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ABSTRACT ARTICLE HISTORY
Plasma and metamaterials: what new advances in space Received 5 June 2020
micro-propulsion systems can they bring when used Accepted 3 October 2020
together? The aim of this concise review article is to attract KEYWORDS
attention of the space propulsion scientists and engineers, Plasma: metamaterials:
along with experts working in the fields of micro- space technology;
machines, optics, communication, and other hi-tech nanomaterials
devices, to the opportunities that arise from different pos-

sible combinations of plasma and metamaterials. Along

with plasma-based techniques used for the fabrication of

complex metamaterials, we examine two unusual plasma/

metamaterial systems, namely when plasma interacts with

a metamaterial, and when plasma itself features some

properties of a metamaterial. The fundamental physics

behind the principal processes that define the behavior

of these systems is briefly outlined. Possible applications

in space technology, mainly for micro-propulsion systems

for Cubesats and small satellites are also sketched.
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1. Introduction

The use of high-tech devices in aerospace technology, communication and
optical systems, and micro-machines is showing a strong growth. Genuine
breakthroughs in these and other knowledge-intensive sectors, however,
often arise as a result of the discovery of new paradigms and physical
principles that control the behavior of complex systems. Once physically
realized, these breakthroughs can deliver significant benefits across many
fields, and potentially change the entire landscape of the sector.
Miniaturized space micro-propulsion systems that thrust small satellites
and Cubesats in space is one example of technologies that changed how
we explore and utilize outer space [1-3]. Although significant progress has
already been made in reducing the size and improving the performance of
these devices, scientists and engineers continue their search for novel
technologies and new physical principles to boost the efficiency and prolong
service life of miniaturized space thrusters [4-6], as well as for materials
with advanced properties or those that exhibit unique behavior to enhance
their durability [7,8]. Thrusters with an extremely long operational life can
significantly increase the economic benefit that can be derived from space
assets, and are essential for interplanetary probes and possible manned
missions to Mars [9-11].

While the modification of thruster designs and the development of more
robust materials will sustain continuous incremental progress in miniatur-
ized space propulsion systems, more dramatic advances may be needed to
bring the technology to the level that is needed to realize constellations of
thousands of small satellites for e.g. Earth observation or communication
[12]. In search of potential solutions, we will examine several approaches
that rely on the synergistic application of plasma and metamaterials in
complex, integrated systems.

Why plasma? Plasma is an inherent component of most types of miniatur-
ized space propulsion thrusters, since these systems use plasma as the main
operational medium to ionize and accelerate propellant and to create thrust.

In contrast, metamaterials are a novel, most promising class of structu-
rally complex materials the use of which in aerospace technology is at the
very early stages (Figure 1(a,b)). The interaction between plasma and
metamaterials may give rise to a range of interesting phenomena that may
deliver tangible benefits to space micro-propulsion systems [13]. In this
paper, we will focus on so-called cold plasmas, i.e. the type of plasmas that
features relatively low electron temperatures spanning typically from several
eV to several tens of eV, and pressures spanning from several Pa to 1 atm
(when the plasma is ignited at atmospheric conditions, directly in the
ambient air or in a gas flow at atmospheric pressure).
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Figure 1. (a,b) Smart metamaterials may be used for various space technology applications.
From Ma et al. 2019 [14]. Reprinted under term of CC BY License. (c) Combining plasma and
metamaterials in three different ways: plasma produces metamaterials in a technological
reactor; plasma interacts with metamaterials to control plasma and material parameters in e.g.
plasma-based space propulsion thrusters, electromagnetic wave controllers, resonator arrays
etc,; plasma itself behaves as a metamaterial for ultra-miniaturized, light-weight, durable
electronics to control e.g. Cubesats. The three instances are interconnected and should be
considered as possible embodiments of the same system.
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We will focus on three ways in which plasma/metamaterial systems may
boost some important characteristics of the above mentioned space-
oriented technologies (Figure 1).

Combination of plasmas and metamaterials can result in various inter-
esting effects classified by three groups with respect to the possible applica-
tions in electric propulsion, as shown in Figure 2. First of all, the
distinguished mobility of the plasma species, their extraordinary chemical
activity and ability to respond to applied forces of different physical nature
(like electric and magnetic fields, pressure gradients, friction forces, etc.)
make plasmas a perfect tool to modify the geometrical, physical, and
chemical properties of materials. Thus, plasmas can be considered as
a unique fabrication platform that enables multi-stage synthesis and proces-
sing of complex hierarchical structures across multiple length scales [15-
17]. In this group, the main effect of coupling plasmas with metamaterials is
described in terms of sputtering, etching, deposition, nucleation, growth,
mixing, modification of the latter - the processes which result in the
generation of plasma-made metamaterials. In the research conducted by
Kang et al. [18], the three-dimensional polymeric mechanical metamaterials
were fabricated by interference lithography with the assistance of plasma
etching. In the electric propulsion, this approach can be very beneficial in
designing the elements of bulk structures (e.g. gas tanks). At the same time,
the plasma-enhanced technologies of oxide and carbon nanostructure
growth [19,20] can be applied for the thrust-generating circuits (e.g. elec-
tron emitters).

The second and third areas of the plasma and metamaterial utilization in
electric propulsion are conditioned by the ability of plasmas to generate
patterned spatial distribution of charged particles and electromagnetic fields,
that result in the generation of complex plasma-based architectures compris-
ing features spanning multiple length scales. Thus, in the experiments con-
ducted by Navarro et al. [21] the effect of a low-pressure argon plasma on
split ring resonator (SRR) metamaterial is pronounced by shifting the SRR
resonance to higher frequencies. Iwai et al. [22] designed a tunable device
with the extraordinary wave transmission, which consists of a plasma array
and a negative-permeability metamaterial. Ji et al. [23] proved that the
combined coating of plasma and metamaterial can produce the effect of
broadband reduction of the radar cross section (RCS). After studying the
conditions of the plasma formation between coupled dielectric resonators
(DRs), a conclusion about the future applications of the structure as
a frequency selective filter can be made [24]. At the same time, the experi-
ments carried out by Liu et al. [25] and Sakai et al. [26] with the single-layer
metamaterials illuminated by microwave pulses provided a useful guideline
for designing metamaterials in high-power microwave systems. These exam-
ples illustrate the implementation of effects that arise when plasmas interact
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Figure 2. Plasmas and metamaterials: what are the intertangled properties and processes, and
how can plasma and metamaterials interact? Depending on the specific processes involved,
various ways are possible. First, metamaterials may be produced using processes where
plasmas are used to drive or enhance sputtering, etching, deposition, nucleation and growth
of structures on material surfaces or in plasmas. Second, plasmas can interact with metamater-
ials at the interface, giving rise to the generation of large arrays of micro-scale electromagnetic
fields, formation of distributed electronic elements such as ‘virtual’ antenna elements, and
many others. Finally, plasma itself may display some characteristic features of metamaterials. In
this case, many potentially important applications are possible such as, e.g., flexible control of
electromagnetic energy fluxes at macro-scale via highly controllable ‘plasma-made’ metama-
terial-like spatial structures. This article outlines specific features of these applications, along
with the most important examples from the literature. Importantly, all these ways by which
plasmas and metamaterials can come together may be beneficial for the future electric
propulsion systems, including highly miniaturized thrusters for Cubesats.

with metamaterials; they fall into the second group of plasma/metamaterial
interactions. The third group represents examples of processes that arise
when plasmas show characteristic properties and behaviors of metamaterials
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[27]. A comprehensive review of examples that fall into this group is pro-
vided by Sakai and Tachibana [28]; a particular application of plasma
metamaterials as cloaking and nonlinear media should also be mentioned
here [29]. An interesting design of a metamaterial-inspired feather-light
artificial plasma horn antenna was reported by Kizhakooden et al. [30].
Here, the array of very thin copper wires produced plasma sheets, which
allowed generating almost the same radiation characteristics as that of an
equivalent conventional metallic horn. The last group provides several good
examples of the flexible control of electromagnetic energy at macro-scale,
which can be used in developing elements of electrodeless thrust-control
circuits.

Specifically, in this review we will focus on three possible ways in which
plasma/metamaterial systems can be used:

(1) Plasma-made metamaterials, i.e. the system where plasma is used as
a medium that drives the synthesis and assembly of a metamaterial;

(2) Systems where plasma itself shows characteristics and behaviors of
a metamaterial;

(3) And finally, systems where plasma interacts with metamaterials to
generate novel device properties and features.

Rather than providing a comprehensive review of the field, we will focus
on several key aspects of these systems: (i) what are the central physical
features and intrinsic processes behind each system; (ii) what primary
advantages can such a system afford to the space thrust systems; and (iii)
what are the trends for such a system. Interested readers would be able to
find further details for these concepts in the referenced publications.

Discussions of applications and benefits will be centered around
advanced space micropropulsion systems designed to drive and control
Cubesats and small satellites. The latter require propulsion systems with
extremely low mass and size to be accommodated inside spacecraft of one to
several kilograms in mass and about 10 cm in dimension [31-33].
Additional requirements include exceptionally high durability and service
life to operate e.g. around Mars [34] or in the capacity of miniaturized
orbital observatories carrying expensive, precise astronomical [12] and
gravitational instruments [35].

2. Plasma-made metamaterials

Metamaterials are a novel class of materials with a complex architecture
comprising features spanning multiple length scales and a wide range of
properties that are not feasible in other structures and materials platforms
[36]. Complex metamaterials and nano-assemblies have already been shown
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to have the potential to substantially extend the properties of existing
materials and advance existing robust engineering materials to respond to
the demands of emerging technologies [37,38]. Typically, they are produced
using conventional template-based techniques where the metamaterial
structure is being preset by a high-resolution sequential technique, e.g., an
ultra-narrow coordinate-controlled ion or laser beam which is used to create
a pattern of nucleation centers (such as pits, voids, etc.) one by one.
Evidently, such a traditional, mechanistic approach may not be practical
for the production of novel metamaterials and may not be compatible with
techniques and materials used in the assembly of various operational ele-
ments of small satellites, from nano-electronics [39] to structural compo-
nents [40,41], photovoltaic elements [42], sensors [43], elements of
miniaturized thrusters and gas supply systems [44]. The application of
plasmas as a tool for the fabrication and assembly of a new generation of
metamaterials may present a reasonable solution [45].

2.1 Why plasma?

Indeed, plasma as a tool for materials synthesis and treatment delivers many
unique features, including electric and magnetic fields to control material
treatment [46,47], highly energetic particles capable of material removal
[48], reactive species for assembly and functionalization [49,50], magnetized
electrons and others, making plasma a highly controllable yet versatile tool
with very complex behavior [51] (Figure 3).

PHYSICAL PRINCIPLES THAT GOVERN PLASMA BEHAVIOR

Alternating electric field and multiple transfer of energy
to igniting electrons from the electric field:

RF POWER

Constant electric field with one-time transfer of energy
to 'igniting' electron beam (primary electrons) by:

Electron avalanche

in the constant ai::
electric field _9{

| | Oscillatory motion of  ELECTRODE
electrons at their

N s
interaction with the s_

| |caused by primary
high-energy y )
electrons electric field of the sheath,

when electromagnetic waves excite the plasma
surface areas, and then the enerty is transferred

Multiple electrostatic
reflections for full
utilization of the primary

electron energy ‘ Oscillatory motion of the electrons, when the
waves act within the whole volume of the plasma
Magnetic confinement and COIL.
reflection of plasmas from 6 e
the elements of the setup e e

4

structure, with penetration
of the electric field

Figure 3. Basic principles that govern plasma behavior. Reprinted with permission from
Baranov et al., 2018 [57]. Copyright Springer-Nature, 2018.
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Not surprisingly, plasma can be used to organize multi-stage techniques
to synthesize very complex, hierarchical, nano-structured materials.

With respect to the material processing, the distinctive and often unique
teatures of plasmas are defined by the wide range of controls that can be
used to modulate plasma parameters in a highly specific manner. Even the
simplest plasma reactor, i.e. a vessel filled with a gas mixture and equipped
with two electrodes (an anode and a cathode) to deliver energy from a DC
source [52], is a powerful tool that can be used to sputter, modify, deposit,
and trim materials [53]. The electric field that forms between two electrodes
generates the electron avalanche in the discharge gap, thus creating a large
number of electron-ion pairs. Here, the ions are considered as building
blocks for material synthesis and modification, while the electrons sustain
continuing ion generation. In a DC reactor, such as that described above,
the igniting electrons are produced by the ions upon their interaction with
the cathode. The power P, absorbed by the discharge gap results in the
generation of plasma species with the density that can be defined as [54]:

o Py o Paps (1)
o = Soer 32 1/2
eupSoer  3/2(T,/M)"'“Sper

where up is a Bohm velocity; M is the ion mass; T, is the temperature of
electrons; ey is the total energy lost per electron-ion pair lost from the
system; and S, is the effective area for particle loss.

Transformation of the cathode into the plasma-containing vessel addi-
tionally increases the plasma density by changing the discharge to the
hollow cathode discharge with the electrostatic [55] and magnetic [56]
confinement of the charged particles. Here, density of the electrons emitted
from the cathode surface 1, ionization rate K;,, density of the background
gas n,, the magnetic field B directed along the walls of the reactor, the
diffusion coefficient D,, and size of the vessel L are related to the plasma

density as [57]:
B\ 2
+ (e—> ]LGho )
mv

To control the chemistry and density of gas species that are generated at
different gas pressures within the same reactor, alternating electric field is
applied to excite plasma in radiofrequency (RF) or microwave (MW) plasma
discharges [58].

By changing the gas pressure and bias potential, the arc mode of the
discharge can be developed [59], when large solid clusters or liquid droplets
can be removed from the surface of one material, and moved to another area
within the reactor to serve as building blocks for material synthesis or
modification [60]. The generated flows @ge,,15) of the vapour, liquid, or

_ kizna
8D,

kizna
ng =

= L*n
8D, ho




ADVANCES IN PHYSICS: X e 9

solid material can be related to the initial flows ¢;,,(, ;) of the plasma electrons
and ions through the coeflicients describing the specified process:

gogen(v,l,s) = kgen(i) (Pin(e,i) (3)

Except for the material production, the plasma-wall interaction changes the

surface potential with respect to the adsorption of new material. The plasma

bombardment changes the energy of adsorption, which results in an

increase in the density n,/n, of species adsorbed by the surface [61]:
Nai P

f’l_() - ZMi 3/2 (4)
(zﬂhz) (kBTS)S/Zexp< eggi s,[,,,)) s

where P; is the partial pressure of the gas; XM; is the mass of the gas
molecule; T is the surface temperature; kg is the Boltzmann constant; ¢,;
(€i0n) is the adsorption energy of the gas molecule, which is dependent on
the energy of the bombarding ions.

Carbon-based materials are already widely applied in the aerospace
industry. However, their potential applications are far from being fully
explored, let alone exhausted, because of the large diversity of carbon
nanostructures discovered in the last decades: fullerenes, nanotubes, nano-
walls, cabbage- and flower-like nanostructures, to mention but a few
[62,63]. Sharp edges characteristic of these structures make them prospec-
tive candidates for the field-emitting applications; whereas their large sur-
face-to-volume ratio can be used for storage or catalytic purposes; while
outstanding mechanical properties make it possible to use them to reinforce
structural elements of devices and systems. To fabricate these materials,
various physical effects must be brought together into sophisticated tech-
nological processes that cover a very wide range of the operation para-
meters: five orders of magnitude for gas pressure (1-10°> Pa) and ion
energy (0.1-10* eV), six orders for plasma density (10'*-10** m™), etc.

Figure 4 shows an example of the chart of energies and processes involved
in the synthesis of carbon-based materials in plasmas [64]. This allows to use
complex technological architectures where material trimming, growth, and
functionalization processes are realized during plasma-enabled synthesis
and assembly of e.g. vertical graphene nanosheets [65].

In this case, the gas chamber is filled with a carbon-containing gas (CH,, e.g.)
that serves as a source of carbon atoms that sustain the growth of vertical
graphene structures in DC [66], RF [67], or MW [68] discharges. The gas
pressure is generally limited by the type of the plasma reactor used [69]. For the
growth of carbon-based structures, the gas mixture typically contains hydrogen
which is necessary to etch the surface and to remove the hydrogen atoms from
the hydrocarbon radicals adsorbed on the surface. To change the energy of
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L,g = length (height) of a VG sheet

W,; — half-width of the VG sheet
Ji — average density of ion current
Jjim — density of ion current to VG side edge
Ji = density of ion current to VG top edge
T, - temperature of the substrate

Peayy = pressure of carbon-containing gas
P,z — pressure of hydrogen

U, -voltage drop across the sheath
Ly Neuy Nz — surface density of adsorbed molec

of carbon precursor gas and hydrogen

Nevtap Nenwge) — Surface densities of carbon radi
on the substrate and VG edge

Eacxyiay Gor2(a) — €Nergies of adsorption of
precursor and hydrogen on the substra

Egona)r Edonse)— €Nergies of activation of

U 5 \D radicals diffusion along the substrate and VG
5
2 \/ Eania) — energies of activation of hydrogen
diffusion along the substrate
i i & —energy gained at the ion bombardment
D coitrol paroreters D microscopic E] growth ] BY B
characteristics parameters Y - sputter yield

Figure 4. Schematics of the energies and processes involved in the synthesis of carbon-based
materials in plasmas. The growth model considers dependencies of the growth characteristics
on the control parameters through the microscopic quantities. Complex interrelation of many
elemental processes is also taken into account in the model to reflect graphene nucleation and
growth, and formation of the array morphology. 'VG' stands for vertical graphene, a type of
nanostructure that was used as a base model for the development of this flowchart (see more
details in Baranov et al., Rev. Mod. Plasma Phys. 2019) Reprinted with permission from Carbon
2019 [64]. Copyright Elsevier, 2019.

adsorption of species, the bias potential is applied, which results in the devel-
opment of the voltage drop U; across the sheath that, in turn, determines the
energy ¢; of the ions [70]. The ion bombardment changes the energies of
adsorption and diffusion of the hydrocarbon radicals and hydrogen atoms
across the surface, while the total effect of the ion energy and the density of
the ion current j; directed to the surface, determine the whole temperature T; of
the substrate, thus allowing for the adsorption and diffusion processes to be
tailored so that optimal conditions for the growth of nanostructures are
maintained.

2.2 Plasma-made metamaterials: Examples

The application of plasmas in the production of metamaterials is based on
the same general principles that underpin plasma-enabled nano- or micro-
structure synthesis. Figure 5 shows several examples of plasma-made mate-
rials and their potential application in aerospace technology, specifically for
Cubesats.

Etching [71,72] (i.e. material sputtering in the presence of a chemically
active reagent to weaken the atomic bonds on the surface of the material)
and deposition [73,74] are the most applied technological operations where
plasmas are used [75]. The etching is usually employed for the selective
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High entropy alloy Phase-separated alloy
(PtPdRhRuCe HEA-NPs)  (PtPdRhRuCe MMNPs)
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Figure 5. Several examples of plasma-made nanostructures and metamaterials. (a, b) Synthesis
of high-entropy-alloy nanoparticles (HEA-NPs): (a) schematic comparison of a phase-separated
heterostructure and a high-entropy-alloy structure, and (b) quinary HEA-NPs (PtPdRhRuCe)
synthesized by a carbothermal shock method. Reprinted with permission from Yao et al., 2018
[76]. Copyright American Association for the Advancement of Science, 2018. (c) lllustration of
the fabrication process of 3-dimensional architected Cu-Si core-shell nanolattices. Reprinted
with permission from Xia et al. [78]. Copyright ASC, 2016. (d) The fabrication process of a 3D
Split-Ring Resonators (SRR) using CF4 plasma dry-etching. Reprinted with permission from Chen
et al. [79]. Copyright Wiley, 2014. (e) Schematic representation of fabrication of isoprene-block-
styrene-block-ethylene oxide block copolymer. The final structure is obtained by plasma etching
the two remaining polymer blocks. Reprinted with permission from Vignolini et al. 2072 [80].
Copyright 2012 Wiley.

removal of material components to reveal a matrix which can be subse-
quently filled with another material component to create a complex multi-
material system with the necessary physical and chemical characteristics.
Figure 5(a) illustrates the production of high-entropy-alloy nanoparticles
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(HEA-NPs) [76]. Plasma-produced coaxial plasmonic metamaterials could
operate in the UV/visible part of the spectrum [77]. In the fabrication
process, plasma is applied at the stage of reactive ion etching (RIE) after
the electron beam lithography on Si, Si membranes or SiO, substrates. In the
experiment shown in Figure 5(c), a computer-designed lattice was written in
the cured positive-tone photoresist on a glass substrate coated with gold via
two-photon lithography. Then, the photoresist was used as a template for
Cu electroplating. After removing the photoresist, the Cu matrix was
exposed to plasma-enhanced chemical vapor deposition (PECVD) to obtain
an a-Si coating [78]. The ability of reactive plasma to etch and heat the
sample surface was utilized by Chen et al. [79] for the development of an
isotropic IR metamaterial consisting of four-fold-symmetric 3D Split-Ring
Resonators (SRR), as shown in Figure 5(d).

A 2D template of an SRR consisting of two arms and a connection pad
was produced by the use of electron beam lithography, Ni/Au deposition,
and lift-off processes. Then, the sample was exposed to CF, plasma etching
to induce spontaneous folding of the arms by bilayer residual stress.
Vignolini et al. synthesized a 3D gold metamaterial based on block copoly-
mer (BCP) self-assembly, as illustrated in Figure 5(e). In the process [80],
isoprene-block-styrene-block-ethylene oxide BCP was exposed to selective
UV and chemical etching to remove isoprene; then, the thus-obtained
matrix was filled with gold by electrodeposition. After that, a 3D continuous
gold network was revealed by plasma etching of the two remaining polymer
blocks. Apparently, these metamaterials can be used in aerospace technol-
ogy assets requiring light but strong parts (e.g., Cubesat case and mechan-
isms), and light but reliable electronics.

Thus, the application of plasma-based technological environments for the
production of various metamaterials is a quite efficient approach, as it has
been illustrated in Figure 5. However, the specific parameters of plasmas are
extremely important for the plasma-enabled nanofabrication, and not sur-
prisingly, the ratio of plasma-surface sheaths to the size of nanostructures is
a key factor. Specifically, the growth processes are different in the two
different cases — the narrow sheath and the wide sheath cases [81]. Figure 6
illustrates, as an example, the metamaterial consisting of a substrate and large
arrays of thin, sharp, narrow carbon nanotips for applications in e.g. nanoe-
lectronics (including electron current emitters for miniaturized space thrus-
ters [8,82]). For the narrow sheath case, the plasma densities may be assumed
in the range of 10'7-10"® m ™~ and the sheath may be of the order of a several
Debye length, i.e. 107* - 107> cm [81]. As one can see from Figure 6(a-c), the
effect of plasma-generated electric field in this case is weak for the high plasma
density and is quite noticeable at lower plasma densities. For the wide sheath
case (plasma densities in the range of 10'®-5 x 10'® m™ and the sheath
reaching 107> cm [81]), the effect of plasma-generated electric field is quite



ADVANCES IN PHYSICS: X 13

>
-‘é 15
S
€ 10
o
B
o 05
2
©
& 00
0 60 120 180 240 300 0 60 120 180 240 300 0 60 120 180 240 300
Distance from surface, nm
Z15 15 15
g d @] - ! (e) ’ . ()
g 2.4x10'8n° 1.0x10°%m° 3.8x10°m°
€ 10 1.0
[
s
o 05 05 05
2
kS
200 0.0 0.0

0 60 120 180 240 300 O 60 120 180 240 300 0 60 120 180 240 300
Distance from surface, nm

Figure 6. Quantitative characterization of plasma interactions with nanostructured
surfaces. How do quantitative parameters of plasmas affect processes at the plasma-
nanomaterial interface? The graphs illustrate the various types of ion density distributions at
the plasma-nanostructure interfaces for different plasma densities ranging from 2.4 x 10'® m™
to 1.23 x 10" m™3, and surface bias of plasma-immersed nanostructures (20 and 50 eV). (a-c)
Distributions of ion density along the lateral surfaces of nanotips in plasmas. For substrate bias
Us =20V (the narrow sheath case), the effect of plasma-generated electric field is weak for high
plasma density (a,b) and is quite noticeable at lower plasma densities (c). (d-f) For substrate bias
Us = 50 V (the wide sheath case), the effect of plasma-generated electric field is quite strong at
high plasma densities (d,e) and very strong at lower plasma densities (f). Reprinted with
permission from Levchenko et al. 2005 [81], Copyright AIP.

strong at high plasma density (d,e) and very strong at lower plasma densities.
A similar situation is illustrated for the plasma-immersed nanoparticles that
grow directly in the bulk plasmas (Figure 7) [83].

It should be noted that the plasma-based technologies for the production
of complex metamaterials and hierarchical nanostructures may utilize the
two quite different approaches, namely the bottom-up method which is
mainly based on self-assembly of a metamaterial [84], and top-down
method. While the bottom-up technology is in fact intrinsically driven self-
assembly activated mainly by macroscopic plasma parameters [36], the top-
down technology is mainly controlled by the local microscopic plasma
parameters. The bottom-up technology may be more promising since it
relies on a direct self-assembly at the nanoscale, but it is less controllable at
the present level of the technology. Figure 4 describes the self-assembly of
graphenes, while Figure 5(c-e) illustrates the nanostructures obtained via
the top-down methods.

Figure 8 shows how the novel, complex materials and metamaterials can
be successfully used in aerospace technology, and more specifically, for
Cubesats and miniaturized thrusters which drive and control small satel-
lites. Ultralight, mechanically robust plasma-treated printed, multilayered
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(a)

Catalyst

Figure 7. Quantitative characterization of plasma interactions with plasma-immersed
nanostructures. Calculated distribution of the carbon ion flux to the surfaces of single-layer
carbon nanotubes and catalyst particles from the plasma, with plasma density and carbon
nanotube length as parameters. The lengths of carbon nanotubes are 1 and 2 um, the nanotube
diameter is 2 nm, and the diameter of the catalyst particle is 10 nm. Thus-produced patterns of
plasma fluxes are quite different. Reprinted with permission from Keidar et al. [83]. © AIP.

PLASMA-MADE AND PLASMA-TREATED MATERIALS IN AEROSPACE: EXAMPLES

Plasma-treated tanks for Cubesat Thruster and cathode

Figure 8. How can these metamaterials be used them in aerospace technology - several
examples. Plasma-treated 3D-printed gas tank for Cubesat (a). Reprinted with permission from
Singhal at al., 2019 [44]. Copyright Wiley. Plasma-made metamaterials for potential applications
in thrusters and cathodes for Cubesats (b) may be made using the vertical graphenes on
nanoporous membranes (c,d). Reprinted with permission from [85]. Copyright Elsevier, 2014.
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materials may enhance stability, damage resistance, and fuel storage capa-
city of ultra-miniaturized gas tanks for 1 U Cubesats [44]. Hierarchical
metamaterial based on graphene flakes grown by plasma on nanoporous
substrates may be used as more energy-efficient emitters for miniaturized
space thrusters, reducing the amount of on-board energy needed to sustain
propellant ionization and thus increasing the effective operational life-time
of the space asset [85].

2.3 Plasma-made metamaterials: Future trends

Modern production is based on the application of plasmas the parameters of
which vary across wide ranges, such as plasma densities of 10*~10*° m~>,
ion energies from a few eV to tens of keV, and background or reactive gas
pressures from a few mPa to atmospheric pressures. However, these ranges
are never realized within a single functional reactor system, and instead each
system is often fine-tuned to sustain plasmas with a selected sub-set of
characteristics that are ideal for a specific purpose. Yet, the creation of
novel metamaterials often incorporates processing steps that require the
use of very different materials and therefore distinct plasma environments.
Thus, future plasma technology must be developed on a base of multi-
functional setups which incorporate different plasma sources to combine
the advantages of their intrinsic operation modes yet overcome their
limitations.

This may mean integrating different metal and gas plasma sources within
a single plasma reactor to enable deposition of complex architectures com-
prising metallic and carbon elements, or incorporating different reactors
separated by vacuum locks within a single system to prevent thus-formed
metamaterials, plasma sources, and measuring systems from being polluted
and at the same times enabling seamless transfer of samples between
different plasma environments. To cover the necessary range of plasma
densities, the suggested set of technological plasma sources may include
helicon, CCP [86], or ECR [87] plasma sources employed for the prelimin-
ary cleaning, heating, and functionalization of the surface; HIPIMS [88] and
vacuum arc guns [89], or CCP and ICP [90] sources to conduct the deposi-
tion of precursors from the metal or gas phases, respectively. Hollow
cathodes [91] enhanced by the auxiliary magnetic field generated by the
external system of the magnetic coils [92] (neutral-loop discharge [93], e.g.)
may also be used to confine and guide the plasma or to conduct a duplex
treatment [94,95]. An equipment to supply various types of the electrical
power such as DC, single- or double-frequency RF, pulsed high-voltage bias,
etc., are also considered as the necessary facility to provide the range of the
ion energies to the wafer with the treated materials.
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3. Plasma interacting with metamaterials

Application of metamaterials in combination with plasma allows to create
systems critically important for space electric propulsion, e.g. to control
flows of electromagnetic wave energy [96]. Indeed, a system where plasma
penetrates through, or contacts a surface of a metamaterial, is able to display
behaviors that are not typically observed in other material systems, or do not
arise when either the metamaterial or the plasma are used separately or in
combination with other types of matter. In space applications, such a plasma
can be produced by an artificial power source (using set-ups similar to that
of technological plasmas used for material synthesis), or possibly even
harnessed as a space plasma. When put together with a metamaterial, the
plasma and the material can form critical elements of an electromagnetic
wave controller, a negative refractive index system, or give rise to other
novel and exotic electromagnetic phenomena [97]. Devices built using such
an integrated plasma/metamaterial system may include miniaturized anten-
nas, and devices for absorption, modulation, and detection of signals ran-
ging from microwave to optical wavelengths. Within the system, the
metamaterial may perform the function of an active substrate to facilitate
and sustain plasma generation. Specifically, the inherent structure of meta-
materials, with its hierarchical organization of features across multiple
length scales, can facilitate localization of applied electromagnetic wave
energy at sub-wavelength scales. The resulting intensification of the wave
energy within the structural units of the metamaterial creates an electric
field that is sufficiently strong for generation and subsequently sustaining of
the plasmas on a microscopic scale. As the structural units within the
metamaterial are frequency selective, more than one resonator can be
used to produce large arrays of spatially localized microscopic plasma
discharges within a single material system. Furthermore, as microwave
energy can be delivered to the metamaterial without direct contact, this
method of plasma generation is inherently wireless.

Through the engineering of the metamaterial and plasma parameters at
the level of their base units, it may thus be possible to create microplasma
array-based highly functional metadevices with strongly non-linear proper-
ties [98]. At the same time, by exploiting tunable features of plasmas and
metamaterials, devices that tune their nonlinear behavior in response to
changing operating conditions with high sensitivity and enhanced perfor-
mance can be realized.

Figure 9(a) depicts one such system, where a patch antenna is used to
wirelessly deliver microwave energy to the surface of the metamaterial active
platform. The electric field that is generated within the sub-units of the
metamaterial drives the ionization of the operating gas, in this case, Ar, with
plasma generated within and in the immediate proximity of the gap. The
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Figure 9. (a) Schematic representation of remote generation of plasma using metamaterials.
Radiated microwave power from the antenna couples to the metamaterial at its resonance
frequency and generates a high electric field inside the capacitive gap of each metamaterial
unit cell (i.e., C shaped split-ring resonator). This ignites and sustains plasma that is localized in
the sub-wavelength capacitive region of each metamaterial unit cell. Reprinted from Singh
et al.,, 2014 [98] under the terms of a Creative Commons Attribution-Non-Commercial-NoDerivs
4.0 International License. (b) Photograph of plasmas in a 3D metamaterial structure (3 x 3 x 9)
at an argon pressure of 0.6 Torr and P = 150 W. Reprinted from Kim et al., 2018 [99] under the
terms of a Creative Commons Attribution 3.0 License. How to use plasma/metamaterial
systems in aerospace technology (bottom panel): (c), nanoscaled electron emitters;
Reprinted from [8] under the terms of a Creative Commons Attribution 3.0 License. (d),
a nanoscale-based heat pump uses an electron flux to transfer heat from cold to hot surfaces
(d). Such systems could be very efficient in miniaturized space thrusters. Reprinted with
permission from Levchenko et al. [38]. Copyright Wiley, 2016.

presence of multiple types of ‘unit cells’ that act as resonators allows for
frequency selectivity, whereby the plasma is produced within a specific set of
resonator cavities the frequency of which corresponds to that of the applied
microwave radiation.

Another example of a similar system is shown in Figure 9(b). Here, the
design of the metamaterial platform enabled the creation of negative perme-
ability within the system when incident energy with the frequency of
1.9 GHz is applied. The material platform represents a 3D-organized system
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of split-ring resonators, each fabricated on a thin substrate. The negative is
maintained in the system even in the presence of plasma [99].

Figure 9(c,d) illustrates several examples of application of plasma/meta-
material systems in aerospace technology. Nanoscaled electron emitters may
be used for small cathodes for e.g. Cubesats to enhance efficiency and
facilitate further miniaturization. The nanoscale-based heat pumps that
use an electron flux to transfer heat from cold to hot surfaces could provide
a new pathway to recover and redirect waste energy in miniaturized space
thrusters, where energy is supply is limited.

The possibility of controlling electromagnetic wave propagation using
a plasma-metamaterial system is very important for aerospace technology.
The experimental set-up is depicted in Figure 10 [100]. Here, the waves were
able to propagate, traversing a negative permeability metamaterial imbued
in plasma.

Similar to the previous two examples, split ring resonators organized in
a 3D system were fully immersed in the plasma. The latter was an

Figure 10. Experimental setup showing split-ring resonators within the plasma volume.
Transmission is determined by a vector network analyzer and a pair of patch antennas.
Reprinted from Kim et al., 2019 [98] under the terms of a Creative Commons Attribution 4.0
International License.



ADVANCES IN PHYSICS: X 19

inductively heated argon plasma, characterized by a nominal frequency of
2.65 GHz. Using transmission spectroscopy, the study showed electromag-
netic waves propagating through this system over the frequency range of
1.3-1.7 GHz, even though over this range, both the permeability of the
metamaterial and the permittivity of the plasma are negative.

Outside this defined frequency range, the waves were only able to travel across
the surface of the system, being evanescent in the direction of traversing the
system. Within the region, frequencies closer to the boundaries of the transmis-
sion region also showed negative group velocity with waves being considerably
attenuated. It should be noted that such a system is inherently dynamic and as
such can be readily reconfigured with respect to the metamaterial’s frequency
band and wave impedance by tuning the properties of the plasma, e.g. its density
of free electron, and the applied inductive heating. In effect, the use of plasmas in
these systems provide for a new dimensionality in the metamaterial systems as
plasma acts a medium with a refractive index that is complex, anisotropic, or
negative, as well as for fast configurability through immediate modulation of
wave interactions at very high bandwidths, especially at plasma resonances and
cut-offs.

4, Plasma acting as metamaterials

While in the physical plasma-metamaterial systems, the metamaterial-like
plasma arrays are generated using the physical features of the solid-state meta-
material, there is a possibility to generate plasmas that would effectively display
some of the properties and behaviors of metamaterials, i.e. distributed, self-
organized arrays of micro-plasma streams (plasma lattice patterns) without
having to use any material-based pattern or mask [101-103]. Indeed, under
select experimental pressure and voltage conditions, plasma discharges can
naturally exhibit certain charge instabilities that present themselves as arrays
of columns with certain periodicity. In these plasma-based systems, the complex
behavior and structure of plasma elements is primarily governed by two types of
forces, namely the static Coulomb forces Fg, and electromagnetic Lorentz forces
F, [102]:

(5)

where ¢y and y are the dielectric constant and permeability of vacuum,
accordingly, and r;; are the positions of plasma filaments.
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Figure 11 shows an interesting example of application in aerospace technol-
ogy: metamaterial-like plasmon structure can act as a miniaturized thruster,
capable of accelerating nanoparticles [107]. More details could be found in the
relevant publications [97-101].
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Figure 11. (a-f) Self-organized arrays of plasma filaments between electrodes at different voltage
(from 1 to 1.7 kV), in a RF 500 kHz dielectric barrier discharge in Ar. Reprinted with permission from
Shirafuji et al. 2003 [102], Copyright AIP. (g,h) In a similar experiment, evolution of plasma patterns
with increasing voltage: (g) Random filaments, U = 2.3 kV; (h) White-eye square grid state, U = 4.7
kV. Reprinted from Wei et al. 2018 [104] under the terms of a Creative Commons Attribution 4.0
International License. (k) Schematics of the experimental setup to produce self-organized arrays of
plasma filaments between electrodes. Reprinted with permission from Mi et al. 2018 [105],
Copyright AIP. How to use similar systems in aerpospace technology (bottom panel).
Schematics of plasmonic nanoparticle accelerator is shown in [106, 107]. (I, Il): simulated patterns
of electric and force fields in the injector of nanoparticles. Reprinted from Maser et al. 2019 [108]
under the terms of a Creative Commons Attribution (CC BY) license.
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e While the studies on plasmas as metamaterials are currently at the initial
stage of development, such structures could be very promising for various
aerospace applications, including micro-thrusters, electronics elements
and energy conversion devices.

5. Conclusion and Outlook

We have briefly outlined three ways in which plasmas and metamaterials
could be combined to give rise to unique properties and behaviors within
these unusual systems. As follows from the examined examples, all three
approaches are quite useful for applications related to space technology.
Going forward, the following relevant directions could be explored in the
near term: (i) Advanced plasma-made metamaterials and complex hierarch-
ical structures to boost the efficiency and service life of space assets [1,36,38];
(ii) Advanced plasma-made adaptive and self-healing metamaterials for new
generation multi-modal space thrusters [8,82]; (iii) Plasma-metamaterial
systems and negative-refractive-index materials to enhance various equip-
ment on-board miniaturized space assets, such as modulators, sensors, small
antennas, energy absorbers, and electromagnetic wave controllers; (iv)
Distributed microplasma arrays acting as proxy metamaterials, capable of
reconfiguration by simple control tools e.g. applied voltage.

It should be noted that plasma is a generalized term which describes
ionized media with a broad range of characteristics generated by an equally
wide range of physical set-ups (Figure 12). Various types of plasma dis-
charges bring into the technology the specific features with respect to the
plasma generation, chemistry, and interaction with the solid-state matter.
Glow discharges can be used for etching and sputtering of electrically
conductive surfaces to produce metamaterials, while capacitively coupled
plasmas (CCP) may be applied for the same purpose, but for the non-
conductive matter. In space industry, the generation of glow discharges is
the cornerstone of Hall thrusters operation.

Arc discharges are a source of very intensive plasmas that, when in
contact with a material, can result in melting and evaporation of material
from the surface, thus creating clusters, droplets, and ionized vapors,
which are then used in vacuum arc thrusters, and may be considered as
the building blocks in the synthesis and assembly of metamaterials.
Electrodeless inductively coupled plasmas (ICP) prevent the contamina-
tion of plasmas and metamaterials; the contamination is intrinsic to CCP
where the electrodes are necessary to sustain the plasma. At the same
time, the use of ICP allows obtaining plasmas enriched with radicals for
the plasma chemistry applications, while preserving the high level of
plasma density. Microwave (MW) plasmas can generate large numbers
of radicals at the low density of the plasma ions, thus creating so-called
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‘mild’ plasmas suitable for nanoscale engineering at low gas pressures
and surface temperatures. Helicon and electron cyclotron resonance
(ECR) plasmas are the perfect tool for the electrodeless plasma thrusters
and technological applications because of very intensive ion fluxes
extracted from the plasma sources [109]. While in this article, we have
focused on a very limited number of such plasmas, further exploration of
other types, currently underexplored, can enable further progress in the
space technology as well as other high-tech fields.
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