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Control of Ion Species and Energy in High-Flux
Helicon-Wave-Excited Plasma Using
Ar/N, Gas Mixtures

Tianyuan Huang, Chenggang Jin™, Yan Yang, Xuemei Wu

Abstract— The atomic nitrogen (N) ion flux and impacting ion
energy are the two important parameters, which influence the
performance of production of plasma nitridation applications
such as N-doped graphene. In this paper, a novel method is
described to control the flux and ion energy of atomic N ion
(NT) and molecular N, ion (N+) using a helicon-wave-excited
plasma (HWP) with Ar/N, gas mixtures. It shows that by varying
the flow-rate ratio of N/(N3 + Ar) (), the ratio of [N1]/ [N;']
(B) can be controlled obviously, and B could be increased up to
1.2 at « = 0.5, which is much higher than that in pure N, HWP
discharge (8 ~ 0.2). The maximum density and flux of atomic N*
are obtained, which are 2.5 x 1018 m=3 and 8.6 x 1021 m_zs_l,
respectively. The results show that the addition of Ar into N,
plasma can be employed to remarkably increase the [N*1]/ [N;']
due to electron-impact ionization involving the metastable state
of Ar. The N ion beams are formed with a speed near to Mach
3, and the ion-beam energy is increased from 30 to 50 eV with
increasing « to 0.75.

Index Terms— Helicon-wave-excited plasma (HWP), high-flux
atomic nitrogen ion, ion energy distributions.
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I. INTRODUCTION

ITROGEN (N) plasmas have been extensively used in a
Nvariety of industrial applications such as reactive syn-
thesis of thin film nitridation [1], [2] and surface modifi-
cation of different materials [3], [4]. These applications are
based on dedicated knowledge of plasma chemistry, which
demands a precise control of atomic N densities by changing
plasma parameters. The atomic N plays a dominant role
in the processing of nitridation due to its strong chemical
activity, which is associated with the adsorption/diffusion
on the material surface. Meanwhile, atomic N can be effi-
ciently incorporated on the surfaces of almost all metals [5].
However, active molecular Ny (including ionic species) is
usually unreactive on the material surface because it is deex-
cited by a resonant transition below several angstroms of
the surface [6]. Recently, low-damage plasma-based (or ion
irradiation-based) methods have been used to prepare N-doped
graphene, which is considered as a promising material in the
field of field-effect transistors [7], lithium batteries [8], fuel
cells [9], and supercapacitors [10]. N ion implantation have
been investigated as a method for substitutional doping layered
graphene showing that N* ion energy plays an important
role in doping fraction and direct knock-ON/reaction-based
vacancy formation [11]. Also, a straightforward mean using
direct atomic N implantation and subsequent stabilization at
temperatures above 1300 K is reported to produce high-quality
N-doped graphene on SiC (0001) [12]. However, due to the
difficulty in developing N; plasma with a mainly atomic N
contribution, the relation between atomic Nt and the quality
of N-doped graphene has not been fully interpreted. Even so,
many researchers believe that functionalization using high-
density atomic NT is necessary to optimize the N-doped
graphene property. On the N-doped graphene functionalization
applications [11], there is an increasing interest in tuning the
ion energy of impinging N, which plays a crucial role in
surface reactions.

In a pure N plasma discharge, the dissociation degree is
low due to the strong N-N bonding (9.76 eV) [13]. In order to
increase the dissociation degree, some inert gas (such as Ar)
is mixed and different Ar/N, plasmas are investigated. For
example, a maximum dissociation rate of 10% is observed
in low pressure inductively coupled Ar/N, plasma [14].
A maximum dissociation of Nj is obtained in N»-50% Ar
plasma gas mixture in a hollow cathode remote-type RF
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Fig. 1. Schematic of the HMHX setup and the diagnostic system.

discharge system [15]. Energy spectra and mass of ions in
Ar/N> ECR plasma are investigated using an EQP analyzer
and OES [16]. Ar/N, plasmas (plasma densities in the range
of 10°-10'!" cm™3) generated by 2-keV electron beam in a
low-pressure background (~25 mtorr) is characterized using
OES [17]. For plasma nitridation (PN), it has been shown
that the high N-doping concentration in the modified layer
improves with increasing density and energy of atomic NV
in the plasma. Therefore, high atomic N concentration can be
achieved in a short period of time, making the PN processing
suitable for high-volume industry manufacturing.

Helicon-wave-excited plasma [18] (HWP) source has
attracted a lot of attention due to high electron density
(ne: 107210 m=3) and high ionization ratio (~100%),
which can be obtained at low working pressure, making high
dissociation degree of molecular N, possible. The atomic
N species are predominantly produced by the electron-impact
processes such as the dissociative collisions between the
electron and the molecular N;r (Coulomb collision) or between
the electron and the molecular N and these processes strongly
depend on the n,.

In this paper, ion density ratio [N*]/ [NEL ] are controlled and
investigated in HWP with Ar/N, gas mixtures by tuning of the
gas flow rates of both Ar and N, using mass-flow controllers
(MFCs). The effect of Ar dilution on the dissociation of
molecular Ny in Ar/N> HWP has been evaluated, by measuring
the electron energy probability functions (EEPFs) and inves-
tigating various plasma parameters as a function of the flow-
rate ratio of Np/(N> + Ar) (a), at the relatively low pressures
(2 x 1072 Pa) and high magnetic field (1300G). Much higher
atomic Nt ion flux up to 8.6 x 102" m~2s~! is achieved with
varying a, which opens up new avenues to PN applications.

II. EXPERIMENTAL SETUP

The preliminary results on the control of reactive N> species
are achieved in the high density, steady state, HWP source high
magnetic field helicon experiment (HMHX) [19], as shown
in Fig. 1. Plasmas are ignited and heated at a low pressure
(2 x 1072 Pa) by a radio frequency (RF, 13.56 MHz) power
source, through an internal right helical antenna (50 mm
in diameter by 180 mm long). Before the HWP operation,
the vacuum chamber is pumped to <5 x 10~ Pa by a pumping
system consisting of a mechanical pump and a turbo molecular
pump. During the operation, the flow rates of Ar and N
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are controlled by two MFC, respectively, to vary the mixing
proportion, and the total gas flow rate is fixed at 20 sccm.
The a is varied from 0% (N>:Ar = 0:20) to 100%, while the
RF power is 1500 W, and the magnetic field is 1300 G.

A passively compensated Langmuir probe (Hiden Analytical
Limited, ESPION) is positioned 170-mm downstream of the
source chamber interface (refer to Fig. 1) for the measurement
of the EEPFs and other plasma parameters (including plasma
density n,, effective electron temperature 7., and plasma
potential V). The EEPFs play a key role in HWP charac-
terization, which help understand the physical and chemical
behavior, which are obtained from the following formula [20]:

2m, [ 2¢ 12 a1
e2A (me) dv?
where m, is the electron mass, e is the electron charge, and
A is the physical collecting area of the probe. n, and 7, are
determined as corresponding integrals of the EEPFs from the
following formulas:

g () = (1

X
ne = / ¢\ g(e)de @
0
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3ne Jo

A Hiden electrostatic quadrupole plasma (EQP) mass spec-
trometer analyzer is directly connected to the plasma-material
interaction chamber for the measurement of the ion informa-
tion of the mass and energy spectra. The mass spectrometer is
worked in “residual gas analyzer” mode. The 70-eV electron-
impact mass spectra are obtained with the plasma on and with
the plasma OFF. In each condition, spectra between 10 and
40 amu are obtained and averaged. The dissociation degree D
is then calculated using the following equation:

I N2_ON I Ar_OFF

D=1- (4)

1N2_0FF IAr_ON
where In2_opr and In2 on are the intensities of the No peak
(28 amu) with the plasma OFF and ON, respectively, and
Iar orr and Iar on are the intensities of the Ar peak (40 amu)
with plasma OFF and ON, respectively.

III. RESULTS AND DISCUSSION
A. Dissociation Degree

Fig. 2 shows the measured plasma parameters, including
the molecular N> dissociation degree [N]/[N>2] [D in (4)]
and the ion density ratio of [N*]/ [N;' ] by varying a. The
T, and V) increase almost linearly from 3.2 to 6.9 eV and
from 11 to 24 V with increasing a, respectively. The n, is
increased up to 5.7 x 10" m~3 with increasing a, followed by
a sharp decreasing with a > 0.5, as shown in Fig. 2(a) and (b).
Fig. 2(c) shows that the D and the ion density ratio of
[NT]/ [N;' ] increase in a similar way to n.. In any case, it is
observed that the dissociation degree D is enhanced when a
pure No HWP is transited to an Ar-rich gas mixture HWP.

The enhanced factor of the dissociation degree could be
calculated as the ratio of the maximum D obtained from
the Ar/N; mixture over the Dfrom pure N;. The D starts
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Fig. 2. Measured plasma parameters. (a) T, (black filled squares) and V),
(red filled pentagons). (b) n. (black filled squares). (c) Molecular Ny dissoci-
ation level [N]/[N3] (black filled squares) and ion density ratio of INT] / [Nzr]
(red filled pentagons). (d) NT density and NT flux as a function of «. The
RF power was 1500 W, and the mixed gas flow rate was 20 sccm.
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Fig. 3. Measured EEPFs as a function of a. The RF power was 1500 W,
and the mixed gas flow rate was 20 sccm.

from 27% (no Ar, oo = 0) and achieves a maximum of 55%
(a =0.5).

Therefore, the dissociation enhancement factor is nearly 2,
which indicates that the addition of Ar into Np HWP is
an efficient method to improve the total ionization rate as
well as the [NT]/[NJ]. Moreover, the increase of atomic N™
production is also particularly large. In fact, at o of 0.5,
the flux of N* is 1.22 times larger than that of NEL . It suggests
that both D and the [N*]/ [NEL ] are strong functions of n,
rather than 7, in N+ Ar mixture HWP. The maximum density
and flux of Nt are 2.5 x 10'® m—3 and 8.6 x 10*! m~2s~! at
o = 0.5, respectively, as shown in Fig. 2(d).

Theoretical analysis results of Ar/N, discharge at a fre-
quency of 2.45 GHz show that an increment of Ar proportion
in mixture gas bring about an enhancement of the high-energy
tail of the EEPFs, which in turn results in higher dissociation
degrees of N» [21]. As illustrated in Fig. 3, the measured
EEPFs in HWP are bi-Maxwellian distribution at the o > 0.5.
As the a increases, the electron energy loss due to resonant
vibrational excitation of N> begins to deplete the electrons
above 2-3 eV. The bi-Maxwellian distribution in pure Nz
owing to collision less heating of electrons can essentially
be attributable to the deep penetration of E-M fields into the
HWP, which is a feature of nonlocal electron kinetics at low
pressure [22], [23]. The EEPFs develop into a Maxwellian
distribution with increasing Ar concentration (a < 0.5) in
the plasma discharge. This revolution of the EEPFs profiles
may be related to modifications in energy transport mechanism
in the HWP. Furthermore, it can be observed that a steeper
slope of the tail temperature (7, in the high-energy range) at
o < 0.5, which indicates a depletion of high-energy electrons.
This can be related to the electron energy “redistribution” in
which high-energy electrons transport their energy to low-
energy electrons and ionization processing. Therefore, it can
be seen that the EEPFs can be tailored by inert Ar mixing. The
enhanced ionization rate is because of the metastable atomic
Ar (Ar}) reacts with molecular Ny of the ground state with
adding a small amount of Ar into No HWP discharge

Art + Ny — Ar + Nj 5)
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Fig. 4. Normalized ion energy distributions. (a)—(c) Art, N;’ , and N ions, respectively, as a function of a. The RF power was 1500 W, and the mixed

gas flow rate was 20 sccm.

where N3 is molecular Ny of excited states. As N3 has the
lower threshold ionization energy than that of ground state,
N7 is easier to be further ionized by electron impact [24]

e—l—N;—)N;“—i—Ze (6)
e+N§—>N+N++2e. 7

Equations (6) and (7) are the dominant creation processes
of NT, N; , which result in the increase of n, and Nt density.
Nevertheless, with the further increasing of a, the effect of the
two-step ionization would be weakened due to the attenuation
of Np. When the fractions of these two gases turn into closer,
the considerable nonresonant charge-exchange reactions result
in energy loss when valence electrons occupy different atomic
energy levels before and after the collision. Therefore, the
n, and N density become to decline at a certain No/(N;+Ar).

B. Ion Energy Distribution

The Ar/N, HWP was further investigated by EQP. The
major ion species were Art, N7, and NT. Fig. 4(a)-(c) gives
the ion energy distribution functions (IEDFs) of Art, N7,
and NT as a function of the «, showing the evolution of
peak profiles and the drift of ion energy. Fig. 4(a) shows
that the distributed ionization in HWP is responsible for
the bimodal energy distribution of Ar™, which measured at
a < 0.75. Nevertheless, it can be observed the unimodal
energy distribution for N;r should be related with diatomic
N> molecule structures, as shown in Fig. 4(c). In contrast
to monatomic molecule, diatomic N, molecule contains two
atoms and processes rotational and vibration energy levels.
In the course of the collisions, the electron-impact excitations
of rotational or vibrational energy levels and molecular dis-
sociations can bring about substantial electron energy loss.
It inclines to produce NJ rather than N;' in local spatial
regions. Fig. 4(c) shows that the IEDF of atomic NT exhibits
two peaks only at a of 0.375 and 0.5, and becomes narrower
and shifts toward higher energies as the a is increased from
0.375 to 0.5. The lower energy peak is in response to the local
plasma potential (V, ~ 15 V) while the higher energy peak
is indicative of ion-beam formation (Vpeam ~ 34 V) at a of

0.5 [25]. It is an obvious evidence that a double layer (DL)
is formed in Ar/N, HWP discharge, which accelerates the
atomic NT ions and creates an ion-beam downstream of
the DL. Using an 7, of 4.5 eV for the current conditions
determined by the Langmuir probe, the ion-beam velocity and
its Mach number could be estimated as [25]

_ 2e (Vbeam - Vp) N 8.5k T, ~29 ®)
Ubeam = M, M; -ICs.

The Mach number is about 2.9, i.e., it is supersonic. With
increasing o, the energy of the ion-beam increases from
30 to 50 eV. As the a is increased, there is an increment
in the 7, and potential gradients, which results in larger ion-
beam energies for the all a. It indicates that the ion-beam
energy can be adjusted by varying the a. These parameters are
not expected to change too much at the substrate; therefore,
these results exiting here are expected to give an evaluation
of plasma chemistry property and ion energy parameter at the
substrate.

IV. CONCLUSION

In this paper, the ion flux and energy of atomic N ion (N*)
and molecular Ny ion (N;' ) are controlled by varying the
flow-rate ratio of No/(N2 4+ Ar) (a) in HWP with Ar/N,
gas mixtures. Due to electron-impact ionization, Ar}, are
involved, which could remarkably enhance the atomic N* and
molecular N;r ion creation, especially at the a of 0.5. The ion
density ratio is the function of n, rather than 7,. The maximum
density and flux of atomic N7 are obtained at the a of 0.5,
which are 2.5x 10'® m—3 and 8.6 x 10*! m~2s~!, respectively.
The N* ion beams are formed with a speed near to Mach 3,
and the energy of the ion-beam increases from 30 to 50 eV
with increasing the a. As the a is increased, there is an
increase in the 7, and potential gradients, which result in larger
ion-beam energies. Our present experimental results clearly
reveal a possible way for generating high atomic N ion flux
with impacting ion kinetic energy in the range of 30-50 eV
by adjusting the a, and indicate its potential for application in
N-doped graphene.
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