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The role of the metastable Ar atoms in a 1-cm-diameter cylindrical hollow cathode dis¢ri&zBe

is studied self-consistently based on a hybrid model and experimental measurements in the pressure
range of 0.3—1 Torr and currents of 1—10 mA. The model comprises submodels based on the
principles of Monte Carlo and fluid simulations. The Monte Carlo model describes the movement

of the fast electrons, fast Ar and Cu atoms, and fastakd Cu ions as particles, while in the fluid

model, the slow electrons, ArCu’ ions, Cu, and Ar metastable atoms are treated as a continuum.
The population of the two metastable states within tipe48 com‘iguration(?’P2 and 3PO) were
combined into one collective level, for which the continuity equation was written. Typical
calculation results are, among others, the two-dimensional profiles of the production and the loss
rates of Ar metastable atoms, as well as the metastable atom densities and fluxes throughout the
complete HCD. Moreover, the calculated radial profilegeraged over the axial directipof the Ar
metastable atom density are compared with experimental radial density profiles recorded by laser
absorption spectroscopy. The relative importance of the different processes determining the Ar
metastable population is analyzed, as well as the influence of pressure and voltage on them.
Experimental results evidence the presence of the metastable atom production source at the cathode
surface, probably originating from fast Aions and Ar atoms impinging on it. Comparison between
experimental and calculated Ar metastable atom densities shows a good agreement at low pressures,
but at 1 Torr the calculated values differ by a factor of 2 from the measured ones. Several possible
explanations for this discrepancy are discusse®085 American Institute of Physics

[DOI: 10.1063/1.1929857

I. INTRODUCTION atom density in glow discharges, were studied by
Ebbinghaué.2 Since then many papers have been published,
Hollow cathode discharge$iCDs) are being used in a where the AP metastables are being studied either experi-
wide variety of application fields, such as in plasma processmentally (using atomic absorption spec’[rosc(}ﬁ?&eplasma-
ing (ion etching, thin-film deposition, and surface treat-induced emission spectroscofy, laser-induced fluores-
men)," in lasers}* and in spectroscopic analysis.To im-  cence'® etc) as well as by numerical modelsvhere the
prove the results in these application fields, it is important taransport of metastable atoms is described by continuity
understand the different mechanisms involved in the disequations, yielding the metastable denstfy*' The popula-
charge. This can be achieved by numerical modeling. In pretion of Ar™ metastable atoms was studied, experimentally
vious works,>™ we have concentrated on the study of theand with the use of balance equations, in various kinds of
properties of HCDs and on the charged particles present iplasmas including afterglo??® dc2* rf,>=2" and helicor®
the plasma. In the present work, we will focus on the behavdischarges. Also some studies have been performed with re-

ior of the Ar metastable atom@r™) and their interaction spect to the role of metastables in the glow discharge with
with the other particles present in the HCD. formation of a positi\/e Co|um|(|PC)_28'29

The general processes, which determine the metastable |n the present paper, we will analyse the role of"Ar
metastable atoms in a HCD, using a metastable transport
¥Electronic mail: neyda.baguer@ua.ac.be model, which is combined with a hybrid Monte Carlo fluid
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model for electrons, Arand Cu ions, fast Ar atomgAr), 11.55 eV°° This assumption was made based on the fact that
and fast and thermal Cu atoms. A similar combination ofaccording to their statistical weighig=2J+ 1, wherel is the
models has been applied in the literature for the simulationotal angular momentum of the state, tﬁéo level is ex-
of glow discharges with planar cathode, both in Ar, in*dic, pected to be five times less populated than*fglevel and
and rf(Ref. 26 regimes. The advantage of this procedure isin our experiments, density ratios close to 1/7 were mea-
that it allows following the influence of the metastable atomssured in the HCD. This significantly lower population of the
on the electron energy distribution, the ionization rates, thép level was also confirmed in previous studies in different
ion and electron densities, etc., as well as the influence dfinds of discharge$®>?Besides that, our interest in studying
these parameters on the metastable atom density. Moreovgfie metastable At atoms is concerned with their influence
Ar™ metastables play a decisive role in the ionization of thegn the electrical properties of the discharge, on the secondary
sputtered Cu atoms. electron emission, and on the ionization of the sputtered Cu
Calculated metastable atom density profilasially av-  atoms, for which only the total metastable density is impor-
eraged are compared with experimental density profilesignt.
measured by laser absorption in similar discharge geometry | the following, we will emphasize on the description of
(1-cm diameter, 3 cm longand at the same conditions the AmM metastable fluid model because of the comparison

(0.3—1 Torr pressure and 1-10-mA curpent between calculated and experimental results. The models ap-
plied for the electrons, Arions, and fast Aratoms were
Il. DESCRIPTION OF THE MODEL mainly explained in our previous papéfs- Here they will

be described only briefly, pointing out the modifications done
in order to account for processes which were not considered
The discharge gas was assumed to be argon at rooin Refs. 10 and 11. In order to analyze the loss of Areta-
temperature and uniformly distributed throughout the dis-stable atoms by ionization with the sputtered Cu atoms, it is
charge, i.e., the thermal motion of the gas atoms is neglectediso necessary to know the Cu atom density. Therefore, we
The other species considered in the model are fast and slowad to incorporate in the model three submodels: a Monte
electrons, singly charged fast and slow positive arg@ri)  Carlo (MC) model for the fast Cuatoms, a MC model for
and coppefCu’) ions, metastable Aratoms, fast Ar atoms, the fast Cti ions, and a fluid model for the slow Cu atoms
and fast and slow Cu atoms. As fast particles are considereghd Cu ions. These models are described in a forthcoming
the particles for which it is necessary to get the energy dispaper, related specifically to the study of the sputtered atoms
tribution in order to accurately calculate thimelastic or  and the corresponding iofi$,out the main outline of these

elastig collision and/or sputtering rates. models, for a dc glow discharge and for a HCD, is given in
The Ar atoms are formed by elastic collisions of "Ar Refs. 34 and 35, respectively.

ions and Cti ions with the background Ar gas and are as-

sumed to have energies higher than 1 eV. The fact that we

consider a fraction of the Ar atoms as fast particles does not

contradict the assumption that the gas is uniformly distrib-

uted throughout the discharge, because the fdsatdm den- B, Fluid models

sity is much lower(four orders of magnitudethan the den- ] ) ]
sity of the discharge gds$ Nevertheless, these fastatoms The fluid model considers the plasma as a continuum,

can be important in the discharge because they play a role #{Nich is characterized by macroscopic, ensemble-averaged
ionization and excitation of Ar atoms and in the cathodeMagnitudes. The transport of this continuum is described by
sputtering(see below: solving, for each kind of plasma speciggectrons, positive
The fast Cu atoméCU) are the sputtered atoms from the @nd negative ions, metastable atoms,)egome moments of
cathode. Indeed the Cu atoms are emitted with an initiafn€ collisional Boltzmann equations: the continuity, the mo-
energy of several eV and they are considered as fast particl§8€ntum, the energy equations, etc. In a fluid model for
until they are thermalized, i.e., mainly due to elastic colli- Collision-dominated plasma, it is assumed that the velocity
sions with the background gas. distribution of each fluid is in hydrodynamic equilibrium
The fast AF and fast Cti ions are considered in the With the local electric field® In that case the momentum
cathode dark spacéCDS), where these ions gain energy balance equation is replaced by the drift-diffusion approxi-
from the electric field and they are described through anation and the energy equation is simplified by the local-
Monte Carlo approach. field approximation. Hence, the transport of each fluid can be
The electrons are split up into two grouflsthe fast described by the continuity and flux equations oﬂljn the
electrons, with high enough energy to cause inelastic collicase of charged fluids, it is necessary to couple these equa-
sions, and the slow electrons, which do not have enougkions with the Poisson’s equation in order to calculate the
energy. The energy threshold for considering electrons as fastectric field. As fluid we consider here: the slow electrons in
particles was 4.6 eV, which corresponds to the ionizatiorthe negative glow(NG) (i.e., the slow electrons are present
energy of the Ar metastable levels. only in the NG, because in the CDS they always gain energy
The two metastable levels of A3rP2 and3PO, which are  from the electric field] as well as the Arions, the Ctiions,
lying at 11.55 and 11.72 eV above the ground state, respethe thermalized Cu atoms, and the"Anetastable atoms, in
tively, have been combined into one collective level, lying atthe complete discharge.

A. Assumptions of the model
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TABLE I. Production and loss processes considered in the fluid model for thenatastable atoms.

Production processes

Rates or rates coefficients

Arter— Arm+e
Ar+Ar*— Arm+Ar*
Ar+Arf— Arm+Arf
Arf+e— Ar™+hy

Loss processes

ArM+e;— Art+2e
Arm+Arm— Art+Ar+ g
Arm+e—Ar +e— Ar+hv+e
Ar™+Cu—Ar+Cu*+e
Ar™+Ar— Ar+Ar
Ar™+2Ar— Ar,+Ar

Electron-impact excitation
lon-impact excitation
Atom-impact excitation
Radiative recombination

Electron-impact ionization
Pooling ionization
Effective-electron quenching
Penning ionization
Two-body collision
Three-body collision

Diffusion to the walls, followed by deexcitation at the walls

Suxce [Calculated in MCe]?
Suxear [calculated in MC-ATT
Suxent [calculated in MC-AHP
Kec=1X 101 cmis7%¢

Ssionm [calculated in MCe]”
Kme=6.4X 10710 cm® s72¢
kg=1Xx108 cmPs™®
Kper=2.6X 10710 cmB s
kpg=2.3xX10% cmPs ™9
keg=1.4x 1034 cmPs 19
Dpm=54 cnfs

*Taken from Refs. 38—40.
PTaken from Ref. 41.
“Taken from Ref. 42.
9Taken from Ref. 43.
®Taken from Ref. 29.
Taken from Ref. 30.
9Taken from Ref. 13.
Taken from Ref. 23.

1. Fluid model for the Ar * ions and slow electrons

The description of this model is already given in Ref. 1
Here we should only point out that because other ionizatior!
collisions were addetsee below Sec. Il C)1the production
of electrons and Arions was enhanced and consequently,
the source terms of the slow electron and A&m continuity
equations should include all these processes. The contrib
tion of the Cd ion density(ng,+) to the total charge density
was considered and hence explicitly added as a term to t

right-hand side of the Poisson equation:

e
VAV =~ 8_(nAr+ +Neyr = Ne ~ Nefasy)
0

whereg is the permittivity of the free space,s the electron
charge,V is the electric potential+ andng,+ are the Af
and Cd ion densities, respectively, amgd and n,; are the
slow and fast electron densities, respectively.

2. Fluid model for Ar ™ metastable atoms

The transport of AP metastable atoms is described by

followed by deexcitation at the walls. Electron-impact exci-
1 tation of metastable atoms to the®@p levels and other
igh-lying states was not considered as a loss process, be-
cause the majority of atoms excited to higher levels radiate
down again to the 4s state and hence the net loss of the
metastable will be very small. The fast electron, fast ian,
gnd fast AF atom collision rates were calculated in the cor-
responding Monte Carlo models through the energy-
Hiependent cross sections. The cross section for electron-

impact excitation to the metastable state was taken from

Mason and Neweff® and factorized to the maximum value
(1) of the cross section reporte@alues presented only until

19 eV) by Puech and Torchit?, which was recommended by

Phelps®

Taking into account the production and loss processes
summarized in Table (Refs. 41-43 and the fact that the
flux is only determined by diffusion, the density of the col-
lective metastable state is calculated with the following bal-

ance equation:

an

the continuity and flux equations. The production and loss
terms of the continuity equation are given by the following where

processes: radiative recombination of*Aons with thermal
electrons, and impact excitation by fast electrons, fast Ar

ions, and fast Aratoms, were considered as production pro-
cesses to the metastable state, while the following processes Soss= Seionm* Kseldlarmne + kaoo{”Arm]2 * Kpedarmnou
were included as loss mechanisms: fast electron-impact ion-
ization from the metastable state, electron-impact transfer

(also called electron quenchingo the resonance level,
which decays to the ground statie resonance Ievefi‘P1

Arm 2 _
ot = DamVnam= Sprod_ Soss (2
Sprod: Se,exc+ SAr*,exc"' SArf,exc+ kre(ﬁenAr*-

2
+ KogNarmNar + KagNaem Nar]”.

The boundary conditions are defined based on the fact
that a rather high population of metastable atoms was experi-

and 1P1 have been lumped together into a collective levelmentally observed at the cathode walls. Note that in our pre-
symbolized by Af), metastable-metastable ionizatiémiso  vious model5-**it was assumed that the metastable density
called pooling ionizatio)y Penning ionization of the sput- at the walls was equal to zero. The processes, which can be
tered Cu atoms, two-body collisions, and three-body colli-responsible for the presence of the metastables at the cathode
sions with ground-state Ar atoms, and diffusion to the wallswalls, are most probablgl) recombination of Af ions with
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electrons at the cathode, yielding the formation of atoms irtrons, created by electron-impact ionization of the Cu atoms,
excited metastable stat€?) when fast Af atoms bombard also the electrons created by Penning ionization were fol-
the cathode, a fraction of them might come back to the distowed.
charge in the excited metastable state. ABda part of the
metastable atoms impinging on the cathode surface are n@ Monte Carlo model for the fast Ar * ions and fast
quenched and comes back to the gas phase as metastaldié atoms
atoms. This mechanism has been recently observed with a The MC model for At ions and fast Ar atoms is de-
glass surface’ However, quenching probabilities higher scriped in Ref. 11. Here we focus only on the modifications
than 99% were measured for metal surfates. due to the incorporation of the sputtered Cu atoms in the
We selected the first possibility because at the concerneglogel. Due to asymmetric charge transf&€T) of Ar* ions

energy range, i.e., energies less than 300 eV, the mechanisfn cu atoms, At ions are lost. This loss of the Aions is
to induce secondary electron §m|53|pn4by7lfun§ ataclean considered in the present MC model through the ACT colli-
cathode surface is by potential emissfo] which means  ion rate calculated in the fluid model for Cions and Cu
neutralization and Auger deexcitation, i.e., the formation ofytoms (see Ref. 38 It should be noted that the loss and
the metastable atoms is implicitly included. creation of charged particles, especially of the Ams and

~ Inthe present fluid model, the Ametastable atom den- g|ectrons, should always be carefully considered because the
sity at the cathode surface was taken equal to the measurggd-+ jons, together with the electrons, determine the electrical
Ar™ metastable atom density and it is assumed that thisoperties of the glow discharge and they are important in
population is produced by a fraction of the bombarding Ar his respect for the current balance. Further, as a result of
ion flux at the cathode, which after recombination, comescy jon elastic collisions with the background Ar gas, fast
back to the discharge as Ametastable atoms. At the anode, af atoms can be created. These created faafams are
the Ar"on flux is low; most of the discharge current is given feq hack to this model and are followed here in the same way

by the electron flux’ Hence the metastable atom density 55 the rest of the fast Aratoms. (See Ref. 11 for more
was taken equal to zero. With these boundary conditions, EGjetaijls)

(2) is discretized and solved using the extended Thomas
algorithm® D. Coupling of the submodels
The above four submodels, together with the three mod-
els for the sputtered species, are coupled to each other due to
The MC simulations can be used to handle situationshe interaction processes between the plasma species, and
characterized by strong thermal nonequilibrilihsuch as for  they are solved iteratively until convergence is reached. The
the description of the fast electrons all over the dischargéatter is determined by the difference in the total current to
The particles are followed one after another and the collisionhe anode in two successive iterations, which should be be-
rates are calculated based on the energy-dependent cross silegy 1%. Typically, three to four iterations were carried out
tions. Hence, an accurate energy distribution function of théyefore convergence was reached.
particles can be calculated. The dynamics of the particles are
determined by Newton’s law of motionm,(dv/dt)=gqE;, Ill. EXPERIMENTAL SETUP

wherem; andg; are the mass and the charge of the pariicle
 and g paric The HCD geometry consists of a cylindrical hollow

respectively, and; is the electric field. The velocity of the hod be of ) di q : h
particles is determined from the integral of motion. The par-Cathode copper tube of 1-cm inner diameter and 3-cm length,

ticle position is calculated from the integration of the veloc—With a copper-made disk at each tube end. One of those disks

ity equation. The average collision probability is reproduced""(:t.ed as anode, while the other d|§k was cpnneqted to the
through the energy-dependent collisions cross sections ar%/lmdrlcal hollow cathod_e(asymmetrlcal configurationA
the generation of random numbers. The self-consistently cafrarrow .slot of 0.1.cm. wide and 1 cm long has been ma-
culated electric field is obtained from the fluid model for theChlned Into 'each disk in order'to allow the map of the laser
charged particles, where the continuity and flux equations arBeam passing through the discharge. Th|§ H,CD was sur-
solved together with Poisson’s equatiqisee above: Sec. rounded by a Pyrex envelope and placed inside a vacuum
B 1) vessel e\{acuated_by a _turborn_olecular pump. To eliminate
In order to calculate more accurately the source terrng\/_entual introduction of impurities from outgassmg or from
for the fluid models, the MC approach is applied also tom_mroleaks, the vacuum vegsel was contlnuous_ly flushed
other fast particles, i.e., to the fast ‘Gand fast Af atoms in with 3 SCCM (standard cubic centimeter per minuitef
the complete discharge, and for the*4nd Cu ions in the ~ Nigh-purity (99.998% argon gas. The gas pressure, mea-
CDS. sured with a capacitance nanometer, was varied from

0.3 to 1 Torr by adjusting the pumping speed with a control

valve. The discharge was operated at currents between 0.5

and 10 mA, for which the measured discharge voltage was
This model was described in Refs. 10 and 11. Here iranging from 230 to 316 V.

was extended in order to account for the electron-impact ion- The population of the two metastable staté@2 and

ization of Cu ground-state atoms. The cross section for thi§P0) was measured using optical absorption, with a tunable

process was taken from Vrief$ Beside the cascade elec- Littman-type external-cavity diode lasérD110, Sacher La-

C. Monte Carlo models

1. Monte Carlo model for the fast electrons
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values are 0.028 and 0.31 for the 772.38- and 772.42-nm
lines, respectivel?@ We estimate a radial resolution better
than 0.01 cm, corresponding to 4 pixels. We should point out
that the measured populations represent axially averaged val-
s TR ues. To avoid saturation phenomena leading to an underesti-
Shutter | EF mation of the densitie¥, the intensity of the monitoring laser
GD Lamp map was reduced to about LOW/cn?.
In a preliminary experiment, the laser beam was limited
Diode Attenuator to 0.1 cm in diameter, the PDA was replaced with a photo-
array —— expander diode (PD), the laser frequency was modulatéat 10 H2
chamber around the line centefabout 10-GHz modulationand the
signal from the PD, together with the signals from detectors
FIG. 1. Schematic overview of the experimental setup. 1 and 2, were recorded with a digital oscilloscojsee for
details Refs. 15 and %1This was done in order to deduce

sertechnik as light source. The laser was tuned on the tranfrom the Doppler profile of the absorption line the tempera-
sitions A\=772.42 and 772.38 nm, originating from tﬁéz ture of metastable atoms, which is similar to the gas tempera-
and 3P, metastable levels, respectively. Figure 1 shows thdure Tg, under our pressure conditiof’sWhen moving the
optical arrangement. Two secondary beams have been oliser beam along the diameter of the HCD, we did not ob-
tained using beam splitters. The first beam was used for thgerve any radial dependenceTgf but a slight increase df
precise frequency calibration with a Fabry—Perot interferomWith pressure and discharge current was observed. However,
eter and the absorption signal from the second beam, crost® simplify, this dependence df, of the plasma parameters
ing a low-pressure reference argon glow discharge cellis neglected in the model.

helped for the exact setting of the laser wavelength at the

center of the absorption linés>* Before entering the V. RESULTS

vacuum vessel, the main laser beam was attenuated and then
horizontally expanded with a set of four-successive grazinqind
angle incidence prisms, which provided a beam map cover:

ing the entire surface of the anode SIOt.' Therefore, a l ischarge conditions assumed in the model were taken from
X 0.1-cm laser map crossed the HCD cylinder parallel to itS$he experiment, i.e., the gas pressure was varied from

axis and exited from the second slot, which was perfectly0 3t0o 1.0 Torr, the discharge current ranged from

aligned with the entrance slot. The laser beam was then d(i' to 9 mA, and a discharge voltage between 249 and 300 V
tected with a photodiode arra’DA-697, Andor Technol- was applied to the cathode, whereas the anode was grounded.

ogy), whose 102.4 plxells.we.re also aligned with the SIOtS’I’he gas temperature was assumed to be at room temperature,
Hence, each radial positionin the HDC corresponds to a 300 K54

pixel number,n. Given the 25um step of the pixels, the
laser map covered only 400 pixels of the detector. The PDAA Calculated two-dimensional Ar
was controlled by a personal computer. To record the radla(y : :

; . . - ensity profiles
profile of the maximum absorption signal, when the laser
wavelength was set at the center of the line, the acquisition Figure 2 shows the calculated two-dimensional Ar meta-
of four-files was needed: stable density profiles, obtained under the following assump-
tions, which yielded the best agreement with experiment:

Detector Fabry-Perot Laser Diode

2 etalon

Detector

The models were applied to a HCD, consisting of a cy-

rical cathode closed at one end and a disk anode at the

ther end, separated by 0.2 dsee Fig. 1 of Ref. 10 The

™ metastable atom

(@ Ly(n): (plasma and laser on

(b) Lo(n): (laser with plasma off (1) At the walls, a fraction(in the order of several percent,
(c) P(n): (plasma without laser beam, stopped by a shut-  see Fig. $of the Ar'-ion flux comes back as Armeta-
ter), and stable atoms.
(d) B(n): (plasma and laser beam off: background, dark(2) The electron-quenching rate coefficient is assumed to be
counts, and readout nojse equal to X108 cmP s,

_ _ _ (3) It is assumed that the production of"Ametastable at-
According to the Beer—Lambert law, the radial profile of the  oms is due to direct electron-impact excitation from the

metastable atoms densit)(r), can be deduced from the ground state, as well as cascading from higher-lying
following relation: states, and the electron-impact excitation cross section
of Puech and Torchili is adopted.
N() = drreg g —220_ L g | Lol = PO
{ 02 2\In 2/ If Lo(n)-B(n) |’ It is clear from Fig. 2 that, for all the conditions, theAr

metastable atom density is at maximum near the closed end
wherem and e are thﬁlectrons mass and chargés the  of the HCD (i.e., at the “cathode bottom”At 0.3 Torr, the
light speed, dvp=(2vIn 2/\g)/ VkgT(t)/M is the Doppler Ar™ metastable atom density is more spread out in the entire
width [full width at half maximum(FWHM)] related to the discharge, due to diffusion, and is characterized by a para-
temperaturel(r) of the metastable atomb,is the length of  bolic shape in the radial direction. With increasing pressure,
the HCD, andf is the oscillator strength of the line, whose on the other hand, the Rrmetastable atoms become more
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FIG. 2. Calculated two-dimensional profiles of the Ar metastable atom
population at 6 mA at 0.3 Tor@), 0.6 Torr(b), 0.8 Torr(c), and at 1 Torr 15 [ mA 9 mA 1.5
(d). A
1.0 1.0
2
concentrated near the cathode bottom, and the metastable 05 0.
density distribution shows a more flat profile in the radial o

) . . . . .0 . , 0.0 . \
direction, with even the appearance of a dip at the discharge 05 00 05 0.5 00 05
axis. r [em] r [em]

. FIG. 3. Radial dependence of tlifaxially averagep Ar™ metastable atom
B. Comparison b_e_tween calculated and measured density profiles at four different pressures: experimental profdes, e, g)
metastable densities and calculated profileg, d, f,h).

To allow comparison with the measured density profiles
(left column of Fig. 3, the calculated two-dimensional Ar lar radial dependence as well as variation with current. For
metastable density profiles were averaged over the axial disastance, at 0.3 Torr, all Armetastable densities peak at the
tance, and the radial profiles obtained in that way are showhICD axis, and show a nearly parabolic profile, which sug-
in the right column of Fig. 3. The calculated and measuredyests that the loss is dominated by diffusion to the walls and
profiles are in reasonable agreement. At all pressures invesubsequent deexcitation at the w?;ﬁlEFigs. 3a) and 3b)].
tigated, the calculated and experimental profiles show a simMVith increasing pressure, at 0.6 Torr, the profiles begin to
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FIG. 4. Calculatedaxial averaggvalue of the electric-field strength at the FIG. 5. Calculated fractioiin percent of the Ar* ion flux at the cathode
cathode wall, as a function of electrical current, for different values of gaswalls coming back to the discharge as"Anetastable flux, as a function of
pressure. the discharge current.

flatten at the centdiexcept at 1 mA, which shows that other )
loss processes are gaining importafiigs. 3c) and 3d)] Some features of the measured profiles can, however, not
P 9 g Imp @S : get correctly be reproduced by the model.

With further incr in pr r .8 Torr i r

urther increase In pressure, at 0 8 Torr, a d b appea a. At constant pressure, the calculatéd™ metastable
at the axis for the profiles corresponding to the high current%tom densities increase with current, while experimentall
[Figs. 3e) and 3f)], and finally, at 1 Torr, two maxima in ’ P y

i . . this is not the case for the lower currentadeed, the mea-
these profiles are clearly observed at the high currfigs. sured metastable population at 1 mA, at its maximum, is
3(g) and 3h)]. At the current of 1 mA, the densities peak at Pop ' !

the center, for all pressures, as in the experiment. One shoumgher than the corresponding values for 0.6, 0.8, and 1 Torr,

point out that the calculated density of the metastable atom%nd at 0.3 Torr the maximum metastable density is the high-

at the cathode walls was adjusted to the experimental valueeSt at2 mA. The reason for the rise of calculated® Areta-

by imposing the boundary conditiorfsee also above: Sec s%able atom density with rising current is the increase of total
IIyB z)p g y ' " production rate with current, as is shown in Fig. 6. Indeed,

. . . the fast electron, Arion, and fast Ar atom fluxes, which
Indeed, in agreement with our experimental observa-

tions, it was assumed in the present model that the met define all production mechanisms, are directly proportional

stable population at the cathode walls was not zero. Hencd® current. Hence, in order to obtain a drop in calculate® Ar

we assumed that a fraction of the *Aions arriving at the Metastable density with rising current, as is observed in the

cathode, after recombination with the electrons of the Congxpenmental results, the rates of the loss mechanisms should

duction band of the metal surface, comes back to the gdidncrease more than linearly with current, in order to compen-

charge as AF metastable atoms. As we can see from Fig. 3sate for the increased production. However, at high current,

the AM metastable density at the walls increases with in_hence high electron density, the main loss is due to electron

. . . guenching(see below, Sec. IV B for which the rate is only
creasing currenfat constant pressur@nd with decreasing :
pressure(at constant currepti.e., at conditions where the proportional to the current. At low current, hence low elec-
reduced electric field increas "e Fig. 4 The increase of tron density, diffusion is the dominant loss mechanism, but it

D S does not depend on current at all. Hence, our model is not
the reduced electric field means a rise in the average ener

of all charged particles. The fact that the metastable densi% Ig ti %rreglcnt];} t?}'g:jt rﬁgﬁ S;Sﬁfngeog?lgtﬁg)at low current

at the walls increases with the average energy of the imping- o .

. . ! . b. At constant current, with increasing pressure, the cal-
ing Ar* ions may confirm our assumption that the metastable

population at the walls is the result of Aion resonant neu-

tralization at the cathode surface, as the probability of this 2.5x10" 03T »

process increases with rising incoming ion enéfgy. 06 Torr s
The percentages of Adion flux needed to reproduce the _ 20x10% == 08 Tor s

metastable density at the walls are shown in Fig. 5, for all the "o, N oer S 4

discharge conditions analyzed here. At constant discharge g 15%1077

current, this fraction decreases with increasing pressure. This & "

is because at constant current, the ion current to the cathode ® 1.0x10™

remains almost constant as the pressure increases, while the 5.0x10" ]

diffusion flux of metastable atoms to the wall decreases al- )

most as(pressurgt. At constant pressure, this fraction also 0.0 . . ' . .

decreases with increasing current, because thgokrflux to 0 2 4 6 8 10

the cathode increases linearly with the discharge current, 1[mA]

while the A metastable flux to the wall Changes onIy FIG. 6. Total production rate determining the"Ametastable atom density,

5|.ight|Y- (cf. the curves of 1 and 9 mA in the left column of integrated over the entire discharge, as a function of total discharge current,
Fig. 3. at four pressures.
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culated metastable density increases, while in the experiment 1 Torr 0.3 Torr
the opposite tendency is observédg shown in Fig. 6, the

total production rate increases slightly with decreasing pres-
sure, although it is worth to mention that the pressure effect
is much less pronounced than the current effect, described

16
above. The reason for this increasing production rate with 0
decreasing pressure results from the increasing contribution A .
of fast Ar* ions and Af atoms. Indeed, at lower pressures, 7 10
the reduced electric field increases, as the discharge voltage -‘_’- :
increasegat constant currentand moreover, the energy re- o 107 %
laxation length of At ions inside the CDS rises. So the fast g
Ar* ions and Af atoms have higher energy, and conse- * 1x10%] i
quently, fast Af ion and Af atom impact excitation become 05

more efficient as production mechanisthsHowever, in

spite of the increasing production rate with decreasing pres-
sure, the calculated metastable density decreases with de-
creasing pressure. This is a consequence of the increasing
role of diffusion at lower pressuré;?®*°spreading out the

metastable atoms to the walls, where they are destroyed upon 1x10®
collisions with the wall. At 0.3 Torr, diffusion is the main
loss mechanisnfsee also below, Sec. IV)Bas can be de-

r—
=

T
duced from the nearly parabolic shape of the calculated ra- '?g ‘
dial profiles. 3 /
L . . . n 15105
A similar behavior of increasing Armetastable popula- 8 /
[

tion with increasing pressure and current was also found in .
an Ar glow discharge with planar cathode in(@efs. 18 and 1x1°:;5 o os
24) and in(Refs. 26 and 57regimes, where the Armeta- ) r[u'“] ) e
stable population has been measufled laser-induced fluo-

rescence or by optical emissioand calculatedwith a hy-  FIG. 7. Calculated radial profiles of the axially averaged productib
brid mode) at similar conditions as under study here.and loss(c,d rates determining the Armetastable atom population at
Experimental and calculation studies performed in Ar pc8 MA atland 0.3 Tor, respectively.

: ,29,53
discharge at 0.075—-4 Torr show that the metastable e nroduction and loss rates, averaged over the axial dis-

population increases up to 0.1 Torr and then decreases, i-?ance, are shown for a discharge of 6 mA, at 1 and 0.3 Torr,

the metastable population appears to saturate by the effect 9f ; representative example for all the discharge conditions
pressure at much lower values. This results from the muc'ﬂwestigated here.

larger vessel dimensions in these experiments, so that the a¢7 Torr electron-im

diffusion rate is significantly reduced, and hence, the relativey o qyction source for the metastable atom population, and
importance of volume-quenching mechanisms increases. ihe maximum of the electron-impact excitation rdfg.
Hence, although it should be noted that in absolute vaI@j

k , 7(a)] is found at the same radial position as the maximum in
ues, the difference between the calculated and experimentgle metastable densifFigs. 3g) and 3h)], i.e., in the NG

densities is not largg.e., at maximum a factor of 2, cf. Figs. ¢|ose to the boundary with the CDS. At this pressure, only a
3(g) and 3h)], and can even be considered rather small, iy, heavy particles have enough energy for excitatfon.

vigw of the uncertainties _in the_modé_ﬂnd experiment to a With decreasing pressure, as the mean energy of the fast
minor degreg we want to investigate in more detail why our aricles increases and taking into account that at energies
model, in its current state, i.e., with the rate coefficients and,;, ;e 50 eV the cross sections for*Aon and Af atom

cross sections used as presented in Table |, predicts a pregspact excitation to the metastable state become higher than
sure dependence of the metastable atom population, which {§e ejectron-impact excitation cross section, the production
oppgsne to the.ex.perlm_ental pbservaﬂons. In the follc?wmgrate by heavy particleRo,. a+; Rex o¢) increases, and they
sections, we will investigate in somewhat more detail they, ., ot to be the main source for the metastable Ar atoms in
relative contributions of the different production and lossy,q CDS[see Fig. T)]. Electron-impact excitation remains
mechanisms, as well as the influence of the rate coefficientg,o main production source in the NG and its rate peaks,
and cross sections, in order to find out how a better agregsimijar to the metastable profilFig. 7(b)], at the center
ment with experimental data might be obtained. (HCD axig. At low pressures, due to the increase of the
reduced electric field and the CDS leng#iee Figs. 4 and)8
the average electron energy at the discharge axis will be high
enough to cause excitation collisions to the metastable state,
The effect of the different production and loss mecha-while at high pressure, very few electrons will reach the
nisms in modeling the metastable atom density profiles cadischarge axis with sufficient energy to undergo inelastic col-
be understood from Fig. 7, where the radial dependence disions.

pact excitatiofReyce) is the main

C. Production and loss processes determining the
metastable density

Downloaded 04 Jul 2005 to 153.19.47.109. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



123305-9 Baguer et al. J. Appl. Phys. 97, 123305 (2005)

a) by elect -~ 0.3 Torr
y electron -9 0.6 Torr
100, v VT --4-- 0.8 Torr
o el wTorr
80- ST
= 60
Eh
<
© 40
2
3
20+
0
0
b)
12500
10000 > 1001 4y giffusion ~==03Torr
);\ < o 0.6 Torr
8000 S —a-0.8 Torr
6000 804 . —v—1.0 Torr
4000 = h
2000 &, 60
E
1000 b
ﬁ 40
500 @
-]
0 -
& 20 )
FIG. 8. Calculated radial electric-field distribution throughout the HCD, at ‘.’, : '.,./' by e quenching
9 mA and at 0.3 Torfa), and at 1 Torr(b). 0 .-" ‘ . . .
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The role of electron-ion recombination was found negli- (mAl

gible for all the conditions, due to the low ionization degreeFiG. 9. Calculated relative contributions of the main product@rand loss
of the plasma(10‘5—1(r4).l°'“ (b) processes, integrated over the entire discharge, as a function of current,

Concemning the losses, we see that at 1 Torr the maifit foUr Pressures.
mechanism of destruction is electron transfer to the reso-
nance levelR, ). Diffusion to the walls becomes important creases also slightly with current, and with decreasing
only in the CDS, as the maximum of the metastable atonpressure, but it was always less than 4%, because of the
profile is found in the NG, close to the NG-CDS interface|ower fast Af-ion flux and impact excitation cross section
[Fig. 7(c)]. This is in contrast with the calculated results atcompared to the fast Aflux** and impact excitation cross
0.3 Torr, where diffusion predominates over the other lossection?® Finally, the contribution of electron-ion recombi-
processes all over the discharge volume and spreads out thation is calculated to be negligible as production mecha-
metastable atom population toward the walls, where theéism of the AP metastable atoms, with a typical contribution
metastable atoms undergo deexcitafibig. 7(d)]. of less than 0.1%.

Figure 9 shows the relative contributions of the different  Concerning the loss mechanisiisg. 9b)], diffusion to
production (a) and loss(b) processes, integrated over the the walls, followed by deexcitation at the wallin lines,
entire discharge, as a function of current, for the differents calculated to be the dominant loss mechanism at 0.3 Torr
pressures investigated. It is clear from Figa)3hat electron-  and for low currents at all pressures investigated, with con-
impact excitation(thin lineg is the dominant production tributions ranging from 60% to over 90%. Electron-impact
mechanism of Ar metastable atoms, at all conditions investitransfer of the metastable to the resonance Iéttatker
gated, with a contribution ranging from 60% to almostlines) becomes increasingly important at higher current and
100%. The contribution decreases slightly with increasingoressure, and it reaches a contribution of 60% at the highest
current and decreasing pressure. The reason is that the fasirrent and pressure investigated. This is likely expected be-
Arf atoms start to play a quite important role at higher cur-cause of the higher electron densities at higher current and
rent and lower pressure, as is also observed in Figl 9 pressure. Some other loss processex shown in the fig-
(thicker lines. Indeed, a higher curreliat constant pressure ure), such as electron-impact ionization from the metastable
and a lower pressurét constant curreptcorrespond to a level, pooling ionization, and two-body collisions with Ar
higher discharge voltage, hence to a higher reduced electrgas atoms, contribute for a few percent to the total loss of
field (see Fig. 4 and consequently higher energies of the fastAr™ metastable atoms, whereas three-body collisions with Ar
Ar* ions and Al atoms, so that these species become morgas atoms and Penning ionization of the sputtered Cu atoms
efficient in excitation to the At metastable level. The con- were calculated to contribute for less than 1%.
tribution of fast A ions to the production of At meta- We can conclude that the Ar metastable atom profiles at
stables[not shown in Fig. 8a), for the sake of clarityin- pressures of 0.8 and 1 Torr and at currents of 6 and 9 mA are
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mainly determined by two factorgi) enhanced production — expnAr”

. S .. - ko= 7 3.
through electron-impact excitation collision from the ground kq=2x10" em's "
<o - kg=3,7x107cm’s

—— kg=1x10"cm’s”
—.—-kq =5x10°cm’s"

state, which peaks near the CDS-NG interface, coupled by
(ii) enhanced loss, due to thermal electron quenching, at the 3.0
cylinder axis, i.e., at the position where the maximum of the
electron density is found for all the conditions investigated
(see, for example, Figs. 6—-8 of Ref.)1With decreasing
pressures, the main source of metastable atom production
remains the electron-impact excitation from the ground state,
but due to the increase of the electron energy relaxation
length, the maximum of the electron-impact excitation rate is
now shifted to the discharge axis. Moreover, as the discharge
pressure drops, the diffusion increases, becoming the main
loss, which is reflected by the nearly parabolic radial profile
of metastable atom densities at low pressures. r [em]
Integrated over the total discharge volume, the ionization

due to the metastable atoms was found to be less than 0.584c- 10. Effect of considering different values for the electron-quenching
L coefficients on the calculated Ametastable atom density profile, illustrated
of the total ionization rate.

for a discharge at 0.3 Torr and 6 mA.

nAr" [x10" cm?)

D. Influence of the electron-quenching rate a consequence of not co_ns_idering the interaction betwee_n the
coefficient different excited levels within the[34s state, because at this
pressure range, electron quenching was found the main loss
We have found that the profile of the metastable atomprocess, while at 0.3-Torr diffusion to the walls was found
population was greatly dependent of the electron-quenchinghe dominant loss mechanism. Alsky, could be electron
coefficient(k,) employed in the calculations. For example in temperature dependent, hence pressure dependent, a fact that
Ref. 11 we have used k=2x107cms™, which is @  was ignored in our model. However, another reason can be
value commonly used in models in the literature, when ahat the total production at higher pressures is overestimated.
collective metastable level is assunf@d>3*>8and we ob-
tained for the higher curren{® and 9 mA, that the dip of . ]
the calculated AY radial profile at the HCD axis was much E. 'nﬂ.uence of th.e e.IeCtron' fast A.r ion and fast Ar
atom impact excitation cross sections
more pronounced at 0.8 and 1 Torr. Moreover, at low pres-
sures, the calculated metastable density profiles show also a To calculate the rate of electron-impact excitation to the
dip at the HCD axigsee Fig. 8 of Ref. 11in contrast with metastable state, which is the main source of production, the
the experimental observations. integrated electron-impact excitation cross section, also
We assumed in the present work that the effectivecalled the optical-excitation cross section, was used for all
electron-quenching coefficient for the collective Ar meta-conditions. This cross section represents the direct excitation
stable level should be in the same order as the electrorfrom the ground state plus the contributions of excitation to,
impact transfer coefficient from the metastaﬁlé2 level to  and subsequent cascading from, higher-lying states. The con-
the radiative IevefPl, because these two are the most popu-ribution of the cascading from the higher-lying states in de-
lated levels of the @®4s group. In an Ar afterglow, SadegEﬁi termining the population of the metastable state increases
measured an electron-impact rate coefficient for transfewith increasing the reduced electric-field strenﬁtﬁ? At
from the ®P, level to the3P, level of 3.7x 108 cnP s, constant current, the reduced electric field increases with de-
We used an effective quenching coefficient equal to lcreasing pressurgsee Fig. 4, because a constant current at
X 1078 cm® st because this yielded calculated density pro-lower pressure arises from a higher discharge voltage. For
files in good agreement with the experimental valgese example, at 9 mA, the reduced electric field, at its maximum
Fig. 10. We call this an effective electron-quenching coeffi- value, i.e., at the cathode wall, at 0.3 Torr, is 2.7 times larger
cient because our model does not consider explicitly all théhan at 1 Torr, as can be seen from Figéa) 8&and 8b).
four 3p®4s levels. Hence, this coefficient implies the total Hence it can be deduced that the contribution of cascading
loss of the metastable atoms due to electron-impact transférom higher states is less important at higher pressure.
from the metastable levels to the radiative levels and also the At its maximum, the integrated electron-impact excita-
reverse process. Indeed, radiative levd®y and P, are  tion cross section to the metastable state presented by Puech
resonant, i.e., due to the imprisonment of resonance radiand Torchifi® which includes the contribution of cascading,
tion, their lifetimes are much higher than their radiative was equal to 2.4 107" cn?, which is 2.58 times larger than
lifetime 226 the maximum of the direct electron-impact excitation cross
Using this value ok, the comparison between the cal- sectiorf° (equal to 9.3 10718 cn?).
culated and experimental results shows that the metastable Hence, in order to investigate how better agreement can
fluid model at 0.3 Torr works wellsee Figs. @) and 3b)], be reached between calculated and measured metastable den-
but at higher pressurd®.8 and 1 Torr it overestimates the sities, we have done some additional calculations, assuming
metastable atom populati¢of. Figs. 3e)-3(h)]. This can be that at 1 Torr the metastable atom population is only due to
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a) (2) it might be that, besides the considered mechanisms, still
other loss processes should be included in the model, or
2.0 (3) maybe the rate coefficients of some processes were not
accurate enough. For instance, in the CDS, the sputtered
Cu atom density, as well as the "Ametastable density
itself, are calculated to be fairly high. Although the over-
all contribution of Penning ionizatiofof sputtered Cu
atomg integrated over the entire discharge region is
relatively low, this process might play a non-negligible
role in the CDS, where the density of the sputtered Cu
atoms is quite high. However, the rate coefficient of this
process is subject to considerable uncertainty. Indeed,
this rate coefficient was only estimat8drom an em-
pirical formula®® Also the rate coefficient of pooling
ionization(by collision of two Ar metastable atormwas
taken from Ref. 29, where it was adapted from the cor-
responding cross section for a similar process in Ne and
He. If for these rate coefficients higher values would be
adopted, these loss mechanisms might be more impor-

nAr"[10" em™)

b)

nAr™ [101em3)
s

FomsSS ; ; _
- //IIII '0,\_:(,, tant in the CDS, thereby reducing the calculated meta
o 4/][[’,’7"“8‘\\\{3‘ stable atom population, so that the latter could be in
S I"'t‘\\\\\\“ <* better agreement with experiment.
o -

However, we do not want to adapt the rate coefficients

FIG. 11. Comparison of the calculatéakially averagefland measured Ay such as fitting parameters, without any scientific basis, in

metastable atom density radial profiles at four different curréaitand the ~ order to reach better agreement with experiment. We think

calculated two-dimensional profile of the%me_tastable atom population at  that more insight can be obtained about the role of different

6 mA (b), after reduction of the total production rate at 1 Torr. mechanisms, by discussing the discrepancies between model
and experiment.

the contribution of direct excitation from the ground state.

For this purpose we have reduced the electron excitation

cross section of Puech and Torchin by a factor of 2.58. MoreY: CONCLUSIONS

over, we have also reduced by the same factor theiéu

: T _ We have presented a complete model for an Ar HCD
and fast Af atom impact excitation cross sections to the

with Cu cathode, and we show the calculation results for the
metastable state, because they were adopted from PHelpsym etastable atoms compared to their experimental den-

and he considered them as upper limits. sity measured by laser absorption. Based on experimental

Using these assumptions, the calculated metastable atomsults, the following assumptions were made in the model:
populations at 1 Torr have dropped, and averaged over the

axial distance, they are in much better agreement with thél) A fraction (in the order of several percerf the Ar'-ion
experimental profiles, as is illustrated in Fig.(4)1 Besides flux at the cathode walls returns back to the discharge as
that, the two-dimensional profiles of the"Ametastable atom Ar™ metastable atoms;

density stayalmosj the samdcf. Figs. 11b) and 2d)]. The  (2) The value for the electron-quenching rate coefficient is
only difference in the profiles is given by the increase of the ~ assumed to be equal tox110°® cm?s%, which is rea-
ratio of the metastable population at the walls compared to ~ sonable, compared to the measured values.

its maximum value, as the population at the walls was im-

posed by the boundary conditions, according to its measurelj Was found that at low pressure, the metastable atom den-

value, and hence it stays the same for these calculations sities show a nearly parabolic profile at all currents investi-
’ gated because of the important role of diffusion. When the

pressure increases, the density profiles become flatter, and at
F. Discrepancy between experiment and model in the high currents, they even exhibit two peaks at the CDS-NG
CDS boundaries, with a dip at the discharge axis, which is deter-
mined mainly by the enhanced production by electron-

Itis, howeyer, apparent from Figs. 3 and(dlthat for impact excitation close to the CDS—-NG boundaries and the
all pressures investigated, the calculated metastable atom

population was still found to be higher in the CDS than the'creasing role of the electron quenghlng as a loss mecha-
) : . nism of the metastable atom population.
experimental values. This can be a consequence of differen _— .
S i The contribution of metastable atoms to the formation of
factors or a combination of them: . : . -
charges in the discharge is found to be negligible for the
(1) Maybe the Af ion and fast Ar atom impact excitation conditions under study, both as ionization source as well as
cross sections are too high, which gives an overestiin secondary electron emission from the cathode.
mated production in the CDS, or Finally, from the comparison between calculations and
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