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A hybrid modeling network, consisting of several Monte Carlo and fluid models, is developed for

a hollow cathode glow discharge in a mixture of helium and argon, with copper as the cathode
material. The species considered in the models are the helium and argon gas atoms, elections, He
He,", Ar*, and A" ions, He and Ar metastable atoms, fast He and Ar atoms, and sputtered Cu
atoms and Cti ions. The modeling network is applied to typical laser conditions. The results of the
model, presented in this article, include the electric potential distribution, the density profiles of the
various plasma species, and the relative contributions of the various production and loss
mechanisms for the plasma species. The model gives us more insight into the plasma behavior, and
is therefore useful for optimization of the discharge efficiency for laser applications20@
American Institute of Physics[DOI: 10.1063/1.1517751

I. INTRODUCTION and Ar metastable atoms. However, at the typical laser con-
ditions of interest here, i.e., a pressure of several Torr and an
Hollow cathode discharge$iCDs) are used for various electrical current of several A, also ke and A" ions
applications, such as laser$,atomic spectrometry)’ and  come into play®~22 Moreover, fast He and especially Ar
plasma processing@on etching, thin-film deposition, surface atoms are expected to play a non-negligible role in the sput-
treatment® To improve the results in these applications, in-tering process. Therefore, our model for the He—Ar—Cu
sight into the discharge behavior is desirable. In this articleHCD takes into account the following plasma species: he-
we present a comprehensive modeling network for a HCDjum and argon gas atoms, electrons,'Héle,™ , Ar', and
used for laser applications. Cu is chosen as the cathode mar,* jons; He and Ar metastable atori$ie,* and Ar*);
terial, and the discharge operates in a mixture of He with Arfast He and Ar atoms; and sputtered Cu atoms andl iGos.
The combination of He/Cu gives rise to a 780.78 nm CullThese species are described with a combination of several
laser line, produced by asymmetric charge transfer betweemionte Carlo and fluid models. In Sec. II, these models will
He" ions and Cu atoms. Ar is added to the He gas to prope described in some detail, and the coupling of the models
mote sputtering of the Cu cathofie'? will be outlined. The results of the model will be presented in
There exist a number of models in the literature forSec. IIl, and it will be demonstrated how these results give us
HCDs used as metal vapor ion las&t$®~**However, most  a better insight into the behavior of the discharge and the
of these models consider only buffer gas ions, sputtereghser. Finally, the conclusion will be given in Sec. IV.
metal vapor atoms, and corresponding ions, such as for a
Cu—Ne laset® 1" A few models presented in the literature
take into account more species. In Ref. 18, a model is deveh_ DESCRIPTION OF THE MODELS
oped for a He—Hg HCD, which calculates the electron en-
ergy distribution functiofEEDF), the densities of He and An overview of the various species assumed to be
Hg" ions, and of 12 states of He and Hg. Moreover, it con-present in the plasma, and of the models used to describe
tains rate equations for the upper and lower laser levels, anghese species, is given in Table I. No specific model is ap-
calculates the laser power and optical gain. Another compreplied to the He and Ar gas atoms. Indeed, these species are
hensive model is described by Baet al. for a segmented assumed to be uniformly distributed in the plasma and with
HCD in He—Ar with Au sputterind? It consists of Monte thermal velocities. The other species are described with
Carlo models for the electrons, and for the™HleAr™, and  Monte Carlo and fluid models. Briefly, the fast plasma spe-
Au” ions and fast Htand AP atoms in the cathode dark cies(such as fast electrons, which are not in equilibrium with
space, as well as a fluid model with rate equations fof He the electric field are treated with Monte Carlo simulations,
Ar®, Au®, He*, and Au, and a heat conduction model to whereas a fluid approach is applied for the slow plasma spe-
calculated the gas temperature. In Ref. 10, a model is recies(such as the slow electrons, which can be considered in
ported for a He—Ar—Cu HCD, based on the Boltzmann equaequilibrium with the electric field, as well as the neutral spe-
tion, to calculate the EEDF, and balance equations for theies. As appears from Table I, the He Ar*, and Cu ions
He", Ar", and Cu ions, the sputtered Cu atoms, and the Heare described both with Monte Carlo and fluid modeiee
below). The models will be applied to a HCD with 5 cm
Author to whom correspondence should be addressed; electronic mail€Ngth and 4 mm inner diameter. The Monte Carlo models
annemie.bogaerts@ua.ac.be are developed in three dimensions, whereas the fluid models
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TABLE I. Species assumed to be present in the plasma, and models used to describe their behavior.

Plasma species Model

He gas atoms No model(assumed to be thermal and uniformly
Ar gas atoms distributed

Fast electrons Monte Carlo model
Slow electrons Fluid model

He' ions Fluid model

He,* ions Fluid model

Ar* ions Fluid model

Ar,* ions Fluid model
Metastable He atoms (Hg) Fluid model
Metastable Ar atoms (Af*) Fluid model

He" ions Monte Carlo model
Ar* ions Monte Carlo model
Fast He atoms Monte Carlo model
Fast Ar atoms Monte Carlo model
Sputtering of Cu cathode Empirical formula
Thermalization of sputtered Cu atoms Monte Carlo model
Thermal Cu atoms Fluid model

Cu* ions Fluid model

Cu* ions Monte Carlo model

are applied in two dimension@xial and radial directions  do not occur very often and they do not affect the electron
due to the cylindrical symmetry of the discharge cell. Theenergy to a large extent; they are only included because they
different models will be outlined below. determine the He and Ar metastable densities and the Cu
atom and Cti ion densitieSsee below. Excitation of the He
metastable atoms is not incorporated in the MC model, be-

The electrons are split up into two groups, depending ortayse this process is not included in the He metastable model
their energy. Electrons with total energye., sum of poten-  gijther (see below Indeed, electron excitation to the higher
tial and kinetic energigsabove the threshold for inelastic He excited levels is almost immediately followed by radia-
collisions with the He and Ar atoms, are called “fast” and e decay back to the metastable levels, so that it has no
are simulated with a Monte Carl¢1C) model. effect on the He metastable population den&#so, elec-

The electrons start at the cathode, as a result of secongl,, jmpact excitation of the sputtered Cu atoms is not taken
ary electron emission. We use constant secondary electrqpy, account in the electron MC model, because this process

emission coefficientdi.e., independent of the bombarding does not affect the electron energy, and here we are not in-
energy equal to 0.06 for the Ar ions and 0.3 for the He terested in the Cu atom excited levels

ions. The fast He and Ar atoms are assumed not to contribute The cross sections of the electron processes, as used in

to the se_copdary electron ertlussmn.. These assumptpns ,,aéﬁr model, are adopted from Refs. 25-32, and are plotted as
characteristic for so-called “potential electron ejection,
t

A. Monte Carlo model for fast electrons

which is a reasonable assumption here, because the Cathoa%éunctlon of electron energy in Figs(a. and 1b). Besides

: P » . - e total excitation cross sections from He and Ar ground-
surface will be kept “clean’ by sputtering. The contributions state atoms, also the cross sections for excitation from the
of He,™ and A" ions to the secondary electron emission '

are at first neglected, which is justified by their lower ﬂuxes.ground states to the He and Ar metastable levels are shown.

The electrons are accelerated away from the cathode b hese processes are also explicitly treated in the mel

the electric field. Their trajectory during successive timePart of the total excitation mechanismbecause they are

steps is calculated by Newton's laws, and the collisions durimportant for determining the metastable level populations

ing these time stepé.e., occurrence of a collision, kind of (S€€ Pelow. o _

collision, and new energy and direction after colliSiare When the total(kinetic+potentia) energy of the elec-
treated with random numbers, in analogy to our previously'ons drops be!ow the threshold for inelastic collisigns., .
developed electron MC modeid?* The collision processes 1.8 €V, for excitation from the Ar metastable level; see Fig.
taken into account here are elastic collisions with He and AR(D)], the electrons are transferred to the slow electron group,
gas atoms, ionization and excitation of He and Ar groundhich is treated in the fluid model. Indeed, these electrons
state atoms, ionization and excitation of the Ar metastabl€annot give rise to inelastic collisions anymore; their only
atoms, ionization of the He metastable atoms, and ionizatiofole in the plasma is to provide negative space charge and to
of sputtered Cu atoms. It is worth mentioning that collisionscarry electrical current, and this can as well be described in
with He and Ar ground state gas atoms occur much moréhe fluid code. It should be mentioned that this transfer to the
often than the other collision processes, due to the high Hslow electron group occurs only in the negative gloNG),

and Ar gas atom densities. Hence, these collisions are by favhere the electric field is weak and hence the potential en-
the most important in determining the electron energy. Theergy of the electrons is low. Hence, slow electrons exist only
other processes taken into account in the electron MC modéh the NG; their density is negligible in the cathode dark

Downloaded 02 Dec 2002 to 146.103.254.11. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



6410 J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 A. Bogaerts and R. Gijbels

(a) 10-14 1 » Five transport equations for these five different species,
based on migration in the electric fielfirst term and on
__ 10715 diffusion (second term
o
E 10716 jx=*un E—D,Vn,.
© 10-17 * Moreover, these ten equations are coupled to Poisson’s
equation, for a self-consistent calculation of the electric field
10-18 — N distribution (based on the densities of the charged spégcies
001 0.1 1 10 100 1000 __ e
E (eV) V-E= —(nHe++nHez++nA,++nAr +—Ng).
€p 2
(b) 10713 T In these equationsy andj denote the particle density
10-14 and flux, respectivelyx stands for each of the five different
— 10715 - sp_eciestrod a_nd_R,OSSz_ire _the_total production and Iqss rates;
“'E 16 E is the electric field distribution; and andD symbolize the
s 10 7] mobility and diffusion coefficients of the various species. In
® 10°17 4 the transport equation, a positive sign in the migration term
10-18 - is used for the ions, whereas a negative sign applies to the
19 electrons.
10 The mobility and diffusion coefficients of the electrons
1 10 100 1000 are assumed to Bt 3x10Pcm’s! and 1.2

E (V) x10Pcn?s 1V ~1 at 1 Torr, respectively. The mobilities of

FIG. 1. Cross sections of the electron reactions as a function of the electro1€ i0Nic species in the He/Ar gas mixture are calculated
energy.(a) shows the most important reactions with He ground-state atomfrom the values in the pure gases, according to Blanc's*faw:
(solid lineg and Ar ground-state atomgashed lines (1) elastic collisions

with He atoms(see Ref. 2§ (2) electron impact ionization of He ground MAMB

state atomgsee Ref. 2§ (3) total electron impact excitation of He ground- MAB=F 5

state atomgsee Ref. 2Y, (4) elastic collisions with Ar atomgésee Ref. 28 fauptfaua

(5) electron impact ionization of Ar ground state atofsse Ref. 28 (6) . e
total electron impact excitation of Ar ground-state atoisse Ref. 28 (b) Where,uA, MB andMAB are the ion mOb”'ty in gas, gas B,

illustrates the electron reactions which do not occur so often, i.e., wiffi He and gas mixturéA+ B, respectively; and , and fg are the
or Ar,,* metastable atoms or sputtered Cu atoms, as well as electron impagtactional concentrations of gas@sandB in the gas mixture.

excitation to the Hg* or Ar,* metastable level. The cross sections with The same formula is also used for the ion diffusion coeffi-
respect to He, Ar, and Cu are plotted with solid, short-dashed, and wide-

dashed lines, respectively7) electron impact ionization from the Hg& cients in the gas mixture. 4 .
metastable levelsee Ref. 25 (8) total electron impact excitation from the The mobilities of HE and Ar" ions in both pure gases
Ar,,* metastable levelsee Ref. 28 (9) electron impact ionization from the  He and Ar, as a function of reduced electric field strength, are

Ar.* metastable levelsee Ref. 30 (10) electron impact ionization of the adopted from Ref. 35, whereas the diffusion coefficients of

sputtered Cu atom&ee Ref. 3], (11) electron impact excitation from the n + . )
He ground state to the HE& metastable levelsee Ref. 3% (12) electron He" and Ar' ions in the pure gases He and Ar, are calcu

impact excitation from the Ar ground state to the,Armetastable levelsee Ia}ted from rigid spherg th?O?}?.Thi.S is an aPp_rO)'(im?FiOm in
Ref. 32. view of the polarization interaction, but it is justified, be-

cause the model is also subject to many other uncertainties in
the input data. This makes exact quantitative predictions not
yet possible, but the modeling results can certainly give more
insight into the discharge behavior. Finally, the mobilities
and diffusion coefficients of Hé and Ar," ions are taken
from Refs. 20 and 37, respectively.

B. Fluid model for slow electrons, He *, He,*, Ar™, The production and loss processes taken into account for
and Ar,* ions the different species are summarized in Table Il. The rates of
these processes are either calculated in the fluid model itself

Because the slow electrons and the Héde,™, Ar™, e "
and A, ions can be considered more or less in equilibrium_(based on the rate coefficients and the densities of the react-

with the electric field(i.e., the energy gain from the electric ing specie or they are obtained from the other models.

field is compensated by energy losses due to colligjdhsy H?nce, lTatl)I(;: g _'n:LUdﬁS.;ISO C’{[h:e_trate S[ogfﬂcna;gtzr thz
are treated with a fluid model. It consists of the following rates calculated in the fluid model itsedir it gives the mod-

. els where the rates are obtained from.
equations: Although th f the fluid modél.e., type of
e Five continuity equations, for the electrons and thet. o(lng | (icore IO 'tf] UIb mod .e.,tg/peso heqfua;t—
various ions, with different production and loss terms: lons and solution -aigorithin based on he scharietter—
Gummel exponential scherfe is the same as for the
electron—AF ion fluid model developed previousi(,the
@Jrv.—: R _R present fluid model contains many more production and loss
Jx= Rprodx ™ Rioss.x processes. Indeed, not only Heons are added to the model,

space(CDS), where a strong electric field is present.
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TABLE II. Production and loss processes for the slow electrons, Hee,” , Ar* , and A, ™ ions, described in the fluid model. Also given are the models
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where the rates are taken from, or the rate coefficiéhtbe rates are calculated in the fluid model ityeénd the references of these data.

Production of electrons

Transfer to the slow electron group

Collisions between two Hg atoms, leading either
to ionization of one of the atoms, or to associative
ionization

Collisions between two Af* atoms, leading either to
ionization of one of the atoms, or to associative
ionization

Associative ionization from He excited levels
Associative ionization from Ar excited levels
Penning ionization of Ar atoms by H& atoms
Penning ionization of Cu atoms by ke atoms
Penning ionization of Cu atoms by Af atoms

Hey* +He,* HHeE

Ar*+Ar* —Art +ArP+e” or Ar," +e”

Het He—He, " +e”
’ﬂ‘r+ArHAr2*+e
Hey* + Ar®—He’+Art + e~
He,* + C—He’+Cu* +e”
Arp* + CP—Ar’+Cu +e”

+He +e or He," +e~

From electron MC model
From Heg,* model

from Ar,,* model

k=8x10"cm’s ! (Ref. 21)
From Ar,* model
From Heg,* model
From He,* model
From Ar,,* model

Loss of electrons

Three-body recombination with Heions (with
electron as the third bodly

Three-body recombination with Hé ions (with
electron as the third bogly

Three-body recombination with He ions[with He
(or Ar) gas atoms as the third bih

Three-body recombination with Arions (with the
electron as the third bogly

Three-body recombination with Arions [with Ar
(or He) gas atoms as the third bofly

Radiative recombination with Arions
Dissociative recombination with Af ions

He"+e”+e” —Hete”
He,"+e +e”—He* +e”
He," +e” +He—He,* +He

Arf+e +e —Art+e”

Arf+e +Ar—Ar+Ar

Arf+e —Ar+hv
Ar,"+e” —Ar+Ar

k=6x10"cnf s! (Ref. 20
k=4x10"°cm®s™! (Ref. 20
k=5x10"?"cm®s ! (Ref. 20
k=5.4x10"2"T;%2cmP s7* (Ref. 45
k=10 p (Torr) cn? s~ ! (Ref. 46
k=10""cm*s ™! (Ref. 47

k=8.5x 10" "(T/300)~ %% T,/300) *=8
cns ! (Ref. 48

Production of Hé ions

Electron impact ionization from Heor He,* atoms
Collisions between two H¢ atoms, leading to
ionization of one of the atoms

Hé&(or He,*)+te —He" +2e”
He,* +He,* —He' + H+e~

From electron MC model
From He,* model

Loss of He ions

Three-body recombination with two electrons
Asymmetric charge transfer with Cu atoms
Conversion into Hg" ions

Hee +e —Hete
‘HeCW— HeP+Cut
He'+2 He—He," + He

k=6x10"2% cnf s (Ref. 20
k=3.47x 10 T2 cn? 571 (Ref. 10
k=67 Torr ?s ! (Ref. 20

Production of Hg" ions

Conversion from Hé ions

Collisions between two Hg atoms, leading to
associative ionization

Associative ionization from higher excited levels

He"+2 He—He," +He
He,* +He,* —He, " +e”

He-He—He," +e”

k=67 Torr s~ ! (Ref. 20
From Heg,* model

k=8x10"cm®s ! (Ref. 21

Loss of Hg* ions

Three-body recombination with two electrons
Three-body recombination with one electron and a
gas atom as third body

Hee +e —He*+e”
He,” +e~ +He—~He* +He

k=4x10"cnf s! (Ref. 20
k=5%x10"?"cm®s ! (Ref. 20

Production of AF ions

Electron impact ionization from Aror Ar,,* atoms
Collisions between two Af* atoms, leading to
ionization of one of the atoms

Penning ionization of Ar atoms by H& atoms

AP(orArm*)+e —Art4+2e”
ArF+ArF —Art+ A0+ e

He,* + ArfP—He’+Art +e”

From electron MC model
From He,* model

From Heg,* model

Loss of Ar* ions

Three-body recombination with two electrons
Three-body recombination with one electron and a
gas atom as the third body

Radiative recombination with an electron
Asymmetric charge transfer with Cu atoms
Conversion into A§* ions

Are +e —Ar+e”
Art+e +Ar—Ar+Ar

‘Are  —Ar+hv
arCl— Ar®+Ccu*
Art+2 Ar—Ar,+Ar

k=5.4x10"2"T_%?cmP 57! (Ref. 45
k=10~ 11*p(Torr) cnts ! (Ref. 46

k=10""cm*s ™! (Ref. 47
k=10""T¢?cm? s (Ref. 10
k=2.7x10"%cmf 51 (Ref. 49

Production of Ag™ ions

Conversion from Af ions

Collisions between two Af* atoms, leading to
associative ionization

Associative ionization from higher excited levels

Art+2 Ar—Art,+Ar
Ar* +ArF —Ar,t +e”

*Ar-Ar—Ar,  +e”

k=2.7x10"3'cmP s ! (Ref. 49
From Ar* model

From Ar,* model

Loss of Af; ions

Dissociative recombination with electrons

Are” —Ar+Ar

k=8.5x 10" 7(T4/300) %(T,/300) 058
cnt st (Ref. 48
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but also Ap* and He ™ ions, which become important at the 7, is equal to 217 né! p is the pressuré¢in Torr), and the
high pressures typical for laser applicatiofsee below. constantA is assumed equal to 400, which gives valuesrfor
Consequently, a number of processes yielding production ah agreement with tabulated values in a wide pressure
these species has to be described in the model, such as coange?** Finally, Kassion iS the rate constant for Hornbeck—
version from atomic( He" and Ar") ions to molecular Molnar associative ionization of helium, which is taken as
(He," and Ar, ) ions by collisions with two gas atoms, and 8x 10 *cm®s™1.22*4Based on the He excited level popu-
associative ionization. The latter process can occur by collitation, nye(z,r), computed in this way, the rate of

sions of two(identica) metastable atom&He,,* or Ar,*, Hornbeck—Molnar associative ionization is then calculated
respectively or by collisions of higher excitedHe* or Ar*) as
levels with He or Ar ground-state atomsso-called Sassion(Zs ') = Kass.iofMHer (Z, M) Npe -

“Hornbeck—Molnar associative ionization.” The rate of as- Another difference with the basic fluid mo&&is that

sociative ionization by two metastable atoms is obtaineqgcompination is included as a loss mechanism for the elec-
from the metastable modelsee below. To obtain the rate of 1,15 and various ion§~*°Indeed, the basic fluid code was

Hormbeck—Molnar associative ionization, the populationyeye|oped for glow discharges operating at typical currents
density of the excited levels with energy above 22.4 eV fory¢ geyeral mA, and recombination between electrons and
He and 14.7 eV for A(i.e., which corresponds to the ion- (atomig ions was found to be negligible. The HCD used for
ization threshold for Hf an_d AL, respectl_\/e@g' ), laser applications, on the other hand, operates at much higher
should be known. This is typically calculated in so-called o, rreng(order of several A Consequently, the ions and elec-
collisional-radiative models. However, in order not to fur- 4 have higher densities, and ion—electron recombination
ther complicate the present modeling network, SUCh,nn6t he neglected anymore. ForAions, the three clas-
collisional-radiative models are not developed for thegic| recombination mechanisms, i.e., three-body recombina-
present gas mixture. Hence, we have to make some guUesSgS, \ith either an electron or a gas atom as the third body,
for the rates of Hornbeck—Molnar associative ionization. 4 ragiative recombination, are taken into account. For He
For argon, a collisional-radiative model describing thej, s it was found that only three-body recombination with

behavior of 64 Ar excited levels, was previously o ejectron as the third body, is significaht! For Ar,*

1 .
developed and the process of Hornbeck—Molnar associajons . dissociative recombination is by far the dominant re-

tive ionization for all levels above 14.7 eV, was explicitly .ompination mechanisi?i. whereas for Hg" ions, three-

Fakeg17 into account as the production mechanism foj Ar body recombination with either an electron and a gas atom as
ions”" It was found that the rates of Hornbeck—Molnar andthe third body, are importadf2! and dissociative recombi-

metastable—metastable associative ionization were cOMP@ytion s negligiblé:

rable to each othé¥. Hence, in the present model we simply ' vioreover, some additional production and loss mecha-
assume the rate of Hombeck—Molnar associative ionizatioRisms are included in this fluid model, which are related to
being equal to the rate of metastable—metastable associatiyg, giner plasma species described in the modeling network,
ionization, which is calculated in the Ar metastable model; o Penning ionization by Ar and He metastable atoms and
(see below: o o asymmetric charge transfer with sputtered Cu atoms.

_ For helium, no collisional—radiative model for He ex- " ginally it should be mentioned that there is one addi-
cited levels has been developed previously, but the rate gfy,) joss mechanism described in the model for all five

Hornbeck—Molnar associative ionization is estimated in thespecies i.e., diffusion toward and subsequent recombination
following way?* The population density of He excited levels ¢ the cell walls.

with n=3 (i.e., energy above 22.4 g\s simply calculated As mentioned above, these coupled differential equa-
by tions (continuity and transport equations, and Poisson equa-
S (2.1) tion) are solved simultaneously with the Scharfetter—
Nyer (2, 1) = 22 Gummel exponential schem&3®1t is worth mentioning that
}Jrk _ because of the nonlinearity and strong coupling of these
7 " assiorllHe equations, solving this fluid model is a difficult numerical
task, and small time steps had to be ugemier of 10 2s).

where Sye« (1) is the rate of electron impact excitation o Therefore, this fluid model requires most of the calculation
all He excited levels witm=3. It is calculated in the elec- time of the entire mode”ng networ(]see below

tron MC model, with a cross section equal to the sum of . .
excitation to all levels witi equal to 3, 4, or 5, which is C- Fluid model for metastable He atoms  (He,,*)

adopted from Ref. 42. Excitation to higher excited levels is Because metastable He atoms might play an important
neglected, because of the lower cross sectféfiFurther,  role in the discharge, e.g., for production of Aend Cu

is the overall lifetime of these excited levels, which is ob-jons (by Penning ionizatioy they should be taken into ac-
tained from the natural lifetimer) and the so-called colli- count in a comprehensive modeling network.
sion lifetime (r,), which is inversely proportional to the Helium has two metastable levels, i.e., a triplet
pressure: (1s2s3s)) level and a singlet (42s'S,) level, lying at
19.8 and 20.6 eV above the ground state, respectively. The
1:i+£:£+ﬂ triplet level appears to have a much higher population
T 19 Tp T A density?°=>? Indeed, the singlet metastable level is rapidly
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TABLE Ill. Production and loss processes for the,fleatoms. Also given are the models where the rates are taken from, or the rate coeffittbetsates
are calculated in the fluid model itsgland the references of these data.

Production of Hg* atoms

Electron impact excitation from He atoms He’+e™ —He,*+e” From electron MC model

He'/e™ three-body recombination He'+e +e —He*+e —He,*+e” k=6x10"°cnf s ! (Ref. 20

He, /e three-body recombination Hé+e +e —He,* +e —He,*+He+e  (prob: 0.7 k=0.7*4x10 P cm® s7! (Ref. 20
He," +e +He—He,* + He—He,* + He+ He (prob: 0.7 k=0.7*5x10"?"cm® s~ ! (Ref. 20

Loss of He* atoms

Electron impact ionization He,*+e —He"+2e” From electron MC model
Electron impact deexcitation He,*+e —Hete~ k=4.2x10"°cm®s ! (Ref. 20
Penning ionization of Ar atoms He* + Arf"—He’+ Art +e~ k=5.3x10 2T, "> cnP s * (Ref. 10
Penning ionization of sputtered Cu atoms He,* + C—He’+ Cu' +e” k=3x10"1T Y2cm st (ref. 10
Two-body collisions with gas atoms, He,* +He—He+He k=6x10"°cm®s ! (Ref. 53
leading to deexcitation

Three-body collisions with gas atoms, He,* +2 He—He,* +He k=2.5x10 **cm®s ! (Ref. 53
leading to Hg*

Collisions between two H¢ atoms, He,* +He,* —He" +He’+e™ (prob: 0.3 k=0.3*2x10"°cm®s ! (Refs. 20 and 51
followed by ionization of one of the atoms

Collisions between two H¢" atoms, He,* +He,* —He,"+e~ (prob: 0.7 k=0.7+2x107°

followed by associative ionization cm®s ! (Refs. 20 and 51
converted into the triplet level by collisions with electrdfs. Collisions between two H¢ atoms can lead either to

Since we are only interested in the role of He metastabléonization of one of the atoms, or to associative ionization.
atoms in generale.g., for Penning ionizationand since it The total rate coefficientfor both reaction productss as-
has been demonstrafédhat the processes determining the sumed to b& 2x 10 ?cm®s !, which is an average value
triplet and singlet level populations are mostly similar, wefor singlet and triplet levels. The probability for formation of
have combined the two metastable levels into one effectivéle” and Hg* ions is taken as 0.3 and 0.7, respectiv8i§*
level, lying at 19.8 eV above the ground state.

The He metastable atom density is calculated with
fluid model, which consists again of a continuity equatio
with different production and loss terms, and a transport In analogy to the above model, a similar fluid model is
equation based on diffusion: developed for metastable Ar atoms. Again, there exist two Ar
metastable levels lying close to each other, i.e., the
(3p°4s) °P, level and the (p°4s) 3P, level, at 11.55 and
11.72 eV above the ground state, respectively. ¥devel
- — is stated to be populated by a fraction of 10%—-20% of the

Jre * =~ Dre *VNye = 3p, level >**° Since we are again only interested in the total

. metastable density, we have combined the two metastable
The symbols have the same meaning as above. The' He levels in one collective level, lying at 11.55 eV. This model

diffusion coefficient is assumed to be 420%sn! at 1 Torr was developed previoust,but it contains some extra pro-
and 300 K, which is the value reported for the triplet leXfel. . ped p ’ P
: : .. duction and loss processes, relevant to the He—Ar HCD.
The production and loss processes taken into account in this . . . : . .
The behavior of Ar* atoms is again described with a

model are presented in Table ?ﬂ',51'53together with the re- ontinuity equation and a transport equation based on diffu-
action rate coefficients or with the models where the rates ar% yeq P q

calculated from. lon-
Beside electron impact excitation from the He ground  dnp, »
state, also recombination of electrons with'Her He, " ions atm +V. jA'm* = Rpmd]Arm* — Rloss’Arm*
leads to formation of the H& metastable levels. It is
stated® that 100% of the Hé—electron recombination and
70% of the Hg" —electron recombination leads to ke
Concerning the loss mechanisms, electron impact exciThe Ar,* diffusion coefficient is taken to be 54 és * at 1
tation from the He metastable level to higher levels is notTorr and 300 K3 The production and loss processes consid-
taken into account, as is mentioned above, because theed in this model, are given in Table P#>° together with
higher levels would decay back radiatively to the tripletthe rate coefficients or with the models from which the rates
level, so that the net effect is zetbElectron impact deex- are calculated.
citation, on the other hand, is taken into account. Because Both electron impact ionization and excitation from the
this process is induced by slow electrofi®., there is no Ar* metastable level are taken into account, as well as
high energy required it is treated in the fluid model itself, transfer to the nearby s4 resonant levels[i.e., the
using the rate coefficient and the density of the slow elec{3p°®4s) 3P, level and the (p°4s) P, level, at 11.63 and
trons (obtained from the electron—ion fluid modglel 11.83 eV above the ground state, respectijelhe latter

:b. Fluid model for metastable Ar atoms  (Ar,,*)

on
Hem*

ot +V. J Hem* = Rprod,Hem* - RIoss,Hgﬂ*

Jar *=—Dar *Vny .
m m m
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TABLE IV. Production and loss processes for the Aratoms. Also given are the models where the rates are taken from, or the rate coeffitibetsates
are calculated in the fluid model itsgland the references of these data.

Production of Ap,* atoms

Electron impact excitation from Ar atoms Ar®+e” —Ar, *+e” From electron MC model
Ar*/e” radiative recombination Arf+e —Ar,*+hv k=10"cm’s ™! (Ref. 47

Loss of Ar.* atoms

Electron impact ionization from Af* Ar *+e  —Art+2e” From electron MC model
Electron impact excitation from Af Arp ¥ +e  —Ar** +e” From electron MC model
Electron quenching of Af* (by excitation to the nearby resonant Ar ¥ +e  —Ar s +e” k=1.6x10 "cm’s ! (Ref. 58
levels

Penning ionization of sputtered Cu atoms Ar ¥ +CWP—Ar°+Cut +e” k=1.4x<10 T ,*cnis™* (Ref. 10
Two-body collisions with gas atoms, leading to deexcitation Ar, * +Ar—Ar+ Ar k=2.3x10"cm’s ! (Ref. 59
Three-body collisions with gas atoms, leading tg*Ar Ar* +2 Ar—Ar,* +Ar k=1.4x10"%2cmP s7! (Ref. 59
Collisions between two A{* atoms, followed by ionization of one Ar* +ArF —Art+ A+ e k=6.3x10"%cm®s™* (Ref. 59
of the atoms

Collisions between two Af* atoms, followed by associative Ar X +Ar* —Ar, +e” k=5.7x10"*cn’ s ! (Ref. 59
ionization

process, also called “electron quenching” does not require ang and with backward scattering, to simulate symmetric
high energy, and can therefore be induced again by slowharge transféf) and elastic collisions with He atoms. The
electrons. Hence, it is treated in the fluid model itself, usingcross sectiorf§%°of these processes are plotted as a function
a rate coefficient and the slow electron density. of Ar™ ion energy in Fig. t).

Again, collisions between two A atoms can lead ei-
ther to ionization of one of the atoms or to associative ion-

ization. From the rate coefficients of both procesésse 10-13 -
Table IV), it can be deduced that the ratio of formation of (a)
Art and Ar,” ions is 0.525/0.475. 10-14
&
+ £ -15
E. Monte Carlo model for He % ions S 10
The He" ions are not only described with a fluid model © 10-16
(see abovg but also with a MC model. Both models are, in
fact, complementary. Indeed, the fluid model calculates the 10-17 |
density with a continuity equation, coupled to Poisson’s 001 01 1 10 100 1000
equation, to obtain a self-consistent electric field distribution, E (eV)
whereas the MC model uses this electric field distribution as 10713
input data. It provides a microscopic picture of the ion be- (b)
havior (detailed trajectory and occurrence of collisipasd 10714 S
calculates the ion energy distributide.g., needed to calcu- &
late the sputtering ratelt is, however, verified that both g 10715 1
models calculate the same values for the ion density and flux. o]
The principles of this ion MC model are similar to those 10716 4
of the electron MC model: the ion trajectory is calculated
with Newton’s laws, and the collision®ccurrence of a col- 1017 — T T T 1
lision, kind of collision, and new energy and direction after 0.01 0.1 1 10 100 1000
collision) are treated with random numbers. The collisions E (eV)

taken into accou_nt I.n this .mOdel ar? elastic (?OHISI()nS WlthFIG. 2. Cross sections @f) the He" ions and fast He atoms, arft) the

He atoms(both with isotropic scattering and with backward Ar” ions and fast Ar atoms, as a function of ion or atom energy. The solid
scattering, to simulate symmetric charge trarfSfeand elas-  lines represent the reactions with alike spe¢ids/He and Ar/Aj, whereas

tic collisions with Ar atoms. The cross sections of these prothe dashed lines stand for the crossed reacti¢tedAr and Ar/He. (1)

cesses are adopted from Ref. 26. and are plotted as a funCtiSHStiC scattering in backward direction of Héons with He (to simulate
' ! symmetric charge transfier(2) elastic isotropic scattering of Heions with

of He" ion energy in Fig. 23') He (see Ref. 2§ (3) elastic scattering of He atoms with Heee Ref. 2§
(4) elastic scattering of Heions with Ar (see Ref. 2§ (5) elastic scattering
+ of He atoms with Ar(see Ref. 2§ (6) elastic scattering in backward direc-
F. Monte Carlo model for Ar lons tion of Ar* ions with Ar (see Ref. 6D(to simulate symmetric charge trans-

. ; : - fer), (7) elastic isotropic scattering of Arions with Ar (see Ref. 6§ (8)
A similar MC model is also applled to the Arions. The elastic scattering of Ar atoms with Asee Ref. 6f) (9) elastic scattering of

CO”?S?OnS ta_ken into accoun_t in this mOd_eL inc'_Ude eI"J‘StiCAr‘r ions with He(see Ref. 2§ and(10) elastic scattering of Ar atoms with
collisions with Ar atoms(again, both with isotropic scatter- He (see Ref. 26

Downloaded 02 Dec 2002 to 146.103.254.11. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 A. Bogaerts and R. Gijbels 6415

G. Monte Carlo model for fast He atoms Cu atoms is described with a fluid model, consisting of a
and fast Ar atoms continuity equation and a transport equatibased on diffu-

He" and Ar" ions can create fast He and Ar atoms by §ion). This fluid model also describes the behavior of'Cu

elastic collisions with He and Ar gas atoms. These fast HdO"S: Which is coupled to the behavior of Cu atoms by vari-
and Ar atoms are also followed with a MC model on their OUS ionization mechanisms. This yields two coupled continu-
way toward the cathode, because they might play a nonly €quations and transport equations:

negligible role in cathode sputtering due to their high flux — gno, —

bombarding the cathod@The principle is again the same as e + V- jcu= Rprod,ci™ Rioss,cu

for the other MC models. The collisions taken into account,

for both fast He and Ar atoms, are elastic collisions with both j . = —D¢,Vnc,,

He and Ar gas atoms. The cross sectf6fi8of these pro-

cesses are illustrated in Figsiagand 2b) (for He and Ar Nyt
atoms, respectively at

+V. J cut— Rprod,Cu*v

H. Sputtering of Cu cathode Jeur = ey Neur B~ Deyr Vi,

The various symbols have been explained above. The trans-

port coefficients of Cu atoms and Cions in the He/Ar gas

mixture are again calculated from the values in the pure
ases by Blanc’s lawsee above The diffusion coefficients

n the pure gases are again determined from rigid sphere

theory?® and the mobility of Cti ions in pure He and pure

Based on the flux energy distributions of the Hiens,
Ar™ ions, fast He and fast Ar atoms, and Cions (see
below) calculated in the MC models, multiplied with the
corresponding sputtering yields as a function of bombardin
energy, the flux of sputtered Cu atoms at the cathode is co

ted: )
pu Ar is adopted from Ref. 34.
The production rate of Cu atoms is given by the sputter-
_— *
Jspur= J'E[YHQ*C“(E) (Frer (B) +Fre(E)) ing flux, multiplied with the thermalization profilésee

above. The loss rate of Cu atoms is equal to the production

+Yar—cl E)* (Far+(E) +Fa (E)) rate of CU ions, and is determined by various ionization
+ Yoy oo E)*Feyt (E)| dE. mechanisms, i.e., electron impact ionization, Penning ioniza-

tion by He,* and by Ar,* atoms, and asymmetric charge
Here,Y(E) andF(E) stand for the various sputtering yields transfer by Hé and Ar' ions. The rate of electron impact
and flux energy distributions, respectively. The sputteringonization is calculated in the electron MC model. The rates
yields as a function of bombarding energy are calculategf penning ionization and asymmetric charge transfer are
with an empirical formula for perpendicular bombardm@nt. cajculated in the present fluid model, based on the density of
This is a reasonable assumption because the ions are directedl atomgcalculated in this modglmultiplied with the den-
by the electric field in the forward direction. The atoms alegjties of H¢n* , Arm* , HeJr, and Ar (Ca|Cu|ated in the cor-
formed from the ions, and although they are subject to scafresponding models, see abowand with the corresponding
tering collisions, they still move relatively in the forward rate coefficients of Penning ionization and asymmetric
direction. The minus sign indicates that the flux of sputteredtharge transfetvalues given in Tables II, Ill, and IV No
Cu atoms is in the opposite direction of the fluxes of thespecific loss mechanism is taken into account for thé Cu
bombarding particles. This formula is used for the entirejgns, except from recombination at the cell walshich is
cathode area. determined by the boundary conditions

I. Monte Carlo model for thermalization of sputtered
Cu atoms K. Monte Carlo model for Cu * ions

When the Cu atoms are sputtered from the cathode, they Finally, a MC model is applied for the Cuions, in
have typical energies of a few é¥.They lose this energy, analogy to the MC models for Heand Ar* ions. Indeed,
however, rapidly by elastic collisions with He and Ar gas this MC model allows us to calculate, in analogy to the'He
atoms until they are thermalized. This thermalization procesand Ar* MC models, the flux energy distribution of the Cu
is described with a MC model, in analogy to the MC modelsions bombarding the cathode, which is used to calculate the
described above. More information can be found in Ref. 63sputtering flux(see above Indeed, as will be shown below,
The output of this MC model is the so-called thermalizationCu* ions play a non-negligible role in the sputtering process
profile, i.e., the number of thermalized atoms as a function ofso-called “self-sputtering}.
distance from the cathode, which is used as input in the next
model (see below.

L. Coupling of the models
J. Fluid model for thermalized Cu atoms

. All the models described above are coupled to each
and Cu™ ions

other due to the interaction processes between the different
Once the sputtered Cu atoms are thermalized, their transpecies. Hence, they are solved iteratively until final conver-
port is diffusion dominated. The behavior of the thermalizedgence is reached.
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Initially, the electron MC models run, assuming a cer-
tain electric field distributior{i.e., linearly decreasing in the
CDS, and zero in the NGand ion fluxes bombarding the
cathodgbased on the macroscopic electrical curye@utput
of this model are the various ionization and excitation rates
(of He and Ar gas atoms, Hg and Ar,* metastable atoms, z (cm)
and Cu atomsand the slow electron transfer rate. FIG. 3. Calculated two-dimensional potential distribution, at 388 V, 2 A, 17

The ionization rates of He and Ar, i.e., the production Torr, and 5% Ar addition. The upper and lower borders of the figure are the
rates of HE and Ar" ions, and the slow electron transfer cathode cylinder wallgsidewal), and the left and right border represent the
rate, are used as input in thieid model for slow electrons °Pen ends of the tu_be. The anode ring is at the left, whereas at the right-hand
and ions For the other input data of this fluid model, e.g., side another HCD is assumed.
other production rates of the ioshich are calculated in the

other models; see Table)llwe have simply assumed some (hich typically take a few hours, depending on statigtics
constant values for this first iteration. The output of this fluid 5,4 especially the electron—ion fluid model. Indeed, in the

model includes the electric field distribution and the ion latter model, a small time step has to be used to avoid nu-
fluxes bombarding the cathodeoth needed for the electron erica) instabilities in solving the coupled differential equa-

MC mode), as well as the densities of the slow electrons andjons. Hence. this model typically takes 5-10 h on today’s

the various ions. fast computers to reach convergence. Therefore, the entire

Next, the twofluid models for the Hg" and Ar*  modeling network takes a few days before final convergence
metastable atomare calculated, using the input from the is reached.

electron MC model and the electron—ion fluid model. Output
of the metastable models are the densities of thg*Hand
Ar_* metastable atoms, as well as some rates of productiolrll" RESULTS AND DISCUSSION

m

and loss processes for the other plasma speséesTables I, The HCD used in the model has a length of 5 cm and an
lll, and 1V). inner diameter of 4 mm. It is assumed to be open at both

Subsequently, th&1C models for He ions, Ar" ions,  sides. At one side, there is an anode ring. At the other side,
and fast He and Ar atomsire run, using the electric field there is again a HCD. This construction is typical for laser
distribution from the electron—ion fluid model. The most im- app|icati0ns, i.e., a repetition of a few HCD tubes increases
portant output data of these MC models are the ion and faghe laser output powéf. The distance between the HCD and
atom flux energy distributions at the cathode, which areanode ring is assumed to be 0.3 mm, so that no discharge is

needed to calculate the sputtering flux. formed in between the HCD and anode. At the other side,
When the latter is calculated, thbeermalization of the reflecting boundary conditions are applied.
sputtered Cu atomss simulated with theMC model The All calculation results will be presented for a discharge

output is the thermalization profilésee abovg which is  voltage and current of 388 VV and 2 A, respectively, and a gas
used, together with the sputtering flux, as the input producpressure of 17 Torr, in a ratio of 95% He and 5% Ar. These
tion rate in the fluid model for Cu atoms and Cions. are experimental operating conditions for the present dis-
The other input for th€u/Cu™ fluid modelincludes the  charge geomet/#
electron impact ionization ratéfrom the electron MC A Potential distribution
mode), as well as the densities of He and Ar metastable
atoms (calculated from the corresponding metastable fluid  Figure 3 shows the calculated two-dimensional potential
models and of HE and Ar" ions (adopted from the distribution. The potential is equal te388 V at the cathode
electron—ion fluid mode¢] which are used to calculate the sidewalls, and rises rapidly as a function of distance away
rates of Penning ionization and of asymmetric charge trandrom the cathode, in the first millimeter adjacent to the cath-
fer, respectively. Output data of this fluid model are the den-ode. This region is the cathode dark space. The electric field
sities of Cu atoms and Cuions, and the ionization rate of near the cathode sidewalls is in the order of 20—40 kv/cm.
Cu, i.e., the production rate of Cuons. More toward the center of the discharge tube, i.e., in the
Finally, the Cd” MC model is run, using the above pro- negative glow, the potential still changes considerably in the
duction rate of CU ions. This model yields as the most radial direction, giving rise to radial electric field values
important output the Clion flux energy distribution at the ranging between 10 and 50 V/cm. Also, in the axial direc-
cathode, needed to calculate the sputtering flux in the secorttbn, the potential changes significantly, from slightly posi-
iteration. tive values(at maximum 10 V near the anode side€0
When all models have been calculated once, the proce-0.3cm) to—75 V atz=5 cm, giving rise to axial electric
dure is repeated, i.e., all models are calculated again, witfield values of about 20 V/cm. Hence, although the discharge
updated information of production and loss rates, electrigeometry(i.e., a very long and narrow tup&ould suggest
field distribution, etc. as input data. Typically, 3—4 iterationsthat one-dimensional modelg.e., in the radial direction
are needed before convergence is reached. While some modeuld be sufficient, the axial nonuniformity of the potential
els take only a few minutes to reach convergefeg., the distribution and of other plasma characteristisee below
metastable fluid models, and the Cu/Ciluid mode), other  and, also, Refs. 65,6&learly show that the models should
models take a much longer time, such as the MC modelseally be developed in at least two dimensi8hs.

Downloaded 02 Dec 2002 to 146.103.254.11. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 A. Bogaerts and R. Gijbels 6417

3 of 2.5x10*cm™2 at the tube axis and a=0.4cm, i.e.,
near the anode side, and it drops over more than an order of
- magnitude in the axial direction, towards the other end of the
O 08 10 15 20 25 30 35 40 45 50 discharge tube. Hence, the electron density profile is also

(a) Electron density (1014 cm”

z (cm) strongly nonuniform in the axial direction. The reason for
this asymmetric density profile is found in the potential dis-
_ (b) Arion density (10'%cm*3) tribution (Fig. 3), which shows the highest.e., most posi-
5 g: T tivg) pllasma. potential near the an(?de sidezalQ—OS cm.
- 0.2 R AFRananass This gives rise to the highest radial electric field values in
00 05 10 15 20 25 30 35 40 45 5.0 . . . .
this region. Hence, the electrons can gain most of their en-
z (em) ergy here. In combination with the flux of secondary elec-
(¢) He" ion density (10'%cm ™) trons emitted from the cathode, which is at maximum around
£ 02 : z=0.3—0.5cm, it is expected that most electron impact ion-
< j 4 Iz S = ization (and excitation takes place in this region, leading to
0.0 05 10 1.5 20 25 30 35 40 45 50 the highest production of electrons, and hence a maximum in

the electron density.

This axial nonuniformity, which is also found back in
other plasma quantitigsee belowand has also experimen-
tally been demonstratéd:®®is an important outcome of the
model, because it can help to determine the proper cathode
length for the longitudinal HCD He—Cuion laser. Indeed,
when the HCD length exceeds a certain value, increasing the
(e) Ar ion density (10'° cm?) length will probably not result in a higher discharge effi-

: I:srmi;{::_ﬁr ngs = ciency, and hence in g_higher I_asgr output power, because the
== = plasma species densities, excitation and ionization rates, etc.,
have dropped to very low values at a large distance from the
z (cm) anode ring. It might, therefore, be more efficient when the
FIG. 4. Calculated two-dimensional density profiles of the electi@hs laser aCtIV? VOIu,me comprises a series of hollow anodes and
Ar* ions (b), He* ions (c), He," ions (d), and A" ions (e), at the same ~ Cathodes, in which each cathode has a length of about 1-2
operating conditions as in Fig. 3. cm.

The Ar' ion density distribution{Fig. 4(b)] is roughly
- . . . ., the same as the electron density profile, which shows that the

. The S|gn|f|capt potent|_al drop in -the NG n _the _aX|aI Ar" ions are the dominant ionic species at the discharge
dlrgctlor! results in a considerable a}xml e_Iectrlc field in theConditions under study. Indeed, Hdons are characterized
e ool roeson ot o oy vty ot Gy, 1 clar o il T mas
is responsible fo% the conduction,of the electrical (;urrentmum He' ion .densny 's in the prder of a few _tlmes

102cm 3, and is reached at both side ends of the discharge

This longitudinal electron current is mostly due to slow elec-,[ube where the electron density is low. At the position where
trons. The fast electrons, on the other hand, move primaril¥he électron density has its maximum value, the" Hen

n t?e trans(\j/et;]se direction, t"e" p_erpend:lc_:u_lar to t.thFathOdSensity shows a local dip of810*°cm 3. The reason for
surtace, and they give rise 1o various COlliSIons, yIelding €X+;q opposite density profile of Heions compared to elec-

citation and ionization of the gas atofffs. trons is because Heions are easily lost by recombination

th It appﬁa(rjs f:om Fig. ?;th?tlth_e poten:_lal n the NtG’f"?r']'with two electrons(see Table I, and also Table)Vindeed,
d.e ;,o-ca te b P a;r]na.pq en 'at’ |stntega| Ive in nt]r?Sd 0 I %s appears from Table Il, the rate coefficient of this process is

Ischarge tube. 1his 1S Ih contrast o planar catinode gioWe, o a orders of magnitude higher than the corresponding
discharges, where the plasma potential is typically positive

ate coefficient for AF ions, which explains why Ar ions
(_see, €.g., Ref. 24_1Hoyvever, the fact that the plasma_ poten- are the dominant ionic species at the conditions under study,
tial can be negative in HCDs has also been experimentall

th spite of the fact that the Ar nsti nly 5% of th
demonstratef®®° Indeed, there is no need for the plasma spite of the fact that the Ar gas constitutes only 5% of the

. o “total gas mixture. This very low Heion density might ex-
potential to become positive in order to guarantee the d|s—I 9 y y mig

h  bal is th in ol thode ain the experimentally observed saturation of the laser
charge current balance, as IS In€ case In planar catode gigfy,er with increasing current, at high electrical currents, in
discharges, because the special geometry of the HCD re;

e—Cu IR laseré!® Indeed, the laser power is propor-
duces the loss of fast electrons to the anode, and it allows ' o
sufficiently high ion flux toward the cathode. flonal to the Cd upper laser level, which is populated by

asymmetric charge transfer of Cu atoms with"Hens. In

normal circumstances, the density of charged speiies

and electronsincreases with current; hence, a higher current
Figure 4 presents the calculated two-dimensional densitgives a higher Hé ion density, and consequently, a higher

profiles of the electronga), and Ar™ (b), He™ (c), He,™ (d), laser power. However, when the electron density increases

and Aerr (e) ions. The electron density reaches a maximumabove a certain value, recombination with two electrons be-

r(cm)

z (cm)

r{cm)
2

B. Plasma species densities
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TABLE V. Calculated relative contributions of the most important production and loss mechanisms of the various plasma species

Species Production procesgés) Loss processe@o)
Electrons Electron impact ionization of H47) Recombination with Hé (75)
Electron impact ionization of A(45) Recombination with At (2.6)
Penning ionization of Ar by Hg* (5) Recombination with Hg" (5)
Hornbeck—Molnar associative ionization of (3¢ Recombination with Af (1.9
Diffusion+recombination at wall$16)
He" ions Electron impact ionization of HE00) Recombination with electron@1)
Diffusion+recombination at wall$18)
Asymmetric charge transfer with Qi)
Ar? ions Electron impact ionization of At89) Diffusion+recombination at wall$82)
Penning ionization of Ar by Hg" (11) Asymmetric charge transfer with Qd.1)
Recombination with electron@})
Conversion into Ay™ ions (3)
He," ions Hornbeck—Molnar associative ionizatig88) Recombination with electron@5)
Metastable—metastable associative ionizatibn Diffusion+recombination at wall$15)
Conversion from Hé ions (1)
Ar,” ions Conversion from At ions (98) Recombination with electron®6)
Hornbeck—Molnar associative ionizati¢h) Diffusion+recombination at wall$4)
Metastable-metastable associative ionizaftibn
He,* atoms Electron impact excitation of HEL6) Electron impact ionization from H¢ (80)
He" —electron recombinatiof82) Penning ionization of A(13)
He, ™ —electron recombinatiof?) Penning ionization of Cy2)
Electron impact deexcitatiofL)
Diffusion+deexcitation at wall$4)
Ar.* atoms Electron impact excitation of A(100) Electron impact excitation from A (91)
Electron impact ionization from Aj* (1)
Electron quenching to resonant levéR
Cu atoms Sputtering by Arions (56) Electron impact ionizatiori76)
Sputtering by fast Ar atom&6) Asymmetric charge transfer with Arions (17)
Sputtering by Cti ions (16) Asymmetric charge transfer with Heons (1.7)
Sputtering by Hé ions (0.5 Penning ionization by Ag* atoms(0.3)
Sputtering by fast He atomd.5) Penning ionization by Hg" atoms(5)
Cu' ions Electron impact ionizatior76) Diffusion+recombination at wall$100)

Asymmetric charge transfer with Arions (17)
Asymmetric charge transfer with Hieions (1.7)
Penning ionization by Af* atoms(0.3)
Penning ionization by Hg" atoms(5)

comes so important that it causes saturation in thé ide

followed in the electron MC model before the rates of these

density with further increase of the current, which then re-processes show reasonable values. In fact, we have followed

sults in saturation of the laser power.

the electrons for several weeks on a professional workstation

The high electron density does not only give rise to awith alpha processofEV67), and the statistics are still not

low He" ion density, but also to rather low ke and Ar,*

yet satisfactory to produce smooth density profiles, as ap-

ion densities. Indeed, both molecular ions are also easily logtears from Figs. @) and 3b). Nevertheless, it can be de-
by recombination with electrongsee Table V. He," ions
[Fig. 4d)] are characterized by a similar density profile as

He" ions, with a maximum of almost 1&cm™2 at both side
ends of the discharge tube, and a dip of 20°cm™ 3 at z

=3 mm, i.e., where the electron density reaches its maxi-z

mum. The A" ion density is more uniformly distributed in gy

the discharge tube, as is clear from Fige)4 with overall
values of about 3410%cm~3, and a maximum of a few
times 16'cm™2 near the side end of the tube.

The two-dimensional density profiles of the jfeand

Ar.* metastable atoms are presented in Figa) &nd 5b).

Figures %a) and §b) do not show very smooth profiles, due
to statistical limitations. Indeed, some of the major produc- ~ -

(cm)

tion and loss mechanisms of metastable atoms, i.e., electro
impact excitation to the metastable level, and ionization and
(dg-excitation from the metastable level, do not occur withgig. 5. calculated two-dimensional density profiles of the,Hea) and

high probability, and a large number of electrons has to ber_* (b) metastable atoms, at the same operating conditions as in Fig. 3.

(@) He,, density (10"%m

z (cm)
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(a) non-thermal Cu atom density (10'%cm3) only significant adjacent to the cathode sidewalls. Finally, the
Cu' ion density profile is illustrated in Fig.(8). It reaches a
maximum of about %10 cm 2 around z=1cm (i.e.,
where the Cu atoms reach their maximum densiyd atr
=1mm, i.e., not at the tube axis. The reason is that thé Cu
ions are mainly formed by electron impact ionizatisee
below), which is at maximum in this region. From the cal-
culated Cu atom and Ctuion densities, the overall ionization
degree of Cu is computed to be about 1%.

r(cm)

r{cm)

C. Production and loss mechanisms of various

z (cm) )
plasma species

Table V presents the calculated relative contributions of
the most important production and loss processes for the
various plasma species.

The electrons are mainly formed by electron impact ion-
ization of He and Ar gas atoms. Both processes appear to be
3) of the same importance, which is a bit unexpected, because
e " the He gas atom density is considerably higher than the Ar

20> 10— BB r gas atom densitgratio of 95%—5%; see aboyeHowever, as
T%0 05 1.0 1.5 20 25 30 35 40 45 50 was illustrated in Fig. (g), the cross section of the electron
z (cm) impact ionization of Ar is almost an order of magnitude
higher than the corresponding value for He, and it reaches a
el e e Co et e o s ooy axmum at @ somewhal lower energy, which corresponds
f‘hermal and nonthermal ato), and Cut ons (d), at trF:eF;ame operating better to the typlgal electron energies at the conditions under
conditions as in Fig. 3. study. Hence, this compensates for the lower Ar gas atom
density, and results in a nearly equal occurrence of electron
impact ionization of He and Ar gas atoms. Beside electron
duced from Figs. & and 3b) that both He* and Ar* impact ionization, some other processes, listed in Table V,
metastable atoms reach a maximum near the open end of tieentribute a few %, while the other processes taken into
HCD (at the anode sideand at a distance>2—3cm. account(see Table Il are not important.
Hence, the maximum of the metastable densities does not As far as the loss of electrons is concerned, the electron—
coincide with the maximum electron densjisee Fig. 4a)]. ion recombination with Hé ions seems to be the most im-
The overall Hg* and Ar,* metastable densities in the dis- portant, although recombination with Ar He, ", and Ar,
charge tube are found to be in the order 6f3x 102 and  ions is also not negligible, with contributions of a few %.
10t cm ™3, respectively. Hence, the H& density is calcu-  Finally, recombination at the walls of the discharge tube is
lated to be more than an order of magnitude higher than thalso quite important, as appears from Table V.
Ar,* density, which appears to be attributed to the efficient ~He" and Ar" ions are dominantly formed by electron
production by the Hé—electron recombinatioifisee Table impact ionization of He and Ar gas atoms, respectively, al-
V). though Penning ionization of Ar by H& metastable atoms

Figure 6 illustrates the two-dimensional density profilesis also quite important for the production of Aions. lon-
of the sputtered Cu atoms and Cuons. As mentioned ization by collisions of two Hg* or Ar,* metastable atoms,
above, when the Cu atoms are sputtered from the cathoden the other hand, is negligible for the production of 'He
they have typical energies of a few eV, which they lose veryand Ar" ions.
rapidly by collisions with He and Ar gas atoms. Hence, the  The loss of Hé ions is mainly attributed to recombina-
density of the nonthermal sputtered Cu atdiFig. 6(@)] is at  tion with electrons, as was already stated above. Diffusion
a maximum ¢ order of 13°cm™3) at the cathode sidewalls, toward and subsequent recombination at the tube walls is
where the atoms are released by sputtering, and it drops ventso rather important. Asymmetric charge transfer with sput-
rapidly toward values of 1§cm™2 at the tube axis. Once the tered Cu atoms contributes only 1%, and conversion into
Cu atoms are thermalized, their transport is diffusion domi-He,” ions is found to be negligiblé0.03%. For the Ar
nated. Figure @) presents the density profile of the thermal ions, a different behavior is seen. Indeed, the major loss
Cu atoms. It reaches a maximum of 250"°cm 3 very  mechanism appears to be diffusion to, and subsequent re-
close to the cathode sidewalls, and drops also as a functiacombination at, the walls, whereas recombination in the
of distance away from the cathode. At the tube axis, itplasma contributes only a few %. This was anticipated al-
reaches values around-5x 10"*cm™ 3, as is apparent from ready above, based on the lower recombination rate coeffi-
Fig. 6(b). The total sputtered Cu atom density profile iscients (Table 1) and the high calculated Arion density
shown in Fig. 6c). By comparing Figs. @—6(c), it is clear  [Fig. 4b)]. On the other hand, asymmetric charge transfer
that the thermal Cu atoms form the major contribution to thewith Cu atoms, and to a less extent also conversion inig Ar
overall Cu atom density, and the nonthermal Cu atoms ar@®ns, appear not to be negligible as loss mechanisms.

r(cm)

(d) Cu*ion density (10'%cm

r{cm)
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The major production mechanisms for Heand Ar,* The loss of Cu atoms is due to ionization, and hence, this
ions also appear to be different. Indeed,,Heions are is equal to the production of Cuions. From the various
mainly formed by Hornbeck—Molnar associative ionization,ionization mechanisms incorporated in the model, electron
whereas the dominant production process for2+Arions impact ionization appears to be the most important. Further,
seems to be conversion from Aions. The reason is found asymmetric charge transfer of Cu atoms with"Aions is
in the much higher At ion density compared to the Fldon ~ @lso quite important, which is attributed to the high calcu-
density, making conversion from Arions more important lated Ar" ion density, in comparison to, for example, the
than from He ions. The relative importance of the loss He'™ ion density (see Fig. 4. Indeed, the contribution of
mechanisms, on the other hand, is found to be very similafSymmetric charge transfer by Héons is calculated to be
for He," and Ar," ions, with a major contribution of the only 5%. The latter process is, however, responsible for
electron—ion recombination in the plasma, and a minor conPOPulating the Cu upper laser level of the 780.8 nm laser
tribution of recombination at the walls of the discharge tube /i€, and hence the rate of this process determines the laser

Also, for He,* and Ar* metastable atoms, different POWer. It appears that the laser power is limited by the rather

e . st ;
processes appear to be the dominant production mechanismi@V He" ion density, which is the result of electron—ion
Ar.* atoms are almost exclusively formed by electron im_recomblnatlon at high electron densities, typical for high

pact excitation from the Ar ground state. This process aIS(?’ lectrical curren'.[s. This can maybe explain the Satguéfgti(?n in
plays a role in Hg* atoms, but the major production mecha- aser power, which is often observed in He-Cu lasefs.

) o - Further, beside electron impact ionization and asymmetric
nism for the latter species is recombination betweeri He S
%:eharge transfer, Penning ionization of Cu by, Ar, and es-

ions and electrons, as appears from Table V. Indeed, the rate . v b . bl £ their hiah
coefficient of this process is very highee Table I, and this pecia’y by He, metastable aFo_mébecau_se of their higher
' density, also plays a non-negligible role in the ionization of

process is claimed to lead to 100% formation of e Cu atoms, and hence in the production of'Gians
atoms?° The importance of this process for the production of Finall); the loss of Cii ions is solely attributéd in our

* . . S
I-!em. .atoms gxplams why the densn){ of the Ia.tter SPECIES 13y10del to diffusion and subsequent recombination at the walls
significantly higher than the Aj* density(see Fig. 5. of the discharge tube.

As far as the loss of these species is concerned, electron

impact ionization from the Hg* metastable level is the most
important loss mechanism for H& atoms, but diffusion and 1V. CONCLUSION
subsequent deexcitation at the walls, as well as Penning ion-

o A modeling network is developed for a Cu HCD in a
ization of Ar atoms, and to a less extent of sputtered C . . . .

- . e/Ar gas mixture, typical for laser applications. The species
atoms, also play a non-negligible role. Electron impact deex-

o : . . considered in the model are He and Ar gas atoms; electrons;
citation, on the other hand, is only of minor importance. The ¢

other loss mechanisms taken into account in thg*Haodel
(see Table Il were found to be completely negligible. For

He®, Ar*, He,", and A" ions; fast He and Ar atoms;
He,* and Ar,* metastable atoms; and sputtered Cu atoms

Ar* at lectron | t itation f th ¢ and the Ci ions. These species are described with a com-
ry” atoms, electron impact excitation from the,Armeta- bination of Monte Carlo models and fluid models. All these

stable level to higher levels, appears to be the dominant 10, ja|s are coupled to each other due to the interaction pro-
mechanism. Electron quenching to the nearby resonant leysogqeq petween the species, and they are solved iteratively
els, and electron impact ionization from the,Armetastable until final convergence is reached.
level, also have a minor contribution, but the other 10SS  pe resuits of the modeling network include the electric
mechanisms considered in this model are calculated t0 bgotential distribution, the plasma species densities, and the
negligible. o relative contributions of production and loss mechanisms of
Finally, Cu atoms are produced by sputtering in OUrihe various plasma species. These results are presented for a
model. It appears from Table V that the Atons play a |ongitudinal HCD at typical laser conditions, i.e., 388 V, 2 A,
dominant role in sputtering, in spite of the fact that the Ar17 Torr, 959 He, and 5% Ar.
gas constitutes only 5% of the gas mixture. This model result  The electric potential distribution shows a narrow CDS
confirms that the addition of Ar to the He gas is really ben-in front of the cathode sidewalls. In the NG, the potential is
eficial to promote sputtering of the Cu cathode because Heseverely nonuniform in the axial direction, resulting in a
ions are not very efficient for sputtering due to their low rather strong axial electric field. The latter gives rise to a
mass. Beside Ar ions, fast Ar atoms created in collisions considerable electron flux toward the anode, which is neces-
from Ar" ions, are also important for sputtering. Indeed,sary to conduct the electrical current. Moreover, the plasma
although they are characterized by lower energy, becaussotential in the NG is calculated to be negative in most of the
they cannot gain energy from the electric field in the CDS,discharge tube, which is in contrast to planar cathode glow
their flux toward the cathode is considerable, which explaingiischarges, but has been observed also experimentally in
their large contribution to sputtering. Also, Cuons play HCDs.
quite an important role in sputterin@.e., self-sputtering The calculated electron density is also strongly nonuni-
which is mainly attributed to their high energy when bom-form in the axial direction, with a maximum of 2.5
barding the cathod€. He" ions and fast He atoms, on the x 10*cm™2 aroundz=0.4 cm, attributed to the highest ra-
other hand, have only a minor contribution to sputtering, aglial electric field in this region, and hence the highest elec-
is expected because of their low mass. tron energy and most efficient electron impact ionization.
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