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Bauville2, Kristaq Gazeli2, Stéphane Pasquiers2, João Santos Sousa2, Nelson De Oliveira3,

Nader Sadeghi4, Guillaume Lombardi1, and Claudia Lazzaroni1
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Abstract

A micro-hollow cathode discharge (MHCD) operated in Ar/N2 gas mixture, working in the normal
regime, was studied both experimentally and with a 0D (volume-averaged) model in this work. This
source provides high electron densities (up to 1015 cm−3) at low injected power (1W). To understand
the mechanisms leading to the production of N atoms, the densities of electrons, N atoms and argon
metastable atoms (Ar*) were monitored over a wide range of experimental conditions. Electrons, N
atoms and Ar* densities were probed by means of Optical Emission Spectroscopy (OES), Vacuum Ultra
Violet Fourier Transform Spectroscopy (VUV FTS) and Tunable Diode Laser Absorption Spectroscopy
(TDLAS), respectively. Measurements showed that using a smaller hole diameter enables to work with
less injected power, while increasing the power density inside the hole and, subsequently, increasing the
densities of excited species. Varying the percentage of N2 in the gas mixture highlighted that, up to
80%, the density of N atoms increases although the dissociation rate drops. Looking at the processes
involved in the production of N atoms with the help of the 0D model, we found that at very low N2

fraction, N atoms are mostly produced through dissociative electron-ion recombination. However, adding
more N2 decreases drastically the electron density. The density of N atoms does not drop thanks to the
contribution of Ar* atoms, which are the main species dissociating N2 between 5 and 55% of N2 in the
gas mixture. A reasonable agreement is found between the experiments and the model results. This
study shows that, with this MHCD, it is possible to significantly modify the production of N atoms when
modifying the physical parameters, making it particularly relevant for applications requiring a N atoms
source, such as nitride deposition.

1 Introduction

Microplasmas, defined by a micrometric scale of at least one of their dimensions, have drawn attention in
recent years with applications in various fields, such as thin film deposition and nanomaterial synthesis [1–3],
surface treatment [4, 5], sterilization [6, 7], lighting [8–10] and micro-propulsion [11]. Thanks to their small
size, microplasmas can be generated at high pressure (up to atmospheric) with low injected power (1 W).
Futhermore, they yield high power densities up to 100 kW.cm−3 and even higher in some cases [12]. Those
are significant advantages compared to conventional non-thermal plasma sources.
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Micro Hollow Cathode Discharge (MHCD) is a particular geometry of a microplasma source. It consists of
an electrode-dielectric-electrode assembly that is drilled, at least partially, with a hole between a few tens
and hundreds of micrometers in diameter. It was first introduced in the 1990s by Schoenbach et al. [13, 14].
At very low discharge current (< 0.1 mA), the DC MHCD works in the abnormal regime where the plasma is
confined inside the hole. Despite the use of DC power supply, a self-pulsing regime appears at intermediate
current values (typically between 0.1 and 0.5 mA) and the plasma oscillates between the interior and the
exterior of the hole. The normal regime, attained at higher currents, is characterized by an expansion of the
plasma on the cathodic surface. MHCDs provide high electronic densities (up to 1015 cm−3 [15]), which is
expected to yield high precursor dissociation. This would be especially suited for the production of N atoms,
which are needed for many applications, among which the synthesis of novel nanomaterials [16] and large band
gap nitrides such as hexagonal boron nitride (h-BN) for high power electronics [17]. To shift from the harmful
nitrogen-containing precursors currently used in the industry (ammonia NH3, borazine B3H6N3) to molecular
nitrogen (N2), one has to overcome its high bonding energy (9.5 eV), which prevents dissociation rates higher
than a few percents at low processing temperatures (< 800◦C) [18]. Efforts to improve the production of
nitrogen atoms (N) showed that the controlled addition of argon (Ar) in the operating gas mixture enhances
the dissociation of N2 [19, 20]. For the deposition of h-BN, our team opted for boron tribromide (BBr3) as
the boron precursor [1]. It is added downstream of the MHCD and dissociated thermally.
In this paper, we have experimentally studied the production of N atoms in a MHCD working in the normal
regime, in an Ar/N2 gas mixture. To obtain complete understanding of the chemistry at stake, a volume
averaged (0D) model of the discharge was developed. The density of N atoms was monitored by means of two
different absorption spectroscopy methods. The challenging Vacuum Ultra Violet (VUV) spectral range of
N atoms dipole transitions (≈ 120 nm) led us to use the state-of-the-art Fourier Transform Spectrometer of
the SOLEIL synchrotron. In addition, the density of argon atom metastables (Ar(1s5), hereafter denoted as
Ar*) was monitored, by means of tunable diode laser absorption spectroscopy, since those species may lead
to the dissociation of N2 through the reaction Arm + N2 → N + N + Ar [21]. The electronic density was
probed as well, using optical emission spectroscopy (OES), to understand how the electrons (e) participate
in the dissociation process.
Section 2 describes the three experimental setups as well as the 0D model employed to characterize the
discharge. Section 3 discusses the influence of different experimental parameters (hole diameter, gas pressure
and mixture) on the production of N atoms.

2 Experimental setup and description of the model

2.1 Plasma source

The MHCD device, schematized in figure 1a, uses alumina (Al2O3) as the dielectric (750 µm thick), which is
placed between two molybdenum electrodes (100 µm thick each). The dielectric and electrodes are assembled
together using an epoxy glue suited for high-temperature operation. A hole is drilled through the assembly
using a marking laser. Three different hole diameters have been used in this study : 0.4, 1 and 2 mm. This
MHCD device is placed in the reactor illustrated in figure 1b, at the junction between two vacuum chambers.
A gas mixture of Ar/N2, with varying proportions of each gas, is injected in the upstream chamber (left
hand side) at a constant total flow rate of 100 sccm. A pipe links the two chambers, maintaining them at
the same pressure. This pressure, ranging from 30 to 90 mbar, is regulated using a pump and manual valve,
pumping in the downstream chamber (right hand side).
The MHCD is then ignited using a negative DC power supply (0-1000 V). The electrode in the upstream
chamber is connected to the negative high voltage (HV) of the power supply, being thus the cathode, while
the anode is connected to the ground and faces the downstream chamber, as represented in figure 1b. The
electrical parameters of the discharge are monitored through two voltage probes. The first probe is located
post the ballast resistor Rb = 480 kΩ, used to limit the discharge current, and measures the discharge voltage
Vd delivered to the plasma. The second probe is used to record the voltage VI across the 180 Ω resistor
Rm, in order to measure the discharge current Id. Because the pair (Vd,Id) is determined by the discharge
conditions, a current Id = 1 mA is used as a reference, while the voltage Vd is not set by the operator and
its value adapts to fit the conditions. At such discharge current, the MHCD operates in the normal regime,
with continuous discharge voltage and current.
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Three different optical diagnostics were used to evaluate the density of electrons, N atoms and argon metasta-
bles in the plasma, respectively, as described in sections 2.2-4.

Al2O3

Mo

Mo

Hole diameter
(0.4 - 2 mm)

100 µm

750 µm

100 µm

(a)
HV -

DC Supply

Rb Rm

Vd VI

PumpAr\N2

(b)

Figure 1: Scheme of (a) the MHCD configuration and (b) the reactor used in the experiments.

2.2 Optical emission spectroscopy : Stark broadening of Hβ for electron density
determination

The electron density was measured using the Stark broadening of the Hβ line at λHβ = 486.135 nm, which
is very sensitive to this type of broadening. To observe the line, 1% of hydrogen gas was added into the gas
mixture. It should be noted that, at this low percentage, hydrogen does not affect the discharge behavior,
with no modification of its current-voltage characteristic.

A SOPRA Ebert-Fasti monochromator with a 2 m focal length, with a 1200 groves per mm grating,
was used. It is backed by a PIMAX3-1024i (Roper Scientific) CCD camera with a 12.8 × 12.8 µm2 pixel
size. A lens with a 30 mm focal length focuses the light emitted by the plasma into the entry slit, 100
µm wide, of the monochromator. The Hβ line is recorded at the third diffraction order of the grating, for
which the reverse dispersion is 60.7 pm/mm, yielding to 0.7765 pm per pixel. Two filters placed before the
monochromator eliminate the light from other diffraction orders of the grating. A low-pass filter, with a 550
nm cutoff wavelength, filters out the emission in the second diffraction order, and a high-pass filter, with a
400 nm cutoff wavelength, suppresses the intense emission of molecular nitrogen second positive system. To
avoid the contribution of the light coming from the emission of the cathodic expansion, the monochromator
is facing the anodic side. The Hβ line profile results from different physical phenomena:
- the apparatus function (∆λI) that depends on the width of the slit, the grating, the CCD and the optical
aberration. In our case, the instrumental broadening induces a Gaussian profile and ∆λI is measured to be
of 7.5 pm, using an argon ionic line.
- the Doppler broadening (∆λD), due to the thermal agitation of the particles, also induces a Gaussian profile
and is calculated as follows [22]:

∆λD = λHβ

√
8 ln(2)

kBTg
c2M

= 7.16× 10−7 × λHβ

√
Tg
M

(1)

where Tg is the gas temperature, c the speed of light, M the mass of the hydrogen atom and kB the Boltzmann
constant. With Tg estimated to be of 470 K based on previous measurements on a similar source [23], we
obtain ∆λD = 7 pm.
- the Van der Waals broadening (∆λV dW ) is caused by the collisions with perturbing particles with similar
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energy levels as the emitting particle. It induces a Lorentzian profile and is expressed by [24,25]:

∆λV dW = 6.8× PAr
T 0.7
g

+ 2.4× PN2

T 0.7
g

(2)

with PAr and PN2
the partial pressure of Ar and N2, respectively, in Torr and ∆λV dW in pm.

- the Stark broadening (∆λStark) is due to the interaction between the emitting atoms, ions and free electrons
in the plasma, through the electric fields generated by these particles and it is expressed by [22]:

∆λStark = 4.7333× 200
( ne

1022

)1/1.49

(3)

with ne in m−3 and ∆λStark in pm. The convolution of the above-described contributions leads to a Voigt
profile of width ∆λexp, which is measured experimentally. Figure 2 shows a typical Hβ line profile recorded
and the associated Voigt fit used to determine ∆λexp.

Figure 2: Normalized Hβ emission line spectrum (solid black) and corresponding Voigt fit (red dashed).
Plasma conditions : Hole diameter = 0.4 mm, P = 50 mbar, 0% N2, Id = 1 mA.

Subsequently, the value of the Stark broadening is calculated as follows [26]:

∆λStark =
(
∆λ1.4

exp −∆λ1.4
DI

)1/1.4 −∆λV dW with ∆λDI =
√

∆λ2
I + ∆λ2

D (4)

The electron density is then linked to the Stark broadening ∆λStark (in pm) through :

ne = 1022 ×
(

∆λStark
4.7333× 200

)1.49

m−3 (5)

2.3 Fourier Transform Spectrometry Vacuum Ultra-Violet absorption for N
atom density determination

The N atom density determination was carried out with the VUV high-resolution Fourier Transform spectrom-
eter (FTS) of the DESIRS (Dichröısme Et Spectroscopie par Interaction avec le Rayonnement Synchrotron)
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beamline at the SOLEIL synchrotron facility. The microplasma reactor was placed in the sample environment
chamber of the FTS branch. The usual borosilicate windows were replaced with MgF2 windows, transparent
in the near VUV spectral range. The VUV FTS setup is described in details in [27, 28]. This spectrometer
covers the full VUV range down to 40 nm and allows for a very high spectral resolution to be achieved. It
records the photo-absorption spectra over the full range, with a resolving power λ

∆λ up to 1× 106.
The N atom density is probed using the transition between the ground state (2p3 4S3/2) and the triplet state
(3s 4P1/2,3/2,5/2) around 120 nm. The spectrometer yields the full convoluted transmission spectrum TC(σ’)
(with σ’ the wavenumber in cm−1) :

TC(σ′) = T0(σ′)[ΦI(σ
′ − σ) ∗ T (σ)] (6)

where T0(σ′) is the transmission spectrum without absorbent, ΦI(σ
′ − σ) the instrumental profile and T(σ)

the actual absorption spectrum of the sample. In the case of this spectrometer, the instrumental function is a

sinc function ΦI(σ
′−σ) = sin(π(σ′−σ))

π(σ′−σ) , with a Full Width at Half Maximum (FWHM) ∆I that is proportional

to the sampling interval δσ′. In our case, ∆I = 0.53 cm−1. The raw data TC(σ’) are first normalized to the
baseline T0(σ′) and deconvoluted from ΦI(σ

′ − σ) to obtain the transmission spectrum, which, according to
Beer-Lambert law, is equal to :

T (σ) = exp[−Abs(σ)] = exp[−k(σ).labs(N)] (7)

with Abs(σ) the absorbance, labs(N) the absorption length for the N atoms considered here and k(σ) the
absorption coefficient. For a single line, between an upper level u and a lower level l, with a central transition
wavenumber σul, k(σ) is given by [29]:

k(σ) = k0Φ(σ)(Nl −
gl
gu
Nu) =

gu
gl

1

8πcσ2
ul

AulΦ(σ)(Nl −
gl
gu
Nu) (8)

with gu and gl the statistical weights of the upper and lower levels, Nu and Nl the corresponding population
densities, c the speed of light, Aul the Einstein coefficient of the transition and Φ(σ) the normalized line
profile. Because the gas temperature Tg, estimated to be of 470 K (0.05 eV), is much lower than the energy
of the transition (10 eV), we can consider that Nu � Nl, which thus yields :

Abs(σ) =
gu
gl

1

8πcσ2
ul

AulΦ(σ)Nl.labs(N) (9)

83,260 83,330 83,400

0.5

1

Wavenumber (cm−1)

T
ra

n
sm

is
si
o
n

(a
.u
.)

Figure 3: Normalized, non deconvoluted, transmission spectrum of the N(2p3 4S3/2 → 3s 4PJ) triplet tran-
sition. Plasma conditions : Hole diameter = 1 mm, grazing the anodic side, P = 30 mbar, 20% N2, Id = 1
mA.

In the general case, the line profile Φ(σ) is a Voigt profile, i.e. the convolution of a Gaussian and a
Lorentzian line profiles. The latter is related to the species lifetime and includes the pressure broadening
(estimated to be of 0.01 cm−1 in our conditions). The former reflects the thermal motion of the absorbent
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atoms, of mass M = 14, with a Doppler FWHM ∆σD = σul
√

8 ln(2)kBTg/Mc2 = 0.35 cm−1 at Tg = 470 K,
assumed to be equal to the gas temperature because of the high collision rate.

Figure 3 shows the normalized, non deconvoluted transmission spectrum of the three transitions from the
ground state of nitrogen (2p3 4S3/2) to the triplet state (3s 4P1/2,3/2,5/2), for the case of a 1 mm diameter
hole, a gas mixture of 80% Ar and 20% N2, a pressure of 30 mbar and a discharge current of 1 mA. Each
line is individually fitted with a convolution of a sinc function and a Voigt profile, with fixed values for the
instrumental function FWHM ∆I and the Doppler broadening ∆σD. In all of our experimental conditions,
grazing the cathodic side, with percentages of N2 as low as 1%, we faced a saturation of the absorption line.
The line fitting was done only on the non-saturated wings of the Voigt profile, allowing us to still obtain
a measurement but with less precision. Fitting each line individually grants us with a mean value and a
standard error. The error on the column density Nl.labs(N), which is due to the signal-to-noise ratio obtained
in each condition, can reach up to 20%, depending on the experimental conditions. This measurement is not
affected by the reproducibility of the discharge since only one set of measurements has been performed, due
to time constraints.

2.4 Tunable diode laser absorption spectroscopy for Ar* density determination

The determination of the Ar* density was carried out with an experimental setup based on that previously
reported in [30] and illustrated in figure 4. The transition probed is the one at 811.531 nm between the
metastable states (4s 3P2) and (4p 3D3) (transition referred as (1s5 → 2p9) in Paschen’s notation), using
the commercial diode laser Toptica DL 100 DFB-L. The wavelength of the laser is adjusted between 811.501
and 811.561 nm to scan the entire line profile. This is done by modifying the operating current of the laser.

Figure 4: Experimental setup used for the determination of the Ar* density. PD = PhotoDiode, ND filter =
Neutral Density filter, IR filter = Infra-Red filter, BS = Beam Splitter.
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The laser beam passes through an aperture and a neutral optical density (ND filter in figure 4) to sufficiently
attenuate its intensity and avoid any saturation of the optical transition. The beam is then divided in two
parts with a beam spliter (BS) : the first part passes through a low-pressure argon lamp used as a reference
for the determination of the central wavelength of the transition, and the second part goes through the
microplasma source. The beam probing the plasma is shaped by the aperture put before the reactor. Hence,
the laser spot probing the medium is circular with a 1 mm diameter. After passing through the plasma, the
laser beam is focused with a lens into a photodiode (PD2).
To record the absorbance of the plasma as a function of the laser wavelength, four signals are recorded for
each plasma condition : the transmission T (laser ON, plasma ON), the plasma emission P (laser OFF,
plasma ON), the laser emission L (laser ON, plasma OFF) and the background noise B (laser OFF, plasma
OFF). The absorbance (Abs) is then calculated as follows:

Abs(λ) = −T (λ)− P (λ)

L(λ)−B(λ)
(10)

As seen previously in section 2.3, the absorbance is related to the population density of the lower level through
equation (9). However, instead of fitting the line profile, we directly used the integral of the absorbance :

Nl =
gl
gu

8π

λ2
ul

1

Aullabs(Ar∗)

∫
Abs(ν)dν (11)

with ν the frequency, λul the central wavelength of the line and given that the integral of the normalized line
profile

∫
Φ(ν)dν = 1. This allows us to make no assumption on the shape of the line profile. Each experience

was repeated at least three times, yielding a standard deviation on the column density Nl.labs(Ar
∗) between

20 and 50%, depending on the experimental conditions. The error increases with the percentage of N2 in
the discharge since the density of Ar* decreases and, consequently, the signal-to-noise ratio decreases as well.
The reproducibility of the discharge from day to day is another source of error for this diagnostic.

2.5 0D model

The experimental results obtained have been compared to those given by a 0D model of the discharge, yielding
the volume averaged densities of species (including electrons), reaction rates and electron temperature. The
model is based on a previous one [31, 32], upgraded with an adapted chemistry to study the Ar/N2 gas
mixture. 14 species are taken into consideration : ground-state argon atoms Ar, argon positive ions Ar+,
argon molecular ions Ar+

2 , metastable argon atoms Arm, resonant argon atoms Arr, excited argon atoms in
the 4p state Ar4p, ground-state molecular nitrogen N2, electronically excited N2 molecules (N2(A)(A3Σ+

u ),
N2(B)(B3Πg) and N2(C)(C3Πu)), nitrogen atoms N, the positive nitrogen ions N+

2 and N+
4 , and the electrons

e. The Arr includes the two resonant states 1P1 and 3P1, while the Arm state includes both the 3P2 (1s5

in Paschen’s notation) and the 3P0 (1s3 in Paschen’s notation). We bring to the reader’s attention that our
absorption spectroscopy measurements relate to the density of metastable argon in the 3P2 (1s5) only. In the
literature, the density ratio between the 1s5 and 1s3 states have been measured and found between 6.25 and
8.9 [33,34], which gives an idea of the expected discrepancy between the experimental and the model results.
On the basis of previous works [21, 23, 31, 35–44] in similar gas mixtures, we are considering 69 reactions in
the plasma volume, gathered in table 1.

n Reaction Reaction rate Reference

Electron impact ionization

R1 e + Ar → Ar+ + e + e 2.34× 10−14 × T 0.59
e × exp(−17.44/Te) [35]

R2 e + Arm → Ar+ + e + e 6.8× 10−15 × T 0.67
e × exp(−4.2/Te) [35]

R3 e + Ar4p → Ar+ + e + e 1.8× 10−13 × T 0.61
e × exp(−2.61/Te) [35]

R4 e + N2 → N+
2 + e + e 1.34× 10−14 × T 0.7224

e × exp(−22.38/Te) [36]

Electron impact excitation and de-excitation

R5 e + Ar → Arm + e 5× 10−15 × exp(−12.64/Te) + 1.4× 10−15 × exp(−12.42/Te) [35]

Continues on next page...
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n Reaction Reaction rate Reference

R6 e + Ar → Arr + e 1.9× 10−15 × exp(−12.6/Te) + 2.7× 10−16 × exp(−12.14/Te) [35]

R7 e + Ar → Ar4p + e 2.1× 10−14 × exp(−13.13/Te) [35]

R8 e + Arm → Ar + e 4.3× 10−16 × T 0.74
e [35]

R9 e + Arm → Arr + e 3.7× 10−13 [35]

R10 e + Arm → Ar4p + e 8.9× 10−13 × T 0.51
e × exp(−1.59/Te) [35]

R11 e + Arr → Ar + e 4.3× 10−16 × T 0.74
e [35]

R12 e + Arr → Arm + e 9.1× 10−13 [35]

R13 e + Arr → Ar4p + e 8.9× 10−13 × T 0.51
e × exp(−1.59/Te) [35]

R14 e + Ar4p → Arr + e 3× 10−13 × T 0.51
e [35]

R15 e + Ar4p → Arm + e 3× 10−13 × T 0.51
e [35]

R16 e + Ar4p → Ar + e 3.9× 10−16 × T 0.71
e [35]

R17 e + Ar+ → Arm 5.95× 10−17 × T 0.5
e [35]

R18 e + e + Ar+ → Arm + e 5.6× 10−39 × T−4.5
e [23]

R19 e + Ar+
2 → Arm + Ar 5.4× 10−14 × T−2/3

e [31]

R20 e + e + N+
2 → N2 + e 5.651× 10−39 × Te(K)−0.8 [37]

R21 e + N2 → N + N + e 1.959× 10−12 × Te(K)−0.7 × exp(−1.132× 105/Te(K)) [37]

R22 e + N+
2 → N2 4.8× 10−13 × Te(K)−0.5 [38]

Ion molecule reactions

R23 Ar+ + Ar + Ar → Ar+
2 + Ar 2.5× 10−43 [23]

Neutral reactions : Penning ionization

R24 Arm + Arr → Ar + Ar+ + e 2.1× 10−15 [35]

R25 Ar4p + Ar4p → Ar + Ar+ + e 5× 10−16 [35]

R26 Arm + Arm → Ar + Ar+ + e 6.4× 10−16 [35]

Neutral reactions

R27 Ar + Arm → Ar + Ar 2.1× 10−21 [35]

R28 Arm + N2 → N + N + Ar 3.6× 10−17 [21]

R29 Arr + N2 → N + N + Ar 3.6× 10−17 [21]

Dissociative recombination

R30 e + e + N+
4 → N2 + N2 + e 5.651× 10−39 × Te(K)−0.8 [37]

R31 e + N+
2 → N + N 4.8× 10−13 × (Te(K)/300)0.5 [21]

R32 e + N+
4 → N2 + N2 2× 10−12 × (Te(K)/300)0.5 [21]

Ion neutral reactions

R33 Ar+ + N2 → N+
2 + Ar 4.45× 10−16 [21]

R34 Ar + N+
2 → N2 + Ar+ 2.81× 10−16 [21]

R35 N+
2 + N2 + Ar → N+

4 + Ar 8.9× 10−42 × (Tg/300)−1.54 [36]

R36 N+
4 + N2 → N+

2 + N2 + N2 2.1× 10−22 × (Tg/121)−1.54 [21]

R37 N+
2 + N2 + N2 → N+

4 + N2 6.8× 10−41 × (Tg/300)1.64 [21]

R38 N+
4 + Ar → Ar+ + N2 + N2 1× 10−17 [21]

Radiation

R39 Arr → Ar 1.77× 106 [39]

R40 Ar4p → Arm 1.5× 107 [35]

R41 Ar4p → Arr 1.5× 107 [35]

Continues on next page...
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n Reaction Reaction rate Reference

Electronically excited states of N2 reactions

R42 N + N + N2 → N2(A) + N2 1.7× 10−45 [40]

R43 N + N + N → N2(A) + N 1× 10−44 [40]

R44 N + N + N2 → N2(B) + N2 2.4× 10−45 [40]

R45 N + N + N → N2(B) + N 1.4× 10−44 [40]

R46 N2(A) + N → N2 + N 2× 10−18 [40]

R47 N2(A) + N2 → N2 + N2 3× 10−22 [40]

R48 N2(A) + N2(A) → N2 + N2(C) 1.5× 10−16 [40]

R49 N2(A) + N2(A) → N2 + N2(B) 3× 10−16 [40]

R50 N2(B) + N2 → N2 + N2 3× 10−17 [40]

R51 N2(B) + N2 → N2(A) + N2 5× 10−17 [41]

R52 N2(B) → N2(A) 1.5× 105 [41]

R53 N2(C) → N2(B) 3× 107 [41]

R54 N2(C) + N2 → N2(B) + N2 3× 10−17 [41]

R55 N2(C) + N2 → N2(A) + N2 1.1× 10−17 [41]

R56 N2 + Arm → N2(C) + Ar 3.6× 10−17 [42]

R57 N2(A) + N2(A) → N+
4 + e 1× 10−19 [43]

R58 N2(A) + N2(A) → N2 + N + N 3× 10−17 [43]

R59 N2(A) → N2 5× 10−1 [43]

R60 N2(B) + Ar → N2(A) + Ar 3× 10−19 [43]

R61 N2 + Arr → N2(C) + Ar 3.6× 10−17 [43]

R62 N2(C) + Ar → N2(B) + Ar 8× 10−19 [44]

R63 N2(A) + N2(A) → N2(A) + N2(B) 4× 10−17 [44]

R64 N2(A) + N2(A) → N2(A) + N2(C) 1.5× 10−17 [44]

R65 N2(C) + e → N2(B) + e 1.5× 10−17 [44]

R66 N2(B) + e → N2(A) + e 2× 10−18 [44]

R67 N2(A) + e → N2 + e 2× 10−18 [44]

R68 N2 + e → N2(B) + e 3× 10−16 [44]

R69 N2 + e → N2(C) + e 3× 10−16 [44]

Table 1: Reactions and corresponding reaction rates used in the 0D model. Te is the electronic temperature
in eV, Te(K) the electronic temperature in K. The gas temperature Tg is expressed in K as well. The reaction
rates are in m3.s−1 for two-body reactions, in m6.s−1 for three-body reactions and in s−1 for radiative decay.

In addition to the reactions listed in table 1, the ions and excited neutral species are also lost at the
surfaces. For neutral species x, the diffusion flux rate to the surface is given by :

Kx =

(
Λ2

Dx
+

2V (2− γx)

γxSvx

)−1

(12)

with Λ = [(π/L)2 + (2.405/R)2]−1/2 the effective diffusion length, V/S the volume to surface ratio of the
discharge, γx the recombination coefficient and vx = (8kBTg/πmx)1/2 the neutral atom mean velocity, where
mx is the neutral atom mass. Dx is the diffusion coefficient and it is inversely proportional to the pressure,
such that at pressure P, temperature Tg, Dx(P, Tg) = Dx(atm. pressure, 300 K)×1013/P×(Tg/300)1.5. Ion
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losses at the surface are described with the ion flux for a positive ion i expressed as follows:

Γi = hRiuBini (13)

with uBi = (eTe/mi)
0.5 the Bohm velocity, where e is the elementary charge, Te the electronic temperature

and mi the mass of ion i. hRi is the edge-to-center density ratio calculated by :

hRi =
χ01J1(χ01)

RuBi
Dai =

χ01J1(χ01)

RuBi

kBTi
miνi

(
1 +

Te
Ti

)
(14)

where χ01 = 2.405 is the first zero of the Bessel function J0, J1(χ01) = 0.52, Dai the ambipolar diffusion
coefficient, Ti the ion temperature equal to the gas temperature and νi the collision frequency. We use νi =
ngσiν̄i with σi = 10−18 m2 and ν̄i = (8kBTi/πmi)

1/2. All of the surface reactions considered and relevant
parameters can be found in table 2. For every condition in the model, we use Tg = 470 K, based on previous
work [23].

n Reaction D (m2.s−1) γ Reference

R70 Ar+ → Ar [45]

R71 Ar+
2 → Ar + Ar [45]

R72 N+
2 → N2 [45]

R73 N+
4 → N2 + N2 [45]

R74 N → 1
2N2 9.41 × 10−5 0.1 [46]

R75 N2(A) → N2 5.47 × 10−5 1 [43]

R76 N2(B) → N2 5.47 × 10−5 1 [43]

R77 N2(C) → N2 5.47 × 10−5 1 [43]

R78 Arm → Ar 1.09 × 10−5 1 [45]

R79 Arr → Ar 1.09 × 10−5 1 [45]

R80 Ar4p → Ar 1.09 × 10−5 1 [45]

Table 2: Surface reactions and corresponding diffusion coefficients and reaction probabilities used in the 0D
model.

The electron energy balance equation is:

d

dt

(
3

2
nekBTe

)
= Pabs − Ploss (15)

with Pabs the absorbed power by the electrons and Ploss the dissipated power by the electrons.

The expression of the absorbed power by the electrons is [39]:

Pabs =
A

SC
(1− κ)Vd × Id (16)

with A the inner surface of the cathodic region (A = 2πRLcath with R the radius of the hole and Lcath

the cathode thickness), SC the surface through which the discharge current flows and κ the fraction of the
power dissipated by ions accelerated in the cathode sheath. The ratio A/SC and κ are taken equal to 0.5
and 0.75, respectively, in our conditions.

Concerning the dissipated power by the electrons, we have used the formulation of the collisional energy
loss proposed by Thorsteinsson et al. [46], which includes the losses related to vibrational levels of nitrogen
molecules and higher electronic levels of nitrogen atoms and molecules. The evolution of the collisional loss
as a function of the electron temperature given in [46,47] has been calculated assuming a Maxwellian electron
energy distribution.
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2.6 Probed areas and absorption lengths

Anode

Cathode

3 mm

2 mm

labs(N)

Figure 5: Scheme of the areas probed by the different diagnostics, at scale, for a 0.4 mm diameter hole. The
dotted black line shows the limits of the visible plasma. The blue dashed line shows the volume considered in
the model. The red crosshatched area is the one over which the average electron density is measured, while
the purple hatched area is the one probed by the VUV FTS (N atom density).

In this section, we summarize the information gathered about the discharge through the different diag-
nostics and the 0D model. Figure 5 shows a scheme of the diagnostics performed, with the visible plasma
delimited by the black dashed line. The 0D model computes the volume-averaged density of species over
the cathodic area, delimited with the blue dashed line (in volume, it is a cylinder with the same diameter
as the hole and the height of the cathode). This is the plasma region where most of the electric power is
deposited [31] and, thus, where the densities are expected to be the highest.

The TDLAS measurements give the Ar* column density along the axis of the hole. Ar metastables are
mainly created in the cathodic region (see blue dashed line in figure 5) by excitation by the energetic elec-
trons, which are localized in this region, and are lost at the surface. Their concentration is, thus, localized in
this region and, therefore, the absorption length has been estimated to be comparable to the hole radius (for
example, labs(Ar*)=200 µm for a hole diameter of 400 µm). In what regards the OES, the light collected
comes from the red crosshatched area. Hence, the electron density measured is the average density in this area.

The purple hatched rectangle shows the area over which the VUV FTS diagnostic probes for the N atom
density. The VUV beam spot is a 2 by 3 mm rectangle, represented as plane in figure 5. The effective length of
the volume probed by the laser spot is labs(N), and has been estimated using a simple diffusion model. Indeed,
in the Ar/N2 gas mixture, the N atoms losses in the volume can only occur through three-body collisions with
N2 molecules and Ar atoms with reaction coefficients of, respectively, kN2

= 8.27× 10−34 × exp(500/Tg(K))
cm6s−1 and kAr = 0.05 × kN2

[21]. In our conditions, this results in a lifetime of about a minute and can be
neglected. We, thus, resolve the diffusion equation, with no loss in the volume. The considered configuration
is illustrated in figure 6a where half of the reactor is represented. The total radius of the reactor is 50 mm
(L/2). The N atoms diffuse in the three dimensions, from the sphere of radius R0 (i.e. the radius of the hole)
where the density is assumed uniform and equal to n0. The diffusion equation in spherical coordinates, in
the stationary regime, is then written as:

Γ(r) = −D∂n(r)

∂r
(17)

where Γ and n are the flux and the density of N atoms, respectively, and D is the diffusion coefficient
(given in table 2).
The conservation equation for N atoms, when the recombination in the volume is neglected, can be expressed
as follows:
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Figure 6: (a) Schema of the diffusion of N atoms in the reactor. Half the cathodic chamber is represented.
The hatched area represents the path of the VUV FTS laser beam. Geometric parameters used for the
evaluation of labs(N) are represented. (b) N atoms density as a function of the distance from the hole axis,
as calculated by the spherical diffusion model.

div~Γ = 0 (18)

Normalizing by Γ0 = n0D
R0

the flux at r = R0 and solving the equation yields the following expression for
the N atoms density as a function of the radial position r:

n(r) =
R0n0

r
(19)

which gives in cartesian coordinates:

n(x, y, z) =
R0n0√

x2 + y2 + z2
(20)

The profile of the N atoms density found is plotted in figure 6b. In order to determine the effective
absorption length labs(N), this density profile has to be integrated on the volume probed by the laser. For a
given wavelength σ, the absorbance signal gathered by the FTS technique is :

Abs(σ) =
k(σ)

x0y0

∫ d+x0

d

∫ y0
2

− y02

∫ L
2

−L2
n(x, y, z)dxdydz

= k(σ)n0
R0

x0y0

∫ d+x0

d

∫ y0
2

− y02

∫ L
2

−L2

1√
x2 + y2 + z2

dxdydz

= k(σ)n0labs(N)

(21)

where x0 = 2 mm, y0 = 3 mm and L = 50 mm are the dimensions of the volume probed by the laser
beam and d the distance between the edge of the hole and the laser beam, as defined in figure 6a. The
effective absorption length labs(N) is then obtained by integrating numerically the triple integral and we get
the following results for the three different hole radius considered in this study:
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labs(N) = 1.58 mm for R0 = 0.2 mm

= 3.95 mm for R0 = 0.5 mm

= 7.90 mm for R0 = 1 mm

(22)

Using these values in equation 9, it yields n0, the N atoms density at the frontier with the visible plasma,
close to the area considered in the model.

3 Results and discussion

As a reminder, in this study, the discharge current was maintained at 1 mA for every condition and the gas
temperature was assumed to be at Tg = 470 K. The range of parameters covered for the measurement of the
density of Ar*, e and N may differ due to the time and diagnostic constraints. The input data of the model
(Vd, Id, P, %N2, Hole diameter) are those gathered experimentally.

3.1 Effect of the hole diameter
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Figure 7: Experimental densities of (a) N atoms (purples circles) and (b) Ar* (red circles), and associated
power densities in the hole (blue squares) for three hole diameters. P = 50 mbar, Id = 1 mA.

The first parameter studied was the hole diameter. Figure 7 shows the evolution of the N atom and Ar*
densities, as a function of the hole diameter. The densities show a clear decrease when the hole diameter
increases. At 0% N2, the corresponding discharge voltage Vd remains constant independently of the hole
diameter, around 250 V. At 1% N2, however, the discharge voltage increases with the hole diameter, from
700 V at 0.4 mm to 800 V at 2 mm, following the Paschen curve, and, thus, showing that the chemistry
of the plasma changes drastically, even with very few N2 admixed, as it is well documented in the litera-
ture [21, 33, 48]. The discharge power (Id × Vd) increases thus slightly with the hole diameter. However,
the corresponding power density ((Id× Vd)/V, V being the volume of the hole) inside the holes, plotted in
figure 7 in blue squares, decreases. This leads to a less energetic plasma and lower excited species densities,
explaining the trends observed in figure 7 for Ar* and N atoms. In this study, the electron density has not
been measured as a function of the hole diameter. Nonetheless, the decrease of the electron density with the
increase of the hole diameter has been previously reported. For example, in helium in [49] and [50], where,
under the same conditions, the electron density becomes 1.5 times lower when the diameter increases from 0.3
to 1 mm. To optimize the dissociation of N2 and the production of N atoms, a smaller hole diameter is thus
desired, but this effect is limited by the recombination at the wall and by the constraints of the application
(for instance, the gas flux through the hole for deposition processes).
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3.2 Effect of the gas pressure
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Figure 8: Experimental densities of (a) N atoms, (b) Ar* and (c) e as a function of the gas pressure. The
corresponding calculated densities are also plotted (solid lines). Hole diameter = 0.4 mm, Id = 1 mA.

Figure 8 shows the evolution of the N atom density, the Ar* density and the electron density as a function
of the gas pressure in the reactor. In figure 8a, one can observe that the density of N atoms increases with
the pressure both in the model (solid black line) and in the experiments (purple dots). There is a reasonable
agreement between the experiments and the model but this latter overestimates the N atoms density. The
density of any species is expected to increase linearly with the pressure, without a modification of the pro-
duction and loss scheme. However, figure 8b seems to show that the production and loss scheme changes.
Indeed, in figure 8b, we observe a decrease of the density of Ar* with the pressure predicted both by the
experiments and the model. Figure 8c shows that the measured electron density increases slightly on the
considered pressure range. The model does not deviate too much, with a small increase between 30 and 50
mbar, and a slight decrease between 50 and 80 mbar. Therefore, it seems that, at a higher pressure, the
production of N atoms increases, consuming possibly Ar* through the reaction Arm + N2 → N + N + Ar
(R28), while the gain-loss balance of electrons remains similar.

To better understand these trends, we plotted in figure 9 the calculated relative contribution of the non-
negligible processes of production of N atoms and loss of Arm at 10% N2. In figure 9a, we can see that the
model predicts that reaction R28 is the main production path of N atoms over the pressure range considered.
We can observe that the contributions of the electron processes e + N2 → N + N + e (R21) and e + N+

2 →
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Figure 9: Calculated relative contributions of the non-negligible processes of (a) N atom production and (b)
Arm loss, as a function of the gas pressure. Hole diameter = 0.4 mm, Id = 1 mA, 10% N2.

.

N + N (R31) are almost constant in the considered pressure range, which is consistent with the evolution of
the electron density predicted by the model in figure 8c. On the other hand, the contribution of N2(A) +
N2(A)→ N2 + N + N (R58) is increasing with the pressure, explaining partially the increase of the N atoms
density in figure 8a. In figure 9b, we can see that the model predicts a decrease with the pressure of the
contribution to the loss of Arm of the electron-impact reaction e + Arm → Ar4p + e (R10) and a constant
contribution of e + Arm → Arr + e (R9), while the contributions of R28 and R56 (which are superimposed)
increase. It is, however, worth noting that R10 is not an effective loss process of Arm since the produced
Ar4p rapidly decay back to the Arm state through reaction R40.

To obtain a maximum N atom production, one should increase the gas pressure in the reactor. However,
this will also lead to an increased breakdown voltage and thus an appropriate power supply is needed to
provide higher electric power.

3.3 Effect of the gas mixture

Figure 10 represents the densities of N atoms, Ar* and e as a function of the percentage of N2 into the gas
mixture. When adding N2 in the gas mixture, the density of N atoms greatly increases (figure 10a), but
not linearly as it would be expected from the effect of the added N2 only. The 0D model depicts a different
trend, with a maximum of density reached around 10% of N2. At the same time, the density of Ar* decreases
(figure 10b), but, again, not linearly as it would be expected from the removal of Ar in the gas mixture. This
suggests a modification of the dominating production paths of N atoms. In figure 10c, we can see that the
measured electron density remains almost constant between 0 and 20% of N2, and then drops by one order of
magnitude between 20 and 40% of N2. Beyond this percentage, we reach the detection limit of the method.
The experimental decrease of the electron density is well captured by the model but not the plateau between
0 and 20% of N2.

To better understand how the production scheme of N atoms is modified by the content of N2 in the gas
mixture, figure 11 shows the calculated relative contributions of the non-negligible production processes of N
atoms and loss processes of Arm. In figure 11a, we can see that, at very low N2 percentages, the dissociative
electron-ion recombination with N+

2 (R31) is the main production path of N atoms. The contribution of R31
decreases rapidly when few more N2 is added (4% of N2 has already a drastic effect). This decrease is related
to the drastic drop of the electron density shown in figure 10c. The dissociation of N2 by the metastable argon
atoms then becomes dominant between 5 and 55% of N2 through reaction Arm + N2 → N + N + Ar (R28).
This matches the experimental data of figure 10b where the density of Arm drops when more N2 is added.
The contribution of the dissociation of N2 by the electrons through e + N2 → N + N + e (R21) becomes
comparable to R28 around 55% of N2 and then dominant at higher N2 fraction. As displayed in figure 11b, at
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Figure 10: Experimental densities of (a) N atoms, (b) Ar* and (c) e as a function of the percentage of N2 in
the gas mixture. The corresponding calculated densities are also plotted (solid lines). Hole diameter = 0.4
mm, P = 50 mbar, Id = 1 mA.

low N2 fraction, the metastable argon atoms are mainly lost through the electron-impact reactions e + Arm

→ Arr + e (R9) and e + Arm → Ar4p + e (R10). Then, as the electron density decreases, the contribution
of these two reactions decreases and, between 30 and 40% of N2, becomes comparable to the contribution of
the quenching reactions R28 and N2 + Arm → N2(C) + Ar (R56), which are the dominant loss processes of
Arm at high N2 fraction. The increase of the N2(C) vibrational temperature that is expected from R56 has
been measured by our team in a similar discharge [51]. The decrease of both the electron and Ar* densities
is the reason why the model predicts a decrease of the N atoms density when the N2 percentage increases
(see figure 10a), which is not observed experimentally.

Concerning the density of Ar* presented in figure 10b, its decrease is well captured by the model for N2

fractions higher than 10%, but it is not the case for the strong experimental variation of the density at low
N2. Moreover, the values of the density predicted by the model are slightly higher than those experimentally
measured, as it is also the case for the atomic nitrogen density. This overestimation of the densities by the
global model can be partially explained by the fact that the electron energy distribution function (EEDF) is
considered as Maxwellian, which is a reasonable hypothesis in pure argon, but it has been recently shown in
the literature that the EEDF in Ar/N2 mixture is not a ”Maxwellian-like”, exhibiting rather a strong depress
at high excitation energy [52].
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Figure 11: Calculated relative contributions of the non-negligible processes of (a) N atom production and (b)
Arm loss, as a function of the percentage of N2 in the gas mixture. Hole diameter = 0.4 mm, P = 50 mbar,
Id = 1 mA.
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Figure 12: Experimental dissociation rates (blue circle) and the corresponding calculated rates (solid line)
as a function of (a) the gas mixture (at P = 50 mbar) and (b) the gas pressure (at 20 % N2). Hole diameter
= 0.4 mm, Id = 1 mA.

As the absolute density of N atoms is an important parameter for many applications, it is interesting to
visualize the efficiency of our discharge at dissociating N2 molecules. Figure 12 sums up the evolution of the
dissociation rate of N2 as a function of the gas mixture and the pressure. The dissociation rate is defined as
NN

2N0
N2

. The evolution of the dissociation rate with the gas pressure and mixture does not change when the

hole diameter varies. Hence, only the values for the lowest diameter (0.4 mm), where the dissociation is the
greatest, have been plotted.
The measured dissociation rate reaches a few 0.1%, which is lower than what is found in the literature, with
dissociation rates of a few percents [53], up to 10 % [18]. Dissociation could be further optimized using a
pulsed discharge, as it has been shown to yield greater electronic densities [15]. Note that the experimental
decrease of the dissociation rate with the N2 fraction is well captured by the global model. The larger
calculated dissociation rate is related to the larger N atoms density predicted by the model compared to that
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measured by FTS absorption.
In figure 12a, one can observe that the N2 dissociation rate rapidly drops when more N2 is added to the
discharge, from 0.73% to 0.06%. However, we have seen in section 3.3 that this does not translate into a
decrease of the N atom density since more N2 is added. We have seen that the dissociation of N2 by Ar*
(R28), which is dominant between 5 and 55 % of N2 in the gas mixture, and by electrons (R21), which is
dominant at high N2 fraction, allow a decent dissociation rate to be maintained and a greater N atom density
to be achieved (figure 10a). However, R28 does not seem to be efficient at low N2 percentage, as the question
was raised in [54], and is negligible compared to the dissociative electron-ion recombination (R31) in our
study. In the model, the contribution of (R28) and (R21) is counterbalanced by the decrease of the electron
and Ar* densities beyond 10% of N2, leading to a decrease of the N atom density, but this is not measured
experimentally. As a perspective, a more detailed study above 80% of N2 would be very interesting to verify
if a drop of the N atoms density appears and find the optimal amount of argon admixture in a nitrogen
discharge.
Figures 12a and 12b show that the effect of the pressure on the N2 dissociation rate is much lower than
the effect of the gas mixture. However, we can see that the experimental dissociation rate remains constant
between 30 and 50 mbar, before slightly increasing at 80 mbar. This is due to the fact that the N atom
density increases faster than the increase of N2 density due to the pressure increase. It should be checked if
this effect persists at different N2 percentages in the gas mixture, when other N atom production reaction
dominate.
To optimize the production of N atoms, the experimental data show that a high pressure and high percentage
of N2 is desirable. Nonetheless, we have also noticed that in these conditions, the discharge is less stable
and requires a higher electric power from the power supply to operate. This influence the final operating
parameters chosen for different applications.

4 Conclusion

In this paper, a MHCD was thoroughly studied by coupling advanced experiments with a 0D volume-averaged
model. This study is a step towards the implementation of this plasma source in PECVD reactors and the
optimization of the production of nitrogen atoms for nitride deposition on large surfaces. Although the
plasma is generated in a small hole, it was demonstrated that it is possible to increase the plasma volume
and, thus, the deposition area by: (i) arranging several MHCDs in arrays and (ii) putting a third electrode
few centimeters away from the MHCD structure to expand the discharge from the holes to the polarizable
substrate [1,51]. The reactive species for the deposition process (in particular nitrogen atoms) are produced
in the MHCD hole and that is why it is necessary to understand the fundamental physics of the discharge in
this region to optimize the process.

The MHCD was ignited by a DC power supply and operated in the normal regime, in an Ar/N2 gas mix-
ture. In various experimental conditions, the densities of Ar* and N atoms were determined by absorption
spectroscopy (TDLAS and FTS VUV measurements, respectively) and the electron density was obtained by
means of high-resolution optical emission spectroscopy. Coupled with a 0D model, these results allow for a
better comprehension of the multiple processes involved in the atomic nitrogen production in the MHCD and
how it could be optimized to provide efficient nitrogen plasma sources for thin nitride film deposition at lower
temperature than conventional CVD. The comparison between the experimental results and the 0D model
shows a reasonable agreement with well-captured trends for the different densities but with calculated values
of atomic nitrogen and argon metastable atoms densities higher than those given by the experiments. This
can be partially explained by the fact that the electron energy distribution function (EEDF) is considered as
Maxwellian, which is a reasonable hypothesis in pure argon, but it has been recently shown in the literature
that the EEDF in Ar/N2 mixture is not a ”Maxwellian-like”, exhibiting rather a strong depress at high
excitation energy.
We have found that a smaller hole of the MHCD increases the densities of species, by increasing the power
density in the hole. In nitrogen-containing gas mixtures, the applied power to the MHCD is lowered by using
a smaller hole, but the power density still rises as well as the density of excited species. It is possible to
produce more N atoms by working at a higher pressure, while the Ar* atoms are lost, which could indicate
that Ar* is consumed by the dissociation of N2. A study of the influence of the gas mixture showed that Ar*
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compensates the drop of the electron density in gas mixtures between 5 and 55 % of N2, maintaining some
dissociation and yielding a still increasing density of N atoms thanks to the added N2. A complementary
study is needed to check if this effect is maintained for Ar/N2 gas mixtures with more than 80% of N2.
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