1Geometrical Aspects of a Hollow-Cathode Magnetron (HCM)Zhehui Wang and Samuel A. CohenPlasma Physics Laboratory, Princeton University,P.O. Box 451, Princeton, NJ 08543AbstractAhollow-cathode magnetron (HCM), built by surrounding a planar sputtering-magnetron cathode with a hollow-cathode structure (HCS),1 is operable at substantiallylower pressures than its planar-magnetron counterpart. We have studied the dependence ofmagnetron operational parameters on the inner diameter Dand length L of a cylindricalHCS. Only when L is greater than L0, a critical length, is the HCM operable in the newlow-pressure regime. The critical length varies with HCS inner diameter D. Explanations ofthe lower operational pressure regime, critical length, and plasma shape are proposed andcompared with a one-dimension diffusion model for energetic or primary electrontransport. At pressures above 1 mTorr, an electron-impact ionization model with Bohmdiffusion at a temperature equivalent to one-half the primary electron energy and with anambipolar constraint can explain the ion-electron pair creation required to sustain thedischarge. The critical length L0 is determined by the magnetization length of the primaryelectrons.PACS numbers: 52.80.-s, 52.40.Hf, 52.50.Dg, 52.75.Rx

2I. IntroductionAnew type of sputtering-magnetron device, called the hollow-cathode magnetron(HCM), has been developed by surrounding a circular planar-sputtering-magnetron (PSM)cathode with a hollow-cathode structure (HCS), see FIG. 1. The HCS is a right cylindercharacterized by its length L and inner diameter D. A conventional PSM can be regarded asan extreme of a HCM, which has L = 0. HCMs were found to be operable at sub-mTorrpressures, depending on the length L. Such low-pressure operation is desirable for certaindeposition applications, such as those which require long throw, anisotropic deposition,and low gas incorporation. 2 - 5 A larger more uniform plasma volume is generated withinthe HCM than in its PSM counterpart. This feature may allow HCM plasmas to betterutilize cathode material.6Details of the experimental apparatus and procedures were described in an earlierpaper.1 Those experiments employed six different cathode materials, two plasma currents,and HCSs of one diameter and three lengths. The experiments described here, in section II,are a more thorough examination of geometry effects over a broader current range for asingle target material, copper. In section III we describe the physical processes important tothe understanding of the HCM characteristic, defined as the cathode bias as a function ofgas-fill pressure at constant total cathode current. These characteristics, i.e., VP curves, arethe standard by which HCM performance is evaluated. The main processes discussed arethe cross-field transport of energetic electrons created at the cathode by ion and photonimpact and the collection efficiency of the cathode for ions formed in the plasma by electronimpact ionization.

3II. Experimental ResultsBoth argon and nitrogen plasmas were studied. The HCSs in these experimentswere made of stainless steel. During PSM operation, the interiors of the HCSs are coatedby copper, the cathode material. All data taking was performed after the interiors werecoated. Dimensions of HCSs are listed in the TABLE. IFor argon, typical VP characteristics of a HCM with HCS dimensions L = 10.8 cmand D = 9.8 cm are shown in FIG. 2 for fixed total cathode currents I = 20, 50, 100 and300 mA. At pressures between 3 mTorr and 30 mTorr, a nearly constant cathode bias of380–10 V was required to sustain a total cathode current of 300 mA. To maintain the sametotal cathode current for pressures below 3 mTorr, the cathode bias had to be increased aspressure was lowered.VP characteristics for different HCM dimensions are compared with their PSMcounterpart (L = 0 cm) for an argon plasma with fixed total cathode current I = 300 mA,see FIG. 3. Three pressure ranges are identified by comparing the PSM VP characteristicwith those of the HCM: high pressure, p > 13 mTorr; medium pressure, 1.3 < p < 13mTorr; and low pressure, p < 1.3 mTorr. The high pressure range does not show amonotonic relation between V and L. We do not discuss it further in this paper.In the medium pressure range, HCM with greater values of L require less biasvoltage than the PSM. As described in more detail in section III, this implies more completeuse of the primary electrons� energy, whether directly, through improved electronconfinement, or indirectly, through improved ion collection efficiency.In the low pressure range, the conventional (L = 0) PSM VP characteristicterminates at about 500 volts and 1 mTorr. HCM VP characteristics for L = 21.9, 10.8,and 8.1 cm extend to lower pressure, as low as 0.2 mTorr, and correspondingly highervoltage, about 900 volts. For pressures below 1 mTorr and L values of 21.9, 10.8, and8.1 cm, the HCM VP curves are within 5% of each other in voltage at the same pressure,with the longer HCS having a slightly lower bias voltage requirement. For L = 5.7 and 2.5

4cm, HCM VP curves are about the same as the planar magnetron VP curve in terms ofminimum operable pressure.This set of observations suggests a critical length L0, 5.7 cm £ L0 £ 8.1 cm, forthe fixed HCS diameter D = 9.8 cm. When L > L0, a new and substantially lower pressureoperation regime appears for HCMs compared with a PSM. The minimum pressuresshown in FIG.3 for different HCS lengths are summarized in FIG. 4. The critical lengthL0 is the same for nitrogen discharges, FIG. 4. For a smaller diameter, D= 6.6 cm, thecritical length L0 is also shorter, FIG. 5. In summary, L0 = 6.9 – 1.2 cm for D= 9.8 cmand L0 = 3.5 – 1.0 cm for D = 6.6 cm.From these data we calculated the HCS physical aspect ratio, defined as Ra ” L / D.The critical aspect ratios, when L = L0, are Rac = 0.70 – 0.12 for D = 9.8 cm and Rac =0.53 – 0.15 for D = 6.6 cm.Another result presented previously was the extent of the plasma, determined by theemissivity as a function of distance from the cathode surface. In the PSM configuration thedensity was highly localized in a typical sputtering magnetron ring within 1 cm of thesurface. For the HCM the emissivity was radially uniform and extended out to about 10 cmand higher elevations above the cathode.III. Parametric propertiesHollow cathode discharges (HCDs) have been studied for a long time.7,8 One ofthe early studies on magnetized hollow cathode discharges was performed by Lidsky et al.9These employed a uniform magnetic field parallel to the central axis of the hollow cathodetube. The aspect ratio was typically large, Ra ~ 10 and the HCS diameter small, D ~ 1 cm.Furthermore, they operated at elevated temperatures where thermionic emission from the

5cathode was important. These are quite different from the HCM parameter range we havestudied and are not considered further in this manuscript.From the HCM VP characteristics, there are two features which distinguish theHCM from the PSM: 1) lower operating voltages at medium pressures for the same cathodecurrent; and 2) lower possible operational pressure, though at higher cathode bias. Tounderstand the causes of these, we examine plasma parameters and phenomena in both theHCM and the PSM configurations. These are: charged-particle motions, charged-particle-wall interactions, and charged-particle collisions with neutral gas particles.A. Charged-particle motionIn this section we estimate the effects of the static magnetic and electric fields on themotion of the electrons and ions. The maximum vacuum magnetic field was measured to be170 – 10 Gauss at the surface of the cathode and about 60 Gauss 1 cm above that point.Detailed magnetic field distribution was calculated using the ANSYS code,10 FIG. 6 and 7,and confirmed by Hall probe measurements. At the maximum field, a room-temperatureAr+ ion has a gyro-radius of 0.6 centimeters. Ion heating due to collisions with electronscan be neglected due to the mass difference. Ions can be heated to higher temperatures morereadily through collisions with the sputtered neutral atoms which usually have energies of afew eV,11 and through collisions with energetic gas neutrals reflected from the cathodesurface. Higher ion energies means larger Larmor radius than 0.6 cm. Because of this largevalue of the Ar+ gyroradius, within the plasma ions may move towards or away from thecathode surface, little affected by the magnetic field. Within the plasma the static electricfield, E, should be less than the background ultimate electron temperature divided by thelocal scale length. The potential difference in an ion-ion-collision mean-free-path is verysmall, hence E should also not affect ion motion. At the plasma boundaries, both near andaway from material surfaces, ions will be accelerated to the ion acoustic speed, set by the

6energy of the escaping electrons. This assertion will have profound effect on the plasmatransport discussed in section IV.The ultimate electrons, with energies near 3 eV, have gyroradii less than 1 mmhence are fully magnetized, even where the magnetic field falls to 10 Gauss. They areconstrained to closely follow the magnetic field lines on helical orbits. They are reflectedby the cathode sheath electric field when they approach the cathode surface. Afirst-ordercorrection to their motion is drift across the magnetic field by E x B and B gradient andcurvature.The primary electrons, with energies of 400 eV or more, initially have gyro-radii upto 0.5 cm depending on the relative orientation of the motion to the magnetic field. Becauseof their high energy, their zeroth-order motion includes the drifts across B caused by E x Band B gradient and curvature. These electrons also oscillate back and forth along B betweenthe sheaths. In the absence of collisions, drift motion would form a closed loop around themagnetron axis.12 However, due to collisions and field fluctuations, these primaryelectrons may diffuse across magnetic field lines away from the cathode surface towardsthe edge of the cathode and towards the anode. This diffusive transport motion is secondorder near the cathode surface but becomes first order a few cm above the surface.Because the magnetic field is non-uniform and decreases with the elevation

Z

above the cathode, we can introduce a criterion for magnetization of electrons as:

rLDe mfp< = Min( , / )l 2

(1)Here

lmfp

is the mean-free-path of the electron-neutral collisions, D is the diameter of theHCS. For electrons to be magnetized, their Larmor radii

re

should be smaller than thesedimensions. We are particularly interested in primary electrons with energy on the order ofseveral hundred eV. At such high energy, dependence of the collision rate on energy can beneglected, < sv> = 4.0 x 10-7 cm3/s for Argas. Thesolutions for equation(1) areillustratedinFIG. 8, based on magneticfieldcalculatedwiththeANSYScode. Thedash

7line curve corresponds to re mfp= l

. The region below the curve is where electrons areconsidered magnetized. At low pressures, the HCS radius sets the distance beyond whichthe electrons are not magnetized. For D = 9.8 cm,

Zmag

= 6.25 cm, while for D = 6.6 cm,

= 5.40 cm. The relation of the magnetization length to the critical length of the HCM

L0

is discussed in section V.B. E n e r g y b a l a n c e a n d p a r t i c l e transportThe power supplied to the magnetron isPPS = IT Vc, (2)where IT = I+ (1+ g +<Gp gp>/ GRip) is the total current, I+ is the ioncurrenttothecathode,< G p g p > ” S gn Gn N pi / S N pi , and Vc is thecathodebiasvoltage. (Theanodeis assumedtobeatground potential.)AsinaDCglow discharge, mostof theenergyinputintothemagnetronisquicklyconvertedtoheatingthecathodebyionbombardment,Pc = I+ Vc, (3)where we haveignoredtheextremelysmallcathodecoolingby secondaryelectronevaporationandassumed thathepotentialdrop intheplasmais zero. Thedifferencebetween Eqn. (2) and(3) is thepower inputintotheplasmaavailabletocauseionization,creatingultimateelectrons.Pe = PPS - Pc = I+ Vc (g + Gp gp/ GRip) = I+ Vc geff ~ 0.3 I+ Vc. (4)where geff ” (g + Gp gp/ G Rip) and we have assumed Gp / G ~ 1. Not allthispower willbeconsumedbyionizationandexcitationevents.Somepowermaybedepositedon theanodebyelectronimpact,ifthemeanionizationandexcitationtimesarelongerthantheprimaryelectronconfinementtime.InsectionIVweevaluatethisconditionquantitatively.For argon, creationof anultimateelectronconsumes about 40 eVof aprimaryelectron�senergy, about16 eVfor theactualionizationprocess and24 eVfor excitation

8processes prior to ionization.13 (For these energeticprimaryelectrons, verylittlenergyislostviaBremmstrahlung, elasticcollisionswithneutrals, or Coulombscatteringon theultimateelectronsortheions.) Thus,ifa400eVprimaryelectrondepositedmostitsenergyintheplasmapriortoimpactingtheanode,itwouldcreateabout10electron-ionpairs. F o r ionimpactsonthecathodetobesolelyresponsiblefor sustainingthedischarge, g = 0.1 isrequired. As will be discussed in section V.A, below 500 eV, g is smaller than this byabout a factor of 2, supporting the interpretation that photon impacts are important forgenerating about half the primary electrons.For the largest value of geff, approximately0 . 3 , primaryelectronswould havetodepositabout120eVintheplasmatosustainasteadystate.Examinationof figures 2 and3 show thatlow pressure operationrequireshighercathodebiasvoltage.Highercathodevoltagescausehigherionimpactenergiesandhigherg values (to 0.1 at 1 keV). Comparison of energy-dependent excitation and ionization ratesshows a constant fraction of electron energy being used for excitation versus ionization athigher electron energies. We conclude that, for low-pressure HCM operation, the energeticelectrons are lost prior to their using all their energy creating ultimate electrons.We next examine the combined effects of electron energy loss and transport,comparing Bohm-like transport with neutral- and Coulomb-collision transport, all limitedby the ambipolar constraint. These three mechanisms can cause plasma transport across themagnetic field, away from the cathode surface. If transport is rapid enough, the fastelectrons can be lost to the anode prior to using their full energy for ionization andexcitation.An electron�s confinement on a flux surface can be disrupted by collisions withneutral particles, charged particles, and oscillatory electric and magnetic fields within theplasma. These three mechanisms result in collisional, classical (Coulomb collisions), and

9Bohm transport across the magnetic field. The relative importance of collisional to classicaltransport is measured by Rne, the ratio of Coulomb collision frequency to the electron-neutral collision frequency:

Rne eien” nn

(5)where

n senenen T m= 0 /

,

n0

is the neutral density, and

sen

is the average electron-neutral total collision cross section at electron temperature Te. Inserting the expression for

nei i e e en Z T n T” · = ·- - - -39 10 39 106 2 3 2 6 3 2. ln . ln/ /L Lsec -1

, where the quasineutralityassumption

Znni e=

and the single-ionization assumption

Z= 1

are used, Rne is found tobe

RnTne e en e= · -9 3 10 14 0 2. lnLs

. (6)For most of laboratory plasmas and glow discharges14

lnΛ

=12, then

RnTne een e= · -1 1 10 12 0 2. s

. (7)Typical magnetron discharges are partially ionized, i.e., ne/n0 = 10-2 -- 10-3 (ionizationfraction).FortheultimateelectronsTe=3eVand

= 10-16 cm2, giving Rne = 1 to10, which means both electron-electron collisions and electron-neutral collisions areimportant for electrons with thermal energy Te. In contrast, primary electrons, with theirhigher energy, have a thousand-fold weaker Coulomb scattering and a 5-times larger sen .HenceforthemCoulombcollisionswiththebackgroundplasmaareunimportantrelativetocollisions with neutrals.Wenow comparethecollisionaldiffusion coefficient,D C , totheBohmdiffusioncoefficient, DB, defining the ratio RCB ” DB/DC,

10DC = r e2 n en , (8)DB = 6 x 106 T(eV)/B(G), (9)R CB =

51013·

B / no �Te . (10)where we have used 5 x 10-16 cm2 as the cross section for scattering of 400 eVelectronsbyneutral argon. At p = 10 mTorr, B = 100 G, andTe = 400 eV, R CB = 1;at1 mTorrandthe same B and Te, RCB = 10. Hence Bohm diffusion, if operative, would dominate thefastelectron losses as well as the cooler electrons losses at low pressures.C. Minimum operation pressure of a HCMHere we present a heuristic picture of the physics which sets the minimumpressure. Section IV examines results from a 1-d numerical model showing a comparisonbetween the predicted minimum pressure for the three transport mechanisms just discussed.In the model, electrons are launched with a fixed energy from the cathode. Theyeventually are lost to the anode wall. In-between the cathode and the anode, electronsundergo diffusive motion. The boundary conditions of this diffusive motion at the cathodeis of the reflecting type, while that at the anode is of the absorbing type. In other words, theprimary electron density gradient is zero at the cathode and maximum at the anode.15 Thewhole diffusion regionis of lengthL 0 , thesameas theHCS length. If we assume thediffusioncoefficientDtobeconstantinspace,thenthesolutiontothesteadystatediffusionequationwhich gives theelectrondensitydistribution

ne

as a function of the elevation

z

above the cathode surface is:

nzLe = -0 01( )

, (11)where

n0

is the plasma density on the cathode surface. The average time for an electron todiffuse to z = L is

t= L D0 22

. The minimum operating pressure, or corresponding neutral

11density n0,canbeestimatedfromthetimeittakesaenergeticprimaryelectrontodiffuse adistance

z

= L0 out of the HCM system. The pressure can only be so low that when anprimary electron diffuses out of the HCM, the average diffusion time, equal to

LD022

,should be greater than (geff )-1 timestheionizationtime(

νi

)-1

t= L D0 22

>1/geff

νi

~ 3/

, (12)where we have assumed (geff )-1 = 3. This allows sufficient numbers of electron-ion pairsto be formed to sustain the discharge in steady-state as discussed in section V. Using <sv>= 2 x 10-7cm3/sastheionizationratecoefficientfor40-400eVelectrons,10wefindtheionizationfrequencyni (sec-1)=2x10-7 n0(cm-3)andobtain no > D/(3 x 10-8 Lo2)(13)For a Bohm diffusion coefficientappropriatetotheparametersof theprimaryelectronsinthe HCM, Te ‡ 3 eV, B £ 100 gauss, and L0 = 6.9 cm, this yields a minimum densityno ‡ 1 x 1011 cm-3,(14)which corresponds toaminimumpressure of about4 x 10-3 mTorr, toosmallcomparedwiththeexperimentalminimumpressure of 0.31 mTorrinour HCMdischarge. For aBohmdiffusioncoefficientappropriateto300eVelectrons,theprimaryelectrons, equation(13) gives n o ‡ 1 x 1013 c m -3, comparabletotheobserved value. Andas readilyinferredfrom the values of RCB and Rne, in no region of density willCoulombcollisionspredicttheproper n 0 , whileadiffusion coefficientappropriatetoneutralcollisionscanfit, based onthisheuristicpicture.Theseestimationsarebasedonanoverly-simplifiedmodelandconservativevaluesforalltheparametersinvolved.DetailedcalculationwillbepresentedinsectionIV.

12D. Cathode Erosion Profile and Plasma ShapeIt is observed in PSMs that cathode erosion is most rapid and the plasma densityand emissivity greatest where the local magnetic field is nearly parallel to the cathodesurface. Hence there the ions and photons responsible for secondary emission are mostplentiful; secondary electrons are emitted primarily from there. At that position the sheathelectric field is nearly perpendicular to the magnetic field. This region lies between rm1 £ r£ rm2, shown in FIG. 7.The width and location of this region were studied by Wendt and Lieberman16 forPSMs. For HCM operation at pressures greater than 10 mTorr, an electron born where B isparalleltothesurfaceacceleratesawayfromthecathodeadistanceequaltothegyroradius,

re

� Vsheath1/2 / B, approximately 0.5 cm for a bias of about 500 volts. These electronsmay move along B and are reflected deep in the cathode sheaths which have thickness~lD(V/Te)3/4 ~0.1 c m . 13 ThemotionalongB sets thesputtertrenchwidth

w

. It isdetermined geometrically by the electron gyroradius

and the radius of the curvature of themagnetic field line which is tangential to the cathode,

a

. Wendt and Lieberman found

w ar e= 2 2

. (15)when the sheath thickness is small compared with electron gyroradius, equivalent to aplasma dielectric constant.From the discussion in section III.C, at pressures greater than 10 mTorr, RCB £ 1 , hence primary electron transport is dominated by collisions and itis appropriate to use DC,Eqn(8), as theverticaltransportcoefficient.Asanorder-of-magnitudeestimation,itw a s found thatheverticaldiffusion lengthZis determinedby Z=

r eE U/ 0

for a primaryelectron to loss all of its energy. For E = 500 eV, U0 =40 eV, Zis about1.8 cm. FromANSYScodecalculationof themagneticfielddistribution, itis seenthatheB fieldline

13there starts and ends at the main cathode surface, not the HCS. Therefore all the primaryelectrons starting where B is tangential to the cathode lose their energy without reaching theHCS. Ionization mainly takes places in the small volume at where B is parallel and close tothe cathode. The cathode erosion profile, as we observed experimentally at pressures above10 mTorr, can be explained by the PSM model as developed by Wendt and Lieberman.In the sub-mTorr pressure range accessible only to the HCM, the primary electronshave a much longer mean-free-path and a higher energy from the higher cathode bias (about1 kV). The higher energy causes the primaries to reach a more distant field lines and toretain their energy longer. For Bohm as well as collisional diffusion, the lower B at thesehigher elevations and higher energy further promote more rapid diffusion away from thecathode. Electrons moving along more distant magnetic field lines are confinedelectrostatically, by reflection from HCS. Ionization takes place in a larger volume than thatat high pressures. Ion bombardment occurs over a larger cathode surface area.

w

, asobserved experimentally, is much larger than estimated using the PSM model.IV. 1 - D diffusion modelIn this section, we present a 1-D diffusion model for primary electron energydeposition in a HCM discharge. The dimension of interest here is the elevation above thecathode surface:

z

. At the cathode surface,

z

=0.The diffusion equation for steady-state is

dzDdndzIeze�Ł �ł = ( )d

, (16)where e is the elementary charge.

Ie

, the cathode electron current, is related to the totalcathode current as discussed in section III.

14The average primary electron energy as a function of elevation is derived as thefollowing: Energy loss is assumed to be by ionization and excitation alone with a rate givenbydE/dt =- no <seAve > U0 , (17)whereEisineV.U0istheenergylossforcreationeachion-electronpair, we assume ittobe40 eVfor simplicity.Theionizationcross sectiondatafor Arwas takenfromMcDaniel.17Usingthedriftspeedoftheparticle,

vd = dz dt

, (18)Eqn. (17) becomes

dEdznUeA= - < >1 0 0v vd es

. (19)The drift speed is also given by

vd = - D n dndz1

. (20)We are interested the solution of the above diffusion equation from z = 0 to L. Asdiscussed in section III.A, L corresponds to the magnetization distance, beyond which themagnetic field has not effect on electron motion. We can pose two kinds of boundaryconditions at z = L to the above diffusion equation. 1) unrestricted-flow boundarycondition, the drift velocity is equivalent to electron kinetic energy at z = L; and 2)ambipolar-limited boundary condition, where the maximum electron drift speed is the ion-acoustic velocity, Cs.Case 1 corresponds to

v v d =”=L eE z Lm2 ( )

, at z = L. (21)

15Solution of the diffusion equation gives

nZIe IedzDdzDe L e zL^{L z}L( ) = + �

= +�_1

1 1 v v vd

(22)for

0£ £z L

.Case 2 corresponds to

v d =”·=

C E z L

s 9 79 10 5

. ( ) g m

, at z = L. (23)in cm/sec. For our case, g = 3 and m=40 for Ar. The solution is identical to Eqn. (22), withvL replaced by Cs.Because the magnetic field and primary electron energy vary with position, thediffusion coefficient D = D(z) is position dependent. We numerically solve the diffusionequation with either boundary conditions. The numerical model includes the magnetic fieldas a function of elevation above the cathode surface from the ANSYS code. Due to the 2-Dnature of our field, the field strength used in our calculation is approximated to be B(z) =B(z, (rm1+rm2)/2), values over the sputter trench.The data shown are for an L = 6.3 cm HCS, which corresponds to HCS D = 9.8cm. Similar calculations were performed for D = 6.6 cm. The calculated residual energiesfor 500 eV primary electrons are shown in figures 9 a), b), c) and d) as a function ofelevation above the cathode for the Bohm transport assumption, with and without theambipolar constraint and with the temperature set to one-half the primary electron energy.Each figure is for a different neutral density: 1.1 x 1013, 3.6 x 1 0 13 , 3.6 x 1 0 14 and10.8 x1015 cm-3, corresponding to gas pressures of 0.3, 1, 10 and 30 mTorr. For allp r e s s u r e s , ‘pure�Bohmdiffusionwithoutambipolarconstraintattheboundary is toorapidtoexplainelectronenergylossratethatisrequiredtosustain thedischarge. For agas pressure of 30mTorr,10mTorr,ambipolar-limitedBohmtransportresultsinenergylostwithin~0.1 cm

16of the cathode, a distance on the order of plasma sheath. This distance is physicallyunreasonable since it is shorter than re. For cases where transportis slow, ionizationwilloccur at – re.At1.0 mTorr, thedistancefor electronslosetheirenergyis substantiallylarger,about2 cm. However, ataexperimentalvalueof minimumoperatingpressure of 0 . 3 mTorr,theprimaryelectronsloseonly~85 eViftheambipolar-limitedBohmtransportisoperable, notenough tosustain thedischarge. Thisatomicmodelis verysimple. F o r example,itdoes notcontainmetastableswhich mightincreasetheionizationratesufficientlytoallowtheambipolar-limitedBohmmodeltofittheexperimentalresults.Low pressure simulationswereperformedfor higherenergyprimaryelectrons.FIG. 10 shows the results for 900 eV primaries at 0.3 mTorr. At the critical lengthL= 6 . 3 cm, primariescanloseonlyabout50 eVfor Bohmtypeof diffusion withtheambipolarconstraint.Asimilarsetof runs was madefor collisionaltransport, seeFIG. 11. Atagaspressure of 0.3 mTorr, theresultis similartoBohmtype. Becausethecollisionallimiteddiffusion gives thelower limitintransportspeed for anytransportprocess, thisresultleavesadilemmatoberesolved,byamorerealisticmodelincludinghigherdimensionsandmoredetailedatomicphysics.Oneattempt,which cannotbejustifiedby sound physicalreasons butsimplyallows aconcretenumericalestimateof therequiredtransportrate, was through usingBohmdiffusion coefficientswithbulkelectrontemperatureup toabout7.2 eV, so-called‘cold�-Bohm diffusion. For this, residualenergiesof theprimarieswerereducedtoabout120 eV at the critical length, FIG. 12.Asummarycomparingtheseresults withtheexperimentis inTABLEII. �Yes�meansthatadequateenergyloss withintheobserved distanceis predictedby thecodetomatchtheexperiments.

17V. Hollow-cathode effectsBuilt upon the results of the diffusion model, this section starts with a statement ofthe sufficient condition to sustain a discharge, i.e., the generation of sufficient secondaryelectrons at the cathode to replenish those lost by transport. Hollow-cathode effects such asimprovements upon ion-collection efficiency is estimated. An explanation for the criticallength, which is related to lower operation pressure, for a HCM is obtained.A. A s u f f i c i e n t c o n d i t i o n HCM plasmas, similar to PSM ones, are sustained by primary electrons whichoriginate from ion- and photon-induced secondary electron emission by the cathode. Thesecondary electrons are emitted with initial energy of about 5 eV. When secondaryelectrons move across the cathode sheath, they become energetic primary electrons whoseenergies mostly come from the cathode bias, typically 400 to 900 eV in these HCMexperiments. These primary electrons create additional so-called ultimate electrons byionization of the working gas. The ultimate electrons have a quasithermal distribution witha temperature near 3 eV.18 A steady-state HCM discharge replenishes energetic primaryelectrons lost by transport to the anode and by energy loss (via ionization, excitation, elasticscattering, or particle-wave interactions) into the distribution of ultimate electrons.For each primary electron lost, the number of ion-electron pairs created, Ni, isdescribed by

Ni = n0σ idy 0x∫

, (24)where n0 is theneutralgas densityand

σ i

is the (energy-dependent) cross section forionization. The integration is along the trajectory of the electron. x is the called the pathlength of the primary electron, which is the length of the actual electron trajectory, not the

18guiding center, that starts from where the electron is born (cathode) to where the electrondisappears (such as the anode).Similarly, the number of energetic (UV) photons created Npnatfrequencynis

Nndyp xn ns= � 00

, (25)where

σ ν

is the excitation cross section.A sufficient condition for steady-state in a HCM plasma is the replenishment ofprimary electrons described by

ggn n nnN G N Gi p+ =� 1

. (26)where the summation is over the different frequencies of the energetic photons emitted. Gis ion-collection efficiency of the cathode, Gn is thephoton-collectionefficiencyof thecathode for photon frequency n,

γ

is the secondary emission coefficient for an ion strikingthe cathode, and

gn

is the secondary emission coefficient for an photon striking thecathode. For Ar+ strikingCu, thevalueof

γ

is ~ 0.05 from 0 to 500 V and then riseslinearly to 0.1 at 1 keV.19 For theAresonancelines(916.7 and1085.7 A�), the value of

is nearly constant at 0.1; for the 1199 A� resonance line

drops to 0.04.20 Fromthese, we estimatetheratioR ip ” Ni/ N p ~0 . 5 , i . e . , abouttwiceas manyUVphotons arecreatedasion-electronpairsduetotheratioofionizationtoexcitationcrosssections.GandGnarepositivequantitiesthatareequaltoorlessthan1.IncreasesofGandGn arereadilyexpected due to the change in HCS geometry, discussed in section V. B.Inserting Eqns (24) and(25) for N i andN p yieldstheconditionsufficientforsteadystate:

n G dy G dy i

x x

0 0 0

1 g s g s^{n n n} n � + � � �

Ł � � ł � =

. (27)B. C o l l e c t i o n e f f i c i e n c i e s The HCS increases the ion and photon collection efficiencies, G and Gp . Anionorphoton born withintheplasmamaymoveinanydirection, dependingupon itsarbitraryinitialvelocityvector. WithoutaHCS, manyions andphotons do notreachtheplanarmagnetroncathodeandarelostwithoutcreationof secondaryelectrons. For anion(orphoton) born ataposition(

rZ0 00, ,

) in cylindrical coordinates from the cathode, theprobability of its reaching the cathode, or the cathode collection efficiency is determined bysolid angle of the cathode subtended from that position:

GdZrdrZrrR= + + -( )�14 2002 02 2 0 3 2002 0p q qp cos /

. (28)Here

R0

= D/2 is the inner radius of the HCS. For

r0

= 0, the integration can be workedout analytically as

GZR= - +( )12 1 002 02 1 2[ ]/

. (29)For

Z0

<< = 4.9 cm, G = 50%. For

=1.5 cm, G = 35%. For

other than zero, theintegration can be calculated numerically. For example,

= 4.9 cm,

= 2.0 cm and

=1.5 cm, G = 33%.In a HCM, those ions (and photons) which reach the HCS will produce additionalsecondary electrons. The increase in G (Gp ) is determinedby thesolidangleof theH C S subtended at where the ion (photon) is born, as illustratedinFig. 13. ThetotalsolidangledeterminedbyareasoftheHCSandthecathodewithrespecttothepositionoftheion

~ G

is

~

( )

( ) cos / G d

L Z rdr

L Z r r rr

R = -

-

- + + -

( )

� �

1

1

4

2 0

0 2 0 2 2 0 3 2 0 0

2^0

p

q q

p

(30)where L is the HCS length. Again for

r0

= 0, the integration can be solved analytically as

~ ( ) / G

L Z

L Z R

= +

-

- + [ ]

�

�

�

�

�

�

�

�

�

�

1

2 1 0 0 2 02 1 2

. (31)When

Z0

<<

R0

= 4.9, L = 6.9 cm,

~ G

= 91%. The net increase in collection efficiencydue to HCS is

DG G G= -~

= 91% - 50% = 41%. For

= 1.5 cm,

DG =

52%. For

other than zero, the integration can be calculated numerically. For example,

= 2.0 cm and

=1.5 cm,

51%.Numerical calculations of

G

and

DG

dependence upon the ion elevation above thecathode are shown in FIG.14a-f. In the calculations, L =

L0

= 6.9 cm are used. FIG. 14a -c are for

= 4.9 cm and ion radius

= 0.0,2.0, and 4.0 cm, while FIG. 14d - f are for

= 3.3 cm and ion radius

= 0.0, 1.5 , and 3. FIG. 14a - c are for

= 4.9 cm andion radius

= 0.0, 2.0, and 4.0 cm. These values of L, , and are typical for ourHCS configuration.From the numerical result, we see that HCS has a collection efficiency ranging from40 - 80%, while the cathode has one ranging from 10 - 50 %. From our earliermeasurements1ofcurrentdistributionbetweencathodeandHCS,forpressuresgreaterthan10 mTorr, thetotalcurrentfromHCS accountsfor onlyabout15% of thetotalcathodecurrent, or theratioof theHCS currenttothatof cathodeis 20%. Toexplaintheexperimentaldata, knowledgeof thenumberof ionizationas afunctionof positionisneeded,inadditiontothecollectionefficiency.FIG. 15 shows adistributionof ionizationeventsfromthe1-Ddiffusion modelfor highpressure of 10 mTorrandlow pressure of0.3 mTorr. At pressure of 10 mTorr, ions aremostlycreatedwithinadistanceof 0.1 c m ,

21the same order of magnitude as the cathode sheath. Because such an ionization region isclose to the cathode, sheath electric field is probably important to modify the ions from asimple isotropic distribution once they are created. They will preferentially goes to thecathode, that is probably why the side wall current is only about 20% of the cathodecurrent. However, information about electric field is needed to determine the anisotropy ofthe ion motion. At lower pressure of 0.3 mTorr, the ionization events happens everywherealong the HCS, number of ionization event drop dramatically at a distance of about 1.0 cmaccording to FIG. 14, we expect that HCS will collect more cathode current than at higherpressures, as observed experimentally.C. C r i t i c a l L e n g t h

L0

The previous sections showed that the addition of HCS to a PSM: 1) provides anelectrostatic barrier for primary electrons following magnetic field lines that intersect withHCS; 2) provides primary electrons an additional drift length to slow down and deposittheir energies through collisions with neutrals; and 3) improves the collection efficiency ofthe ions and UV photons. All these effects may contribute to setting the value of

.Consider the magnetic field distribution first. In a HCM there is an areasurrounding the cathode center, 0 £ r £ r0, FIG. 7, where the magnetic field isperpendicular to the cathode surface and whose field lines do not intercept the HCS. ThereE // B and primary electrons are lost in their first transit (10-7 sec) tothevacuumchamberwall.AllotherfieldlinesintersecttheHCSorcathode.Primaryelectronsoriginatingfromr>r0areelectrostaticallyconfinedbytheHCS.Toobtainavalueof r 0, we choose alengthforeachHCSdiameter,andthenfollowafieldlinefromtheremoteedgeof theHCS tothecathode, see FIG. 6. In this way, we see how r0 varies with L and D. This, however, doesnot give insight to what relates r0 to L0.

22In section III. A, we discussed how the electron magnetization length depends ondischarge pressure. At lower pressures, electrons are magnetized farther away from thecathode surface compared with that at higher pressures because of less collisions withneutrals. Primary electrons are magnetized up to

Zmag

= 6.25 cm for D = 9.8 cm and

= 5.40 cm for D = 6.6 cm. These numbers give a clear physical link to theexperimental critical length data. Extension of the HCS to a length longer than Zmagessentially operates the discharge far away from the cathode in a low-aspect-ratiounmagnetized hollow-cathode discharge mode.In section IV, we have modeled the primary electron diffusion out of the dischargesystem. The model shows that at pressures of more than 1 mTorr, ambipolar-limiteddiffusion processes can slow down primary electron diffusion, promoting rapid energyloss from their initial ~500 eV value to bulk electron energy of a few eV within a distanceof 1 cm or less. The HCS does not play a significant role for this high pressure case.However, for sub-mTorr pressures, additional drift length due to the HCS is needed tocreate sufficient ionization events to sustain the discharge. The critical length is set by thediffusive loss rate. The diffusive loss rate depends on magnetic field. Among the variousdiffusion mechanisms discussed, ambipolar limited Bohm diffusion with a rate determinedby the bulk electron temperature up to 7.2 eV can explain the critical length as observedexperimentally.VI. Summary and ConclusionThrough measurements of HCM VP characteristics as functions of HCSdimensions, we have identified a critical length L0 for fixed HCS inner diameter D beyondwhich hollow-cathode effects are most strong and substantially lower pressure operation ispossible.The pattern of cathode erosion due to ion bombardment can be explained by thePSM model for HCM pressure greater than 10 mTorr. However, at low pressures

23accessible only to HCMs, a larger cathode erosion area, as observed experimentally, isexpected.Hollow cathode effects on the ion and UV collection efficiency are estimated fromthe solid angle calculations. 40 - 80% collection efficiency increase due to HCS areexpected depending on the ion birth position. It�s necessary to have better knowledge of theelectric field distribution in a HCM to explain the current distribution between HCS andcathode. Because electric field affects the primary electron drift motion, and also modify themotion of ions.The minimum operating pressure is related to the primary electron energydeposition in the plasma. The energy deposition is set by the electron transport. Electrontransport mechanisms in the non-uniform HCM magnetic field are discussed. The baselinediffusion transport speed as determined by collisions does not give enough number of ion-electron pair creation as observed experimentally, therefore, further study is necessary. Anattempt -without physical justification- was to use Bohm diffusion coefficient with bulkelectron temperature, can adequately describe the data in all pressure ranges. An ambipolarconstraint to transport is both physical and of the right magnitude to explain most results.The existence of a critical length L0 for sub-mTorr operation is discussed based onprimary electron motion in the magnetic field configuration. Collisions with neutrals, andtherefore gas pressure, is important to affect the value of L0. L0 can be explained bymagnetization length of the electron.AcknowledgmentWe thank useful discussion with Drs. Zhihong Lin, and D. P. Stotler. This Work issupported by U. S. D.o.E Contract No.DE-AC02-76-CHO-3073

24References:1 Z. Wang and S. A. Cohen, Submitted to JVST (1998)2 S. M. Rossnagel, D. Mikalsen, H. Kinoshita and J. J. Cuomo, J. Vac. Sci. Technol. A9, 261 (1990)3 P. F. Cheng, S. M. Rossnagel and D. N. Ruzic, J. Vac. Sci. Technol. B 13, 203(1995)4 Z. J. Radzimski, W. M. Posadowski, S. M. Rossnagel and S. Shingubara, J. Vac. Sci.Technol. B 16, 1102 (1998)5 J. Musil, A. Rajsky, A. J. Bell, J. Matous, M. Cepera and J. Zeman J. Vac. Sci.Technol. A 14, 2187 (1996)6 Y. Ohtsu, Y. Tsurume and H. Fujita, Rev. Sci. Instrum. 69, 1833 (1998)7 Paschen, F., Ann. Phys., (Leipzig) 4 , 901 (1916)8 Delcroix, Jean-Loup, and Trindade, A. R., Advances in Electronics and Electron Physics35, 87 (1974)9 Lidsky, L. M., Rothleder, S. D., Rose, D. J., S. Yoshikawa, C. Kichelson and R. J.Mackin, ‘Highly ionized hollow cathode discharge’, J. Appl. Phys. 33, 2490 (1962)10 for more information, contact ANSYS Inc. at web site http://www.ansys.com11 S. M.Rossnagel, J. Vac. Sci. Technol. A 6 , 19 (1988)12 S. A. Cohen, in Plasma Diagnostics vol. 2, P185ff, ed. by D. L. Flamm, AcademicPress (1989)13 Lieberman, M. A. and Lichtenberg, A. J., Principles of Plasma Discharge and MaterialProcessing, John Wiley and Sons (1994)14 Goldston, R. J. and Rutherford, P. H., Introduction to Plasma Physics, IOP Publishing(1995)15 S. Chandrasekhar, Rev. Mod. Phys. 15 , 1 (1943)16 Wendt, A. E. and Lieberman, M. A., J. Vac. Sci. Technol. A 8, 902 (1990)17E. W. McDaniel, Collision phenomena in ionized gases, John Wiley and Sons (1964)18 Vossen, J. L., and Kern, W., ed. Thin Film Processes, Academic Press (1978)19 S. Brown, Basic Data of Plasma Physics, The MIT Press, Cambridge, MA (1966)20 J. A. Samson, Vacuum Ultraviolet Spectroscopy, John Wiley and Sons, NY (1965)

25TABLE .I.Dimensions of HCS Studied. L is the length of a HCS, D is the diameter of aHCS, see FIG. 1.L (cm)21.610.88.15.72.521.610.74.52.5D (cm)9.89.89.89.89.86.66.66.66.6Ra =L/D2.21.10.830.580.253.31.60.680.38TABLE II. comparison of results using different diffusion models with experimental data.500 eV1, 10, 30 mTorr900 eV0.3 mTorrpure ‘Bohm�NoNoBohm + ambipolaryesNocollisionalNoNocollisional +ambipolaryesNo‘cold Bohm� + ambipolaryesyes

26Caption for the figures:Figure.1. Scematic of the HCM configuration showing definitions of cathode length L anddiameter D.Figure. 2. VP curves for fixed cathode currents. L = 10.8 cm, D = 9.8 cm, Ar discharge.Figure. 3. Comparison of VP curves for D = 9.8 cm, Ar discharge, I = 300 mA.Figure. 4. A HCS critical length L0 = 6.9 cm was found for both Ar and N2 dischargeswhen D = 9.8 cm. Cathode current I = 300 mA.Figure. 5. A HCS critical length L0 = 3.5 cm was found for both Ar and N2 dischargeswhen D = 6.6 cm. Cathode current I = 300 mA.Figure. 6. Extended magnetic field configuration of the HCM.Figure. 7. Detailed HCM magnetic field configuration, showing the definitions of differentregions on the cathode surface.Figure. 8. Magnetization distance of energetic electrons. Regions below the curves arewhere the primary electrons are magnetized.Figure. 9. Calculation of the residual energy of electrons as a function of elevation abovethe cathode. Bohm and ambipolar-limited Bohm transport were modeled for electronswith initial energy of 500 eV. Energy loss is by ionization and excitation. Four differentpressures were modeled. a) 30 mTorr, b) 10 mTorr, c) 1 mTorr, d) 0.3 mTorr. Gyroradiuseffects are not included.Figure. 10. Calculation of the residual energy of electrons as a function of elevation usingBohm and ambipolar-limited Bohm transport for electrons with initial energy of about 900eV at 0.2 mTorr.Figure. 11. Calculation of the residual energy of electrons as a function of elevation usingcollisional diffusion for electrons with initial energy of about 900 eV at 0.2 mTorr.Figure. 12. Calculation of the residual energy of electrons as a function of elevation usingBohm diffusion at bulk electron temperature for Electrons with initial energy of about 900eV at 0.2 mTorr.Figure. 13. Increasing utilization of ions in a HCM, due to a increase in solid angle of

Ω

,which is determined by the position where the ion is born, and the area of the HCS.Figure. 14. Calculation of ion and photon collection efficiency by HCS and cathoderespectively, assuming solid angle effects only. Electric field effects are not included.Figure 15. Ionization events as a function of elevation for low and high pressures.