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Abstract

A microplasma is generated in the microhole (400 diameter) of a molybdenum-alumina-
molybdenum sandwich (MHCD type) at medium press{8@200 Torr) in pure argon.
Imaging and emission spectroscopy have been usstdidy the light emission mechanisms in
the microdischarge. We find that emission inteasitf both argon atom and argon ion lines
present sharp peaks located near the cathode,hamdhe position of these peaks moves
toward the cathode with increasing gas pressureomiming-sheath model has been developed
to calculate the evolution of the sheath thickress function of the gas pressure. This model
includes the ratio between the ion flux coming frém bulk of the plasma and the ion flux
created in the sheath and also accounts for thédemting in the microhole. The variation of
the calculated ionizing sheath thickness as a imaif pressure agrees well with the variation
of the measured peak positions. The case of alsHeag of ionization has also been
considered. However, the comparison between expetsrand the various theories shows that
a significant fraction of the ionization occurstie sheath.

1. Introduction

The study of microplasma began to develop in thddhei of the 90's in the USA [1], before
undergoing an important expansion thanks to ther@xgntal and theoretical works that have been
performed in the past few years [2, 3, 4, 5 andTBE interest of microplasmas is that they can be
generated at medium and high pressure (atmosppergsure) with a very low applied voltage or
injected power compared with others non-thermabmpls such as dielectric barrier discharges or
corona. They have applications in various fieldshsas surface treatment [7], sterilization [8]htig
sources [9] or microjets [10]. A particular micrapma configuration is the hollow cathode type
geometry where a hole is drilled through an elegrdielectric-electrode sandwich structure. This
device is particularly stable. At very low currdypically <0.1 mA in our device), the plasma is
located inside the hole and the voltage increas#is tlve current: this is the abnormal regime.
However, despite a DC driving source, a self-pulsegime appears for intermediate discharge
currents (typically<0.5 mA time averaged current for our device) witkgliency of several tens of
kilohertz [11]. This regime corresponds to a pdadgdasma expansion on the cathode surface [12]. At
higher currents, the plasma expands on the cathad&side surface and the voltage becomes
relatively independent of the discharge currens. ihthe normal regime.

In this paper, we study the excitation mechanisfrth@ MHCD structure during the normal regime

thanks to the observed radial profiles of argommatnd argon ion emission line intensities. A

theoretical calculation of the sheath thicknesgrsposed to help a better understanding of the
experimental results.

2. Experimental set-up

The microplasma device shown in figure 1 is simitathe one developed by Schoenbgidh It is a
metal-dielectric-metal sandwich (microhollow cathdgpe). The dielectric, constituted of a 250 pm
alumina foil, separates the two molybdenum eleesodhich are both L=150 pm thick foils. A
R=200 um radius hole is drilled through the threiésfwith a laser beam, which are subsequently
glued to form the sandwich structure. A ballasistes, R,=440k2 is located on the cathode side and a



measurement resistor,,RLOXY2 is located on the anode side. The discharge wlimgneasured on
the cathode side with a high voltage probe andlibeharge current is deduced from the voltage drop
across R. These two signals are recorded on a 350MHz oscitipe (Lecroy 6030A).

microplasma

Monochromator
<4— gas +CCD

current

Power supply

FIGURE 1. Experimental set-up.

Experiments reported in this paper are run in st&lff discharge conditions at constant argon flow of
100 sccm. Argon gas pressure ranges from 30 td2@0and the discharge current is fixed at 1 mA.
Optical emission spectroscopy measurements arerp@d to investigate the plasma excitation
structure of the micro-discharge and also to evalti®e gas temperature across the radius of tlee hol
The image of the MHCD, viewed from the anode sideformed with an achromatic 12.5 mm
diameter, =30 mm, lens (with an enlargement factoabout 8) on the entrance slit of a grating
spectrograph. To record argon atomic and ionicslineghe 427 nm spectral region, a 2 m focal length
spectrograph working at the third diffraction oradrthe 1200 g/mm grating is used. To record the
nitrogen first positive emission around 670 nmpfravhich the gas temperature is deduced, a 1 m
focal length spectrograph working at the first dittion order of the 1200 g/mm grating is used. In
both cases, a CCD camera, with pixels size 16 xi® placed on the exit plane of the spectrographs
captures the horizontally dispersed images atréifitespectral positions. Therefore, with fully open
entrance slit, images of the MHCD observed at dfie wavelengths are formed at different
horizontal positions of the CCD. Each pixel of t#heisnages corresponds to an area of about
2.0umx2.0um inside the MHCD. Considering the sphericarediions of the whole optical system,
the spatial resolution along the diameter of thée he estimated to be about 5 pm. The spectral
dispersion of the 2 m spectrograph is 1.325 pml@ikd27.5 nm (around argon lines) and that ofithe
m spectrograph is 11.39 pm/pixel at 670 nm €Rission).

3. Experimental results
3.1 Spatial distribution of Ar and Ar* lines emission intensities

Figure 2 shows the CCD image of the 400 um diandté€D (100 Torr, 1 mA) recorded with fully
open entrance slit. The spectrograph is set to fionages from both Ar (5p[3/24s[3/2}) line at
427.217 nm (left), and Ar(4p™Py-45”Dsy) line at 427.752 nm (right) on the CCD surface.s&sn

in this figure, the intensity of the Aemission line has an annular shape, with its magirmtensity
near the cathode surface, whereas the intensityeof\r emission line shows a pronounced maximum
at the center of the MHCD hole.



FIGURE 2. CCD imaging of Ar 427.217 nm (left) and ’A427.752 nm (right) lines in the 400 pm
diameter hole, at 100 Torr argon pressure and lis¢hdrge current.

With the entrance slit set at 100 um and the dianwftthe MHCD image aligned on this slit, vertical
line shape images at two spectral positions of 227 nm and 427.752 nm lines provide the radial
profiles of the emission intensity of Ar and*Aines, respectively. Radial profiles recordedhia #00

pm hole at 1 mA discharge current and argon presfr30, 50, 100, 150 and 200 Torr are shown on
figure 3.
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FIGURE 3. Radial profiles of the emission intensity of Ar74217 nm and Ar427,752 nm lines in
the 400 um diameter hole at 1 mA and 30, 50, 180,ahd 200 Torr argon pressure.

The observed light from the micro-hole comes fromfollowing mechanisms:

Ar+e - Ar*+e (R)
Ar+e - A" +2e (R)
Ar+e - Ar'+2e (Ry)
Ar+2Ar - Ar) + Ar (R)
Arf+2e - Ar*+e (Rs)
Ar) +e - Ar*+Ar (Ry)

The first two reactions are direct electron impaatitations from the ground state argon atoms o th
observed excited states of Ar and Aespectivelyln the plasma bulk, Ardensity is at least 2@imes
smaller than the Ar density. Due to the accelemadind flux conservation of ions, the density ratio
will even be much larger in the sheath. The peakssection for the excitation of the upper level o
ion line is about 18 m? at 40 eV [13]. The cross section for the excitatas this level from the
ground state of ion can be at maximum 10 timeselatigan this value, with a threshold of about 20
eV. Considering the high energy of beam electrosgle the sheath, the small differences in cross
sections and excitation threshold cannot compemsate than five orders of magnitude in densities
and consequently the excitation of"Aine from the ground state of ion will be negligibR; is the
ground state Arion production from the ground state of atom aondstdering the high pressure
domain of the MHCD, these Aions are rapidly converted into Arions, with a rate coefficient for
the reaction (B k=2.7 x 10" m°.s" [14]. The last two reactions are electron-ion rebimations
involving Ar* and A" ions. In our MHCD plasmas, with an electron dgnsifZ10*° m*, and electron
temperature I1l eV, the recombination coefficients of ‘Aons [15]as(5.6 x 10* T(eV)**n, 05 x
10" m?.s* is much smaller than that of Arions [16]ag[B.5 x 10" (T(kT)/300y2° 07 x 10 m’.s™.

In conclusion, under our experimental conditions dlominant e-ion recombination mechanism that
contributes to the production of excited Ar atomshrough Rand R channels. The maximum of the
emission intensity of atomic line at the MHCD centbserved in Fig. 3 forzA00 Torr comes from
excited Ar atoms produced by electron-ion recontimnamechanism and as expected the maximum
of the intensity is located at the central regionhe MHCD, where the charged particle densities ar
maximum [17].

At 100, 150 and 200 Torr, the peaks observed fertito lines near walls of the MHCD may be
related to the position of the sheath edge. Indeksdttrons emitted from the cathode are accelerated
within the sheath, where the electric field is &rgnd release this energy away from the cathdue. T
exact location of the maximum of emission and iatian may only be calculated from kinetic theory.
Since ionization in the sheath is required to sosta DC discharge, we expect ionization and
excitation in the sheath. However, the maximumxaiftation may be located after the sheath edge, as
we shall see in the next section. Since the thidstiwergy for the electronic excitation of the uppe
level of the 427.752 nm Arline ( R) is about 37 eV, i.e. much larger than that fa éxcitation of

the 427,217 nm atomic line (R we expect the maximum of Aline to come first. Indeed, we
experimentally observe that the maximum of Ar lamaission arises 10 to 20 um further away from



the cathode compared to the ionic line. At lowearsgures (50 Torr and below), the sheath size is no
longer negligible compared to the hole radius dngs tthe maxima from both sides approach the
centre and form a single maximum (hollow cathodeatf. However, for Afline a maximum around
r=100 um at 50 Torr and a shoulder around r=5C{180 Torr are also visible in figure 3.

Also, we observe that when increasing the neutalgressure, the maxima near the cathode of both
ionic and atomic lines move towards the cathoddgchvisuggests that the sheath size shrinks. To
verify this hypothesis and quantify the effect, pgform an analytical calculation of the sheatle siz
We shall see that the model requires the knowleddbe neutral gas temperature. This temperature
has been measured and the results are presentednaxt section.

3.2 Measurement of the gas temperature

The gas temperature is deduced from the populdistmibution in rotational level of NB3H9, v=4

and 5) by recording the emission spectra of the fiositive nitrogen systemz(‘B3Hg)9N2(A32u). A
small amount (less than 1%) of nitrogen has beateddo the feedstock gas and the recorded
emission spectra of the 4-1 and 5-2 bands have fiteshwith a simulated spectra (home made code
using the spectroscopic constants of [18]) in otdasbtain the rotational temperature. As an exampl
we show on figure 4, the recorded spectra fromethession at the MHCD axis for a pressure of 100
Torr and a current of 1 mA. The best simulated spdor a gas temperature of 470 K, also shown on
figure 4, do not include the 6-3 band whose rotatidines start down from the 665 nm region.
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FIGURE 4. Experimental (black point) and simulated (red )imenission spectra in the 400 um
diameter hole for a pressure of 100 Torr and a 1dmséharge current.

The rotational temperature is supposed to be egutile translational gas temperature because the
rotational population of this excited state reachiesrmal equilibrium before its radiative de-
excitation. This is due to the long radiative litme of the N(le'lg) state (a few ps [19]) compared to
the large collision frequency at the high argas gressure in our experiments.

The radial dependence of the gas temperature,ngotdiy fitting the observed spectra at different
radial positions, is relatively constant along lidCD diameter (+ 20K). This is probably because the
gas heating is localized near the MHCD walls arad some of the heat transfer occurs along the axial
direction. At 100 Torr and 1 mA current, the gasperature is about 47GKR0K and it is only weakly
dependent on gas pressure. However, as expectegathtemperature increases with the discharge
current.



4, Calculation of the sheath thickness
4.1 Case of anionizing sheath

We start our analysis by considering an ionizingagsh for which the analytical calculation of the
sheath size is based on the well-known physict@®tathode fall in DC discharges (see for example
[20] chapter 6). In accordance with our experimeabservations, we will assume that electron-ion
recombination is a negligible process inside theath and we do not account for it in the charged
particles balancdndeed, in the sheath, the velocity of both paeticls very large compared to the
thermal velocities and therefore the recombinatmte is much smaller there. Besides, the electron
density is too low inside the sheath to have aifsigition recombination process.

We consider a cylindrical geometry, with the parsrgshown on figure 5:

sheath

bulk

FIGURE 5. Schematic structure of the MHCD with a cylindricathode of radius R, separated from
the plasma (in black) by an annular sheath of tiesk d.

Electrons emitted from the cathode at r = R arelacated by an electric field, ionizing the neutras
background. The increase of the radial electror Flufrom the cathode to the bulk is given by the
following equation:

1d(rr,) _ —a(n)r, 1)
r dr

where we have assumed a one-dimentional cylindmeadmetry, and wherex(r) is the first
Townsend coefficient and represents the inversamef ionization » mean free path.

This equation is integrated between R-d and R taiob

r.(R-d)= Fe(R)[ = exi{[[, a(r)drﬂ ®)

R
Writing the continuity of total charge, the electreurrent| ,(R-d) leaving the sheath edge at r=R-d
minus the electron current (R) emitted from the cathode, is equal to the ionenitrt, (R) striking
the cathode at r = R minus the ion curreéfR-d) entering the sheath at r = R-d such that the fluxes
obey the following equation:
R (R) = (R-d)I (R-d) =(R-d)l".,(R-d) - R (R) (3)
Moreover[ (R) = I, (R), where y is the secondary emission coefficient of the cathmaterial. The

ion current entering the sheath is considered ta fsaction (to be estimated) of the ion currenthat
cathode:(R-d)I,(R-d) =&Rr;(R). This fractiong is supposed to be smaller than 0.5 in order to

keep an ionizing sheath. Indeed, wlen0, the flux entering the sheath is negligible coregao the

flux produced in the sheath (by ionization). Thssthe typical regime of the cathode fall in a DC
discharge tube. On the other hand, wfen, the flux produced in the sheath is negligible #md

model breaks down. This case, typical of low-pressuave-excited discharges where the sheath is
usually free of ionization, is considered in thatreection.

Expressingr,(R-d) as a function of (R) leads to the following integral form:



I:_d a(r)dr = In[l_yf +1J (4)

At this point, we have a relation betweeir) and d, the sheath thickness that we wish to catieul
We then need an expression @fr) in order to calculate the integral (4). The cagéint o is a

complicated function of the pressure and of theslecating field which is very difficult to calcukat
self-consistently. However might be expected to be expressed in the form [21]:

a_ _BBPy with =300 5

o ABexp( E ) B T(K) ()
where p is the pressure measured experimentallyEatiee electric field. The factg accounts for
higher gas temperature, and therefore lower negamdensity, inside the micro-hole. The constants
and B are determined experimentally for each gasfamnd to be roughly constant over a restricted
range of E/p for any given gas [20]. For an argas, @\ = 11.5 cii.Torr* and B = 176V.ci.Torr?,

for a range of E/p of 100-600 V.c¢nTorr™ [20].

The next step is to determine the radial evolutibthe electric field E within the sheath. Here
we use the approximation of a high-voltage mathgagh, that is uniform ion density and electron
density essentially equal to zero. This approxiomfgives in Cartesian coordinates, a linear field
variation with the distance from the cathode. Maigation has been confirmed experimentally by the
direct measurement of E [22] or by observing thitedéing of a electron beam projected across the
sheath, the deflection being proportional to thectic field [21]. Using the matrix sheath
approximation and the Poisson’s equation in cyloadrcoordinates, the expression of the electric
field E as a function ofis:

2
BN =& 2RdR—d2(r - rd) j ©
where E, is the value of the electric field at the cath@deR). Due to the cylindrical geometry, the
electric field does not vary linearly in space,asd in the case d<<R.

Using the relation between the electric field ame ¢lectric potential VE = -0V , and integrating it
between R-d to R, we find the relation betwégnand the cathode sheath voltage

_2Rd -d? 2 )

VC
R d(2R—d)+2(R—d)2InR|;d

E,

We finally substitute the expression@fas a function o¥/, in equation (4) to obtain:

|n[1<‘+1J:jR Abpext - B'Bp(d(ZR—d)+2(R—d)2In R dj 1 - |dr (8)
y N 2, R ), _(R-d)

r
This integral equation is solved numerically to abtthe sheath thickness for each neutral gas
pressure, with a secondary emission coefficient=0f07 [4], a cathode sheath voltage &f 250 V
and a radius of the MHCD of 200 pum.
A plasma transport model is required to evaluatepirameteg, which represents the fraction of the
flux produced in the plasma to the flux producedhimi the sheath. In this work, we keéms a
parameter and evaluate its influence on the cakdisheath thickness d.
The theoretical values of the sheath thicknescamgpared with the experimental results on figure 6
for three values df between 0 and 0.5:
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FIGURE 6. Pressure dependence of the distance from thedmtifdhe electron excitation maxima
of atomic (black open circles) and ionic (red opgtars) lines, and of the calculated sheath thicknes
for different values o€, in the 400 um diameter hole at 1mA.

We first see that the sheath size decays whamcreases. However, we note that &x0.5, the
influence on the calculated sheath thickness resnaak. We further observe that the maxima of
both emission lines are locatedt after the sheath edge whatever the valug(wfith the exception of
the case at 30 Torg = 0). Moreover the evolution of the sheath thickness with thespure follows
the same trends as that of the maxima of the ewnidisies.

The above model does not allow the possibility asheeath free of ionization to be investigated.
Indeed, lettingé = 1 would result in a sheath thickness equal to.4e the next section, we develop a
model appropriate for this case.

4.2 Case of a non ionizing sheath
The calculation of the sheath size in a non-iogjzeeath can be performed in a self-consistent

fashion. The model is known as the collisional @tiaw, and is described in text books [see for
instance 18, page 185]. It consists of the follayndet of equations:

u=uE (a)
Ji =enu (b)
divd, =0 (¢ 9)
dive =% ()

The first equation (9a) indicates that the ion wwtis limited by collisions with neutrals. The ion
velocity u is therefore a function of the electric field Edapf the ion mobilityu;. In the sheath, the
reduced electric field is relatively high (E/p3M.cm™.Torr?), such that the mobility is not a constant
but varies with the ion fluid velocity [20, page4l4

2e),

mu,
where e is the elementary charge,tine ion mass ang the ion-neutral mean free paifhe second
equation (9b) is simply the definition of the cuntrelensity ;J where nthe ion density. The third
equation (9c) is a consequence of the assumptiomionizing sheath, and the last one (9d) is the
Maxwell-Gauss law.

These four equations may be combined and integtatiee, in cylindrical coordinates, between R-d
and R to obtain the electric field:



%
— m IdR _ R_d % 10
B { 2Ae S A+ p)&, = r ) (19)

To obtain this expression we have used the follgvaoundary conditions,

I
J(R=—*2—
(R) S 1+y) (11)
E(R-d)=0
where } is the discharge current andtB8e surface on which the discharge current isectéld at the
cathode. Note that since the plasma expands owrdtmde side, this surface is not equal to the
cathode surface inside the hole. This is an impoeapect of the following discussion.
Finally, the electric field is further integrate@ttveen R-d to R, to obtain the following integral
equation:

R %

. j[ m LR g Ry g (12)
2e & 1+p)g, r

Here we have assumed that the potential drop athessheath is equal to the discharge voltage V
This equation is solved to obtain the evolutiortte sheath thickness with the neutral gas pressure.
The discharge voltage jVand the discharge curreng were maintained at 250 V and 1 mA
respectively. The ion-neutral mean free path for charge exchamgaken to be; = 0.3 um at 100
Torr [20, page 80]We note that A" ions may also represent a significant fractiomhefion current
and that consequently may be somewhat slightly different from our estiioa

Vd
R-d

An other issue is the determination qf, vhich is not independent of pressure due to Hibhodlic
plasma expansion. To estimate the evolution of paimmeter with pressure, we have measured the
size of the region emitting light, noted xR, on td&hode backside. Remembering that the cathode
thickness is L=150um, the surfacgtBen reads

S, = 27RL + iR*(x* 1) (13)

This provides an upper value fog Since Jis not uniform but may decay from the centre &f hiole
towards the edge of the emitting region.

Figure 7 shows the result of the calculation fod x@ot including the backside expansion) and x
determined experimentally for each pressure (x¥hg sheath size calculated with x=1 is near the
maxima of the emission lines. However, we note thattrend with pressure does not agree well with
experimental results. When x is a function of pnessthe sheath size is considerably larger, kit th
trend with pressure is in better agreement with olbiservations. However, these results are in
contradiction with the model hypothesis. Indeedt thaximum of ionization must be near the
maximum of the emission intensity of Ar line, whighplies that ionization should take place within
the sheath. This model seems inappropriate andceqaestly a large fraction of ionization is likely t
occur within the sheath (as described in the previmodel of section 4.1).
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FIGURE 7. Position of the maxima (evaluated from the cathade to electron-impact excitation of
the atomic line (black open circles) and of thaddime (red open stars), as a function of pressline
lines give the sheath thickness calculated forraionizing sheath for x=1 (blue dotted line) and fo
x=f(P) (blue line). The hole diameter is 400 um #meldischarge current is 1mA.

5. Conclusions

In this paper, we have used spectrally resolvedyingaof the emission of the MHCD to study the
spatial dependence of the excitation mechanisndénttie discharge. The Micro Hollow Cathode
Discharge was operated in the normal glow regimere/tthe plasma does not stay confined inside the
hole but also expands on the cathode backsideadtlition, we proposed two sheath models to
calculate the position of the sheath edge. Therfiedel considers a fully ionizing sheath with aanho
self consistent electric field, and the second iclmns a non-ionizing sheath with variable mobiétyd
self-consistent calculation of the electric fielr two main conclusions are:

0] Both ionic and atomic lines present sharp elecingpact excitation peaks near the cathode
and the position of these peaks move towards ttleda as the pressure increases, in very
good agreement with the position of the sheath exdgeulated from the ionizing sheath
model. The sheath edge calculated with the norzilogisheath model does not coincide with
the position of the emission peaks, which suggéstisa significant fraction of the ionization
occurs in the sheath and consequently the ion fitoduced in the sheath represents a
significant fraction of the total ion flux at thatbode surface.

(ii) In addition to the sharp peaks near the plasma, ¢édgeé\r emission line exhibits a dome-like
profile, with a maximum in the discharge centreisfwas attributed to the recombination of
electrons with the molecular (&) ions, a process that dominates in the dischaegire
were the densities are maximal.
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