low 
volatility of the reaction products. Lee and Kuo [16]
report the removal of CuCl2 after a Cl2 plasma etch with 
a dilute solution of HCl. Further, differential etch rates 
around grain boundaries makes the process highly 
uneven and the generation of smooth features a 
challenge. Steinbruchel [11] provides a comprehensive 
analysis of the issues involved in RIE patterning of 
copper. 

Less conventional methods for patterning of silver 
films are also reported. Hulteen and Van Duyne [17]
describe nanosphere lithography as method of making 
periodic metallic nano patterns by evaporating a thin 
film of over a close-packed array of sacrificial 
polystyrene beads. Nano-transfer printing (nTP) [3]
uses a patterned polydimethylsiloxane (PDMS) stamp, 
coated with a thin film of copper to directly transfer 
patterns of the metal on to a receiving substrate. This 
process is suitable for micron-sized features but often 
require pre-treatment of the substrate. Attempts have 
been made at using PDMS-based micro-contact
printing to deposit an etch resist prior to 
electrochemical etching of unwanted portions of film
[18]. While economical, such techniques are primarily 
used for copper patterns with critical features between 
1 and 500 μm. Electrochemical micromachining (EMM), 
using a liquid electrolyte, has been proposed to directly 
produce sub-micron metallic features [19, 20].
Variations in resistance to flows and the high diffusion 
lengths of reacting species pose significant limitations 
on lateral extension of the features produced by the 
process. Accelerated etching at sharp edges and 
corners also leads to low geometrical fidelity in the 
pattern transferred from the electrochemical tool to 
substrate surface. In addition, the use of liquids might 
contaminate both the tool and the substrate. Finally, 
mechanical imprinting is reported to be used on silver 
films by Varghese et al. [21]. Such mechanical 
imprinting always results in a residual film under the 
imprinting stamp that must be removed by secondary 
processes. Additionally, the large forces and the 
resulting stress states of the imprinted structures and 
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high wear rates of the imprinting tools are issues that 
must be resolved. In summary, we note that, in spite 
widespread use and need for metallic nanostructures, 
there is a general dearth of process technology for 
producing them directly. It is, therefore, of considerable 
interest to explore approaches that add to our 
repertoire of metallization processes that are capable 
of directly and efficiently creating metallic structures 
with general geometries and nanometer-scale 
resolution.  

This paper explores the possibility of solid-state 
electrochemical patterning of metals, specifically silver 
and copper. Section 2 gives the basic process scheme 
and discusses how different configurations may be 
realized from such a scheme. A key component in 
processes is a superionic conductor or solid electrolyte. 
These materials are described in Section 3 of this 
paper. Sections 4, 5 and 6 describe different process 
configurations of solid-state electrochemical patterning. 
Section 3 describes an electrochemical imprinting 
process (or a subtractive process) while sections 4 & 5 
describe beam-based and tip-based direct-write (or 
additive) processes. Finally, Section 7 draws up 
conclusions and describes directions for future work.  

 
2.     Solid-State Electrochemical Processes  

 
 The basic underlying structure for all the processes 
described in this paper is an electrolytic cell composed 
of a cathode and anode (both active), bridged by a 
solid electrolyte (See Fig. 1(a)). The application of a 
bias potential across this cell results in the flow of 
current which, since the circuit is completed across an 
electrolyte, must be supported by the flow ions (mass 
transport) from one electrode to the other. If the 
electrolyte is a mixed (electronic-ionic) conductor, the 
current is generated by a co-flow or counter-flow 
(depending on which ionic species is mobile in the 
electrolyte) of both electrons and ions. For pure ionic 
conductors, all the current in the circuit must be 
supported by the flow of ions in the electrolyte. For 
patterning metals, we typically use a solid electrolyte in 
which the cation is the mobile species. Thus, during the 
process, at the anode, metal atoms are oxidised to 
cations (M � M+ + e-) that make their way to the 
cathode where they are reduced again to metal atoms 
(M+ + e- � M). For a subtractive process, the metal 
must be controllably dissolved (oxidized) at the anode, 
while for an additive process the metal ions must be 
controllably deposited (reduced) at the cathode.  
 Fig. 1(b) shows an adaptation of the basic 
electrochemical cell for implementing a subtractive 
process. Here the superionic conductor or solid 
electrolyte has its surface patterned so that it makes 
contact with a film to be patterned (configured as the 
anode in the electrochemical cell) only at areas where 
metal is to be removed. Since anodic dissolution of the 
film is restricted to its contact interface with the solid 
electrolyte (now called the stamp), a pattern that is the 
compliment to that on the stamp is transferred to the 
metallic film. We call this process solid-state 
electrochemical imprinting or solid-state superionic 
stamping.   
 Fig. 1(c) shows an electrochemical cell configured 
with its cathode as a conductive tip. Here, the 
deposition of the metal is restricted to contact interface 
between the tip and the solid electrolyte. In this 
configuration, by moving the tip along a desired 
trajectory, a metallic nano-pattern is directly written on 

the solid electrolyte (now called the substrate), thus 
producing a direct-write process configuration that we 
call solid-state tip-based electrochemical direct-writing. 
In this configuration, the anode (a metallic film 
deposited on the surface opposite to the writing surface 
of the solid electrolyte) acts as a source of metallic ions 
that dissolve in the solid electrolyte to replace the ions 
drawn out from it during the writing process.  
 Fig. 1(d) shows a configuration of the 
electrochemical cell with an electron beam defining the 
cathode. Similar to the tip-based direct writing process, 
the e-beam produces a highly localized supply of 
electrons on the writing surface of solid electrolyte 
(substrate) that draws and oxidizes mobile metallic ions 
to create localized metal nanostructures under the 
beam. By moving the beam along the desired trajectory 
and controlling its fluence, any desired structure can be 
written on the surface of the substrate. 
 Thus, the same basic electrochemical structure 
can be adapted to additive or subtractive process 
strategies that support both, high throughput 
production and prototyping of metallic nanostructures.  
 
3.     Solid Electrolytes 
  
 Silver and copper offer a rich set of inorganic and 
organic compounds and complexes that can be 
adapted for use in solid state electrochemical 
processes. Generally, one can classify these into four 
categories of superionic solids: crystalline, amorphous-
glassy, polymeric and composite [22].   
 Crystalline ionic conductors are further subdivided 
into soft and hard-framework crystals, differing in their 
bond type (ionic or covalent), polarizability (high or low) 
and presence of a sharp order-disorder phase 
transition. The set of chalcogenides of transition metals 
offer many options that are examples of the former.  
Depending on how one is going to use the material, it is 
necessary for the material to be chemically stable and 
display high ionic conductivity at room or reasonably 
low (around 100�C) temperatures. Further, the stamp 
materials should be dense rather than porous and 
when polycrystalline should be relatively isotropic in 
terms of ionic conductivity. Finally, when possible, a 
ductile and malleable material facilitates ease of stamp 
preparation (for stamping processes). We have worked 
Ag2S and Cu2S because of their stability, reasonably 

Fig 1. A basic solid electrolytic cell can be configured to 
produce both, stamping and direct write processes.  
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good mechanical and electrical properties and the 
relative ease of synthesis. Both are mixed conductors 
with both, electrons and ions, carrying charge. Methods 
for synthesis and patterning these materials for use as 
stamps in the stamping process are discussed in [23, 
24]. Rubidium silver iodide RbAg4I5 (and several other 
ternary inorganic compounds, for example KCu4I5) is 
an example of a pure superionic compound with room 
temperature reaching 25 Siemens per meter.  
Unfortunately, this compound and many of these 
ionically conducting materials are not chemically stable 
at ambient conditions and are not appropriate for use in 
manufacturing.  
 Amorphous glassy type superionic conductors 
display high, isotropic conductivity and the absence of 
grain boundaries. Structurally, these are typically 
mixtures of a glass forming material and an electrolyte. 
Besides their high, isotropic ionic conductivity, they are 
chemically stable, can be melt-processed (molded) into 
stamps with nanoscale features and have the potential 
to be transparent, an important property when used for 
imprinting where overlay registration of features is 
important. Our group has worked extensively with 
glassy mixtures of the type (AgI)x(AgPO3)1-x. Silver 
metaphosphate (AgPO3) forms a stable, clear glass 
with a glass transition temperature of 200 °C. Though 
the intrinsic ionic conductivity of silver metaphosphate 
is only 10-3-10-5 Siemens per meter,  the addition of 
silver iodide to create a mixture, (AgI)x(AgPO3)1-x  with 
(0.2 ≤ x ≤ 0.45), increases its room temperature ionic 
conductivity significantly to the range of 0.1 to 1 
Siemens per meter.  Additionally, the addition of AgI 
breaks up the linear, polymeric nature of the 
metaphosphate bonds, leading to a decrease in glass 
transition temperature (Tg) to the range of 85-125°C. 
Additionally, for a wide range of silver iodide content, 
the glass remains transparent with varying yellow tint.  

These properties make glassy mixtures like this (and 
others, such as (CuI)x(CuPO3)1-x) very attractive for 
solid-state electrochemical processes. More on the 
synthesis and use of (AgI)x(AgPO3)1-x in solid state 
electrochemical processing can be obtained from [25, 
26, 27, 28].   
 Polymeric electrolytes are composed by combining 
polar polymers with ionic salts to achieve reduced 
weight and flexibility at the cost of lower ionic 
conductivity.  Polymer complexes such as PEO-
Cu(CF3SO3)2  and PVA-Cu(NO3)2 are good examples 
of polymer electrolytes that can be used as soft stamps 
for electrochemical imprinting. 
 
4.     Solid-State Superionic Stamping (S4) 
  
 The sequence in Fig. 2 show the basic process 
steps of the S4 process.  The process starts with a 
patterned solid electrolyte (in this case AgI-AgPO3) 
stamp and an Ag film or substrate to be patterned. The 
stamp is brought into contact with the metal film and an 
electrolytic cell is created with the film as the anode. 
Instead of using mechanical force to pattern the film, 
the oxidation reaction at the film-stamp interface results 

in anodic dissolution, leading to the patterning of the 
film. Metal ions are reduced at the cathode located at 
the back of the stamp. A small mechanical force is 
used to maintain electrical contact between the film 
and the stamp.  
 Because of its properties (specifically, low Tg), the 
stamp can be periodically flattened and hot-embossed 
in-situ on the imprinting machine without the need for 

Fig. 2. A basic solid electrolytic cell can be configured 
to produce both, stamping and direct write processes.  

Fig. 3. The low glass transition temperature of the Agi-
AgPO3 mixture permits on-machine hot-embossing 
allowing for rapid prototyping of stamps. 

Fig. 4. SEM images of a 
silicon mold with a 
chrome pattern (top left), 
AgI-AgPO3 stamp hot-
embossed by it (top right) 
and (right) an Ag pattern 
produced by it [25]. 
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additional set-ups. A schematic depiction of the stamp 
making steps is shown in Figure 3, along with the 
stamp & holder assembly. Figure 4 shows electron 
micrographs of the stamp and the silver pattern that it 
produces [25]. The stamp surface appears discoloured 
and speckled because of variations in conductivity and 
the fact that silver is reduced on the stamp surface 
during imaging. Using this technique we are able to 
produce stamps with areas in the range of 5 to 10 mm2 
and feature in the sub-100 nm range. Figure 5 shows 
some patterns produced using this process.  
 Because the process requires conformal contact 
between two hard surfaces, obtaining very nearly flat 
(or mildly convex) stamps is an important challenge in 
this process. It is important that, during the cooling step 
of the hot-embossing of the stamp, very uniform 
thermal gradients are maintained in the stamp. Using a 
combination of FEA models and experiments, we are 
able to optimize the temperatures of the stamp holder 
and mould to control the flatness to better than 100nm 
across diameters of 4 mm. Our continuing work looks 
at roll-to roll configurations for this imprinting process.  

 
5.     AFM tip-based direct-writing processes  

 
 While the stamping/imprinting process described 
above is a subtractive process (pattern is created at the 
anode by anodic dissolution), a direct-write process is 
an additive process and a pattern is created by 
deposition at the cathode. Thus the working electrode 
here is the cathode while the anode serves as a supply 
of Ag ions to replace those precipitating out of the solid 
electrolyte.  Additionally, in this process configuration, 
the AgI-AgPO3 glass becomes the substrate on which 
the silver structure is written (rather than a reusable 
stamp in the case of the S4 process). Finally, anodic 
dissolution at the stamp-anode interface is a self-

regulating process i.e., if there is increased local 
dissolution in one area, the contact resistance 
increases (with the eventual loss of contact in this area) 
causing dissolution to take place at other areas of the 
interface. Thus, uniform dissolution is achieved across 
the interface, allowing for high-fidelity pattern transfer 
over an area. However, deposition is not self-
regulating, local deposition of silver promotes 
additional local deposition. Therefore, to achieve 
spatial control, the cathode is reduced to a point with 
the use of a sharp, conductive AFM tip. Figure 6 shows 
a schematic of the direct-writing step up. With the tip in 
contact mode with the substrate, a potentiostat is used 
to regulate the current, so that a controllable deposition 
rate can be achieved. Intermittent (dot) writing is 
performed by pulsing the current during the writing 
process [27]. The dot size and spacing can be 
controlled by varying the pulse height, width and 
frequency as well as the writing speed of the tip. 
Similarly, in the continuous (line) writing mode, the 
linewidth can be controlled by both, the current and the 
writing speed. Using this process, we are able to write 
patterns with lines and dots with sizes in the sub 100 
nm range . Fig. 7 shows some examples of patterns 
written with this process written with speeds of about 
10 �m/sec and currents in the range of about 10 to 10 
pA.  

 
6.     Electron beam-based direct-writing processes  
 
 In this configuration (Fig 1(d)), an electron beam 
replaces the sharp tip of the AFM in the role of the 
cathode. The e-beam directly deposits charge 
(electrons) on the surface (and sub-surface) of the AgI-

Fig. 6. Schematic depiction of direct writing of silver 
patterns with a conductive AFM tip on the surface of 
AgI-AgPO3 glass. Writing is done at constant current 
so that the deposition rate is controlled.  

Fig. 7. Continuous Ag line 
writing with an AFM tip is 
demonstrated in the top two 
AFM images. Intermittent or 
dot pattern writing is displayed 
on the right. [27] 

Fig. 5. (Top) Large area 
patterning with 5 �m holes 
and 1 �m lines. (Bottom) 
High resolution stamping 
with sub-100 nm positive 
and negative features [25]. 

Fig. 8. Schematic depiction of phenomena leading to 
the formation of an Ag film on the surface of AgI-
AgPO3 glass under irradiation by an electron beam. 
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AgPO3 glass substrate.  Mobile Ag ions are drawn to 
these charged particles and reduced to Ag. Ag clusters 
are formed in the subsurface and begin to grow with 
the availability of additional electrons. Those closer to 
the surface grow faster because of access to more 
electrons, eventually developing into a silver film that 
grows out of the surface of the substrate.  This process 
is schematically depicted in Fig. 8 [26, 28]. Besides 
carrying a reducing charge, electrons in the beam are 
accelerated and carry momentum. As a result, their 
interaction with the substrate generates secondary 
electrons that may also participate in charge transfer. 
Due to this fact and the room temperature diffusion of 
silver ions in these glasses, the Oswald ripening that 
eventually takes deposited Ag clusters to an Ag film, 
involves a number of reduction reactions, in general 
captured by the following [26]: 
 

2Ag+ + e- + h+ → Ag2+ + Ag0,   
Ag+ + Ag0 → Ag2+, 
Ag+ + Agmx ↔ Agm+1x+1 

 
 Since the spatial distribution and size of the cluster 
can be modulated by the acceleration voltage and the 
electron dose an area receives from the beam, it is 
possible to controllably generate a wide range of 
intense colours on the surface of the glass [26, 28] 
before generating a silver film under the beam. We 
have demonstrated the painting and mixing of 
structural colour using this technique, as shown in Fig. 
9.  
 As previously described, under increased beam 
fluence, a silver film develops on the surface of the 
glass. This typically occurs at a dosage of 300 pC/�m2 
for 25% AgI-AgPO3 glasses. Using this we have been 
able to write Ag nanostructures on the surface of the 
glass. Line resolutions of about 100 nm are possible. 
Feature heights can range from single-digit nm to 1 
micron. However, because lateral growth accompanies 
vertical growth, lateral resolution is sacrificed for taller 
structures.  Fig. 10 (taken from [26]) shows Ag 
structures directly written on the surface of the glass 
with an electron beam at 12kV.  This capability can be 
used for directly prototyping bio-sensing substrates, 
sub-wavelength optical devices and micro-moulds. 
 
7.  Conclusions 
 

 Solid-state electrochemical processes offer a cost-
effective, direct, efficient and scalable option for 
fabricating metallic nanostructures.  Important features 
of these processes include high dimensional fidelity, 
low contamination, and low process and tooling 
complexity. The material set for obtaining superionic 
conductors for Ag and Cu is diverse and rich. 
Superionic conductors with various desirable mix of 
properties are available as simple and ternary inorganic 
polycrystalline compounds, ceramics and glasses and 
polymer complexes. We have demonstrated both, high 
rate (stamping) and prototyping (direct-write) 
processes.  Solid state superionic stamping (S4) offers 
the possibility of both high-rate and high-fidelity 
patterning over large areas. E-beam and AFM-tip 
based direct-write processes offer versatile and flexible 
rapid prototyping additive manufacturing options.  
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