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The controlling effect of an electron injection on the electron energy distribution function (EEDF)

and on the energetic electron flux, in a capacitive radio-frequency argon plasma, is studied using a

one-dimensional particle-in-cell/Monte Carlo collisions model. The input power of the electron

beam is as small as several tens of Watts with laboratory achievable emission currents and energies.

With the electron injection, the electron temperature decreases but with a significant high energy

tail. The electron density, electron temperature in the sheath, and electron heating rate increase with

the increasing emission energy. This is attributed to the extra heating of the energetic electrons in

the EEDF tail. The non-equilibrium EEDF is obtained for strong non-local distributions of the elec-

tric field, electron heating rate, excitation, and ionization rate, indicating the discharge has transited

from a volume heating (a-mode dominated) into a sheath heating (c-mode dominated) type. In

addition, the electron injection not only modifies the self-bias voltage, but also enhances the

electron flux that can reach the electrodes. Moreover, the relative population of energetic electrons

significantly increases with the electron injection compared to that without the electron injection,

relevant for modifying the gas and surface chemistry reactions. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.5001892]

I. INTRODUCTION

Low temperature plasmas (LTPs) have long been an

important industrial tool given their ability to meet the

demands of high throughput and precision. Since, notwith-

standing their name, laboratory plasmas are hotter than the

environment, energy must be injected to produce and sustain

the plasma. Laboratory plasmas can be driven by electric

voltage, particle beam injection, or both. One may wonder

what plasma can be generated if electron injection (EI) is

used alone or together with an electric voltage driving. Such

a configuration has been proposed and attracted great atten-

tion recently.1–16 The groups of Fernsler and Manheimer1,2

have studied the fundamental physics of the EI generated

plasmas. Chen and Eden3 have realized a microplasma tran-

sistor by injecting electrons into the sheath of a plasma with

a controllable electron emitter. It is well known that in high

aspect ratio contact (HARC) etching, the charging in the

trench bottom is a major problem that will lead to notch-

ing.4,5 Bae and Chang6 have introduced an EI emitted from

filaments into conventional capacitively coupled plasmas

(CCPs). They have shown that the average energy of the

electrons to the electrodes can be enhanced significantly,

therefore notching effects can be compressed and the surface

chemical reactions can be controlled. Lock et al.8 have

experimentally and theoretically studied the EI generated

LTPs, and have reported that the properties of the EI

generated LTPs were essentially different from an electrical

discharge. Magnetized electron beam generated plasma has

also been studied theoretically and experimentally, where

plasma uniformity was controlled by the magnetic field mod-

ulation.10 In addition, the EI generated plasmas in mixed

gases have been investigated experimentally7,9 and theoreti-

cally.11 However, in their works, the effect of the gas mix-

ture was mainly discussed. In many cases, mode transitions

can be induced by EIs. Chelvam and Raja12 have developed

a fluid model for a direct-current (DC) microdischarge to

study the effect of an external EI from the cathode surface

for manipulating the plasma properties. The transient behav-

ior of the microdischarge during the electron injection was

examined. It was shown that the maximum average electron

energy increased from 18 to over 25 eV in the cathode sheath

edge while remaining unchanged in the bulk plasma with the

EI. The authors demonstrated that within the scope of the

fluid approximation, the electron Joule heating was the main

mechanism for the temperature rising to large values in the

sheath, since kinetic aspects of the electron motion in the

sheath were not accounted for a fluid model. Kushner et al.13

used a hybrid plasma equipment model to study the EI con-

trolled ion flux in a radio-frequency (rf) discharge. The

authors predicted that the magnitude and energy of the ion

flux onto a surface material can be controlled by the modula-

tions of the EI. However, the electron flux as well as the

electron energy distribution function (EEDF) have not been

discussed. Thus an interesting question arises: how does the

EI affect the electron flux as well as the EEDF?
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Understanding of the electron kinetics, such as the

EEDF, is one of the key issues to understand and employ

LTPs. The shape of the EEDF is deeply affected by the

heating mechanism and characteristics of a discharge. Being

able to control and maintain for a long time, a convenient

EEDF can enhance the utilization of LTPs significantly.

Godyak has written a review of EEDF and average electron

energy control in gas discharge plasma.17 Haas et al.18 used

a global model to consider the effect of tailoring of electron

energy distributions in a 20 mTorr argon plasma with an rf

voltage of 500 V at 13.56 MHz. The principal effect reported

was the modification of the rate coefficients for ionization

and excitation. Walton’s group has experimentally14 and

numerically15,16 studied the EI generated plasmas. Both

theory and experiment demonstrated the ability for control-

ling the EEDF in argon at 25 mTorr immersed in a long

cylindrical tube, either by adding an external magnetic field,

or by adding small admixtures of nitrogen. The authors used

a Langmuir probe to measure the EEDF in their experi-

ment,14 while in their numerical work15 an electron

Boltzmann equation combined with simple fluid equations

was employed to model the EEDF. However, the Boltzmann

model can only deal with a linear case, where the two-term

approximations are adopted. Again their studiess14–16

focused on concentrating the EEDF on lower electron energy

(<1 eV), obtaining the EI-generated plasmas with a low tem-

perature (<1 eV) and high density (1010–1012 cm�3) without

any conventionally electrical driving current or voltage

source. This kind of low temperature plasmas are largely

adopted if plasma processes include plasma processing of

polymers and carbon nanostructures.19 Having a large popu-

lation of energetic electrons (>5 eV) in the EEDF could

instead be of crucial importance in plasma-gas and plasma-

surface chemistry,20 because the plasma chemical reactions

are controlled by electron energy. This energetic electron

flux could provide a new way for transmitting energy to the

electrodes and modulating the surface chemistry.

None of the studies mentioned above has been per-

formed using an external EI to modulate the EEDF.

However, the EI itself can be an effective mean to modify

the EEDF as well. In particular, the first principle kinetic

mechanisms behind the formation of an energetic electron

flux, as well as their influence on the plasma properties,

remain unexplored. In the present work, we investigate the

effect of an external EI on the control of the EEDF, plasma

electron density and temperature, electron heating rate, and

ionization rate, in a capacitive rf argon plasma by using a

one-dimensional (1D) particle-in-cell/Monte Carlo collisions

(PIC/MCC) model. The calculations are performed at a

pressure of 100 mTorr, an rf frequency of 13.56 MHz, an

rf-voltage of 200 V (amplitude), and a discharge gap of 2 cm.

These are typical parameters in conventional low-pressure rf

discharges.

II. MODEL DESCRIPTION

In this work, a 1D kinetic model is established based on

an implicit and electrostatic PIC/MCC method21,22 for mod-

ulating the EEDF as well as the energetic electron flux by

varying the current and energy of an external electron beam.

A direct implicit method is used to describe the particle

motions. Field equations are derived from direct summation

and extrapolation of the equations of particle motion. There

are some good reasons that the implicit PIC method is used

rather than an explicit one: First, for the most simple explicit

electrostatic scheme, the charge and momentum are con-

served, but the energy is not conserved. This will lead to the

well-known self-heating problem.23,24 Thus, the temperature

of the electrons will be numerically heated and increased.

Whereas, the implicit method allows one to use much larger

space and time steps with energy conservation without self-

heating. Second, in practice the explicit electrostatic scheme

is not able to simulate the high density plasma (�1016 m�3).

For example, for a 1D PIC/MCC simulation of a CCP with

density of �1016 m�3 and a temperature of �2 eV, the

explicit scheme will require tens hours on single personal

computer. If the density increases to 1020 m�3, the computa-

tional cost will be 100 times both in space and time, which is

not reasonable. Whereas, the implicit scheme can perform

the simulation at such high density with reasonably computa-

tional cost.25 The direct implicit scheme has been introduced

by Vahedi to simulate CCP in the early 1990s.26,27 The

applicability and validity of this direct implicit method have

been widely tested not only by our groups,21,28 but also by

many other researchers in the field of LTPs.29

At the boundaries, the electrons and ions are assumed to

be absorbed and secondary electron emission (SEE) is not

included, since we mainly aim at the effect of an external

EI. However, the SEE can play a role in a dielectric flask

at fore-vacuum pressures (0.01–0.1mTorr),30 where the SEE

effect becomes stronger with decreasing pressure. In our

simulations, the voltage source, rather than the current

source, is used to include the electron kinetics.31 According

to Bae and Chang,6 nonzero self-bias voltage can be intro-

duced with EI, so self-bias voltage is self-consistently

included by adjusting the electron and ion flux balance to the

electrode. In our simulations, self-bias voltage converges to

a constant value in several hundreds rf periods. The simula-

tion is conducted with a fixed rf voltage, while the rf power

can be modulated by the external EIs. The reason is that the

self-bias DC voltage Vdc adjusted by the electron and ion

flux, and the rf voltage Vrf cannot be adjusted simultaneously

for a fixed power. The DC self-bias voltage can build on the

electrode, which is calculated self-consistently by adjusting

the electron and ion flux to the rf powered electrode to be

equal. Indeed, a constant rf power has led to unstable results

in our simulation. In addition, most researchers27,32–34 con-

ducted PIC/MCC simulations with a fixed rf voltage or cur-

rent and not rf power.

Our simulations are performed for capacitively coupled

argon rf discharges at a temperature of 300 K, a pressure of

100 mTorr, with a discharge gap of 2 cm, a rf frequency of

13.56 MHz, and a rf voltage of 200 V (amplitude). An exter-

nal EI is emitted from the surface of the left electrode with

current Jeb, energy �eb, and a thermal velocity. The injection

energy �eb yields a thermal velocity of vth ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�eb=me

p

(me is the electron mass). The schematic of the device is

shown in Fig. 1, where the EI surface is colored as pink.
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The initial beam is the monoenergetic electron beam, and the

injection beam electron velocity is a thermal velocity which

is randomly given with three velocity components. The cur-

rent Jeb and energy �eb of this external EI are varied in the

range of 0.1–5 A (current density 6.4� 103–3.2� 105A m�2)

and 20–60 eV, respectively, which are in the range of realis-

tic values in a CCP experiment.17 Notice that “eb” stands for

the electron beam. In experiments, the EI can be achieved by

the apertures on the electrode.

A standard MCC procedure24 is used to describe the

collision processes between different species. Elastic

collision processes (the e-Ar, Arþ-Ar and charge exchange

collisions), excitation and ionization processes from the Ar

ground state and electron-neutral collisions are included into

the model. The cross sections are adopted from Ref. 35. We

take the initial electron and ion temperatures as 2 eV and

300 K, respectively.

In order to obtain the steady state, the simulations will

run for several thousand rf cycles. The simulation time-step

is fixed at 10�11 s and 128 cells are adopted for all cases.

The numerical stability limits are the Courant condition

(dx/dt>Vth with the thermal velocity Vth) and the empirical

condition (dx/dt< 10Vth). Here dx is the space step and dt is

the time step. As the electron and ion numbers increase

rapidly due to the EI electrons, a particle merging algorithm

is employed when the macro particle number exceeds a cer-

tain value (typically 400 per cell). All the simulation results

shown below, including the electric field, electron density,

electron temperature, electron heating rate and heating

power, ionization rate and excitation rate, electron energy

distribution function (EEDF), and electron and ion flux will

be presented after the simulations have reached a steady

state.

III. RESULTS AND DISCUSSION

In order to clearly illustrate the effect of an external

EI, Fig. 2 compares the space-time varied electric field (a)

and (b), electron heating rate (c) and (d), excitation rate (e)

and (f), and ionization rate (g) and (h) without EI (left panel)

and with EI (right panel) for an EI current of 1 A (corre-

sponding current density 6.4� 104A m�2) and an energy of

40 eV. The electrode is positioned at x¼ 0 and 2 cm. In the

absence of the injected EI, the electric field shows wider

sheaths, and the nonzero heating rate, excitation rate and ion-

ization rate all occur in the bulk, generating a larger ioniza-

tion rate in the bulk [see Fig. 2(g)]. The sheaths in Fig. 2(a)

are the areas colored in blue and red in the plot. The zero

heating rate occurs in sheaths in Fig. 2(c). Thus the discharge

is volumetrically heated, excited, and ionized. This is a

typical characteristic of a CCP.36

With the EI, the electric field takes nonzero values in a

narrower region in the sheaths, compared to the case without

EI. The sheaths in Fig. 2(b) are the areas colored in blue and

red in the plot. Moreover, with considering the EI, the main

electron heating, excitation, and ionization process occur in

a narrow zone in and around the sheaths. Again the

uniformly distributed nonzero values of the heating rate,

excitation, and ionization rates [represented by yellow color

in Figs. 2(d), 2(f), and 2(h)] in the bulk region, indicate that

plasmas are uniformly generated by an external EI with

mean free paths of several cm similar with the discharge gap

size. Indeed, in 100 mTorr argon, the electron mean free

path for several tens of eV is of the order of a few cm. The

strong non-local distributions of the electric field, electron

heating rate, excitation, and ionization rate when including

an external EI indicate that the discharge has transited from

a volume heating mode (a-mode dominated) into a sheath

heating mode (c-mode dominated).17 In the c-mode, an ava-

lanche of energetic electrons originated from the EI in and

around the left sheath causes an intense excitation, ioniza-

tion, and heating, as clearly seen from Fig. 2 (right panel).

This will lead to two-group (cold and thermal) electron

populations in the kinetic approach considered here, as

clearly seen from the EEDF curves in the presence of the EIs

as shown in Fig. 5.

The emission energy of EIs was theoretically (global

model) and experimentally proven to have a significant influ-

ence on the characteristics of the discharge.18 In order to

gain a better understanding of the discharge behavior under

beam emission, we investigate in Fig. 3 the time-averaged

electron density (a), electron temperature (b), electron heat-

ing rate (c), and ionization rate (d) at various emission ener-

gies for a fixed emission current of 1 A. The results are

compared to the case without EI, black line in Fig. 3. The

results relative to beam energies of 20, 40, and 60 eV are rep-

resented with red-dashed, blue-dotted, and cyan-dash-dotted

lines. The electron density increases dramatically with EIs,

similar with the experimental and theoretical results in Refs.

12 and 18. The electron temperature in the left sheath

increases with EIs, since the injected electrons are signifi-

cantly heated in the sheath, agreeing with the literature.12

The both injected electrons and the EI generated electrons in

the sheath will lose their energy through ionization collisions

when they reach the bulk in a very short time (�1 ns), ioniza-

tion collisions provide an additional cooling mechanism that

can reduce the bulk electron temperature, consistent with the

literature.18 Thus, the electron temperature increases in the

sheath while decreases in the bulk with the EIs compared to

the case without the EIs. Indeed, without the EIs, two

temperature peaks occur near the sheath due to the symmet-

ric non-zero electric field in the sheath [see Fig. 3(a)]. In the

FIG. 1. Schematic illustration of the device: a thermal electron beam

injected from the surface of the left electrode.
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presence of the EI, the electron heating rate and ionization

rate in the sheaths rise rapidly. Again the maximum electron

density and heating rate increase with increasing emission

energy. The maximum ionization rate in the left sheath

occurs at �eb¼ 40 eV, ascribed to the highest total electron

flux (see Fig. 7).

In order to gain a deeper understanding of the discharge

behavior as a function of the beam energy, Fig. 4 displays

FIG. 2. Left panel: (a), (c), (e), and (g) without the EI; right panel: (b), (d), (f), and (h) with the EI of energy 40 eV and current 1 A. (a) and (b) Electric field,

(c) and (d) electron heating rate, (e) and (f) excitation rate, and (g) and (h) ionization rate as functions of time and space.
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(a) the self-bias voltage, (b) the space-time averaged electron

density and electron temperature in the double y axis, and

the heating power (c), for various emission energies of 20,

40, and 60 eV, with a fixed emission current of 1 A. Note

that the values in the absence of the EI are also shown at an

emission energy of 0. As shown in Fig. 4(a), the EI introdu-

ces a nonzero positive self-bias voltage. With increasing the

injection energy, the self-bias voltage becomes larger. The

reason is as follows. With the increasing injection energy,

energetic electrons produce a higher number of plasma

electrons through ionization collisions, hence, the plasma

density increases. So a positive self-bias voltage is built at

the rf-powered electrode to attract the plasma electrons.

With increasing emission energy from 0 to 20 eV, the

space-time averaged electron density and temperature,

electron heating power, and the total heating power increase

relatively sharp, while they increase more slowly as the EI

energy rises from 20 to 60 eV. The space-time averaged

electron temperature, decreases from �eb¼ 0 to 20 eV, due to

the ionization collisions which induce the dramatically

increasing electron density from �eb¼ 0 to 20 eV, as seen

from Figs. 3(a) and 4(b).

Note that the total heating power consists of the electron

and ion heating powers, or beam and rf powers,

Ptotal¼PelectronþPion¼PrfþPeb. The heating power of

beam Peb is calculated as Peb¼ Jeb�eb/e. Here e is the

elementary charge and �eb has a unit of eV. The heating

power is the space integral of the heating rate along the x
direction, where the plasma has reached a steady state (thou-

sands of rf-circles). As is clearly seen from Fig. 4(c), the

electron, ion and total heating powers increase with increas-

ing the emission energy, and can reach a maximum of 502,

136, and 638 W m�2, respectively. These values are much

larger than the pure rf power of 89 W m�2 without the EI, as

is clearly seen from the table below. In addition, the table

also indicates that the heating power of the injected EI is

about ten times smaller than the total heating power. In the

absence of the EI, the total heating power is about 89 W m�2,

however, the total heating power increases by one order of

magnitude with the EI. Thus, the total heating power as well

as the input rf power are remarkably enhanced with the EI.

This is due to the large increase of the electron density, elec-

tron heating rate, ionization rate, and electron flux. Indeed,

the maximum electron density, ionization rate, heating rate,

electron, and ion flux with the EIs, are enhanced by within

ten times. Thus the total power is enhanced less than ten

times, since the total rf power absorption scales with the den-

sity if the energy threshold for electron-ion pair creation will

not change much.36 Again, the enhance of the rf power has

important applications for modulating the EEDF as well as

the energetic electron flux.36

The space-time averaged EEDFs obtained at different EI

energies and fixed EI current of 1 A are shown in Fig. 5(a).

Including the EI, the electron temperature decreases but with

a significant high energy tail, indicating a “kinetic effect.”

The population of middle energy (>10 and<28 eV) elec-

trons decreases, while that of the high energy electrons

increases (>28 eV). Indeed, without the EI, the “untrapped

electrons”37 (thermalized electrons with energy high enough

to be able to cross the potential barrier in the sheath) are

rapidly lost at the electrode and the EEDF tail disappears,

thus the EEDF is a Maxwellian and mainly composed of the

“trapped electrons” (electrons bounded in the bulk).

FIG. 3. (a) Electron density, (b) electron temperature, (c) electron heating

rate, and (d) ionization rate, without the EI, and with the EIs of three

different energies for a fixed current of 1 A.
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Conversely, in the presence of an external EI the “untrapped

electrons” are generated from EI electrons and induce a high

energy tail of the EEDF. In particular, there occurs a small

peak in the EEDF tail around the electron energy at 20, 40,

and 60 eV, respectively, for �eb¼ 20 eV, �eb¼ 40 eV, and

�eb¼ 60 eV. This means the EEDF indeed can be modulated

by the external EIs, which has important applications in

experimental and industrial LTPs.17

Figure 5(b) presents the space-time averaged EEDFs for

different EI currents and a fixed EI energy of 40 A. Again,

with including the EI, the average electron energy decreases

but with a significant high energy tail. For Jeb¼ 0.1 and 1 A,

the EEDF has a low energy peak at 0.5 eV that is the same as

without the EI. However, a high energy tail occurs, which is

preferable for plasma processing of surface modification.

With the increasing injection current, from Jeb¼ 0.1 to

Jeb¼ 1 and 5 A, the high energy tails are elevated. This is

because, keeping the energy fixed, a higher current corre-

sponds to a higher number of electrons injected. The injected

electron density in all cases is very small (�1011–1013 m�3)

compared to the plasma electron density.

The higher energy tail has important applications not

only in gas phase chemistry but also in surface chemistry.

First, an EEDF tail with a controllable high energy will sig-

nificantly accelerate the reactions by changing the rate coef-

ficients for excitation and ionization in the gas phase.18

Second, the energetic electrons in the EEDF tail will be used

to modify the surface chemistry reactions. Fine etching

uniformity control or effective notching effect suppression in

the actual etching process will become more feasible.4,5 For

example, as Bae and Chang6 have pointed out, in HARC

etching the notching effect induced by the charging in the

deep trench is a major problem, where the EI can be used as

an effective way to mitigate this problem.

The kinetic aspects of electrons striking the electrodes are

vital in modifying the surface chemistry, since electron kinet-

ics are important for determining surface reactions. Figure 6

presents the electron and ion fluxes to the left electrode as a

function of time, with an EI of energy 40 eV and current 1 A.

The table (below Fig. 6) shows the time-averaged percentage

of three groups of energetic electrons. The electron flux is

strongly time-modulated with most electrons striking the elec-

trode when the sheath around the electrode collapses for a

positive rf-voltage. The ion flux is not strongly modulated by

time variation in an rf-period, forming a plateau in an rf-

circle. The reason is that the electrons are much lighter than

FIG. 4. (a) Self-bias voltage and (b) electron density and temperature with double y axis and (c) electron heating power (square), ion heating power (circle),

and total heating power (up-triangle), for various EI energies but a fixed EI current of 1 A. The table displays the EI heating power compared to the total heat-

ing power at different emission energies with a fixed current of 1 A. Note that the electron density and temperature are space-time averaged. The electron and

ion powers are the space integral of the heating rate along the x direction. The power of electron beams is directly calculated from the energy and current of

the injected electrons.
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ions, and the electrons react to the instantaneous electric field

while the ions react to the average electric field. Including the

EI, the electron flux to the electrode rises by one order of mag-

nitude, as clearly shown in Fig. 6(b), resulting in much higher

time-averaged percentage of energetic electrons as seen from

table (b). More significantly, the relative portion of energetic

electrons with energy>5 eV increases by 2 times, with

energy>10 eV increases by 20 times, and>20 eV increases

from 0% to 53% with the external EI. Thus, it is possible to

optimize the arrival of energetic electrons by adding an exter-

nal EI into a CCP. These energetic electrons are preferable for

the applications of plasma-surface chemistry and low temper-

ature CCP.

Figure 7 displays the electron fluxes to the left electrode

as a function of time, for different EI energies [20 eV (solid

line), 40 eV (dashed line), and 60 eV (dotted line)] and fixed

EI current of 1 A. At a fixed time, the sum of the electron

flux is the highest for �eb¼ 40 eV, higher for �eb¼ 20 eV, and

the lowest for �eb¼ 60 eV, introducing the maximum

ionization rate for �eb¼ 40 eV, and the lowest ionization rate

for �eb¼ 60 eV in the sheath [see Fig. 3(d) above]. In

addition, the lowest electron flux for �eb¼ 60 eV induces the

highest electron density [see Fig. 3(a) above] due to the

minimum electron loss at the boundary.

IV. CONCLUSION

In conclusion, we have used an implicit 1D PIC/MCC

model to study the effect of an injected EI on the discharge

behaviors of argon rf CCP with various emission energies

and currents. The pressure is 100 mTorr, the discharge gap is

2 cm, the rf frequency is 13.56 MHz, and the rf driving volt-

age is 200 V in amplitude. Note that the EI needs a small

power (several tens of W), and the emission current

(0.1–5 A) and energy (20–60 eV) taken in consideration can

be controlled easily in the laboratory. We have demonstrated

the possibility of enhancing the electron heating rate, excita-

tion, and ionization rates in a narrow sheath region by adding

the EIs, which in turn controls the EEDF and the energetic

electron flux. Again these enhanced ionization collisions lead

to much higher electron density but a slightly decreasing elec-

tron temperature in bulk while increasing in the sheath. This

is because the majority electrons are in the low temperature

range (few eV), since the high temperature electrons will lose

their energy quickly by inelastic collisions, leading to high

electron density and relatively low electron temperature.

FIG. 5. Space-time-averaged EEDF (a) for various EI energies at a fixed EI

current of 1 A and (b) for various EI currents at a fixed EI energy of 40 eV.

FIG. 6. Electron and ion fluxes to the left electrode as a function of time (a)

without the EI and (b) with the EI of energy 40 eV and current 1 A. The table

displays the time-averaged percentage of three groups of energetic electrons

striking the electrode.

FIG. 7. Electron fluxes to the left electrode as a function of time for different

EI energies and a fixed EI current of 1 A.
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At first, we compare the electric field, electron heating

rate, excitation, and ionization rates with and without an

external EI. With the EI, the heating mode has transited from

a volume heating (a-mode dominated) into a sheath heating

(c-mode dominated).

Second, we investigate the electron density, electron

temperature, electron heating rate, and ionization rate for

three emission energies of 20, 40, and 60 eV, with a fixed

emission current of 1 A. The results are compared to the case

without EI. The maximum electron density and heating rate

increase with the increasing emission energy. The maximum

ionization rate in the left sheath occurs at �eb¼ 40 eV, which

is consistent with a highest electron flux to the left sheath.

Third, the self-bias voltage is considered to modulate

the plasma properties, where the self-bias voltage is positive

with the EI, attracting the enhanced plasma electrons. The

space-time averaged electron density, electron temperature,

the electron heating power, and the total heating power

increase with the increasing emission energy 20–60 eV.

Fourth, the controlling effect of the EEDF is examined,

which is a long aim of scientists in the field of LTPs, since in

the gas phase plasmas the EEDF can determine a variety of

plasma-chemical processes. With the EI, the average

electron energy decreases but with a significant high energy

tail. Without the EI, the EEDF tail disappears, thus the

EEDF is a modified Maxwellian. Conversely, the presence

of an external EI induces a high energy tail of the EEDF. In

particular, there occurs a small peak in the EEDF tail, indi-

cating a significant increase of the “untrapped electrons.”

The two-group populations of electrons are governed by a

strong kinetic effect.

Last but not least, the enhancing effect of the energetic

electron number as well as the flux is discussed. The relative

portion of energetic electrons with energy>10 eV increases

by 20 times, and>20 eV increases from 0% to 53% when

including an external EI. The engineering of an energetic

electron flux is of great benefit in plasma-surface and

plasma-gas chemistry.
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