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Abstract

The total energy flux, including ion and electron energy fluxes, transport to a biased surface in contact with a plasma

is systematically and analytically investigated in this study. Micro-electro-mechanical systems (MEMS), semiconductor

technology, plasma etching, spray deposition, sputtering, cutting and surface treatment, etc. are usually controlled by

energy transfer from the plasma to workpiece. In this work, the plasma is composed of a collisionless presheath and

sheath on an electrically negative biased workpiece partially reflecting and secondly emitting ions and electrons. The

presheath is an ionization region that continuously produces ions to supply ion loss to the surface, while the sheath is a

space-charge region that accelerates ions and retards electrons toward the surface. Based on the kinetic analysis, the

predicted ion density, velocity and energy transmission factor on the surface are found to agree well with experimental

data. The effects of dimensionless ion recombination and electron absorption energies, reflectivities and second emis-

sivities of the ions and electrons on the wall, ion-to-electron mass ratio, charge number, electron-to-ion source tem-

perature ratio at the presheath edge, and net current density on energy fluxes across the sheath are obtained. Energies

released from recombination of the ions and electrons on the surface play the most important role in energy transfer to

the workpiece. The sheath should be accounted for predicting energy transport to a biased surface.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Micro-electro-mechanical systems (MEMS), semi-

conductor technology, plasma etching, spray deposition,

sputtering, cutting and surface treatment of plasma

processing, designing divertors and limiters in nuclear

fusion and probe devices, etc., are closely related to

energy transfer from the plasma to the surface. In con-

trast to energy transfer from neutral and ordinary gases,

the energy flux from the plasma to the workpiece surface

is controlled by sheath voltage in front of the surface.

Since mobilities of ions and electrons are different, the

plasma exhibits net positive charges with respect to the
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surface [1]. Debye shielding confines the negative po-

tential to a thin layer called the sheath or space-charge

region in a thickness of around several Debye lengths in

front of the wall. The electrons thus are repelled and the

ions are accelerated by the negative wall potential. An

ionization region or presheath supplies the ions lost to

the wall. Small electrostatic potential in the presheath

accelerates the ions up to sonic speed before entering

the sheath, as first explicitly pointed out by Bohm [2].

The surface therefore acts as particle and energy sinks

for the plasma.

Several plasma-based techniques may be employed to

control energy and mass fluxes of the ions and electrons.

For example, the application of a direct current (DC)

bias or radio frequency (RF) bias can be used to accel-

erate the ions and retard the electrons from the plasma

to the surface [3–5]. The sheath acts as an energy filter

for the electrons, since only the very energetic electrons

in the distribution can escape from the plasma to the
ed.
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Nomenclature

c particle thermal speed, c� ¼ c=ðKBTe0=miÞ1=2
D Dawson function

e electron charge

f ion distribution function

j current density, j� ¼ j=ene0ðKBTe0=miÞ1=2
kB Boltzmann constant

m particle mass

M ion-to-electron mass ratio, M ¼ mi=me

n particle density, n� ¼ n=ne0
p mean pressure, p� ¼ p=neokBTe0
q fluid-like conduction heat, q� ¼ q=

½neokBTe0ðkBTe0=miÞ1=2�
Q total energy flux, Q� ¼ Q=

½neokBTe0ðkBTe0=miÞ1=2�
T temperature

u fluid velocity, u� ¼ u=ðkBTe0=miÞ1=2
U ionization energy, U �

i ¼ Ui=kBTe0
x; y; z Cartesian coordinate

Zi ion charge number

Greek symbols

c energy transmission factor, defined in

Eq. (31)

u work function, u� ¼ u=kBTe0
j electron-to-ion source temperature ratio at

presheath edge¼ Te0=Ti0
q reflectivity

N functions

s fluid-like viscous stress, s� ¼ s=neokBTe0,
/, v dimensional and dimensionless potential,

v ¼ �e/=kBTe0
X function, defined in Eq. (6)

Superscript

* dimensionless quantity

Subscripts

ab absorption

b boundary between sheath and presheath

e,i electron and ion

rec recombination

tot total

w wall

0 coordinate origin at / ¼ 0 as shown in Fig.

1
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surface. Thus the electron energy flux to the wall is lower

than that which would occur if no sheath were present.

The ions accelerated by the sheath voltage drop strike

the surface with greater energy than would occur in the

absence of a sheath. Investigation of the sheath and net

current effects on the plasma, ion and electron energy

fluxes therefore are of great scientific and technological

importance.

The substrate bias effects on the plasma potential,

deposition processes, and properties of deposition films

in an electron cyclotron resonance plasma deposition

have been studied by Shirai and Gonda [3]. They used a

bias current–voltage analysis to measure plasma poten-

tial, and a Langmuir probe method to measure the

floating potential on insulating and conducting sub-

strates. The results showed that the plasma potential is

independent of negative biases but sufficiently influenced

by the positive biases. Increasing negative bias of the

substrate enhanced deposition rates on the conducting

substrate. The ion energy incident on the conducting

substrate was not effectively changed for a positive bias.

Thi�ery et al. [5] also experimentally investigated the ef-

fects of the substrate bias voltage on the properties of

Cu film deposited by sputtering. The kinetic energy of

argon ions coming from the plasma and impinging on

the surface of growing films depends on the substrate

bias voltage. The negative bias voltage thus can be
changed to investigate the evolution of the deposition

rate, surface roughness, microstructure, magnitude of

residual stresses, and electrical resistivity of the film. It

showed that the major characteristics of the copper film

vary significantly with substrate bias voltage.

There has been intensive theoretical research to study

energy and mass transport in the cathode or near wall

region of electric arc discharges, lamps, fusion devices,

edge plasmas, ion implantation, deposition, etching, etc.

[6–11]. Predicting the total energy flux or the energy

transmission factor [6], however, has been based on an

incomplete and approximate intuition to include differ-

ent components of energy fluxes. The particle and en-

ergy flows to an electrically biased probe immersed in

magnetic field of the boundary plasma of a tokamak

have been studied by Stangeby [12]. Kersten et al. [13]

provided a general survey for energy balances on sub-

strate surfaces during plasma processing. The mecha-

nisms were focused on surface processes including heat

radiation, kinetic and potential energies of charged

particles and neutrals, and enthalpy of chemical surface

reactions. A self-consistent and exact determination of

the total energy from a kinetic analysis therefore is re-

quired. Rather complete kinetic analyses have been

provided by Emmert et al. [14] and Wei et al. [15,16].

The former treated the wall completely absorbing the

electrons and ions, while the latter allowed the wall
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partially reflecting or secondly emitting ions and elec-

trons.

This study is to analytically and systematically

determine energy transport to a biased surface, which

partially reflects or secondly emits ions and electrons.

The ions and electrons are of highly non-Maxwell–

Boltzmann velocity distributions [15,16]. Reflections of

ions and electrons are commonly encountered in sputter

etching and deposition, ion implantation, and an ana-

lytical technique known as ion scattering spectroscopy

[17]. Plasma energy flux is composed of ion and electron

energies and recombination energy at the surface.

Accounting for the externally biased voltage, the total

ion and electron energies and their components at the

wall and sheath edge are determined. Manifestations of

the sheath behavior and net current density affecting the

plasma, ion and electron energy fluxes are also pre-

sented.
2. Kinetic model and analysis

In this work, a plasma composed of a presheath and

sheath is in contact with a wall partially reflecting and

secondly emitting ions and electrons, as illustrated in

Fig. 1. In view of negative wall potential relative to the

bulk plasma, the ions are accelerated and the electrons

are retarded in the positive x-direction toward the wall.

The ions and electrons without sufficient energy to

overcome potential barrier experience turning in the

negative and positive directions, respectively. The major

assumptions made are as follows [16]:

1. This is a quasi-steady, one-dimensional model to

predict energy transport in a thin thickness of the re-

gion considered. Velocity distributions of the ions

and electrons are self-consistently determined from

kinetic Boltzmann equation, those moving in the

transverse directions are of Maxwell–Boltzmann dis-
Fig. 1. System sketch for the model and coordinates.
tributions. The one-dimensional ion flow is suitable

for the presheath and sheath imposed by a magnetic

field which is negligibly small or in the direction par-

allel to the ion flow.

2. The transport processes in the plasma in contact with

the surface can be modeled as those in the plasma be-

tween two parallel plates.

3. The workpiece surface is electrically negative biased.

4. The presheath and sheath are collisionless. The colli-

sionless presheath is generally applicable for weakly

ionized plasmas of low temperature inert gases. In

discharge and manufacturing processing, tempera-

ture of the plasma near the wall is usually less than

1 eV (namely, 11,605 K) [8]. Aside from low densities

of charged particles, electron impact excitation and

ionization for inelastic collisions in an inert gas can

be ignored for electron energy less than 5 eV [18].

The charge exchange collisions become insignificant

for high ionization energy of the inert gas [18]. Since

ionization is required to supply ion loss to the wall,

determination of ionization rate in the presheath is

still needed and referred to the often-used Emmert

et al.’s model [14]. This model without accounting

for kinetic mechanisms of collisions is based on the

fact that the ions would be a Maxwell–Boltzmann

distribution in the absence of an electrostatic field

far from the wall. This proposition has been con-

firmed by measurements of the ion distribution func-

tions from Bachet et al. [19], and successful

comparisons between the measured ion density and

velocity in argon plasma from Goeckner et al. [20]

and this work, as can be seen later. Since inert gases

and low densities of charged particles are considered,

chemical reactions and the existence of negative ions

can be neglected. Radiation due to free–free, free–

bound, bound–bound collisions are also ignored

[21]. Dissociations and rotational and vibrational

excitations, etc. are absent if molecular collisions

are excluded.

5. The effects of neutral particles are ignored.

6. Ion and electron reflectivities are constant. The effects

of secondary emissions of the ions and electrons can

be included into the reflectivities [22]. Thermionic and

field emissions of the ions and electrons are ignored.
2.1. Transport variables and potentials for a biased

surface

Dimensionless ion density, fluid velocity, mean

pressure, and fluid-like viscous stress and conduction

heat at the sheath edge derived from different moments

of the ion distribution function are, respectively, [16]

n�ib ¼
1
e�vb ð1Þ
Zi
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u�ib ¼ X1b ð2Þ

p�ib ¼
n�ib
3j

ðX2b � ju�
2

ib þ 2Þ ð3Þ

s�ib ¼ 2
n�ib
j

�
� p�ib

�
ð4Þ

q�ib ¼ �1
2
n�ibu

�3
ib � 5

2
u�ibp

�
ib þ u�ibs

�
ib þ Zin�ibu

�
ibX ð5Þ

where function

X � 2

Zij

�
� 1þ

ffiffiffiffiffi
vb

p

Dð ffiffiffiffiffi
vb

p Þ

�
ð6Þ

Dawson function Dð
ffiffiffi
x

p
Þ and functions X1b, X2b in

Eqs. (6), (2) and (3) are defined in [16]. The dimen-

sionless sheath edge potential in Eqs. (1) and (6) is sat-

isfied by

2ffiffiffiffiffiffiffiffiffiffi
pZij

p Dð ffiffiffiffiffi
vb

p Þ ¼ eZijvb erfcð
ffiffiffiffiffiffiffiffiffiffiffi
Zijvb

p
Þ ð7Þ

where erfcð
ffiffiffi
x

p
Þ is the complementary error function.

The corresponding dimensionless transport variables of

the ions and electrons in the sheath are, respectively [16]

n�i ¼
1

Zi

fN2ðvÞ þ eZijverfc½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Zijðv� vbÞ

p
� � N1ðvÞg ð8Þ

u�i ¼
1

n�i Zi

e�vbX1b ð9Þ

p�i ¼
1

3
N3ðvÞ
�

� n�i u
�2
i þ 2

j
n�i

�
ð10Þ

s�i ¼ n�i u
�2
i þ p�i � ZiE�

i � n�ibu
�2
ib � p�ib þ s�ib ð11Þ

q�i ¼ �1
2
n�i u

�3
i � 5

2
u�i p

�
i þ u�i s

�
i þ Ziu�i n

�
i vþ q�ib

þ 1
2
n�ibu

�3
ib þ 5

2
u�ibp

�
ib � u�ibs

�
ib � Ziu�ibn

�
ibvb ð12Þ

n�e ¼ e�v 1

�
þ qe � 1

2
erfcð ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vw � v
p Þ

�
ð13Þ

u�e ¼
ð1� qeÞ

n�e

ffiffiffiffiffiffi
M
2p

r
e�vw ð14Þ

p�e ¼
1

3
N4ðvÞ
�

� 1

M
n�eu

�2
e þ 2n�e

�
ð15Þ

s�e ¼ 2ðn�e � p�eÞ ð16Þ

q�e ¼ n�eu
�
eðvw � vþ 1Þ � 3

2
u�eN4ðvÞ þ

1

M
n�eu

�3
e ð17Þ

where dimensionless functions N1ðvÞ, N2ðvÞ, N3ðvÞ, N4ðvÞ
and electrical field intensity E�

i are defined in [16]. The

dimensionless net current density at the wall is given by

j� ¼ j�iw � j�ew ð18Þ

where the ion and electron current densities at the wall

are, respectively,
j�iw ¼ Zin�iwu
�
iw ¼ Zin�ibu

�
ib; j�ew ¼ n�ewu

�
ew ¼ n�ebu

�
eb ð19Þ

Eq. (18) is the coupling relationship between the

electrons and ions. The dimensionless wall potential is

determined by substituting Eqs. (19), (8), (9), (13) and

(14) into Eq. (18)

vw ¼ ln
1� qe

j�iw � j�

ffiffiffiffiffiffi
M
2p

r !
ð20Þ

When net current density j� ¼ 0, the wall is electrically

floating, while the externally biased effect is strong for

j� ! j�iw.

2.2. Plasma energy transport to a biased surface

The dimensional total energy flux of the ions at a

location is given by [23]

Qi ¼
Z 1

�1
fi
1

2
miðc2x þ c2y þ c2z Þcx dcx dcy dcz ð21Þ

where fi is the ion distribution function. Integrating Eq.

(21) by introducing the ion distribution function [16],

dimensionless ion energy flux in the sheath leads to

Q�
i ¼ 1

2
n�i u

�3
i þ 5

2
u�i p

�
i � u�i s

�
i þ q�i ð22Þ

where the terms on the right-hand side represent ion

kinetic energy, flow work, energy fluxes due to fluid-like

viscous stress and conduction heat, respectively.

Substituting Eq. (5), Eq. (22) gives dimensionless ion

energy flux at the sheath edge

Q�
ib ¼ 1

2
n�ibu

�3
ib þ 5

2
u�ibp

�
ib � u�ibs

�
ib þ q�ib ¼ j�ibX ð23Þ

Combining Eqs. (12) and (22), the dimensionless ion

energy flux at the wall is found to be

Q�
iw ¼ 1

2
n�iwu

�3
iw þ 5

2
u�iwp

�
iw � u�iws

�
iw þ q�iw

¼ Q�
ib þ j�iwðvw � vbÞ ¼ j�iw½Xþ ðvw � vbÞ� ð24Þ

The dimensional total energy flux of the electrons at a

location is given by [23]

Qe ¼
Z 1

�1
fe
1

2
meðc2x þ c2y þ c2z Þcx dcx dcy dcz ð25Þ

where fe is the electron distribution function. Substi-

tuting the electron distribution function [16] and inte-

grating Eq. (25), dimensionless electron energy flux in

the sheath is found to be

Q�
e ¼

1

2M
n�eu

�3
e þ 5

2
u�ep

�
e � u�es

�
e þ q�e ð26Þ

Substituting Eqs. (13)–(17) into Eq. (26), the dimen-

sionless electron energy flux at the sheath edge is given

by



Fig. 2. A comparison between the predicted energy transmis-

sion factor as a function of dimensionless wall potential and

experimental result [24].
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Q�
eb ¼

1

2M
n�ebu

�3
eb þ

5

2
u�ebp

�
eb � u�ebs

�
eb þ q�eb

¼ j�eb½2þ ðvw � vbÞ� ð27Þ

The dimensionless electron energy flux at the wall

is

Q�
ew ¼ Q�

eb � j�ewðvw � vbÞ ¼ 2j�ew

¼ ð1� qeÞ
ffiffiffiffiffiffiffi
2M
p

r
e�vw ð28Þ

As an ion hits the surface, it recombines with elec-

trons and deposits energy equal to the difference be-

tween the ionization energy Ui and work function Ziu to

the wall. The dimensionless total energy flux transferred

to the biased surface then yields

Q�
totw ¼ Q�

iw þ Q�
ew þ Q�

rec þ Q�
ab

¼ j�iw X

�
þ vw � vb þ

U �
i

Zi

� u�
�
þ j�ewð2þ u�Þ

ð29Þ

where dimensionless energies for recombination and

absorption of an electron coming from the plasma are,

respectively, [7]

Q�
rec ¼ j�iw

U �
i

Zi

�
� u�

�
; Q�

ab ¼ j�ewu
� ð30Þ

Eq. (29) shows that the total energy flux transport to

the wall depends on ion and electron fluxes, the differ-

ence in potentials between the surface and sheath edge,

and recombination energies of the ions and electrons.

The total dimensionless energy flux at the wall for a

floating wall can be calculated from Eq. (29) by setting

j�iw ¼ j�ew. The error and Dawson functions were

numerically integrated by a Simpson’s rule. Errors were

less than 10�6 by comparing grids of 1000 and 500.
3. Results and discussion

In this study, independent parameters controlling

plasma energy transport processes in a presheath and

sheath are ion reflectivity ðqÞ and electron reflectivity

ðqeÞ of the wall, ion-to-electron mass ratio ðMÞ, charge
number ðZiÞ, electron-to-ion source temperature ratio at

the presheath edge ðjÞ, net current density ðj�Þ, recom-

bination energy ðU �
i Þ, and work function ðu�Þ.

To confirm relevancy and accuracy of this model, the

predicted energy transmission factor between a helium

plasma and tungsten workpiece as a function of

dimensionless wall potential is compared with experi-

mental data provided by Masuzaki et al. [24], as shown

in Fig. 2. The energy transmission factor c is defined as

[6]
c ¼ Qtotw

kBTenibðkBTe=mi þ kBTi=miÞ1=2

¼ Q�
totw

n�ib
1

�
þ 1

j

��1=2

ð31Þ

where the electron temperature at the sheath edge is

considered to be identical to that at the presheath edge,

while the ion temperature at the sheath edge is the ion

source temperature at the presheath edge. Choosing

dimensionless parameters Zi ¼ 1, q ¼ 0:47, qe ¼ 0,

M ¼ 7344, j ¼ 10, U �
i ¼ 14:3, u� ¼ 2:5, the predicted

energy transmission factor as a function of wall poten-

tial agrees well with experimental data [24]. Deviation

can be due to the unavailable ion and electron temper-

atures at the sheath edge. Good comparisons between

the predicted and measured ion density and velocity as

a function of potential [20] for an argon plasma and

stainless steel workpiece are also shown in Fig. 3. The

data chosen for comparison are Zi ¼ 4, q ¼ qe ¼ 0,

M ¼ 72,817, j ¼ 0:02, and ne0 ¼ 2:3� 1014 m�3, mi ¼
6:68� 10�26 kg, Te0 ¼ 1:874� 103 K, /w ¼ �100 V.

Spatial variations of dimensionless ion energy flux

and its components, including fluid kinetic energy,

energies due to mean pressure (namely, the flow work),

fluid-like viscous stress and conduction heat, in the

sheath for different ion reflectivities and dimensionless

net current densities are shown in Fig. 4. Since electro-

static potential is a function of spatial position, the ab-

scissa representing dimensionless electrostatic potential

also indicates spatial locations in the sheath [16].

Dimensionless potential of 0.404 is referred to the sheath

edge, while dimensionless potential of 2.965, 3.804,



Fig. 3. A comparison between the theoretical predicted ion

density and velocity as a function of potential and experimental

results [20].
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Fig. 4. Spatial variations of dimensionless total ion energy

ðQ�
i Þ, fluid kinetic energy ðn�i u�

3

i =2Þ, flow work ð5n�i p�i =2Þ, and
fluid-like viscous stress energy ðu�i s�i Þ and conduction heat ðq�i Þ
in sheath for different ion reflectivities ðqÞ and net current

densities ðj�Þ.
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eÞ, fluid kinetic energy ðn�eu�
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e =2MÞ, flow work ð5n�ep�e=2Þ, and
fluid-like viscous stress energy ðu�es�eÞ and conduction heat ðq�eÞ
in sheath for different ion reflectivities ðqÞ and net current

densities ðj�Þ.
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and 4.064 are the wall for q ¼ 0, j� ¼ 0, q ¼ 0, j� ¼ 0:5,
and q ¼ 0:5, j� ¼ 0, respectively. It can be seen that in-

creases of net current density and ion reflectivity en-

hance dimensionless wall potential to reduce electron

and ion currents, respectively. The variations of

dimensionless ion energy flux, fluid kinetic energy, flow

work, and energies due to fluid-like viscous stress and

conduction heat with dimensionless potential are inde-
pendent of net current density (see Eqs. (1)–(12)). In

view of an increase in fluid speed [16], fluid kinetic en-

ergy increases with decreasing ion reflectivity. In con-

trast to zero ion reflectivity, dimensionless flow work

increases in the forward direction for ion reflectivity of

0.5. This is attributed to retardation of ion flow by

increasing mean pressure [16]. Fluid-like conduction

heat energy flux is directed from the sheath edge to the

wall for zero ion reflectivity, in contrast to that for ion

reflectivity of 0.5. Since fluid-like viscous stress acts as a

driving force for zero ion reflectivity and a retarding

force for ion reflectivity of 0.5 [16], the corresponding

energy fluxes are positive and negative, respectively. Due

to the dominant fluid kinetic energy, ion energy flux is

increased by decreasing ion reflectivity. Irrespective of

ion reflectivity and net current, dimensionless ion energy

flux and fluid kinetic energy increase monotonically in

the forward direction.

Similar dimensionless quantities of the electrons

across the sheath for different ion reflectivities and

dimensionless net current densities are presented in Fig.

5. It is found that dimensionless electron energy flux,

flow work and fluid-like conduction heat decrease, and

fluid kinetic energy and energy due to fluid-like viscous

stress increase in the forward direction. In contrast to

the ions, fluid-like viscous stress of the electrons is a

driving force and conduction heat directs toward the

wall for different net currents and ion reflectivities. Due

to reduction of electron current from an enhanced wall

potential, electron energy flux and its components de-

crease with increasing net current and ion reflectivity.
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versus net current density ðj�Þ.
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The effects of dimensionless net current on ion energy

flux and its components at the sheath edge and wall are

shown in Fig. 6. In contrast to flow work and fluid-like

conduction heat, dimensionless ion energy flux, fluid

kinetic energy, and energy due to fluid-like viscous stress

at the wall are higher than those at the sheath edge. Even

though energies at the sheath edge remain constant,

dimensionless ion energy flux, fluid kinetic energy, en-

ergy due to fluid-like viscous stress at the wall increase,

and flow work, fluid-like conduction heat decrease

slightly with increasing net current. For dimensionless

net current densities of 0 and 0.8, the corresponding

dimensionless ion energy fluxes at the wall are around

4.28 and 6.4, respectively, and dimensionless ion energy

flux at the sheath edge is 2.03. The ratios of ion energy

fluxes between the wall and sheath edge therefore are 2.1

and 3.2, respectively. In the absence of the sheath, ion

energy flux is seriously underestimated for a high net

current density.

Similar dimensionless quantities of the electrons

versus net current density are presented in Fig. 7. Owing

to reduction of electron current, dimensionless electron

energy flux and its components decrease with increasing

net current density. Rather than fluid kinetic energy and

energy due to fluid-like viscous stress, dimensionless

electron energy flux, flow work, and fluid-like conduc-

tion heat at the wall are lower than those at the sheath

edge. This is attributed to negative work exerted by

electrostatic field on the electrons in the sheath. For net

currents of 0 and 0.8, the corresponding dimensionless
electron energy fluxes at the wall are around 1.76 and

0.18, while those at the sheath edge are 4.02 and 0.6,

respectively. The ratios of electron energy fluxes at the

sheath edge and wall therefore are 2.28 and 3.33,

respectively. Without the sheath, electron energy flux is

seriously overestimated for a high net current density.

The variations in dimensionless potentials, current

densities of ions and electrons, electrical potential en-

ergy, ion and electron energy fluxes and total energy

fluxes at a floating wall and sheath edge with ion

reflectivity are shown in Fig. 8. The total energy flux is

the sum of the total ion and electron energy fluxes. An

increase of ion reflectivity increases dimensionless wall

potential while sheath edge potential maintains constant

[16]. In view of a decrease in ion speed at the sheath

edge, dimensionless electron and ion current densities,

electrical potential energy, ion and electron energy fluxes

at the sheath edge and wall decrease with increasing ion

reflectivity. Dimensionless energy flux of the electrons is

less than that of the ions at the wall in contrast to those

at the sheath edge. Since the ions gain energy from work

done by electrostatic field while the electrons lose the

same energy in the forward direction toward the floating

wall, dimensionless ion energy flux at the wall is greater

than that at the sheath in contrast to electron energy

flux. The total energy fluxes of the ions and electrons at

the sheath edge and wall also maintain the same. It is

found that the ion-to-electron energy flux ratio at the

wall increases with ion reflectivity. As ion reflectivity

increases, contribution of electrical potential energy to
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Fig. 8. Dimensionless sheath edge and wall potentials ðvb; vwÞ,
ion and electron energy fluxes ðQ�
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�
totwÞ at sheath edge and wall, ion and

electron current densities ðj�iw; j�ewÞ and potential energies

ðj�iwðvw � vbÞ; j�ewðvw � vbÞÞ at wall versus ion reflectivity ðqÞ.
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Fig. 9. Dimensionless sheath edge and wall potentials ðvb; vwÞ,
ion and electron energy fluxes ðQ�

ib;Q
�
eb;Q

�
iw;Q

�
ewÞ and total energy

fluxes ðQ�
totb;Q

�
totwÞ at sheath edge and wall, ion and electron

current densities ðj�iw; j�ewÞ and potential energies ðj�iwðvw �
vbÞ; j�ewðvw � vbÞÞ at wall versus electron reflectivity ðqeÞ.
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Fig. 10. Dimensionless sheath edge and wall potentials ðvb; vwÞ,
ion and electron energy fluxes ðQ�

ib;Q
�
eb;Q

�
iw;Q

�
ewÞ and total en-

ergy fluxes ðQ�
totb;Q

�
totwÞ at sheath edge and wall, ion and elec-

tron current densities ðj�iw; j�ewÞ and potential energies ðj�iwðvw �
vbÞ; j�ewðvw � vbÞÞ at wall versus electron–ion source tempera-

ture ratio at presheath edge ðjÞ.
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the total energy flux at the wall is greater than that at the

sheath edge.

The effects of electron reflectivity on dimensionless

total ion and electron energy fluxes and their compo-

nents subject to a floating wall are presented in Fig. 9.

Dimensionless wall potential decreases with increasing

electron reflectivity, while sheath edge potential remains

constant [16]. Dimensionless sheath edge potential, ion

and electron current densities and electron energy flux at

the wall, and ion energy flux at the sheath edge are

independent of electron reflectivity. In view of a decrease

in dimensionless wall potential, electrical potential en-

ergy decreases with increasing electron reflectivity.

Dimensionless ion energy flux at the wall and electron

energy flux at the sheath edge thus decrease with

increasing electron reflectivity. Since dimensionless ion

and electron energy fluxes at the sheath edge approach

those at the wall, the effects of sheath on ion and elec-

tron energy fluxes can be neglected for a high electron

reflectivity. The ion-to-electron energy flux ratio and

total energy flux at the wall decrease with increasing

electron reflectivity.

The effects of electron-to-ion source temperature ra-

tio at the presheath edge on dimensionless ion and

electron energy fluxes and their components at the

sheath edge and wall are shown in Fig. 10. It is seen that

dimensionless sheath edge and wall potentials increase

with increase electron-to-ion source temperature ratio

[16]. This is attributed to that ion generation rate is low
for a high electron-to-ion source temperature ratio.

Dimensionless electron and ion current densities and
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Fig. 12. Dimensionless sheath edge and wall potentials ðvb; vwÞ,
ion and electron energy fluxes ðQ�

ib;Q
�
eb;Q

�
iw;Q

�
ewÞ and total

energy fluxes ðQ�
totb;Q

�
totwÞ at sheath edge and wall, ion and

electron current densities ðj�iw; j�ewÞ and potential energies

ðj�iwðvw � vbÞ; j�ewðvw � vbÞÞ at wall versus charge number ðZiÞ.
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different energy fluxes decrease with increasing electron-

to-ion source temperature ratio. Although dimensionless

wall potential increases with electron-to-ion source

temperature ratio, decreases of ion and electron current

densities reduce electrical potential energy at the wall.

The ion-to-electron energy flux ratio at the wall de-

creases with increasing electron-to-ion source tempera-

ture ratio.

Dimensionless current densities and energy fluxes of

the ions and electrons, and sheath edge and wall

potentials versus the ion-to-electron mass ratio are

shown in Fig. 11. Dimensionless sheath edge potential,

ion and electron current densities, ion energy flux at the

sheath edge, and electron energy flux at the wall are

independent of ion-to-electron mass ratio. Increasing

ion-to-electron mass ratio enhances dimensionless wall

potential, which increases dimensionless electrical po-

tential energy, ion energy flux and total energy flux at

the wall. The constant dimensionless electron energy flux

at the wall is due to the constant dimensionless electron

current density (see Eq. (28)). The effects of charge

number on dimensionless current densities and energy

fluxes of the ions and electrons, and sheath edge and

wall potentials are presented in Fig. 12. In contrast to

wall potential and ion energy fluxes at the wall and

sheath edge, dimensionless sheath edge potential, ion

and electron current densities, electron energy fluxes at

the wall and the sheath edge increase with charge

number. The dimensionless total energy flux and elec-
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Fig. 11. Dimensionless sheath edge and wall potentials ðvb; vwÞ,
ion and electron energy fluxes ðQ�

ib;Q
�
eb;Q

�
iw;Q

�
ewÞ and total

energy fluxes ðQ�
totb;Q

�
totwÞ at sheath edge and wall, ion and

electron current densities ðj�iw; j�ewÞ and potential energies

ðj�iwðvw � vbÞ; j�ewðvw � vbÞÞ at wall versus ion–electron mass

ratio ðMÞ.
trical potential energy decrease and then slightly increase

with increasing charge number. The minimum of the

former taking place at a charge number of 2 is a result of

an increase in dimensionless electron energy flux at the

wall and decrease of ion energy flux with increasing

charge number. The minimum of the latter taking place

at a charge number of around 1.1 is due to an increase in

current density and a decrease in dimensionless potential

drop with increasing charge number.

Dimensionless current densities, energy fluxes of the

ions and electrons at the wall and sheath edge, wall and

sheath edge potentials versus net current density are

presented in Fig. 13. An increase in net current reduces

electron current density and enhances dimensionless

potential at the wall. This is because potential and ion

current density at the sheath edge are independent of net

current. As discussed previously, in contrast to the

electrons, dimensionless ion energy flux at the sheath

edge is lower than that at the wall. Rather than that at

the wall, energy flux of the electrons is higher than that

of ions at the sheath edge for a low net current density.

The ratio between ion and electron energy fluxes at the

wall rapidly increases with net current. In view of an

increase in potential drop, electrical potential energy and

energy flux of the ions at the wall increase with net

current. On the other hand, decreases in electrical po-

tential energy and energy flux of the electrons at the wall

with increasing net current density are resulted from a

decrease in electron current density. The ratio between

the ion energy flux (and electrical potential energy flux)
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Fig. 13. Dimensionless sheath edge and wall potentials ðvb; vwÞ,
ion and electron energy fluxes ðQ�

ib;Q
�
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�
iw;Q
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ewÞ and total en-

ergy fluxes ðQ�
totb;Q

�
totwÞ at sheath edge and wall, ion and electron

current densities ðj�iw; j�ewÞ and potential energies ðj�iwðvw�vbÞ;
j�ewðvw � vbÞÞ at wall versus net current density ðj�Þ.
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and the total energy flux increases with net current. It is

noted that the total energy flux at the wall has the

minimum at dimensionless net current density of around

0.45. This is attributed to an increase in ion energy flux

and a decrease in electron energy flux at the wall with

increasing net current.
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Fig. 14. Dimensionless total energy flux ðQ�
totwÞ, ion and elec-

tron energy fluxes ðQ�
iw;Q

�
ewÞ, recombination energy ðQ�

recÞ, and
absorption energy ðQ�

abÞ at wall versus net current density ðj�Þ.
The effects of the dimensionless recombination and

absorption energies on energy transfer to a wall are

shown in Fig. 14. Dimensionless ionization energy of 8

and work function of 2.5 correspond to ionization en-

ergy of 13.6 eV for hydrogen plasma and work function

of 4.55 eV for a tungsten workpiece, respectively. The

constant dimensionless recombination energy of the ions

is resulted from constant ion current density. In view of

a decrease in electron current density, energy released

from absorption of electrons at the wall decreases with

increasing net current. It is noted that the recombination

energy is greater than other components under floating

and slightly biased conditions. Referring to Fig. 13

shows that accounting for recommendation and ab-

sorbed energies from ions and electrons increases the

dimensionless total energy flux at the wall from 6.05 to

13.1 and 6.5 to 11.6 at dimensionless net current densi-

ties of 0 and 0.8, respectively.
4. Conclusions

The conclusions drawn are the following:

1. The predicted energy transmission factor, ion density

and velocity as a function of potential based on the

kinetic analysis agree well with experimental data.

2. The dimensionless total energy fluxes at the wall and

sheath edge increase with decreasing ion and electron

reflectivities, electron-to-ion source temperature ratio

at the presheath edge, and increasing ion-to-electron

mass ratio. However, as charge number increases,

dimensionless total energy fluxes at the wall and

sheath edge decrease and then slightly increase. Since

an increase of net current enhances and reduces en-

ergy fluxes of the ions and electrons at the wall,

respectively, the total energy flux at the wall exists a

minimum value. The total energy flux at the sheath

edge, however, decreases with increasing net current.

3. Dimensionless ion energy flux at the wall is increased

by decreasing ion and electron reflectivities, electron-

to-ion source temperature ratio, charge number, and

increasing ion-to-electron mass ratio and net current.

In contrast to that at the wall, ion energy flux at the

sheath edge is increased by decreasing ion reflectivity,

electron-to-ion source temperature ratio and charge

number. Ion energy flux at the sheath edge, however,

is independent of electron reflectivity, ion-to-electron

mass ratio and net current.

4. Dimensionless electron energy flux at the sheath edge

increases with decreasing ion and electron reflectivi-

ties, electron-to-ion source temperature ratio, net cur-

rent, and increasing ion-to-electron mass ratio and

charge number. Dimensionless electron energy flux

at the wall rather than the sheath edge is increased

by decreasing ion reflectivity, electron-to-ion source
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temperature ratio, net current, and increasing charge

number. Electron energy flux at the wall is indepen-

dent of electron reflectivity and ion-to-electron mass

ratio.

5. A decrease of ion-to-electron energy flux ratio at the

wall is achieved by increasing electron reflectivity,

electron-to-ion source temperature ratio, charge

number and decreasing ion reflectivity, ion-to-elec-

tron mass ratio and net current.

6. The ratio of dimensionless ion energy flux at the wall

to that at the sheath edge, and the ratio of electron

energy flux at the sheath edge to that at the wall

are increased by increasing ion reflectivity, electron-

to-ion source temperature ratio, ion-to-electron mass

ratio, net current, and decreasing electron reflectivity.

Increasing charge number results in an increase of the

former and a decrease of the latter. If the sheath is ig-

nored, the ion and electron energy flux are, respec-

tively, underestimated and overestimated.

7. The ratio of dimensionless total energy flux at the

wall to that at the sheath edge are rapidly increased

by increasing net current density. An account for

the sheath to predict the total energy flux on a biased

surface is crucial.
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