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Given the vast number of strategies used to control the behavior of laboratory and industrially

relevant plasmas for material processing and other state-of-the-art applications, a potential user may

find themselves overwhelmed with the diversity of physical configurations used to generate and

control plasmas. Apparently, a need for clearly defined, physics-based classification of the presently

available spectrum of plasma technologies is pressing, and the critically summary of the individual

advantages, unique benefits, and challenges against key application criteria is a vital prerequisite for

the further progress. To facilitate selection of the technological solutions that provide the best match

to the needs of the end user, this work systematically explores plasma setups, focusing on the most

significant family of the processes—control of plasma fluxes—which determine the distribution and

delivery of mass and energy to the surfaces of materials being processed and synthesized. A novel

classification based on the incorporation of substrates into plasma-generating circuitry is also proposed

and illustrated by its application to a wide variety of plasma reactors, where the effect of substrate

incorporation on the plasma fluxes is emphasized. With the key process and material parameters, such

as growth and modification rates, phase transitions, crystallinity, density of lattice defects, and others

being linked to plasma and energy fluxes, this review offers direction to physicists, engineers, and

materials scientists engaged in the design and development of instrumentation for plasma processing

and diagnostics, where the selection of the correct tools is critical for the advancement of emerging

and high-performance applications. Published by AIP Publishing. https://doi.org/10.1063/1.5007869
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I. INTRODUCTION

A wide range of material treatment and nanosynthesis

technologies can be significantly enhanced by the use of a

plasma-based process environment, with the benefits ranging

from drastically increased treatment rate to improved,

sophisticated control over the formation of complex, hierar-

chical structures and metamaterials due to the precise deliv-

ery of material and energy fluxes to the target surface.1,2

As most technological plasmas are generated in the close

vicinity or direct contact with the target surface, the likelihood

of contamination of processed material is minimal, enabling

the use of these technologies in areas where the quality of the

surfaces is critical for their application and performance.3 As a

result, the breadth of plasma-enhanced technologies spans sur-

face modification,4 chemical functionalization,5 physical struc-

turing, and deposition of high-quality uniform films6 as well as

very complex, multi-tier nanostructures,7 nanodot arrays,8 and

graphenes.9,10 The areas where these technologies can deliver

benefits are equally diverse, from enhancing the optical and

mechanical properties of reflective coatings11,12 and magnetic

films13 to improving durability and wear resistance of mechan-

ical components14,15 and tuning the biological activity of bio-

materials.16,17 Several typical examples of plasma-based

reactors and plasma sources are depicted in Fig. 1.

✓Over the last several decades, there has been a

paradigm shift towards technologies that not only can

deliver high-quality materials and structures but also do

in a way that minimizes the use of input materials and

energy consumption.

In practical terms, this meant reducing the duration and

staging of the process, e.g., favoring single-step, single-envi-

ronment synthesis at lower temperature and where practical,

FIG. 1. Several typical examples of

plasma reactors featuring different

mechanisms of ignition, sustaining,

and control of technological low-

temperature plasmas. Inductively cou-

pled plasma (ICP) reactor sustains the

plasma inside the reactor chamber by

the action of electromagnetic induc-

tion, whereas the reactor incorporating

vacuum arc and magnetron plasma

sources sustains the plasma mainly

due to strong direct currents. The

discharge-enhanced process furnace

combines high (above 1000 �C) reac-

tive gas temperature with the glow dis-

charge plasma. Atmospheric plasma

jet is sustained by the radio frequency

electromagnetic fields, and DC plas-

matron generates dense highly ionized

plasma by the interaction of DC cur-

rent with an external magnetic field.
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at atmospheric pressure. Processes that can be easily inte-

grated into existing production workflow, e.g., roll-to-roll

assembly of large-area optoelectronic devices, are particu-

larly preferred.18,19 In general, plasma-enabled surface proc-

essing has the potential to meet these efficiency criteria,20

with the capacity to deliver single-step treatment of large

surface areas on a wide range of substrates in a highly con-

trollable manner. The ability to control the mass flows mini-

mizes loss of material to the environment and waste

generation, thus enabling molecule- and atom-efficiency;21,22

whereas the ability to localize the chemical and thermal

activity to the surface of the substrate enables energy effi-

ciency. Furthermore, high chemical reactivity of plasma

environment increases the rate of reactions and enables in

situ functionalization, substantially reducing the overall

processing time.

Strong empirical evidence suggests that in order to

effectively control physico-chemical characteristics of the

materials and structures synthesized by plasma, it is critical

to control the magnitude and direction of the mass and

energy flows within the processing environment, i.e., mainly

the ion and electron fluxes. Independent control over ion

energy and density of ion current to the surface of the target

processed structure is particularly significant in governing

the outcomes of plasma processing.23 For instance, an

increase in ion energy from 30 to 500 eV during the sputter-

ing deposition of boron-modified polysilazane led to a

change in the hardness of these films in a range of 30 to

45GPa.24 Similarly, variation in the ion current density from

1.8 to 8.0mA/cm2 during the ion-assisted deposition of

amorphous SiO2 structures resulted in hardness increase

from 1.0GPa to 6.0 GPa.25 Even more significant differences

were reported in resistivity of TiN films synthesized by low-

energy ion beam-assisted deposition26 (Fig. 2), where

changes in ion energy and temperature from 50 to 300 eV

and from 25 to 300 �C, respectively, resulted in 10-fold

change in resistivity.27 These examples are numerous28 and

often hard to systematize due to differences in plasma setups,

processing parameters, and precursor materials; yet all sug-

gest the significance of ion flux and energy as a primary

processing control.29

The ion-to-neutral flux ratio is another effective knob to

control the properties of plasma-synthesized structures and

nanomaterials. For instance, magnetron-deposited TaN

showed a 20% increase in atomic density and 3GPa change

in residual stress when the ion-to-neutral ratio Ji/JTa was

increased by the order of magnitude.30 Similarly, an increase

in the ion current to the surface due to a direct contact with

plasma resulted in efficient catalyst-free growth of carbon

nanotubes on silicon.31 The changes in the fundamental

properties of plasma-synthesized structures as a function of

processing parameters have also been reported for many

other materials and techniques. For instance, magnetron

sputtered ZrC material demonstrated a 4-fold increase in

resistivity and more than 4-fold change in grain size in

response to changes in deposition temperature from 25 �C to

290 �C.32 Carbon and silicon films produced by magnetron

sputtering33 and ICP plasmas showed a change in optical

band gap from 1.9 to 1.3 eV in response to the increase in the

substrate temperature from 100 to 500 �C.34 Similar effect

was observed when amorphous carbons were fabricated

using filtered cathodic vacuum arc deposition,35 suggesting

the significance of this control across different setups and

different types of nanomaterials. In addition to the properties

of the deposited structures, the strength of adhesion to sub-

strate can be controlled by tuning the ion current density. For

instance, a variation in power of radio frequency ICP reactor

from 0 to 60W resulted in a rise of Ti–Al–N nanocrystal

hardness from 29 to 31GPa, with a maximum of 34.7GPa

and minimum friction coefficient of 0.13 obtained at 50W.36

✓These are just few examples that highlight the

importance of processing parameters such as ion fluxes

and deposition temperature for controlling the

properties of the resultant structures and nanomaterials.

Significant efforts have also been made to understand

the mechanisms that govern the assembly of nanomaterials

and nanostructures under different ion energy and current

density conditions. It is quite apparent that the heat flux, and

thus the temperature of the substrate, are directly affected by

the energy and density of ion current from the plasma; in

turn, the substrate temperature has a profound effect on the

mechanism of nucleation and growth of surface-bound struc-

tures.37,38 Others have suggested the ion energy to be a more

accurate parameter in place of gas pressure,39 and the mobil-

ity of individual grain boundaries within the film to be the

critical parameter that defines the grain structure.40,41 It has

been finally demonstrated that surface modification based on

ion flux may be best described by an extended structure zone

diagram, where a generalized temperature parameter repre-

sents a sum of a homologous temperature and a temperature

FIG. 2. An example of plasma guidance and particle separation by the static

magnetic field. Open-shutter photograph showing the separation of macro-

particles and cathodic arc plasma in an open S-filter. Graphite cathode, vac-

uum base pressure 10 torr, arc current, and coil current in series, both 1 kA

for 500-ls arc pulse duration. The filter coil consists of two 90�-curved filter

segments. Solid particles move linearly (bright lines on the photo) and leave

the system, whereas plasma is efficiently deflected along the duct and sup-

plied particle-free to the exit (top of the photo). Reprinted with permission

from A. Anders, IEEE Trans. Plasma Sci. 30, 108 (2002). Copyright 2002

IEEE.
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shift arising from the potential energy of particles bombard-

ing the surface, whereas a normalized energy represents the

displacement and thermal effects arising from the kinetic

energy of particles delivered to the surface.42

✓For efficient control on the plasma-based nanomaterial

synthesis, it is important to differentiate the individual

effects that arise from ion energy, ion current density,

and other factors.

This can be demonstrated on the example of TiN and

TaN nanostructures, where ion energy and the related ballis-

tic effects are not the key determinants of the resultant struc-

ture.30,43 Indeed, it is the concomitant growth of structures

with different degree of crystallinity and associated flux of

reactive species from the plasma to the substrate that govern

the major properties of the film.

The uniformity of the ion current density to substrates

also plays a significant role, as demonstrated in the synthesis

of copper oxide nanowires44 and vacuum arc deposited TiN

films.45 In the latter example, process yield is affected by the

porosity, which reduces the effective operating area of the

substrate, and the associated reduction in the ion current den-

sity to< 30–35A/m2. On the other hand, intense ion flux

may lead to erosion and sputtering of the materials in contact

with plasma, leading to plasma contamination and associated

plasma instabilities.

It is therefore essential that the ion current and energy

densities are considered as important process parameters that

govern the non-equilibrium chemistry in gas phase and the

assembly of surface-bound structures and an important con-

trol for large-scale, high-throughput plasma processing. We

will thus distinguish the key stages of plasma-enhanced syn-

thesis (Fig. 3) and how these stages are constrained by differ-

ent configurations used to control the movement of plasma

species within the processing environment.

Apparently, the manner by which a substrate interacts

with a plasma-generating circuit plays an important role in

the progress of these stages. Among all range of schematic

solutions, we will distinguish the two main architectures, as

shown in Fig. 4.

Both configurations are widely used in industry and

should abide by the efficiency requirements, i.e., the effec-

tive delivery of ion and energy fluxes to the substrate and

shaping the distribution of these fluxes over the substrate.

This review tries to systematize a wide diversity of exist-

ing schematic solutions in the design and development of the

instrumentation for plasma processing and offers a guide to

physicists, engineers, and materials scientists working in the

field of plasma-enabled material processing where the selec-

tion of the correct tools is critical for the advancement of

emerging and high-performance applications.

II. PLASMA UNDER CONTROL: BASIC
CONFIGURATIONS AND SOLUTIONS

A. General aspects of plasma generation

Plasma is a quasineutral medium of charged particles,

where densities of positive and negative charges are approxi-

mately equal, and the size of the domain occupied by the

plasma greatly exceeds the Debye length.3 Plasmas can be

described as electropositive, where a removal of an electron

from a neutral atom results in the formation of predomi-

nantly positively charged ions, or electronegative plasmas,

FIG. 3. Typical process workflow for the assembly of nanostructured surface architectures. Starting from surface cleaning or removal of upper damaged layers,

several sub-layers are formed by deposition and further, the targeted structured material is formed upon functionalization of the deposited layers.

FIG. 4. Plasma-based technological architectures. The two large sub-groups of the whole spectrum of plasma-based technological architectures could be intro-

duced, namely, “incorporating architectures” and “external architectures.”
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where in addition to positively charged ions, a significant

number of negatively charged ions is also present. To

remove an electron, additional energy should be supplied to

the neutral atom as (1) thermal energy, by heating gas atoms

to temperatures of a few electron-volts; (2) by use of photons

with the energy related to the OUV radiation; (3) through the

long-lived excited states, where the energy of one species in

the gas mixture is less than the excitation energy of the other

species; and (4) electron impact ionization, which is the

main pathway for the generation of plasmas in technological

setups.46 Electropositive gas plasmas are commonly used for

substrate processing, e.g., plasma cleaning, activation, ion

implantation, and thermal diffusion-assisted ion implanta-

tion; and electronegative discharges are employed for sputter

deposition of thin films and plasma etching.

Depending on the process conditions and the nature of

the plasma source, various types of plasma discharges can be

produced, with glow, arc, radiofrequency, and microwave

discharges most commonly used for plasma processing.47 A

glow discharge occurs when a voltage applied between two

electrodes, a cathode and an anode, mounted in a vessel

filled with a low-pressure gas reaches a certain value, i.e., a

breakdown voltage.48 At that point, the gas in the vessel

becomes ionized, and the density of the charged particles in

the discharge gap increases. A negatively charged space

sheath forms near the cathode to accelerate the secondary

electrons, which are produced as a result of ion bombard-

ment of the cathode, and the glow discharge plasma becomes

self-sustained once secondary electron emission occurs.49

With the simplest design of the processing reactor, typical

parameters of ion current density up to 0.1A/m2, discharge

voltage of 1–5 kV, and the background gas pressure of about

10–1000 Pa, the glow discharge was the first plasma-enabled

processing tool,46 where sputtering of the cathode material

as a result of ion bombardment could be used for surface

cleaning and heating as well as for deposition of the sput-

tered material as a coating on other surfaces.

However, relatively high gas pressures result in the

decrease in the effectiveness with which the sputtered spe-

cies are transported from the cathode, as well as in contami-

nation of the processed surfaces, whereas the low density of

the discharge current limits the deposition or sputtering rate.

To enable commercial utility of such discharges, a hollow

cathode and a magnetron discharge concepts were devel-

oped.50,51 In essence, these techniques aim to lengthen the

run of the secondary electrons on their path from the cathode

to the anode, which results in increased ionization and more

effective utilization of the energy gained in the cathode

sheath. In the hollow cathode discharge, the increase in the

electron path is provided by the shaping of the cathode and

the use of a cylinder-shaped cathode structure, where the

secondary electron is trapped within the discharge by the

confining space potential. In magnetron discharge, the arced

magnetic field (0.005–0.03 T) is applied above the cathode

surface to trap the electrons by means of Lorentz force. In

both cases, the density of the ion current can exceed the

value of 1000A/m2. Yet, at these current densities, the cath-

ode overheating problem arises. To avoid overheating and

maintain efficacy, the pulsed voltage with controlled duty

cycle is applied to the cathode, as in high power impulse

magnetrons.52–54

To produce dense highly ionized plasma (up to 100%

degree of ionization, density of 1017–1018m�3) of metals

and electrically conductive materials, vacuum arc discharge

plasma sources were developed. These plasmas exploit the

tendency of abnormal glow discharges to transition through

instable glow-arc transition region into arc discharges.55,56

To avoid the requirement for high pressure environ-

ment in the processing chamber, the radio-frequency dis-

charges, such as capacitively and inductively coupled

discharges, were developed. These discharges operate in a

frequency range of 1–100MHz, typically at 13.56MHz,

and a pressure range of 0.1–103 Pa.57,58 In capacitively cou-

pled plasmas, the discharge is sustained by RF power

applied to an electrode immersed in the plasma and can be

enhanced by the use of magnetic field above the electrode

surface.59 However, the presence of the biased electrode

may result in plasma contamination, a limitation that can be

addressed by the electrodeless inductively coupled dis-

charges.60,61 Magnetic field is also applied in the RF dis-

charges to expand the plasma density range of about

1015–1019m�3 in the helicon plasma.62,63 The introduction

of the constant magnetic field of a certain value proved to

be useful not only in radio frequency but also in microwave

frequency ranges, where it can be successfully implemented

in electron cyclotron resonance discharges operated usually

at 2.25GHz and 0.0875 T.64

To control the current density and energy of ions

extracted from plasma to a substrate, various solutions are

proposed. However, all of them are based on either of the

two methods, i.e., the electrostatic and electromagnetic

control.

B. Electrostatic control

Electrostatic fields of various configurations are applied

to control the ion energy and flux to a processed substrate,

and ion extraction from plasma is used for the purpose. In

ion implantation technique, ions are extracted far from the

substrate, necessitating their subsequent transport and steer-

ing towards the substrate as an ion beam. On the other hand,

in plasma immersion ion implantation and deposition

(PIII&D), the ions are extracted in the close vicinity of the

substrate.

1. Electrostatic confinement

To overcome the lack of control of the ion density over

the large substrate, various schemes of electrostatic confine-

ment have been developed, which are the modifications of

the PIII&D technique. By applying electrostatic plasma

sheath to reflect plasma electrons repeatedly from a nega-

tively biased substrate as they traverse from the electric cir-

cuit cathode to the anode, it is possible to greatly increase

the likelihood background gas ionization. For example, a

plasma immersion ion implantation setup where electrostatic

confinement of electrons is enabled by a hollow cathode dis-

charge has been shown to have a significantly increased

041302-5 Baranov et al. Appl. Phys. Rev. 4, 041302 (2017)



plasma flux extracted from the glow discharge to the sub-

strate [Fig. 5(c)].65

One of the typical systems implementing this type of

control was based on a conventional CVD reactor, which has

been enhanced by elongating the glass cylinder to extend fur-

ther out from the furnace. The gained extra length of the

tube allowed for the fitting of three electrodes, i.e., two cath-

odes and an anode, for plasma generation, and addition of

glass appendages with flanges through which housed ancil-

lary electrodes and probes for plasma diagnostics. Thus-

modified CVD system is highly flexible, since the plasma

glow can be selectively produced in close proximity to or

further away from the high-temperature zone within the fur-

nace, enabling plasma treatment of surfaces and plasma-

assisted thermal synthesis of nanostructures, respectively.

The schematic representations of these two discharge

configurations are illustrated in Figs. 6(a) and 6(b), with the

photos in Figs. 6(c), 6(d), and 6(f) demonstrating the position

of plasma discharges generated within these configurations.58

2. Ion implantation

Ion implantation is the first example of a process where

electrostatic control is used to direct ion fluxes for

manufacturing purposes. Conventional ion implantation is a

process where ions are extracted from a plasma source

(where appropriate ion species are generated) and directed to

the ion beam accelerator to provide the ions with energy. To

control which area of the substrate is treated, the horizontal

and vertical scanning electrodes are used to deflect the ion

beam electrostatically [Fig. 5(a)]. The ion implantation

allows for the control of the ion energy across a wide range,

i.e., 10� 500 keV, with magnetic separation of unwanted

ions.66 Yet, the control of ion current flux over a surface

with complex geometry requires a mechanical manipulator,

which may considerably increase the production cost and

decrease the flexibility of the processing. Furthermore, high

ion energy may lead to the damage of the target material

structure, which may not be salvageable by means of anneal-

ing.3 Ion implantation is widely recognized to perform

profiles that peak at points inside the wafer with precise con-

trol of the dose and independent control of impurity depth

and dose. Presently, various approaches have been developed

to widen the range of substrates which can be treated by ion

implantation that deliver considerable economic and techno-

logical benefits.67

However, since the most sources for ion implantation

are gridded sources, they have a fundamental limitation for

the ion current extracted from plasma, which is described by

the Child equation:1

ji ¼
4

9
e0

2eZ

Mi

� �1=2
U3=2

d2
; (1)

where e0 is the permittivity of free space, Mi is ion mass, Z is

the charge state number; e is the elementary charge, U is the

extraction voltage, and d is the distance between extraction

electrodes.

3. Plasma immersion ion implantation and deposition

In contrast to plasma implantation, plasma immersion

ion implantation and deposition (PIII&D) is able to over-

come the line-of-sight limitation of the former. This is

achieved by controlling the ion energy independently from

the ion current density in a case of external plasma source

application. This approach does not require complex and

expensive systems of the ion beam extraction and steering

since the treated substrate is immersed into the plasma and

pulse-biased biased to a high negative potential. A relatively

low constant negative bias is also applied for the deposition

purposes [Fig. 5(b)].3 A transition from the pulse to constant

bias allows controlling the scale of a surface feature that can

be treated uniformly through the transition from a matrix to

Child law sheath with a thicknesses of 50 to 500 lm, respec-

tively.1 At the same time, the sheath range limits the ability

of the PIII&D technique to control the distribution of the ion

current over the large-scale substrates, since it determines a

range of penetration of the control electric field into the

plasma. The limited ability to control the ion energy and ion

density distributions is an intrinsic disadvantage of the

FIG. 5. Schemes of electrostatic control of ion fluxes: conventional ion implantation where ions extracted from a plasma source are accelerated by the ion

beam accelerator and driven towards the substrate, with the delivery to the processing area controlled by horizontal and vertical scanning electrodes (a); plasma

immersion ion implantation overcomes the line-of-sight limitation of the ion implantation, with the ion energy controlled independently from the ion current

density in a case of external plasma source application and does not require complex, expensive systems of the ion beam extraction and steering, since the

treated substrate is immersed into the plasma and pulse-biased to a high negative potential; a relatively low constant negative bias is applied for the deposition

purposes (b); electrostatic confinement based on a hollow cathode configuration, where electrons are reflected repeatedly from the electrostatic sheath prior to

reaching the anode, thus increasing greatly the probability of ionization of background gas molecules (c).

041302-6 Baranov et al. Appl. Phys. Rev. 4, 041302 (2017)



PIII&D technique. Yet, its application range is much wider

in comparison with the conventional ion implantation due to

much simpler design and wider range of substrates that can

be treated in a cost-efficient way.

Unlike the interaction of a surface with neutral gas, the

interaction with plasma results in generation of an electri-

cally charged sheath between the surface and plasma. When

the substrate is pulse-biased, a matrix sheath is formed at the

initial stage with a thickness1

Sm ¼ kDe
2Us

Te

� �1=2

; (2)

where kDe¼ (e0Te/ens)
1/2 and ns are the electron Debye

length and plasma density at the sheath edge; Te is the elec-

tron temperature (eV); and Us is the applied voltage.

Then, as the time goes, the matrix sheath expands thus

converting into a transient sheath with the instant sheath

thickness found from the equation:3

tanh�1 St

Sc

� �

� St

Sc
¼ uBt

Sc
þ tanh�1 Sm

Sc

� �

� Sm

Sc
; (3)

where uB¼ (eTe/Mi)
1/2 is the Bohm velocity and Sc is the

thickness at the end of the expansion. The latter steady-state

sheath is called Child law sheath and is described by the

equation:

Sm ¼
ffiffiffi

2
p

3
kDe

2Us

Te

� �3=4

: (4)

After the substitution, the time scale for establishing the

steady sheath is found

tc ¼
ffiffiffi

2
p

9
x�1

pi

2Us

Te

� �3=4

; (5)

where xpi ¼ e2ns=e0Mi

� �1=2
is the ion plasma density.

After comparing the matrix and Child law sheathes, one

can conclude that a transition from the pulse to constant bias

allows controlling a scale of a surface feature that can be

treated uniformly, since the typical matrix sheath thickness is

about tens of kDe, while for the Child law sheath, the thickness

is about hundreds of kDe. Thus, at the transition from a matrix

to Child law sheath, the thicknesses changes from about

50lm to about 1 cm for industrial plasma, respectively.

FIG. 6. Possible configurations of

CVD reactor modified by the addition

of a glow discharge. (a) Schematics of

the short discharge in the cold zone of

the modified PECVD setup. (b)

Schematics of the long discharge in the

hot zone of the modified PECVD

setup. (c) Photo of the plasma in the

short discharge. (d) Photo of the

plasma in the long discharge—cathode

glow separated from the positive col-

umn by the cathode dark space is

clearly visible. (e) Representative

scanning electron microscopy image of

hierarchical ZnO nanowires produced

in the modified reactor. (f) General

view of the modified PECVD system

with the discharge ignited in the long

configuration. Reprinted with permis-

sion from Primc et al., IEEE Trans.

Plasma Sci. 42, 2564 (2014).

Copyright 2014 IEEE.
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Figure 7 shows an example of PIII&D system for sur-

face engineering. It relies on the modification of the hollow

cathode geometry, where several sets of rods are used to

make the casing of the hollow cathode.68The system could

support processes, such as plasma nitriding and reactive

deposition of sputtered material, with the loss of confinement

observed at higher gas pressures. Yet, these setups do not

provide for separate control of the ion current density and

ion energy or the control of the ion current density distribu-

tion along the substrate surface.

C. Electromagnetic control

1. Incorporated substrate scheme

Another approach by which the direction and the shape

of the distribution of the plasma fluxes can be effectively

controlled in the plasma-based technological setups69,70 and

devices71,72 relies on the use of a magnetic field,73,74 which

can selectively trap electrons but not ions at the field strength

is of�20� 30mT. The electric field that arises from the

interaction of the magnetic field with the plasma flux has a

spatial scale larger than that of the electrostatic sheath. This

electrical field controls the movement of the plasma ions and

the shape of the ion flux. With the respect to the role of the

substrate in the plasma-generating circuit, two configurations

are typically used to control the flux. In the incorporated sub-

strate scheme (ISS) (Fig. 8), the substrate acts as an electrode

above which the arc configuration of the magnetic field is

formed. This leads to the closed electron drift that can be

used to effectively control the ion fluxes. In the external sub-

strate scheme (ESS), the plasma is generated using the exter-

nal plasma source, with the substrate not being a part of the

plasma-generating circuit. The magnetic traps of magnetic

bottle configuration are formed.

FIG. 7. (a) Electrostatic confinement under appropriate conditions. (b) Loss of confinement observed at higher gas pressures. A casing of the hollow cathode

structure is designed as a set of rods; similar structure was made to be used as anode, and the cathodic and anodic rods are alternated in the assembly, thus

forming a segmented hollow cathode arrangement. As supposed, the electrostatic confinement would retain a portion of the electrons within the confinement

area, ultimately increasing the availability of active species in this region, and resulting in a larger current. Reprinted with permission from Gallo et al., IEEE

Trans. Plasma Sci. 39, 3028 (2011). Copyright 2011 IEEE.

FIG. 8. Photographs of plasma discharge formed around the cylindrical substrate which houses an auxiliary set of magnetic coils: (a) low current, U¼ 1600V;

(b) high current, U¼ 1000V; (c) several sets of coils can be powered simultaneously. The magnetron discharge evolves from a well-resolved, bright torus (a)

to wider, less-resolved, cylindrical-shaped discharge (b), and to a complex plasma environment, where multi-peak distribution of the ion current density with

controlled peak height for each of the peaks is produced by altering the current in each of the auxiliary magnetic coils (c). Reprinted with permission from

Levchenko et al., Vacuum 72, 335 (2004). Copyright 2004 Elsevier.
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a. Closed drift configuration at the plasma generation

region. In this configuration, the control magnetic field is

arc-shaped to lock the lines of the control magnetic field to a

negatively grounded substrate and to enable a closed drift of

the electrons. The discharge is generated in the proximity of

the substrate by applying a bias voltage to the substrate rela-

tive to grounded walls of the deposition reactor. Upon appli-

cation of the magnetic field, the plasma takes the shape of a

bright torus above the substrate. This is the region of higher

ionization. In the example presented in Fig. 6(a), magnetron

discharge is generated around the cylindrical substrate,

which also houses the coils used to produce the magnetic

field. In such configuration, at a voltage of 1000V the

plasma takes the shape of a narrow, well-resolved torus, and

the ion current to the substrate surface is localized. The

diameter of the plasma torus is in a few cm.75–77 In the

region of the closed electron drift, the plasma is dense, with

the discharge being much greater than that produced in the

absence of the magnetic field. The increased power of the

discharge is sufficient to bring the target area to white heat

for several seconds.

Variations in the applied voltage and the magnitude of

the magnetic field can be used to control the current-

voltage (I�V) properties of the plasma, where careful

optimization of the former two parameters is essential to

maintain stability of the discharge. Indeed, increasing the

strength of magnetic field and applied voltage beyond

0.05 T and 1000 V, respectively, has been shown to desta-

bilize the plasma, leading to darkening of the torus and a

decrease in the ion current.75 Further increase in the value

of the applied voltage results in the substantial dimming of

the plasma discharge and in the disappearance of the well-

resolved torus shape. As illustrated in Fig. 8(b), under

these conditions, the plasma is dim enough for the surface

of the underlying cylindrical substrate to be visible as a

dark object. Increasing the voltage further leads to addi-

tional drop in total current, with the current values ranging

from a few or tens of milliamperes subject to the pressure

within the reactor, and ensuing darkening of the plasma

discharge.75 When the applied voltage controls the total

current of the plasma, the arc-shaped magnetic field above

the biased substrate enables the control over the nature of

the ions extracted from the magnetron discharge, i.e., the

energy of ions and the density of ion current. While these

parameters can be controlled independently, they are

linked through the current-voltage relationships. The sys-

tem allows for the addition of controls over the ion current

density distribution along the substrate, which can be

attained by manipulating the concomitantly powered mag-

netic coils housed within the cylindrical body of the sub-

strate. Under these conditions, it is possible to split the

plasma discharge into a set of tori, each forming their own

deposition zone, as illustrated in Fig. 8(c).78 The density of

the ion current within each deposition zone can be con-

trolled by changing the current applied to power the corre-

sponding coil.

The total distribution of the ion current density to the

substrate can be calculated by the sum of the Gaussian distri-

butions caused by each of the plasma ring

Ji xð Þ ¼ 1

tR

X

n

i

J0i exp � x� x0ið Þ2
Dx2i

 !" #

; (6)

where J0i is the maximum of i-th distribution, x0i is a loca-

tion of the maximum, and Dxi, is a width of the distribution

that depends on the radius of a curvature of the arc shaped

magnetic field.

The maximum J0i can be determined from the ion cur-

rent Is to the substrate from the experimentally measured

dependence that is described well by the approximation

Is¼ aUn.

To facilitate large-area treatment of the surface by the

ion current in the arc configuration, it is necessary to control

the radius Rc of the magnetic field lines in the plasma zone.

This can be achieved by using different arrangement of the

magnetic core within the magnetron system. In a planar mag-

netron system, the possibility of such control has been dem-

onstrated through the finite element modeling employing the

magnetostatic element of FEMMTM software.79 The possible

configurations of the magnetic field over the plasma dis-

charge are shown in Figs. 9(a), 9(d), and 9(k).80 Images of

the plasma shown in Figs. 9(b), 9(e), and 9(l) provide a

visual confirmation of the control of the ion current density

distribution in the systems, where the magnetic field forms

an arc above the target substrate. Figures 9(c), 9(f), and 9(m)

illustrate the respective ion current density distributions

above the surface of the substrate, as captured by means of

the planar probe.

The magnetic field configuration depicted in Fig. 9(a) is

characteristic of the planar magnetron operation mode,

where the cathode has a form of a disk and acts as a cathode

of the magnetron source. In this configuration, the plasma

discharge has a comparatively narrow width of the racetrack

[Fig. 9(b)], with high plasma density in region between the

inner and outer poles of the magnetron iron core in the arc-

shaped magnetic trap near the substrate.81–83 The measured

distribution of the ion current density is also representative

of the characteristic distribution in the planar magnetron dis-

charge. The peak of the distribution falls within the region

between the inner and outer poles of the magnetic system

core [corresponding to the brightest part of the plasma dis-

charge, see Figs. 9(b) and 9(c)].

When the cathode is changed from the disk-shaped to

the hollow cathode structure by the addition of the sidewalls

in the same planar magnetron system, the volume containing

the magnetically confined electrons is increased owing to the

presence of the side surface of the cathode [Fig. 9(d)]. The

shape and brightness of the discharge are changed signifi-

cantly, as illustrated in Fig. 9(e). Above the peripheral cath-

ode surface, the brightness of the plasma is higher than that

of the discharge shown in Fig. 9(b). Nevertheless, the most

intense portion of the discharge remains within the region

between the magnetic system poles. The distribution of the

ion current is also considerably affected by the addition of

the sidewalls above the magnetic system. Figure 9(f) illus-

trates probe measurements of this distribution, highlighting a

substantial increase in the ion current in the proximity of the

sidewalls.
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Another planar magnetron configuration, where the hol-

low cathode structure without inner and outer cylindrical

parts of the magnetic core is used, is shown in Fig. 9(k). In

this system, the curvature radius Rc of the magnetic field

lines is substantially increased in comparison with that of the

aforementioned two configurations [shown in Figs. 9(a) and

9(d)]. By excluding the inner and outer parts of magnetic

core and at the same time preserving the hollow-cathode

structure of the substrate, it is possible to expand the plasma

discharge over the entire surface of the cathode, as demon-

strated in Fig. 9(l).84–86 Corresponding probe measurements

presented in Fig. 9(m) provide further confirmation of the

expansion of the plasma discharge with the elimination of

the magnetic core. These measurements also demonstrate a

drastic change in the distribution of the ion current density,

where the initial Gaussian distribution transforms into abroad

plateau with a high degree of uniformity. The density of ion

current to the substrate can be increased by increasing the

current in the magnetic coil, without substantially affecting

the shape of the distribution.

Since the application of arc configuration of the mag-

netic field with closed drift of electrons above the biased sub-

strate results in the ignition of magnetron discharge,87 the

principles of magnetron operation control can be used to

control the ion fluxes over the substrate when the work

pieces are installed on the magnetron cathode surface, i.e.,

the magnetron cathode is used as the substrate.88

To enable the development and optimization of energy-

efficient hollow-cathode magnetron discharges (Secs. II B 1

and II C 1), the key features of the dielectric breakdown

within the system was explored experimentally and numeri-

cally, with the details of this study reported elsewhere.84 The

electrical breakdown can be described using:

Ub ¼
BcPd

ln AcPd 1þ h

d

hm

h
exp �BcPd

Ub

ka

k�a
� 1

� �� �

� 1

� �� �� �

� ln ln 1þ 1

cnet

� �� � ; (7)

where Ac¼ra/kT and Bc¼ eizra/kT; k is Boltzman constant,

P and T are the gas pressure and temperature, respectively;

ra is the cross section for electron-neutral elastic colli-

sions; Ub is the breakdown voltage; h is the height of the

hollow cathode structure; dm is the total path the electrons

have to traverse to overcome the confinement region; k�a is
the path length across the magnetic field where the elec-

trons gain energy between the elastic collisions with neu-

trals; ka is the path length for elastic collisions of the

electrons with neutrals; cnet is the effective coefficient of

the secondary electron emission in the presence of the

magnetic field; and d is the distance between the cathode

and the anode.

In the absence of the applied magnetic field, the equa-

tion is effectively reduced to the conventional Paschen’s

law, whereas when such field is finite, the numerical solution

to Eq. (7) can be produced.

Another model was developed to describe the transport of

plasma in the crossed magnetic and electric fields,81 and thus

provide an explanation for the obtained I�V behavior of the

planar magnetron discharge. As shown in Fig. 9(a), the mag-

netic field lines have the radius of curvature Rc. As the elec-

trons collide with the neutral background gas molecules, their

energy e(x) is lost, controlling the range Lpr of these electrons

within the ionization gap Lion. When e(Lpr)¼ eLion, electron

conduction across the magnetic field is dominated by the

Bohm conductivity, and an independent discharge system is

established by the sheath and ionization gap. It is then possible

to express the condition of the discharge self-sustainment for

the entire length Lion¼Lprþ d of the ionization gap

c

1þ c
1þ 2

Lpr

U1=2
s � e

1=2
Lion

ec

2

6

6

6

4

�

ðLpr

0

e1=2 1þ z

Rc

� �

dzþ
ðLpr

0

e1=2 1þ z

Rc

� �

� 1

Rc þ z

ðz

0

e1=2 1þ z

Rc

� �

dz� Lpr

2
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U
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s � e
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� exp ai Lpr þ d � zð Þ½ � � 1ð Þdz
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¼ 1; (8)

Lpr ¼
m

2e

� �1=4 2Upr

ecnariabB

� �1=2

U1=2
s � e

1=2
Lion

	 
1=2

; and

e1=2 ¼ U1=2
s � U1=2

s � e
1=2
Lion

Lpr
z; (9)

where Upr is the potential drop on the range Lpr; Us is voltage

drop across the sheath; ec is the collision energy loss per

electron-ion pair created, eV; na is neutral atom density, m�3;

ri is cross section for ionization electron collisions with neu-

trals, m2; and ab is a constant.
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The expression for the I�V characteristic of thus-

produced plasma discharge was derived from the empirically

measured and theoretically derived relationship between the

magnetron discharge current and the neutral gas density.89,90

The complex geometry of most technological setups necessi-

tates that the simplifying assumptions are made, where the

heat conduction within a spherical geometry is considered.

The heat source is described in terms of its minimal radius rt,

which is derived from the values of sputter trench width ws

and internal radius Rmin. The radius of the rarefied region is

derived by adding several number f of mean free paths ka (to

account for the collisions between the ejected atoms and that

of the gas) to the radius rt. Therefore, the density of the gas

within the rarefied region can be expressed as83

nH ¼ 2n0 1� I!vEa

4pKlT0
� rn0

f
rt þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� I!vEa

4pKlT0
� rn0

f
rt

� �2

þ I!vEa

pKT0

rn0

f

4pKT0

I!vEa

þ 1

l

� �

rt þ 1

� �

s

0

@

1

A

�1

; (10)

where nH is gas density in the rarefied region near the mag-

netron cathode, m�3, and n0 is gas density in “background”

region near the chamber walls; r is cross section for atomic

collisions with neutral gas species, m2; T0 is temperature of

the walls of the processing reactor; rt is the radius of the

hemispherical heat source; l is the distance from the heat

source center (center line of sputter trench) to the chamber

walls; K is thermal conductivity of the gas; I is discharge

current, A; Yv is sputter yield; and Ea is energy of sputtered

atom, eV.

FIG. 9. Structure of the magnetic field [(a), (d), and (k)]; photographs of plasma discharges [(b), (e), and (f)], and distributions of the ion current density [(c),

(f), and (m)] over the substrate surface in a setup with the arc magnetic field above the substrate and different modes of the magnetic core: (a)–(c)—planar

magnetron mode; (d)–(f)—planar magnetron with a hollow-cathode structure mode; (k)–(m)—planar magnetron without parts of the core and with a hollow-

cathode structure mode. The evolution of the plasma discharge and distribution of the ion current density along the substrate surface from the narrow peak (c)

to the wide distribution (m) can be observed. Reprinted with permission from Baranov et al.,Mater. Chem. Phys. 188, 143 (2017). Copyright 2017 Elsevier.
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By substituting na with nH in the expression for the con-

dition of the discharge self-sustainment, the I�V character-

istics of the plasma magnetron discharge can be attained.

When operated in the stationary mode, the I�V charac-

teristics of the discharge represent the ion flux, with the dis-

tribution of the ion current along the treatment plane having

Gaussian shape. The total ion current and ion energy are pri-

marily influenced by the magnitude of the magnetic field and

the pressure of the background gas.81 In the cases when the

system is operated in ISS mode, the location of the sputter

trench on the surface of the magnetron cathode defines the

place on which the treated objects should be positioned. The

properties of the magnetic field determine the width of the

sputter track as1

ws � 2 2rceRcð Þ1=2; (11)

where rce is Larmor radius of the magnetized electron, and

Rc is curvature radius of the magnetic field lines near the

cathode in a region of the magnetron discharge [Fig. 9(a)].

Indeed, in the ISS system where the substrates also acts

as an electrode in the plasma-generating circuit, the pressure

within the processing chamber and the properties of the mag-

netic trap, i.e., the curvature radius of the field lines and the

magnitude of the field, are the key controls for the ion fluxes

and critical determinants of the efficacy of the system.

Hence, re-configuration of the structure of the magnetic core

[Fig. 9(k)] and the employment of additions coils can be

effectively used to control the radius of the curvature of the

magnetic field lines.

b. Magnetically enhanced RF discharges. Magnetically

enhanced reactive ion etcher (conventional and gradient

MERIE) or RF magnetron is another modification of the

setup with the control magnetic field located above the

treated substrate. Here, the magnetic field is typically applied

in capacitive discharges to circumvent the disadvantages of

high sheath voltages and consequent low density of ion flux

and high energy of ions at a given power level. The magnetic

field is generated with a set of coils installed around the sub-

strate perimeter. In comparison with common capacitive dis-

charges, generation of plasma with lower sheath voltages,

higher densities, and independent control of both is possible in

these setups. Nevertheless, they suffer from the lack of unifor-

mity of the plasma over the treated substrate, which can give

rise to lateral dc currents within a film growing on the sub-

strate, thereby damaging the film structure. In a similar way,

inductively coupled plasma etch system can be modified, as

shown in Fig. 10.91 It is worth to note that the latter scheme

can also be categorized as an external substrate scheme.

The magnetic field B applied in MERIE results in the

reduction in electron cross field mobility as the magnetic

field increases and produces a decrease in the dc bias that is

becoming more positive. This decrease is accompanied by a

decrease in the energy and an increase in the angular spread

of the ion flux to the substrate.92

The electron flux is described as

ue ¼ eneleE� Derne; (12)

where le and De are the tensor mobility and diffusivity, and

the tensor forms of transport coefficients, A, are derived

from their isotropic values, A0, by

A ¼ A0

a2 þ B2

�
a2 þ B2

r aBz þ BrBH �aBH þ BrBz

�aBz þ BrBH a2 þ B2
H

aBr þ BHBz

�aBH þ BrBz �aBr þ BHBz a2 þ B2
z

0

B

@

1

C

A
;

a ¼ �me

e
; (13)

where � is the electron momentum transfer collision

frequency.

FIG. 10. Schematic diagram of the magnetically enhanced inductively coupled plasma etch system. Magnetic bucket enhances the discharge power by insulat-

ing the plasma from the chamber walls as in a case of the combined treatment by the use of capacitively coupled plasma (CCP) and inductively coupled plasma

(ICP) discharge as in a case of mere CCP plasma (ISS setup), where generation of plasma with lower sheath voltages, higher densities, and independent control

of both, in comparison with common capacitive discharges is possible. Reprinted with permission from Kim et al., IEEE Trans. Plasma Sci. 32, 1362 (2004).

Copyright 2004 IEEE.
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c. RF control of ion flux in CCP discharges. In capaci-

tively coupled plasma (CCP) discharges, RF control of ion

flux can be considered using a two-dimensional electromag-

netic model originally developed by Lieberman et al.,93

where the standing-wave, edge, and skin effects are regarded

as chief causes of treatment non-uniformity. Standing waves

are formed when the electromagnetic waves propagating out-

ward from the radial center to the edge are superposed with

counter propagating waves. The effect of the standing wave

on the plasma density manifests itself as a maximum of

power deposition at the discharge center, the effect becom-

ing increasingly prominent in high frequency and large area

discharges. Although electrostatic edge effects manifested as

a maximum of the RF current at the discharge edges are

inherent to all CCP discharges due to the small physical dis-

tance between the grounded surfaces, i.e., counter-electrode

or deposition reactor walls, and the RF electrode, the contri-

bution to field non-uniformity from electromagnetic edge

effects also need to be considered. The latter arise from the

sudden change in the permittivity when the wave propagat-

ing toward the radial center collides with the radial plasma

edge and gives rise to transitory fields. These evanescent

fields are greatest at the edge of the discharge, which, with

the contribution from electrostatic edge effects, leads to large

field non-uniformities with a maximum of power in the prox-

imity of the discharge edge. At high frequencies, when

plasma densities are suitably high and the skin depth is simi-

lar to the electrode gap, field non-uniformities due to skin

effect become prominent. The non-uniformities arise from

the large induced radial electric field concentrated at the

interface between plasma sheath and bulk plasma, with its

maximum, and thus the maximum of radial currents and

power deposition, in the proximity of the discharge edges.

The individual contributions from these effects to the

field non-uniformity and thus the treatment outcomes have

been confirmed experimentally. For instance, a study of

dependence of etch-rate radial distribution on driving fre-

quency and applied RF power in the dual-frequency CCP by

Sung et al.94 identified standing wave and skin effects as the

chief causes of plasma and thus etch-rate nonuniformities.

Modification of the shape of the electrode has been shown as

an effective means for minimizing the standing wave-related

etch-rate nonuniformity, as shown in Fig. 11, where the

replacement of the flat with the lens- or step-shaped elec-

trode in parallel plate CCP etch reactor notably improved the

uniformity of the etch-rate radial distribution. Indeed, as

shown in Fig. 11(c), where the plasma setup employing flat

electrode has a considerably center-to-edge etch-rate ratios,

these ratios are notably smaller in the corresponding setup

fitted with the stepped electrode.

Perret et al.95 observed that the distribution of the ion

current density in CCP discharges generated over a large

area of 160 cm2 responded to both a change in the driving

frequency and that in the applied RF power, as illustrated in

Fig. 12. It is evident that an increase in the driving frequency

from 13.56MHz to 81.36MHz corresponds to a change in

the shape of ion flux distribution from relatively uniform and

flat to dome-shaped, which peaks at the center of the sub-

strate [Fig. 12(a)]. On the other hand, an increase in RF

power from 50W to 265W leads to a relative increase in the

ion current along the periphery of the discharge, as illus-

trated in Fig. 12(b). For plasma generated at low RF power,

the ion flux approaches maximum near the center of the sub-

strate, the effect being a result of the standing-wave effect.

An increase in the RF power increases electron density of

the plasma, with more intense plasma emerging along the

sides and in the corners of the discharge, possibly attributed

to the contributions from the skin or edge electromagnetic

effects.

Subsequent theoretical study of the distribution of ion

energies and ion fluxes in low-pressure capacitive discharges

within the same frequency range by Peret et al. showed that

the ion energy distribution function was typically repre-

sented by a solitary peak corresponding to the time-averaged

potential of the bulk of the plasma.96 Increasing the driving

frequency of the discharge was associated with the presence

of lower energy ions with higher fluxes. Interestingly, unlike

that for ion flux distribution, the uniformity of ion energy

distribution was not affected by varying the driving fre-

quency, even under conditions generally associated with

high RF voltage distribution nonuniformity due to the pres-

ence of standing waves. This was attributed to the presence

of dc current which radially flows in the plasma and

electrodes.

FIG. 11. (a) Schematic of a dual-frequency capacitively coupled plasma setup. (b) Possible RF electrode configurations include flat, lens-shaped, and stepped

RF electrodes, shown here in the cross-sectional view. (c) SiO2 etch rate obtained with flat and stepped top electrode (at RF frequency of 60MHz). It is evident

that the etch rate depends on the electrode shape and power used to generate the discharge, with the etch rate distribution becoming uniform for stepped elec-

trode under higher discharge power. Reprinted with permission from Sung et al., J. Vac. Sci. Technol. A 30, 061301 (2012). Copyright 2012 AVS.
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At even higher frequency of 100MHz, Volynets et al.97

showed substantial plasma nonuniformity in triode-type CCP

etch reactor when it was operated in the traditional mode.

The nonuniformity was attributed to the presence of electro-

magnetic effects, in particular, the standing wave effect and

the skin effect that become prominent at low and high pow-

ers, respectively. One of the possible means to control the

plasma and ensure its uniformity is by the use of phase-shift

control, whereby very high frequency phase-shifted voltages

are applied to the top and the bottom electrodes. Under these

conditions, the shape of the distribution of ion fluxes can

remain uniform across a broad range of processing working

pressure and applied RF power conditions.98

2. External substrate scheme

In these reactor configurations, the plasma is generated

by the use of an external plasma source, and the substrate is

not a part of the plasma generating circuit. Still, the magnetic

traps can be applied successfully to control the energy and

density of ion fluxes, and the magnetic fields are generated

between the plasma source and the substrate. As such, sepa-

rate control of the ion current density to substrate and ion

energy is possible by the use of PIII&D.

a. Array of ferromagnetic enhanced inductive plasma

sources. One of the key limitations of CCPs operated at the

driving frequency of 13.56MHz lies in the challenge to gen-

erate sufficient plasma densities at low working pressures.

Application of higher RF powers does not lead to a consider-

able enhancement in plasma generation. Rather, the addi-

tional applied energy mainly contributed to ion acceleration.

Among potential solutions, inductively coupled plasma

source enhanced with ferromagnetic cores (FMICP) can be

used to generate high-density, uniformly distributed plasmas

over large-area substrates.99 Further improvements in high

speed, large-area, uniform processing were achieved by

employing arrays of RF couplers fitted with ferromagnetic

cores.100 An example of such a distributed FMICP source is

shown in Fig. 13.

Here, the device consists of an inner and the peripheral

arrays of toroidal couplers, at 6 and 12, respectively, which

are housed in a holder designed to separate the plasma reac-

tor into two sections [Fig. 13(a)], essentially forming two

sub-reactors. The plasma is sustained by plasma current

flowing in the opening of adjoining toroidal couplers. By

controlling the distance between the coupler housing unit

and upper flange, with all couplers in a series, it is possible

to attain plasma distribution with considerable uniformity.

Another approach to obtain similar uniformity of plasma

profile can be attained by flowing distinct currents through

individual arrays from unconnected power sources or from a

single power source using a distributor.

FIG. 12. Distributions of 2D ion flux as a function of driving frequency and RF power at a constant working pressure of 150 mTorr. The standing-wave effect

becomes more evident as the frequency increases from 60MHz to 81.36MHz (a) and as the RF power increases from 50W to 265W at a constant frequency of

60MHz (b). The ion current density distribution responds to an increase in the driving frequency and applied power by changing its shape from uniform to one with

a central dome (a) or enhanced periphery (b), respectively. Reprinted with permission from Appl. Phys. Lett. 83, 243 (2003). Copyright 2012 AIP Publishing LLC.
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b. Array of helicon plasma sources. A different approach

to improve the density and uniformity of plasmas is based on

distributed RF excitations of inductively coupled plasmas by

means of multiple antennas owing to remarkable efficiency

of helical sources.101 Helicon waves belong to bounded

whistler waves, the right-hand circularly polarized electro-

magnetic waves. These waves can be described by the basic

dispersion relation as102

b ¼ x

k

n0el0
B0

: (14)

For an assumed operation mode, the density of plasma

n0 is proportional to magnetic field B0. By employing multi-

ple small sources organized into arrays, it is possible to gen-

erate sufficiently large-area plasmas for processing of large

substrates, whereas the use of permanent magnets signifi-

cantly reduces the complexity of the helicon sources. Figure

14 shows an example of such a design, where an eight-tube

array is used to produce uniform discharge from processing

of substrates with the area of up to 53� 165 cm2.

c. External substrate scheme: Neutral loop configuration

at the plasma generation region. By controlling the diameter

and position of the plasma ring relative to the substrate, it is

possible to realize a time-averaged uniform distribution of a

processing ion flux along a substrate. To achieve this control,

a neutral loop discharge plasma method is used, where three

coils are arranged around a processing chamber.

The top and bottom coils are powered to form a mirror-

type stationary magnetic field, while the middle coil is pow-

ered to generate the magnetic field opposite to that generated

by the top and bottom coils, thus generating the neutral mag-

netic loop.103,104 RF power of 13.56MHz is applied to an

antenna coil wound outside the quartz vessel, and the coil is

concentric with the neutral loop.

Thus, the RF electric field is induced azimuthally to the

neutral loop and generates plasma in the presence of a back-

ground gas. When applying the RF power, a plasma torus is

formed with a radius somewhat smaller than that of the neu-

tral loop. By changing the middle coil current, the plasma

ring radius is controlled (it is reduced as the current

increases). Furthermore, under the bias applied to a substrate

in CF4 neutral loop discharge plasma, the energetic electrons

are attracted to the substrate from the neutral loop, producing

CF3
þ ions in a CF4 neutral loop discharge.105 Figure 15

presents the results of simulations of time-averaged spatial

distribution P(r, z) of the ionization collisions that produce

CF3
þ ions and distribution I(r) of the ion flow on substrate as

a function of the substrate bias. It can be observed that P(r,

z) expands toward the substrate along the downward separa-

trix under the bias.

The bias attracts not only CF3
þ ions during its negative

phase but also energetic electrons during the positive phase.

FIG. 14. Schematic representation (a) and physical appearance of plasma discharge reactor (b); an eight-tube permanent magnet helicon array powered from a

rectangular 50 X transmission line (c).101 This configuration allows for uniform processing of large-area substrates with plasma generated by arrays of small

sources. The relationships between the discharge tube, the magnet, and the RF circuit are pivotal for device performance. Reprinted with permission from

Phys. Plasmas 16, 057102 (2009). Copyright 2009 AIP Publishing LLC.

FIG. 13. Top (a) and side (b) view of

inductively coupled plasma (ICP)

source enhanced with ferromagnetic

cores (FMICP) featuring eighteen dis-

tributed couplers. By driving distinct

currents in individual coupler arrays

from discrete power sources, it is pos-

sible to control ion current radial distri-

bution and thus the shape of plasma.

Reprinted with permission from

Godyak et al., J. Phys. D: Appl. Phys.

46, 283001 (2013). Copyright 2012

IOP.
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The production of CF3
þ ions increases due to electron heat-

ing by the bias. As a result, the region of production of CF3
þ

etchant approaches the substrate.

In the neutral loop discharge, the motion of a collision-

less electron is described as

d~v

dt
¼ � e

m
~E þ~v � ~B
� �

; (15)

where ~v is the electron velocity and ~E and ~B are the electric

and magnetic fields expressed in the form:

~E ¼ ~E0cos xtþ u0ð Þ; ~B ¼ B

L

0

x

0

0

@

1

A; (16)

where x and u0 are the driving frequency and the initial phase;

L is the distance defined as the distance at which the magnetic

field becomes B; the magnetic neutral plane is located at x¼ 0.

Thus, the magnetic field is static, and the electric field is

assumed as perpendicular to the magnetic field.

The average energy that electron gains from the electric

field is given by

e ¼ x20 þ 1

2 x20 � 1
� �

eE0

mLx2

� �2

; (17)

where x ¼ x=L; the energy edepends on the initial position x0
and very large when x0 ! 1.

d. Set of magnetic mirrors along the chamber

walls. Multipole confinement illustrated in Fig. 10 is also

widely applied for control of ion flux in the external substrate

scheme. Set of magnetic mirrors (magnetic bucket) is

FIG. 15. Spatial distribution of dissociative ionization collisions, P(r, z), producing CF3
þ and ion inflow distribution, I(r), on substrate in the absence (left) and

the presence (right) of substrate bias of 100V. The green curves represent the magnetic field lines, the pink curves are separatrices of the quadrupole magnetic

field, and the neutral loop is at the cross point of the separatrices. The bias drives the ion production region from the neutral loop toward the substrate along the

downward separatrix. The ion flow to the substrate spreads and increases under the bias. Reprinted with permission from Asami et al., IEEE Trans. Plasma

Sci. 42, 2540 (2014). Copyright 2014 IEEE.
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arranged along the vacuum chamber walls, which allows for

the insulation of the plasma discharge from the walls of the

reactor. This decreases the plasma loss and enhances the

density of plasmas and that of the ion current to the substrate.

Figure 16(a) shows an example of such setup for the

enhancement of the power of the plasma, where RF inducted

plasma is enhanced by the multipole confinement.106 Figure

16(b) shows an inductive discharge system where, in addi-

tion to the enhancement of the discharge power, the plasma

losses to a vacuum chamber walls are minimized using a

combination of permanent magnets and external Helmholtz

type electromagnetic coils, which are located outside the dis-

charge reactor.107 In this setup, the axial magnetic field is

adjusted so the plasma is weakly magnetized. A grounded

grid is inserted to separate the processing chamber into two

parts, a plasma diffusion region (above the grid) and an ion

extraction region (below the grid). A positive grid bias up to

70V is applied to the grid, and it is observed that the plasma

ion density increases with the bias voltage when no magnetic

field is applied. Hence, a positive grid bias voltage enhances

the plasma discharge in unmagnetized plasma. When an

external magnetic field is applied, the plasma ion density

decreases with the bias voltage less than 30V and then

increases at the bias larger than 30V. The plasma density

decreases by 3 times at the minimum bias of 30V.

It is suggested that as the plasma density decreases, the

electrons are drawn from the plasma along the magnetic field

to the grid and ions are rapidly repelled toward the chamber

wall. As the potential increases, the potential difference

between the anode grid and the plasma cathode may exceed

the ionization potential of the background gas. Under these

conditions, the glow discharge is formed, contributing to the

increase in the plasma density. Thus, the plasma ion density

can be adjusted with no change in the source plasma flux.

Yet, the distribution of the ion current along the substrate is

not affected in this schematic. For the multipole

confinement, in a case when a is the distance between the

magnets that is much larger than a width w of the magnet,

the magnetic field midway between the magnets (x¼ 0, 6d,

…) is zero at the substrate surface (y¼ 0) and rises to a max-

imum above the chamber walls at y¼ 0.28d:3

Bm ¼ p2

8

w2

a2
B0; (18)

and then decays exponentially with y.

To describe the fraction floss of plasma that is lost

through the magnetic cusps arranged along the chamber of

radius R

floss ¼
wleak

a
; (19)

the effective leak width wleak is used that is described for

very low pressure

wleak � 4 rcercið Þ1=2 (20)

and

wleak �
2a

p

rcerci

keki

� �1=2

; (21)

for intermediate pressure, where rce and rci are Larmour radii

of the electron and ion near the wall at the cusp location and

ke and ki are the electron and ion mean free paths.

e. Multi-slot antenna and external magnetic field to control

microwave plasma. Yasaka et al. proposed a multi-slotted

planar antenna as a means to produce highly uniformly dis-

tributed microwave plasma discharges (Fig. 17),108–110

where the antenna ensures uniform radiation, and the plasma

is not influenced by eigenmode structures of surface waves.

This provides an avenue for controlling the radial

FIG. 16. Magnetic multipole confinement (magnetic bucket) in technological setups with the external substrate scheme: RF inducted plasma with multipole

confinement to obtain the enhanced discharge power (a) and permanent magnets with external Helmholtz type electromagnetic coils outside the discharge

chamber for the inductive discharge (b). The latter scheme allows controlling the density of ion current extracted from the plasma to the substrate, the latter

being a grid: the electrons are drawn from the plasma along the magnetic field to the grid and ions are rapidly repelled toward the chamber wall at the positive

bias increase up to 30V, thus decreasing the plasma density; further increases in the potential lead to a glow discharge and associated increase in the plasma

density.
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distribution of the ion saturation current by changing the dis-

tribution of the power radiation and by changing the vertical

position of the antenna. Thus-produced discharge can be

used to effectively and uniformly treat the substrate of

�700 cm2.

In electron cyclotron resonance (ECR) plasma generated

by applying an external magnetic field to the volume into

which microwaves are injected, with the frequency of micro-

waves corresponding to the electron cyclotron resonance

defined by the magnetic field, the resonant region is defined

by the applied magnetic field rather than by microwave

reflections. This enables the generation of large-area, spa-

tially uniform plasmas, where an increase in the magnitude

of the magnetic field is associated with the increase in full

width at half maximum (FWHM) of the plasma density spa-

tial distribution.111 Figure 17(c) shows an example of thus-

generated large-area ECR plasma produced with 2.45GHz

microwaves controlled by a multi-slot antenna and a TE01

mode microwave converter.

f. Open drift configuration: Magnetic mirror at the plasma

generation region. When a magnetic mirror is arranged at the

plasma generation region, the resulting magnetic field con-

figuration facilitates the expansion of the plasma opposite to

the magnetic field gradient [Fig. 18(a)].112 In addition, mag-

netic coils can be arranged to pass the plasma through the

inner diameter of the coils, thereby filtering the plasma and

directing it to a particular area of a substrate [Fig. 18(b)].113

A number of configurations were developed, some of

which are illustrated in Fig. 19. Unbalanced magnetrons,

where the inner magnet is weaker compared with the outer

magnet of the magnetron, have been proposed as an effective

means to increase the density of the current of metal ions

from the plasma generation region to the substrate [Fig.

19(a)]. Figure 19(b) shows a high power impulse magnetron

sputtering (HIPIMS) system, where a magnetic coil is

located in front of the target.21 Figure 19(c) shows a setup,

where a twist filter is responsible for the direction of the ion

flux towards selected areas of the substrate in the vacuum arc

deposition.114 Here, the mechanical handling of the filter is

used, which increases the complexity of this setup. Figure

18(b) shows the formation of the plasma lens created

between a magnetron and a substrate, which has been dem-

onstrated to effectively control the ion-to-neutral aspect ratio

and thus the properties of the deposited thin film.43 In an

attempt to facilitate the deposition of uniform coatings over

larger substrate areas, a plasma source incorporating a set of

deflecting coils have been proposed [Fig. 19(d)].115 Yet, this

setup has limited utility for the production of focused ion

fluxes directed toward a particular area of a substrate.

Uniform plasma treatment was also obtained by use of the

magnetic field bucket schematic shown in Fig. 19(e).116

Here, a magnetic field similar to that of permanent multipole

magnetic homogenizers is produced by putting a current

through wires located on the inner wall of a cylindrical sup-

port structure.

FIG. 18. Plasma expansion from a

cathode of a vacuum arc source, where

a guiding magnetic field is generated

by the use of a coil mounted on a tubu-

lar plasma duct (a) (original photo by

the authors) and plasma lens placed

between (right) magnetron and (left)

substrate, where the guiding magnetic

field is generated by the use of an open

filter configuration (b). Reprinted with

permission from Anders et al., IEEE

Trans. Plasma Sci. 36, 2528 (2011).

Copyright 2011 IEEE.

FIG. 17. (a) Schematic representation of a microwave plasma reactor. (b) The uniformity of the plasma is controlled by a segmented multi-slot planar antenna

featuring inner and outer coaxial feeders. Reprinted with permission from Yasaka et al., AIP Adv. 3, 122102 (2013). Copyright 2013 Authors, licensed under a

Creative Commons Attribution 3.0 Unported License. By tuning power outputs of two microwave sources, it is possible to dynamically control the power

absorption profile over large-area substrate (d¼ 300mm, in this example). In the antenna, the space above the slot plate is separated into two radial sections,

with a double coaxial feeder used to alter the balance of powers between the inner and outer sections, and thus control the radial distribution of radiation and

plasma density. (c) An example of a large diameter ECR plasma setup.
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Thus-produced current-driven plasma homogenizer

above the deposition plane enhances the uniformity of the

radial density profile of vacuum arc metal plasma. These are

just several examples of setups that can be used to control

the plasma fluxes in a specific way. Yet, a flexible control

that allows for selective generation of both wide and focused

ion beams within the same setup is not possible with this

approach, since the arrangement of the set of the magnetic

coils defines the plasma configuration.

In contrast, the use of a set of magnetic mirrors allows

for the flexible control of the plasma fluxes, as was demon-

strated in the dual magnetron deposition setup shown in Fig.

20.117 Here, when a magnetic bottle configuration is

generated between the powered coils of the magnetron,

plasma is located in the magnetic trap. However, if the mag-

netic cusp is formed between the magnetron, plasma is

directed toward the substrate.

g. Systems incorporating two magnetic mirrors with per-

pendicular axes. The interaction of the magnetic mirrors sim-

ilar to that shown in Fig. 20 has been investigated as a mean

to control the shape of the discharge. Here, we describe a

system that incorporates one set of the magnetic mirror-

forming coils located in the plasma generation region (vac-

uum arc source), while another set of coils is placed under

the substrate. In the simplest scenario, a single coil under the

FIG. 19. Open drift configuration with a magnetic mirror in the plasma generation region: use of external magnetic coil to control confinement power in an

unbalanced magnetron setup (a); same for the high power impulse magnetron source (b); twist open filter to remove microparticles from an arc discharge

plasma (c); deflecting coils on a plasma duct to create time-averaged wide uniform distribution of the ion current density along the substrate surface (d); mag-

netic bucket above the substrate to make a more uniform distribution (e).

FIG. 20. Images of the plasma discharge generated in the dual magnetron system operated in a bipolar mode at repetition frequency of pulses 100 kHz, dis-

charge current 0.5A in nitrogen at pressure 0.5 Pa. (a) Closed magnetic field and (b) mirror magnetic field. By controlling the powering of the magnetic coils,

it is possible to generate denser plasma in a magnetic bottle (a) or to direct the plasma flux toward the substrate by the use of magnetic cusp between the pow-

ered coils (b). Reprinted with permission from Musil et al., RSC Adv. 5, 60482 (2015). Copyright 2015 RSC.
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substrate is used. Figure 21 shows one such configuration,

where a magnetic mirror generated by the coil under the sub-

strate is aligned transverse relative to the magnetic mirror in

the arc source.118

Plasma discharge that was generated around the spheri-

cal target had plasma density of about 1017m�3. The ion

deflection along the magnetic field was enabled by the mag-

netized electrons compensating the space charge of the ion

flux. The impact ionization of the background gas was facili-

tated by the electrons confined along the length of the plasma

stream. At a pressure of or above 0.1 Pa, the target current

was affected by the orientation of the magnetic field relative

with respect to the plasma flux. These observations may pro-

vide valuable insight into the processes of plasma transport

via the curved ducts, and the mechanisms that govern the

interactions between plasmas and complex 3D objects.

The electron behavior within the plasma stream gener-

ated in Fig. 21 was examined to gain better understanding of

the observed phenomena.

The magnetic field forces electrons to circulate along

the magnetic lines, moving along the plasma stream.

Concurrently, the transversal electrical field facilitates the

diffusion of electrons to the stream periphery, forcing them

toward the walls of the plasma reactor across the magnetic

field. Furthermore, the drift motion of electrons, where they

move across the plasma stream axis and across the transver-

sal electrical field, also takes place. The latter motion facili-

tates the transport of electrons around the stream axis;

however, its contribution is limited, whereas the electron

motion to the walls of the deposition reactor enables the loss

of the electrons from the plasma stream. Given that the

mobility of electrons along the magnetic field is far greater

than that across the field, the escape of electrons may be

accompanied by oscillations along the length of the plasma

stream. It is possible to quantify the electron movements

along the plasma stream as

gc ¼ 1þ -2ð ÞEp

Et

D

l
; (22)

where Et and Ep are the electrical field across and along the

stream, D is the stream thickness, and l is the distance along

the plasma stream.

h. Magnetic mirror under substrate in line with magnetic

mirror at the plasma generation region: Coaxial arrangement

of electromagnets. A configuration depicted in Fig. 22, where

the coil is mounted under the substrate transverse with a coil

near the plasma source, enables the transition of the initial

Gaussian distribution of the ion current density to a complex

three-peaked distribution. When the coil under substrate is

arranged coaxially with the coil of the plasma source, focus-

ing of the ion current to the substrate center is possible. This

scheme has been successfully integrated into a setup with the

unbalanced magnetron.22 Further modifications may include

the use of an additional coil mounted under the substrate

coupled with a mechanical attenuator.119

Two possible configurations can be obtained in a space

between the powered coils:

(a) magnetic bottle when the coils are switched in-line,

thus allowing focusing of the plasma to the substrate

and controlling the ion-to-neutral aspect ratio.

Particular disadvantage of the bottle configuration is its

influence on the discharge parameters due to a reduc-

tion in the plasma electron mobility;

(b) magnetic cusp (circle mirror) when the coils are

switched in an opposite manner, thus allowing filtering

and directing of the plasma in a radial direction

through the cusp. Ion loss through the magnetic mirrors

can be considered as a disadvantage of this configura-

tion when it is applied to focus the ion flux to the

substrate.

As shown experimentally, when the substrate is proc-

essed by an ion flow in the presence of a neutral component

of the plasma, the conditions of the surface layer formation

strongly depend on the ratio ain of the ion flow to the neutral

flow, thus allowing to obtain qualitatively new characteris-

tics of the surface.120,121 When combining different plasma

sources, it has been shown that the control of the ion current

is possible. In the hybrid plasma setup, which combines the

arc and planar magnetron, it is possible to produce a domain

of dense plasmas with a narrow ion beam directed to a par-

ticular area of the substrate. An image of the magnetron dis-

charge at the gas pressure of 0.5 Pa is shown in Fig. 22(a).

The discharge has a ring structure conditioned by the arc-

shaped magnetic trap for the electrons. Figure 22(b) shows

the plasma structure produced by the arc source, when the

planar magnetron is not operating (i.e., the magnetron dis-

charge was not ignited, but the magnetic field of the magne-

tron was present). When both sources operate and the

magnetic field of the magnetron is directed in-line with the

field of the arc source, a bottle configuration of a magnetic

FIG. 21. An image of the arc plasma split into two streams at the duct exit

and spherical target (left panel). Two magnetic lines are used to confine the

plasma as it left the duct: an “external” magnetic line intersecting the duct

shell, and “internal” line that intersects the duct axis at the duct exit plane.

In the region between these lines, the plasma-generated elections are magne-

tized, and then obey the configuration of the magnetic field. This produces

defined upper and lower plasma streams. The measured plasma density

approaches 2� 1017m�3and 2� 1016m�3 in the proximity of the target sur-

face and at the plasma duct exit, respectively. Magnetized electrons compen-

sate the space charge of the ion flux, enabling the deflection of ions along

the lines of the magnetic field. The electrons are confined along the stream

length, providing impact ionization of the background gas. Structure of the

spherical target is illustrated at the right panel. Reprinted with permission

from Levchenko et al., IEEE Trans. Plasma Sci. 32, 2139 (2004). Copyright

2004 IEEE.
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trap is formed between the arc source and the substrate. A

domain with the excess of the plasma electrons over the ions

is generated in the magnetic trap.

The ions are affected by a self-consistent electric field,

and the plasma flow is focused to a narrow area located right

above the magnetic pole of the magnetron, with the ratio ain
of 1. Increasing the gas pressure to 0.5 Pa changes the config-

uration of the plasma, as shown in Fig. 22(c). This change is

attributed to the formation of another domain with the elec-

tron excess—in the region of the arc-shaped magnetic trap of

the magnetron. The domain is formed by the bulk electrons,

which are generated through the ionization of the residual

gas by the secondary electrons emitted from the substrate. In

this case, the ion flow is directed toward the magnetron trap,

while ain¼ 0.02. At the intermediate pressures, the focusing

of the ion flow at a fixed level of the gas pressure is possible.

The discharge structure for the pressure of 0.1 Pa (ain¼ 0.1)

is shown in Fig. 22(d), schematic of the setup is shown in

Fig. 22(e), and the measured distribution of the ion current

over the substrate is shown in Fig. 22(f). The parameter ain
was estimated by the technique described in detail

elsewhere.46

i. Systems incorporating two complex magnetic mirrors

with parallel axes. The configuration discussed in Sec.

II C 2 h can be used to obtain a small set of possible distribu-

tions of the ion current density along a substrate, thus limit-

ing a flexible control of the ion fluxes. To overcome this

limitation, a set of coils with axes parallel to the axes of

plasma-generated magnetic system can be installed under the

substrate.122 The feasibility of this approach is illustrated in

Fig. 23, where the plasma flow is effectively controlled by

changes in coil configuration.

In comparison with the initial shape of the discharge

illustrated in Fig. 23(a), Fig. 23(b) shows the formation of

the plasma jet that preferentially targets the periphery of the

substrate under which the corresponding magnetic coil is

housed. Whereas, in Fig. 23(c), the vacuum arc plasma dis-

charge is focused at the central zone of the substrate, with

the configuration obtained without changes to the operation

mode of the source. In Fig. 23(d), distributed plasma flux

lacking a single focus is produced and is directed toward the

periphery of the substrate, below which the opposite pow-

ered coils are located. The probe measurements confirm the

resultant change in the ion current density distribution from

the Gaussian-like to the horseshoe-shaped or the complex

multi-peaked distributions.80 The properties of the thin films

fabricated under different plasma modes showed their depen-

dence on the use of the additional coils.123

By locating the magnetic coils in the close proximity to

each other and powering them in line with the coils near the

plasma source, it possible to generate two magnetic bottles

within the chamber volume. This leads to the splitting of the

plasma stream generated into the arc discharge into three dis-

tinct streams emanating from the substrate [Fig. 24(a)].71

Here, the magnetic cusp which forms between the coils con-

trols the narrow plane-shaped plasma stream, whereas the

magnetic poles of the coils located under the substrate gov-

ern the behavior of the two side plasma streams. Thus-

obtained configuration of the resultant magnetic field is

FIG. 22. Plasmas attained using different configurations of the magnetic traps. (a) Ring-shaped magnetron discharge generated in the arc-shaped magnetic

trap. (b) Powerful jet generated by the bottle-shaped magnetic trap between the arc and the magnetron sources at a gas pressure of 0.02 Pa. (c) Tube-shaped

plasma jet directed from the bottle trap to the arc-shaped trap. (d) Powerful jet with controlled ion-to-neutral flux ratio. (e) Schematic of the setup (rotated

counterclockwise by 90� relative to the discharge photos). (f) 3D visualization of the measured distribution of the ion current over the substrate for the configu-

ration in (d). Reprinted with permission from Baranov et al., IEEE Trans. Plasma Sci. 42, 2518 (2014). Copyright 2014 IEEE.

041302-21 Baranov et al. Appl. Phys. Rev. 4, 041302 (2017)



suitable for the plasma focusing to the area located between

the coils, with a strongly time-averaged focused ion beam

obtained for a rotating disk-shaped substrate.

As discussed earlier, powering of a single coil results in

the formation of a single powerful jet, which can be sus-

tained and effectively deflected to the magnetic pole of the

powered coil. As the background gas pressure increases, the

focusing becomes less clearly defined, as shown in Fig.

24(b), and then virtually disappears at a pressure of 1 Pa.124

In the case when one coil is powered in line with the coils

near the plasma source, while another one is powered oppo-

sitely, the resulting magnetic field protects the central part of

the substrate from the plasma penetration, since the plasma

is effectively transported toward the peripheral areas of the

substrate. Indeed, with the use of auxiliary under-substrate

magnetic coils, it is possible to selectively isolate the areas

of treatment and material deposition. Figure 24(d) shows the

distribution of the material density across the surface of the

FIG. 24. Formation of complex arc

discharge plasma stream patterns under

two configurations of the magnetic coil

system. (a) Plasma stream is split into

three streams attached to the substrate.

(b) A single powerful stream is sus-

tained and effectively deflected to the

periphery of the substrate. (c)

Schematic of the arc discharge setup.

(d) Representative 3D visualization of

the density of material deposited on

the surface of the substrate under two-

stream plasma.(e) Calculated topogra-

phy of the magnetic field for the setup

shown in (c). Reprinted with permis-

sion from Baranov et al., IEEE Trans.

Plasma Sci. 42, 2464 (2014).

Copyright 2014 IEEE.

FIG. 23. Images of possible plasma

structures obtained using vacuum arc

plasma source under different configu-

rations of the magnetic field: only coil

of the plasma source is powered (a);

coil of the plasma source and right coil

under the substrate are powered in-line

to form a magnetic bottle between

them (b); each of the coils under the

substrate is powered in-line with the

coil of the plasma source (c); right coil

under the substrate is powered in-line

with the coil of the plasma source

while the left coil is powered opposite

to form a cusp configuration between

the left coil and the coil of the plasma

source, magnetic bottle is formed

between the poles of the left and right

coils to prevent the plasma penetration

to the substrate center (d). Reprinted

with permission from J. Appl. Phys.

112, 073302 (2012). Copyright 2012

AIP Publishing LLC.

041302-22 Baranov et al. Appl. Phys. Rev. 4, 041302 (2017)



substrate under two-stream configuration. Figure 24(e)

shows a corresponding topography of the magnetic field cal-

culated for the setup shown in Fig. 24(c).

Industrial plasma setups typically employ both the arc

and bottle configurations of the magnetic field, the choice

being governed by the demands and limitations of specific

technological process. In application where etching, modifi-

cation, or heating of the surface layers by gas ions is

required, such as for surface cleaning or preparation for sub-

sequent film deposition, the arc configuration is most appro-

priate. On the other hand, while the bottle configuration in

conjunction with PIII&D can be used for similar processes,

it is also suited for the metal and gas ion-based synthesis of

micro- and nano-structures.

When the system is operated in ESS mode discussed in

detail in Sec. II C 2 f, bottle-shaped magnetic fields can be

used to trap plasma electrons and govern the movement of

ion fluxes generated by an external plasma source.122 To

enable effective injection of the plasma-generated species

into the traps, the magnetic mirrors of the traps should be

placed in the proximity of the plasma source, whereas for the

best control over the ion fluxes to the surface of the substrate,

they should also be located above the target substrate.

Practically, this can be achieved by mounting the electro-

magnetic coil near the inlet of processing reactor, between

the plasma source and the reactor. Furthermore, a set of mag-

netic coils should also be located under the substrate to con-

trol the shape of thus-generated magnetic field (see Fig. 24).

The shape of the field will govern the formation and dis-

tribution of negative space charge regions in the plasma.122

In Secs. II C 2 f–II C 2 h, the formation of bottle and cusped

magnetic fields and ensuing formation of the magnetic traps

for the plasma electrons have been discussed.125 It is impor-

tant to stress that unlike the electrons, ions are not confined

by these magnetic fields, which leads to high electron density

and consequently negative electric space charge within the

traps. Thus-produced negative space charge influences the

behavior of plasma-generated ions as they enter the process-

ing chamber from the plasma duct. Therefore, although the

magnetic trap itself does not affect the kinetic energy Eion0

of the ions as they traverse the trap, their motion is affected

by the negative space charge from the accumulated elec-

trons. The resultant changes in the ion motion can be

described using a theoretical approach of plasma optics.126

The approach views the traps as charged volumes of spheri-

cal geometry, with the relationships between the radius of

the sphere and the electric potential described as u(r)¼Ar2,

where A is a constant. With the ions viewed as particles in a

central field, their motion is then defined by a series of

motion equations.122,127

The electrons are assumed to be distributed uniformly

within the volume of the magnetic trap, with the electron

density being independent from the radius of the sphere.

Considering this assumption, an excess of electrons to ions

of approximately 10�5 would result in the formation of an

electric field of the strength (up to 500V/m) sufficient to

have a significant effect on the trajectories of ions as they

traverse the volume of the traps, and their distribution over

the surface of the substrate.122

Since the shape and the magnitude of the resultant mag-

netic trap will be affected by the arrangement of coils used

to generate individual magnetic fields, e.g., those located

underneath the substrate and in between the plasma source

and the inlet of the reactor, application of the power to these

magnetic coils presents an important means for the control

over the treatment process. Indeed, given the significance of

self-consistent electric fields formed within magnetic traps

by magnetized plasma electrons in controlling the motion of

ions as they traverse the traps and are directed towards the

substrate, such a method of control over the gas and metal

ion fluxes and their interaction with the large-area surfaces at

distinct stages of ion treatment can bring significant benefits.

The ability to sequentially alter the shape of the plasma

and thus the distribution of the ion fluxes over the surface of

the substrate by magnetic field is particularly attractive.

Thus-produced time-averaged ion flux distribution is the

result of the superposition of the individual distributions, the

statistical weights of which are derived from the relative

duration of the plasma treatment under each magnetic field

configuration. Considering the shape of these individual dis-

tributions of the ion fluxes to be Gaussian-type, the time-

averaged distribution can be defined by the expression:
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where tR is the total time of the substrate processing; ti is the

time of the plasma exposition to the ith configuration of the

magnetic field; J0ij, x0ij, y0ij, Dxij, and Dyij are the parameters

of a distribution of j-component of i-distribution.

The range of these individual distributions in Eq. (23)

can be extended by considering the effects of the control

magnetic fields on the properties of the plasma, and move-

ments of the magnetic field in relation to the plasma.80,122

The flexibility of the system partially discussed in Secs.

II C 2 f–II C 2 h, is illustrated by the experiment, where it was

used for the entire fabrication process, from substrate prepa-

ration, to synthesis of wear-resistant thin films on the surfa-

ces of cutting tools. Figure 25 shows possible operation

modes that can be attained using this experimental setup.

Briefly, for the substrate preparation, namely, surface clean-

ing, chemical functionalization, and production of the under-

layer, the ISS mode is used. For the formation of the transi-

tion layer and synthesis of the coating, ESS with metal

plasma of the vacuum arc source is used. At a low gas pres-

sure, dense, fully ionized plasma discharge is generated by

the vacuum arc plasma source. For the characteristic opera-

tion mode, under these conditions the confinement of plasma

electrons due to the effect of the background gas is insignifi-

cant and can be ignored. Operating in ISS mode, the ion

fluxes can be effectively controlled by the closed drift of

electrons, which are confined by the presence of the arc-

shaped magnetic field above the substrate.80 The magnetic

field was produced by cylindrical electromagnet. To provide

for addition flexibility, the inner and outer sections of the

magnetic core were detachable.
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As the substrate, a thin, stainless steel hollow-cathode

structure was affixed to the rotating table above the said

cylindrical electromagnet to tie the magnetic field lines to

the surface of the substrate, which was negatively biased

with respect to the grounded walls of the plasma reactor.

This solution allowed for the guaranteed ignition of the mag-

netron discharge in the proximity of the substrate. Under ISS

mode, the substrate performed the role of a cathode in the

plasma-generating circuit.

When operated in ESS configuration, bottle-type mag-

netic traps were produced with the aim to govern the ion

fluxes generated by the vacuum arc plasma source to the sur-

face of the substrate. The plasma source consisted of the Ti

cathode and an anode. The stream of plasma was directed

toward the surface of the substrate by means of the magnetic

field, which reached Bg¼ 0.016 T at the center of the guiding

coil. The anode, onto which the guiding coil was affixed,

performed the function of a plasma duct, whereas the

FIG. 25. Possible operation modes of a system, which uses under-substrate magnetic mirrors and a magnetic mirror at a plasma generation region to control

ion fluxes. The left panel illustrates possible operation modes for the ISS, where the shape of the plasma discharge is controlled by (a) the magnetic core con-

figuration, (b) the addition of the hollow-cathode structure, and (c) powering of the central coil. Alterations to the arrangement of the magnetic core leads to

the increase in the radius of the magnetic field lines, thereby affected the width of the ion flux distribution over the substrate. The hollow-cathode structure

guarantees the discharge ignition by enabling the contact between the magnetic field lines to the biased surface. The strength of the magnetic field and the

power of the plasma discharge are related to the power supplied to the central magnetic coil. The right panel illustrates possible operation modes for the ESS.

Here, the shape of the plasma is governed by (d) altering the spatial arrangement of the control magnetic coils located under the substrate, and (e) and (f) by

powering of the set of the control coils (installed at the inlet of vacuum chamber between the plasma source and the chamber and under the substrate). The

characteristics of the magnetic field that result from the superimposition of the individual magnetic fields are determined by the strength and direction of the

latter. Therefore, the manner in which these coils are powered provides an effective means for the control of the magnetic field configuration. The central panel

shows schematic of the experimental setup. The bottom panel also shows operation modes for the external substrate scheme where plasma is controlled by (g)

changing the resulting magnetic field to a bottle configuration between the in-line powered coils, thus allowing focusing the plasma flux with a purpose of con-

trolling ion-to-neutral ratio,22 and (h) changing the resulting magnetic field to a cusp configuration between the opposite powered coils, thus allowing focusing

the plasma flux with a purpose of deposition of the filtered ion flux to a side surfaces of the substrate.115
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guiding coil located between the plasma source and the inlet

of the processing reactor formed a part of the magnetic con-

trol system. The substrate was located in a way that its center

was aligned with the axis of symmetry of the duct. The dis-

tribution of the plasma current density along the x and y axes

of the surface of the substrate was obtained using a planar

probe.128–130

When used for TiN deposition, this system was operated

in the ISS closed drift configuration at the plasma generation

region (Sec. II C 1) in combination with electrostatic confine-

ment based on a hollow cathode scheme (Sec. II B 1) for the

operations of ion cleaning and substrate heating, whereas the

ESS with a set of magnetic mirrors under substrate and mag-

netic mirror at a plasma generation region was used for the

deposition (Secs. II C 2 f, II C h, and II C 2 i).

III. PRACTICAL EXAMPLES: APPLICATION FOR
MICRO- AND NANOSYNTHESIS

In Sec. II, the effect of the magnetic field on the energy

and motion of charged species have been considered. In this

section, a select number of cases will be examined to explore

the effects of the ion energy and ion flux on the structure and

characteristics of the thin films synthesized using the afore-

mentioned plasma systems. Indeed, it is well-known that the

properties of the materials fabricated using plasmas under

low ion energy and strong ion fluxes and those produced

under high ion energy131,132 but low ion flux30,133 are likely

to be quite dissimilar. Given that the ion current is affected

by the process temperature, the latter will also have a pro-

found effect on the characteristics of the thin films.134,135 By

manipulating the ion current density, it is possible to produce

films with uniform properties across the entire sub-

strate,18,136 as well as thin film structures in which the char-

acteristics are varied across distinct areas of the

substrate.135,137,138 Even though structure zone diagrams

may provide useful quantitative insight into to the effect of

ion current density on the resultant characteristics of the

treated surface, they are unable to adequately account for all

aspects of the behavior of the material. One of the key com-

plexities arise from the fact that most systems present a

unique combination of a substrate, deposit, and processing

conditions that can differ in a variety of ways, and it is there-

fore impossible to devise a SZD that would be able to accu-

rately predict the experimental outcomes.

Let us now consider the first example of the plasma sys-

tem where magnetic field is used to control the ion fluxes.

The magnetron–ICP system comprises a steel processing

reactor (V� 0.25 m3). The temperature of the substrate hol-

der can be controlled using an in-built heating/cooling sys-

tem. The plasma is externally generated using an RF coil

mounted over the glass cylinder (d¼ 120mm and

h¼ 250mm), which is turn joined to the top metal lid of the

processing reactor. Magnetic field is generated using two

cylindrical magnetrons fitted with several metal targets. The

gas is delivered into the processing chamber by means of a

gas supply system, which allows for the control of the flow

rates of the processing gases and their mixtures. Vacuum

pump is used to lower the base pressure, monitored using

Penning and Pirani gauges. To maximize the transfer of the

energy from the RF generator to the plasma source, a match-

ing capacitance L-type network is used. The RF generator

has a maximum power output of 1 kW (28MHz). The mag-

netrons can be used individually or in conjunction with the

RF plasma-generating system. Figure 26 shows an image of

the plasma discharge produced by a single operating magne-

tron (located on the left side of the image) and the RF source

(at the top).139

The types of nanostructures that can be produced within

this flexible system are diverse. For instance, in a mixture of

Ar, H2, and N2 at 1000W, nanostructures produced within

this system on the p-type B-doped Si substrate are tree-like,

as shown in Figs. 26(a) and 26(b).The synthesis was rapid,

taking only 15min, and did not require the use of the exter-

nal heating, as the plasma-generated heating was sufficient

to elevate the temperature of the substrate to 600 �C. The
flux rates were kept at 20:10:2 cm3 m�1 for Ar:H2:N2, and

the substrate was kept under the bias of�150V. Under

microwave plasma conditions when the magnetrons are not

used, the nano-flowers of multiwall carbon nanotubes were

synthesized on the surfaces of Si (100) wafers, their structure

shown in Fig. 26(c). As a processing gas, a mixture of CH4

carbon precursor and N2plasma-generating gases was used,

with proportion of CH4 varied from 10% to 80%. The depo-

sition pressure was kept at 20 torr, and the synthesis was per-

formed in the absence of external heating, as plasma-

generated heating effects were sufficient to maintain the tem-

perature of the surface at 700–800 �C. The synthesis was

rapid, at 5min, producing vertically oriented, several lm-

long carbon nanotubes arranged in the clusters with the high

surface density of �250 CNT/lm2. Slightly longer process-

ing (of 30min) was required to produce ZnO nano-belts

[shown in Fig. 26(d)] from the Zn powder using an Ar/O2

gas mixture. The respective ion fluxes of Ar and O2 were

kept at 50 and 14 cm3 m�1, the substrate temperature reached

800 �C, and the gas pressure was maintained at 40 mbar.

Structures produced by this advanced low-temperature

plasma system include a variety of surface-bound metallic,

oxide, and carbon nano-structures, e.g., vertically oriented

graphene nano-flakes and carbon nanotube forests, which are

needed for the advancement of nano-scale electronic,

mechanic, medical, and energy devices.140 For many of these

devices, high quality, uniform treatment, and deposition over

substrates with large surface areas are necessary. This can be

easily achieved in this system by de-focusing the plasma

over the entire surface of the substrate. However, it must be

noted that the average current density in the de-focused plas-

mas is relatively low, which may negatively affect the qual-

ity and subsequently performance of thus-produced

materials. On the other hand, generation of focused beams of

plasma can deliver high-density ion fluxes to the specific

areas of substrate, facilitating rapid synthesis of high-quality

thin films and nanostructures and enabling processing of

multiple wafers within a single process cycle. Yet, thus-

focused beams have significantly smaller area that can

receive treatment at any moment in time. Therefore, for

industrial applications, there is a need to optimize the
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process to maximize both the ion current density and the

processing area.

Let us consider an example, where vacuum arc deposi-

tion of TiN thin films on the surfaces of cutting tool inserts is

optimized to produce dense, defect-free coatings by control-

ling the ion current density (Fig. 27). Plasma discharge was

generated by applying dc arc current Ia¼ 100A between the

cathode and the grounded anode.

Magnetic field produced by focusing coils (Bf¼ 0.03 T)

was employed to maintain the cathode spots on the surface

of the cathode, whereas guiding magnetic field

(Bg¼ 0.016 T) directed the plasma stream toward the treated

substrate (r¼ 200mm and d¼ 8mm), which was kept at a

negative potential of �200V with respect to the grounded

reactor walls. The deposition was performed in N atmo-

sphere at 0.1 Pa for 30min.

Plasma-cleaned and pre-heated cutting tool inserts were

arranged at points r¼ 0, 40, 70, 100, 130, and 160mm on

the substrate surface. Once deposited, the coatings under-

went rigorous testing, e.g., by using coated tools for lathe

machining of very hard and strong AISI 431 steel used in

many important industrial applications.141 The tools were

then evaluated for wear, assuming the critical wear criterion

to be 0.4mm.45

To understand the relationship between the ion current

and the wear resistance of thus-produced coating, a planar

probe was used to collect the distribution of ion current Ji(r),

the latter having a Gaussian-type shape, with r being the

coordinate corresponding to the location of the samples of

the substrate surface. The radial distribution of Ji(r) was

found to be significantly non-uniform. Similar approach was

used to approximate the distribution of the measured film

thickness hc(r), which was also strongly non-uniform. It is

interesting to note that 2.1-time decrease in Ji led to a 1.8-

time reduction in the film thickness, indicating a continuing

departure between the Ji(r) and hc(r) dependencies on radius

r45 and non-linear dependence of hc(r) on Ji(r).

Visual examination of TiN films shows significant dif-

ferences in the wear behavior of films deposited at different

points on the substrate surface in response to polishing (Fig.

27), with the quality of the film decreasing for samples fur-

ther away from the center of the substrate. Films fabricated

at r¼ 130 nm show clear evidence of porosity and polishing-

induced damage, whereas the film deposited at r> 130 nm

shows signs of failure and delamination form the surface of

the tool. Further examination of the latter coating shows its

highly porous morphology, characterized by columns with

d¼ 200� 400 nm. Porosity of the film was quantitatively

estimated by comparing the predicted and real dependence

of the thickness on the ion current density, assuming linear

dependence in the former case.45 It was found that the coat-

ings fabricated at Ji	 30–32A/m2 had porosity of<6% and

sufficient wear resistance for cutting applications. However,

since higher porosity may be desired for such applications as

FIG. 26. Some of the possible nano-

structures that can be produced in the

advanced plasma-assisted system com-

prising the (top) RF ICP and (left) dc

magnetron discharges. Central image

shows a complex plasma configuration

produced when the left magnetron and

ICP source are operated. (a)-(d)

Representative SEM visualizations of

nano-flowers of carbon nanotubes,

ZnO nano-belts, and Si nano-trees pro-

duced under different plasma configu-

rations. (a) and (b) Si nano-trees grown

in an ArþH2þN2 ICP plasma at an

RF power of 1000W. (c) a nano-

flower of CNTs synthesized on a Si

wafer using a microwave plasma. (d) a

nano-flower of ZnO nano-belts synthe-

sized using an ArþO2 gas mixture.

Reprinted with permission from

Ostrikov et al., IEEE Trans. Plasma

Sci. 39, 2796 (2011). Copyright 2011

IEEE.
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drug delivery or energy storage, the control over the ion cur-

rent density may provide a useful opportunity for these

fields.

Expanding the treatment area to r � 200mm with the

aim to enhance productivity by 4-fold necessitated the use of

the arc magnetic field to enhance the number of ions reach-

ing the surface for ion etching and heating of the substrate in

preparation for thin film synthesis [such magnetron mode of

operation is illustrated in Fig. 25(c) and Figs. 9(k)–9(m)].

For coating, the magnetic field was modulated into bottle

configuration [shown in Figs. 25(d)–25(f)] to uniformly dis-

tribute the ion current density across the treatment region,

converting it from Gaussian-type124 to uniform distribution.

The respective discharges are shown in Figs. 28(a) and

28(b), respectively. The time-averaged uniform distribution

was estimated, with consideration of the rotation of the

FIG. 27. Representative SEM images of TiN thin films fabricated on the cutting inserts at different points r along the substrate surface, r¼ 0mm (a); 40mm

(b); 70mm (c);100mm (d); 130mm (e); and 160mm (f). Thin films in (a)-(d) resist damage by polishing, suggesting improved film density, whereas polishing

of film (e) that shows evidence of porosity results in its damage, and an uneven finish. Film (f) experiences significant fracture and peeling as a result of the

polishing, suggesting poor mechanical properties. Reprinted with permission from Baranov et al., IEEE Trans. Plasma Sci. 41, 3640 (2013). Copyright 2013

IEEE.
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substrate with respect to z axis (Fig. 25).80 While the previ-

ous experiments defined the minimum average ion current

density of 30–32A/m2 for the deposition of wear-resistant

TiN coatings,45 the enhanced configuration used in this

experiment delivered an average Ji� 40A/m2 over the sub-

strate, with the enhancement attributed to the effects of the

ion flux de-focusing and superposition of the distributions

arising from the application of the bottle magnetic fields to

the plasma.

In addition to porosity, other important determinants of

TiN film wear performance, e.g., morphology, roughness, and

crystallinity were explored. Independent of their location on

the substrate, all films were found to have a columnar grain

structure, with grains elongated perpendicular to the substrate

plane, and typically extending through the entire thickness of

the film, which is typical for PVD coatings. The grains were

densely packed together, with no voids at the crystal bound-

aries. Interestingly, there was no obvious correlation between

the roughness, porosity, and the quality of adhesion of the

film and the variations in film thickness for samples fabricated

at r> 160mm. For films deposited closer to the center of the

substrate, little variation in the mechanical quality of the films

was observed, with grain diameter of �0.2–0.3lm, and the

average surface roughness Ra of<0.13lm. Samples fabri-

cated within the r¼ 110� 160mm region of the substrate had

working life 10%–15% longer than that of samples treated

closer to the center of the substrate. Coating produced at the

r¼ 110mm point has the highest wear resistance, owing to a

favorable combination of low surface roughness

Ra� 0.08lm and reduced quantity of Ti droplets delivered

from the vacuum arc source, which reduces as the workpiece

is moved toward the edge of the substrate. The latter effect

arises from magnetic field being more efficient at controlling

the distribution of plasma than the motion of Ti droplets. As

the ion current density decreases, roughness of the films

increases for samples treated further away from the substrate

center, accounting for the minor reduction in wear resistance.

At the same time, the hardness of these deposits increases,

from 21GPa (r¼ 30) to 23GPa (r¼ 160mm). At r¼ 200mm,

the highest value of hardness is achieved, at 25GPa, which

provides further evidence for high internal stresses in the film

and the stoichiometric composition of TiN. The former con-

tributes to poor strength of adhesion between the deposit and

the surface of the workpiece.

Overall, magnetically controlling the ion flux makes it

possible to increase the processing area by 2.6 times (from

r¼ 100mm to r¼ 160mm) without sacrificing the perfor-

mance of the material, within which the use of time-averaged

distribution Ji(r) did not notable affect the linear h(r)¼ aJi(r)

dependence of the film thickness h(r) on the ion current den-

sity.45 The characteristics of the films fabricated within this

zone were improved in comparison to the original deposition,

highlighting further opportunities for optimization.

IV. PERSPECTIVES AND TRENDS

Since early experimental setups of 19th century

(Fig. 29), plasma-based technologies have undergone tre-

mendous development into highly versatile tools capable

of delivery of intricate, highly complex nanostructures and

devices in a way that is efficient, economical, and environ-

ment- and human-health-friendly.

Early apparatuses were based on the application of DC

glow discharge and, hence, unable to control the ion energy

and fluxes separately since the relation between these param-

eters are determined by the current voltage characteristics

FIG. 28. Images of plasma discharges generated in arc (a) and bottle (b) configuration of the magnetic field, used for sample preparation and deposition of uni-

form vacuum arc thin films, respectively. De-focused, uniformly distributed ion current is obtained by powering the center under-substrate coil in conjunction

with substrate rotation and shifting when operated as a magnetron discharge (a) and by alternative the power between the under-substrate coils in conjunction

with substrate rotation when operated as an arc discharge (b). Reprinted with permission from Baranov et al., Mater. Chem. Phys. 188, 143 (2017). Copyright

2017 Elsevier.

FIG. 29. One of the first experiments on plasma deposition. See detailed

description in Ref. 142.
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(VAC). Enhanced pressure of the background gas was

another limitation of these setups, since it made it difficult to

avoid contamination of the processed surface layers. To

overcome these limitations, a magnetic field of an arc config-

uration was introduced above the processed surface (magne-

tron discharge), thus “splitting” the VAC dependence of the

glow discharge by means of the magnetic field.

This facilitated the separation of respective controls

over the ion energy and current density to the substrate. In

addition, the arc configuration allowed increasing greatly the

path of the electrons from the substrate (cathode) to the vac-

uum chamber walls (anode), thus decreasing the discharge

pressure from about 100 to 1 Pa. However, high energy of

the ions was still not obtainable for the arc configuration,

since arcing occurs at the enhanced DC discharge voltage. In

parallel, significant progress was made in our understanding

of the processes of magnetic insulation of plasma from the

discharge vessel walls in the field of controlled plasma

fusion. This knowledge was promptly transferred to techno-

logical setups in the form of the magnetic bucket configura-

tion. The resulting configuration with the guiding magnetic

field made it possible to control a general flux of the ions

from an external plasma source to a substrate.

To obtain the separate control of the ion energy and flux

to the substrate, a plasma immersion ion implantation and

deposition technique was developed to handle the ion energy

within a plasma sheath between the plasma and the biased

substrate. Either DC or pulsed bias was applied to the sub-

strate with a purpose of generation of the Child law or matrix

sheath to provide the ions with the energy and to prevent the

arcing. Development of RF (CCP, ICP) and MW plasma

expanded the range of the density of the ion current to the

substrate and provided the plasma-enhanced technology with

new methods of energy and current density distribution con-

trol based on independent powering of the plasma generation

and substrate bias circuits. The nominal characteristics of

modern plasma setups for vacuum plasma processing and

methods of control of ion energy and flux distribution over

the substrate are listed in Table I.

As it can be seen, a large variety of plasma sources

necessitated the development of an equally wide range of

control methods to handle the plasma flux over a substrate.

Among them, methods of magnetic control of plasma are the

most applied: magnetic traps of arc configurations are used

when the substrate is a part of the plasma-generating circuit

(ISS), and sets of magnetic mirrors are generated near the

plasma source and the substrate to affect the plasma parame-

ters when the substrate is processed with plasma from an

external source (ESS).

Let us briefly examine several major tendencies of modern

plasma processing technologies. High productivity, low mate-

rial and energy consumption, implementation of the whole pro-

cess in a single technological cycle, and uniform processing of

large substrates to enhance productivity are among the main

efficiency criteria for any technology. In the context of

plasma-based technologies for surface processing, high pro-

ductivity means a sufficiently large surface area treated in a

single technological step. The uniform processing of extended

substrates is another specific requirement to the plasma-based

technology. The low material consumption means the deposi-

tion of ion flux to the selected surfaces and prevention of the

material loss to the plasma reactor walls. The implementation

of the whole process in a single setup allows shortening the

processing time by excluding additional processing steps.

✓Thus, what are the major trends?

TABLE I. Nominal characteristics of plasma setups for vacuum plasma processing and methods of control of ion energy and flux distribution to the substrate.

Plasma source

Electron

temperature (eV)

Electron

density (m�3)

Gas pressure

(Torr)

Power

input (W)

Control of ion flux distribution

and energy to the substrate

DC glow discharge 2–5 1016 0.1–5 100–300 Closed drift configuration at the plasma

generation region with arc-shaped magnetic field

(DC magnetron) (Sec. II C 1 a)

Capacitive

coupled plasma

3–8 1017 0.05–1 200–500 Magnetic bucket around the substrate perimeter

(RF magnetron, Sec. II C 1 b); control of driving frequency,

RF power (dual-frequency CCP etcher)

and the substrate shape (Sec. II C 1 c);

Inductively

coupled plasma

5–15 1018 10�3–0.1 500–2000 Magnetic bucket around the substrate perimeter

(Sec. II C 1 b) or along the vacuum chamber walls

(Sec. II C 2 d); Array of ferromagnetic enhanced inductive

plasma sources (Sec. II C 2 a); Neutral loop

configuration of magnetic field (Sec. II C 2 c)

HiPIMS 1–5 1017–1018 10�3–10�2 200–600 Guiding magnetic field of

open drift configuration (Sec. II C 2 e)

Vacuum arc

deposition

1–8 eV 1017–1018 10�4–10�2 500–5000 Set of magnetic mirrors under substrate and magnetic

mirror at a plasma generation region (Sec. II C 2 i)

Helicon 5–15 1018–1019 0.01–0.1 500–2000 Array of helicon plasma sources (Sec. II C 2 b)

ECR plasma 5–15 1018 10�4–10�2 300–1000 “Resonant” region is determined by magnetic field,

thus large uniform plasma can

be obtained; a multi-slotted antenna

for uniform radiation is used to control

the plasma spatial distribution (Sec. II C 2 e)
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A. Make it simple

Simplification has distinctive advantages such low cost,

reparability, process flexibility associated with rapid re-

configurability of basic plasma setups due to lower nomen-

clature of parts involved, and replacement of high-skilled

personnel by technically qualified persons. The following

two schematics can be considered as good examples of such

simplification.

Figure 30(a) illustrates a conventional schematic of the

FCVA system for the deposition of high-quality ZnO thin

films.143 The system consists of a cathodic vacuum arc

source (anode–cathode coils), an off-plane double-bend

(OPDB) plasma-filtering duct and a deposition chamber. The

filtering duct has two-torus bends at 90� and 45� with respect

to axis of the cathodic vacuum arc source. The exterior wall

of the filtering duct is surrounded by a set of magnetic coils

for the generation of magnetic field to guide the plasma ions.

The interior wall of the filtering duct is equipped with baffles

that are designed to catch or to reflect macroparticles. A

schematic of cathodic filtered vacuum arc plasma source pro-

posed by Chekh et al.144 is an example of a simple design

[Fig. 30(b)]: the source without filter has only four compo-

nents and none of them require precise machining. The

source operates in a repetitively pulsed regime, and for labo-

ratory experiments it can be used without water cooling. The

system avoids the need for a complicated power supply sys-

tem for this plasma source, with a single power supply used

to ignite the arc, to provide the current for the arc itself, to

generate the magnetic field in the filter, and provide its posi-

tive electric biasing without any additional high power

resistance.

B. Make it sophisticated

There are instances, i.e., deposition of very complex

nanosystems and metamaterials,145 when complex, multi-

stage processes are unavoidable. Hierarchical nanostructures,

multicomponent surface alloys, and solid solutions require

precise control over phase transitions, crystallinity, doping,

carrier density in the photovoltaic materials,146 morphology

control, etc. These demands necessitate plasma reactors with

significantly higher level of complexity to facilitate concom-

itant control over data, energy, and material fluxes. Indeed,

for the plasma setup to deliver the desired complexity and

quality of the deposit, it should be able to support multiple

processing environments, such as by the use of various

plasma sources, in-process float and handling systems, com-

plex gas supply system, and data acquisition systems,

brought together by a superior design solution, such as that

shown in Fig. 31.69

C. Make it large

Simplification for large systems may be especially bene-

ficial since the setup productivity shows square law depen-

dence on the substrate diameter, thus a simple 2-fold

increase in the diameter results in the fourfold increase in the

setup productivity. However, such an increase in the

FIG. 31. Concept of the large-scale graphene production system based on

arc discharge. The whole apparatus can be sub-divided into several sub-

units: catalyst, gas, and power supply unit; process unit (chamber, cathode,

anode, and magnet); product transportation unit (belt with the necessary

guide rolls and actuators), and graphene suspension preparation unit (cham-

ber with solvent washing out the graphene product from the belt and con-

tainer for the suspension). Reprinted with permission from Levchenko et al.,

Nanoscale 8, 10511 (2016). Copyright 2016 RSC.

FIG. 30. Vacuum arc plasma source enhanced with macroparticle filter: (a) Conventional design (Reprinted with permission from Yuen et al., J. Cryst. Growth

287, 204 (2006). Copyright 2006 Elsevier) and (b) simplified design: 1—cathode, 2—support for plasma source, 3—insulators, 4—first anode, 5— support for

macroparticle filter, and 6—macroparticle filter. Reprinted with permission from Rev. Sci. Instrum. 81, 023506 (2010). Copyright 2010 AIP Publishing LLC.
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substrate sizes may require sophisticated controls of plasma

fluxes extracted from various types of plasma sources.

Hence, roll-to-roll in-process of the treated parts can be more

beneficial. An example of such a system is presented in Fig.

32, where a schematic of the large-scale equipment for the

roll-to-roll microwave plasma chemical vapor deposition

process for the production of 294mm width graphene films

at low temperature is shown.147 However, even in this case,

a control of ion fluxes is necessary to shape the flux over the

ribbon-like substrate. In this case, for the purpose of uniform

large area processing, a system of a magnetically enhanced

long-slot microwave plasma source developed by Kuwata

and colleagues148 may be in demand.

D. Make it small

A radically different approach to large-scale synthesis of

nanomaterials is based on the use of microplasmas (Fig. 33),

the physical properties of which offer distinct advantages over

conventional large-volume, reactor-based processing at low

pressures.149 Indeed, such systems allow for the fabrication of

a broad range of nanomaterials suspended in gas- and liquid-

phase, e.g., aerosol and colloidal nanoparticles, and surface-

bound nanostructures, such as hierarchical thin films and

nanotube architectures, nanocomposites, to name a few.150

The flexibility of the processing environment within which

microplasma-based systems can operate fueled their rapid

development and uptake across a number of fields beyond

material synthesis, such as plasma medicine151 and waste

water treatment, giving rise to an impressive range of

microplasma-based systems since their emergence in 2002.

The simplicity, affordability, and compact design further con-

tributed to their integration into a diverse assortment of pro-

cesses. Even though the majority of reports in the scientific

literature focus on laboratory-scale setups, microplasma-based

systems are highly amenable to scale up and integration into

existing manufacturing workflows, especially roll-to-roll proc-

essing due to the favorable combination of atmospheric-

pressure operation and continuous treatment. However, being

a relatively new technology, the fundamental understanding

of the highly complex reactive environment and physico-

chemical processes that take place in these plasmas is still

insufficient for large-scale optimization. Indeed, despite some

mechanisms that can be inferred from low-pressure plasma

systems, the differences in the energy exchange mechanisms

that arise from operating at considerably higher pressure

should not be ignored. Further complexities arise when

modelling and simulating microplasma synthesis processes

where chemically reactive gases and liquids, as well as solid

metal precursors are employed. It is evident that there is a

strong need for a synergistic effort between physicists, chem-

ists, material scientists, and engineers, and the development of

appropriate diagnostics tools in order to solve such multidi-

mensional problems and enable further advancement of this

family of technologies.152–154

V. CONCLUDING REMARKS

When dealing with the modern plasma processing tech-

nology, consolidated effort is needed to further advance this

field of immense complexity. Considering a tremendous

variety of physical, schematic, construction, and technologi-

cal solutions of modern plasma-based technological setups

for plasma-enabled material processing and other ultramod-

ern applications, the potential user may get lost in the choice.

Clear and well-defined physics-based classification and sys-

tematization of the entire spectrum of the possible solutions

with a clear picture of advantages, key benefits and limita-

tions of each type for any given application, as well as clear

decision criteria are necessary to facilitate the choice of the

most reliable and cost-effective plasma processing method.

This work briefly reviews the plasma processing from the

point of view of the most important process, namely, control

of plasma fluxes in the most applied types of plasma setups.

This control directly determines the delivery of mass and

energy to the surfaces subject to the treatment, process uni-

formity, energy spectra of plasma ions, as well as key param-

eters such as growth and modification rates, intensity of

energy input determining phase transitions, crystallinity,

generation of lattice defects, doping, metastructure forma-

tion, and other key parameters. The work will be useful for

the physicists working in the field of technological plasma

and material processing, as well as setup designers to give

them a comprehensive view and understanding of the key

physical processes. It also benefits end users to facilitate ori-

entation in a wide spectrum of this kind of ultramodern

physics-based equipment and ensure correct selection of the

specific process and equipment for the particular application

niche.

FIG. 32. Schematic of roll-to-roll CVD apparatus for graphene film deposi-

tion. Reprinted with permission from Yamada et al., Carbon 50, 2615

(2012). Copyright 2012 Elsevier.

FIG. 33. Examples of moders miniaturized plasma discharges. (a) Typical

image of plasma jet for UHV¼ 3.8 kV, He flow of 15 1/min. Reprinted with

permission from Appl. Phys. Lett. 94, 231504 (2009). Copyright 2009 AIP

Publishing LLC. (b) Plasma torch used in the treatment of a chronic infected

wound. Reprinted with permission from Isbary et al., Brit. J. Dermatol. 163,

78 (2010). Copyright 2010, John Wiley and Sons. (c) Atmospheric plasma

jet. Reprinted with permission from Fang et al., IEEE Trans. Plasma Sci. 43,

765 (2015). Copyright 2015, IEEE.
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