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Abstract

A hollow-cathode magnetron (HCM), built by surrounding a planar sputtering-

magnetron cathode with a hollow-cathode structure (HCS),1 IS operable at substantialy

lower pressures than its planar-magnetron counterpart. We have studied the dependence of
magnetron operational parameters on the inner diameter D and length L of a cylindrical

HCS. Only when L is greater than L, a critica length, is the HCM operable in the new

low-pressure regime. The critical length varies with HCS inner diameter D. Explanations of
the lower operationa pressure regime, critical length, and plasma shape are proposed and
compared with a one-dimension diffusion model for energetic or primary electron
transport. At pressures above 1 mTorr, an eectron-impact ionization model with Bohm
diffusion at a temperature equivaent to one-haf the primary electron energy and with an
ambipolar constraint can explain the ion-electron pair creation required to sustain the

discharge. The critica length Lo is determined by the magnetization length of the primary

electrons.

PACS numbers: 52.80.-s, 52.40.Hf, 52.50.Dg, 52.75.Rx



. Introduction

A new type of sputtering-magnetron device, caled 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 aright cylinder
characterized by itslength L and inner diameter D. A conventional PSM can be regarded as
an extreme of aHCM, which has L = 0. HCMs were found to be operable a sub-mTorr
pressures, depending on the length L. Such low-pressure operation is desirable for certain

deposition applications, such as those which require long throw, anisotropic deposition,

and low gas incorporation. 23 A larger more uniform plasma volume is generated within

the HCM than in its PSM counterpart. This feature may alow HCM plasmas to better

utilize cathode material

Details of the experimental apparatus and procedures were described in an earlier

paper.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 |1,
are a more thorough examination of geometry effects over a broader current range for a
single target material, copper. In section 111 we describe the physical processes important to
the understanding of the HCM characteristic, defined as the cathode bias as a function of
gas-fill pressure at constant total cathode current. These characteristics, i.e., VP curves, are
the standard by which HCM performance is evaluated. The main processes discussed are
the cross-field transport of energetic electrons created a the cathode by ion and photon
impact and the collection efficiency of the cathode for ions formed in the plasma by electron

impact ionization.



1. Experimental Results

Both argon and nitrogen plasmas were studied. The HCSs in these experiments
were made of stainless steel. During PSM operation, the interiors of the HCSs are coated
by copper, the cathode material. All data taking was performed after the interiors were
coated. Dimensions of HCSs are listed inthe TABLE. |

For argon, typical VP characteristics of aHCM with HCS dimensionsL = 10.8 cm
and D = 9.8 cmare shown in FIG. 2 for fixed total cathode currents | = 20, 50, 100 and
300 mA. At pressures between 3 mTorr and 30 mTorr, a nearly constant cathode bias of
380+10 V was required to sustain atotal cathode current of 300 mA. To maintain the same
total cathode current for pressures below 3 mTorr, the cathode bias had to be increased as
pressure was lowered.

VP characteristics for different HCM dimensions are compared with their PSM
counterpart (L =0 cm) for an argon plasma with fixed total cathode current | = 300 mA,
see FIG. 3. Three pressure ranges are identified by comparing the PSM VP characteristic
with those of the HCM: high pressure, p > 13 mTorr; medium pressure, 1.3 < p < 13
mTorr; and low pressure, p < 1.3 mTorr. The high pressure range does not show a
monotonic relation between V and L. We do not discussit further in this paper.

In the medium pressure range, HCM with greater values of L require less bias
voltage than the PSM. As described in more detail in section 111, thisimplies more complete
use of the primary electrons energy, whether directly, through improved electron
confinement, or indirectly, through improved ion collection efficiency.

In the low pressure range, the conventiond (L = 0) PSM VP characteristic
terminates 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 higher
voltage, about 900 volts. For pressures below 1 mTorr and L values of 21.9, 10.8, and
8.1 cm, the HCM VP curves are within 5% of each other in voltage at the same pressure,

with the longer HCS having a dlightly lower bias voltage requirement. For L = 5.7 and 2.5



cm, HCM VP curves are about the same as the planar magnetron VP curve in terms of
minimum operable pressure.

This set of observations suggests a critical length Lo, 5.7 cn< Lpg< 8.1 cm, for
the fixed HCS diameter D = 9.8 cm. When L > L, anew and substantially lower pressure

operation regime appears for HCMs compared with a PSM. The minimum pressures
shown in FIG.3 for different HCS lengths are summarized in FIG. 4. The critical length

Lo isthe same for nitrogen discharges, FIG. 4. For a smaller diameter, D = 6.6 cm, the
critical length Lo is aso shorter, FIG. 5. In summary, L0 =6.9+ 1.2 cm for D = 9.8 am

andLp= 35+ 1.0cmfor D =6.6 cm.

From these data we cal culated the HCS physical aspect ratio, definedasR, =L / D.
The critical aspect ratios, when L = L, are R, = 0.70 £ 0.12 for D = 9.8 cmand R,. =

053+ 0.15for D = 6.6 cm.

Another result presented previoudly was the extent of the plasma, determined by the
emissivity as afunction of distance from the cathode surface. In the PSM configuration the
density was highly localized in a typical sputtering magnetron ring within 1 cm of the
surface. For the HCM the emissivity was radially uniform and extended out to about 10 cm

and higher elevations above the cathode.

[11. Parametric properties

Hollow cathode discharges (HCDs) have been studied for a long ti me.”® One of

the early studies on magnetized hollow cathode discharges was performed by Lidsky et al 2

These employed a uniform magnetic field paralld to the centra axis of the hollow cathode

tube. The aspect ratio was typicaly large, Rg ~ 10 and the HCS diameter small, D ~ 1 cm.

Furthermore, they operated at elevated temperatures where thermionic emission from the



cathode was important. These are quite different from the HCM parameter range we have
studied and are not considered further in this manuscript.

From the HCM VP characteristics, there are two features which distinguish the
HCM from the PSM: 1) lower operating voltages at medium pressures for the same cathode
current; and 2) lower possible operational pressure, though at higher cathode bias. To
understand the causes of these, we examine plasma parameters and phenomena in both the
HCM and the PSM configurations. These are: charged-particle motions, charged-particle-

wall interactions, and charged-particle collisions with neutral gas particles.

A. Charged-particle motion
In this section we estimate the effects of the static magnetic and electric fields on the
motion of the electrons and ions. The maximum vacuum magnetic field was measured to be

170 £ 10 Gauss a the surface of the cathode and about 60 Gauss 1 cm above that point.

Detailed magnetic field distribution was cal culated using the ANSY'S code,® FIG. 6 and 7,

and confirmed by Hall probe measurements. At the maximum field, a room-temperature
Artion has a gyro-radius of 0.6 centimeters. lon heating due to collisions with electrons
can be neglected due to the mass difference. lons can be heated to higher temperatures more

readily through collisions with the sputtered neutral atoms which usually have energies of a

few eV,11 and through collisions with energetic gas neutrals reflected from the cathode

surface. Higher ion energies means larger Larmor radius than 0.6 cm. Because of this large
value of the Ar* gyroradius, within the plasma ions may move towards or away from the
cathode surface, little affected by the magnetic field. Within the plasma the dtatic eectric
field, E, should be less than the background ultimate electron temperature divided by the
local scale length. The potential difference in an ion-ion-collison mean-free-path is very
small, hence E should also not affect ion motion. At the plasma boundaries, both near and

away from material surfaces, ions will be accelerated to the ion acoustic speed, set by the



energy of the escaping electrons. This assertion will have profound effect on the plasma
trangport discussed in section IV.

The ultimate electrons, with energies near 3 €V, have gyroradii less than 1 mm
hence are fully magnetized, even where the magnetic field fals to 10 Gauss. They ae
congtrained to closely follow the magnetic field lines on hdlical orbits. They are reflected
by the cathode sheath eectric field when they approach the cathode surface. A first-order
correction to their motion is drift across the magnetic field by E x B and B gradient and
curvature.

The primary electrons, with energies of 400 €V or more, initially have gyro-radii up
to 0.5 cm depending on the relative orientation of the motion to the magnetic field. Because
of their high energy, their zero™-order motion includes the drifts across B caused by E x B
and B gradient and curvature. These electrons also oscillate back and forth along B between

the sheaths. In the absence of collisions, drift motion would form aclosed loop around the
magnetron axis.? However, due to collisons and field fluctuations, these primary
electrons may diffuse across magnetic field lines away from the cathode surface towards
the edge of the cathode and towards the anode. This diffusive transport motion is second
order near the cathode surface but becomes first order afew cm above the surface.
Because the magnetic field is non-uniform and decreases with the eevation Z
above the cathode, we can introduce a criterion for magnetization of electrons as.
fe <L =Min(Apsp,D/2) Q)
Here Anyp isthe mean-free-path of the electron-neutral collisions, D is the diameter of the
HCS. For electrons to be magnetized, their Larmor radii ro should be smaller than these

dimensions. We are particularly interested in primary electrons with energy on the order of

several hundred eV. At such high energy, dependence of the collision rate on energy can be

neglected, < ov> = 4.0 x 107 cm¥/s for Ar gas. The solutions for equation (1) are

illustrated in FIG. 8, based on magnetic field calculated with the ANSY S code. The dash



line curve corresponds to re = Ay The region below the curve is where electrons are

considered magnetized. At low pressures, the HCS radius sets the distance beyond which

the electrons are not magnetized. For D = 9.8 cm, Zyg= 6.25 cm, while for D = 6.6 cm,
Zmag= 540 cm. The relation of the magnetization length to the critical length of the HCM

Lo isdiscussed in section V.

B. Energy balance and particle transport
The power supplied to the magnetron is
Pes= 17V, @)

wherel; =1, (1+y +<G, y,>/ GR,) isthetotal current, I, isthe ion current to the cathode,

<G,Y,>=2Y,G,N,;/ZN,,and V. is the cathode bias voltage. (The anode is assumed

i 7
to be a ground potential.) Asin a DC glow discharge, most of the energy input into the
magnetron is quickly converted to heating the cathode by ion bombardment,

P.=1,V, k)
where we have ignored the extremely small cathode cooling by secondary electron
evaporation and assumed that the potential drop in the plasma is zero. The difference
between Eqgn. (2) and (3) is the power input into the plasma available to cause ionization,

creating ultimate electrons.

P.=Ps-P.=1,V . (Y+G,y/GR) =1,V V4 ~031, V.. (4
wherey, =(y+ G, Y/ GR,) and we have assumed G,/ G ~ 1. Not al this power will be

consumed by ionization and excitation events. Some power may be deposited on the anode
by electron impact, if the mean ionization and excitation times are longer than the primary
electron confinement time. In section 1V we eva uate this condition quantitatively.

For argon, creation of an ultimate electron consumes about 40 eV of a primary

electron’s energy, about 16 eV for the actual ionization process and 24 eV for excitation



processes prior to ioni zation.™ (For these energetic primary electrons, very little energy is

lost via Bremmstrahlung, dagtic collisions with neutrals, or Coulomb scattering on the
ultimate electrons or theions.) Thus, if a400 eV primary electron deposited most its energy

in the plasma prior to impacting the anode, it would create about 10 el ectron-ion pairs. For

ion impacts on the cathode to be solely responsible for sustaining the discharge, y = 0.1is

required. As will be discussed in section V.A, below 500 eV, y is smaler than this by

about a factor of 2, supporting the interpretation that photon impacts are important for

generating about half the primary electrons.

For the largest value of vy, approximately 0.3, primary electrons would have to

deposit about 120 eV in the plasmato sustain a steady state.
Examination of figures 2 and 3 show that low pressure operation requires higher

cathode bias voltage. Higher cathode voltages cause higher ion impact energies and higher

yvalues (to 0.1 at 1 keV). Comparison of energy-dependent excitation and ionization rates

shows a constant fraction of electron energy being used for excitation versus ionization &
higher electron energies. We conclude that, for low-pressure HCM operation, the energetic
electrons arelost 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, al limited
by the ambipolar constraint. These three mechanisms can cause plasma transport across the
magnetic field, away from the cathode surface. If transport is rapid enough, the fast
electrons can be lost to the anode prior to using their full energy for ionization and
excitation.

An eectron’s confinement on a flux surface can be disrupted by collisions with
neutral particles, charged particles, and oscillatory dectric and magnetic fields within the

plasma. These three mechanisms result in collisional, classical (Coulomb collisions), and



Bohm transport across the magnetic field. The relative importance of collisional to classical

transport is measured by Rpe, the ratio of Coulomb collision frequency to the eectron-

neutral collision frequency:

Ven ()
where vg, = noaemfm, np is the neutral density, and o, is the average eectron-
neutral total collision cross section at electron temperature Te. Inserting the expression for
Ve =39x% 105,22 In/\Te_sl 2 =39x 10_6neln/\Te_3/ 2sec’, where the quasineutrality
assumption Zn; = ng and the single-ionization assumption Z =1 are used, R, is found to

be

R, = 93x10714 el
2
NoOenle (6)

For most of |aboratory plasmas and glow discharges14 INA =12, then

Re=11x102_Te . 7)
NoOenTe

Typical magnetron discharges are partialy ionized, i.e., ngng = 107 -- 10° (ionization
fraction). For the ultimate electrons Te=3 eV and 0, = 1016 cm2, giving Rpe= 1to
10, which means both €eectron-electron collisions and eectron-neutral collisions are
important for electrons with therma energy Te. In contrast, primary electrons, with their

higher energy, have athousand-fold weaker Coulomb scattering and a 5-times larger o, .

Hence for them Coulomb collisions with the background plasma are unimportant relative to
collisions with neutrals.

We now compare the collisional diffusion coefficient, D, to the Bohm diffusion

coefficient, D, defining the ratio R = Dy/D,



DC = pe2 Ven ! (8)
D, = 6 x 10° T(eV)/B(G), (9)
Re; = 5%10B /n VT, . (10)

where we have used 5 x 10*° cm? as the cross section for scattering of 400 eV electrons by
neutral argon. At p=10mTorr,B=100G, and T, = 400 eV, R =1, & 1 mTorr and
the same B and T,, R = 10. Hence Bohm diffusion, if operative, would dominate the fast

electron losses as well as the cooler electrons losses at low pressures.

C. Minimum operation pressure of a HCM
Here we present a heuristic picture of the physics which sets the minimum
pressure. Section 1V examines results from a 1-d numerical mode showing a comparison
between the predicted minimum pressure for the three transport mechanisms just discussed.
In the model, electrons are launched with a fixed energy from the cathode. They
eventually are lost to the anode wall. In-between the cathode and the anode, eectrons
undergo diffusive motion. The boundary conditions of this diffusive motion a the cathode

is of the reflecting type, while that at the anode is of the absorbing type. In other words, the
primary electron density gradient is zero at the cathode and maximum at the anode.”® The
whole diffusion region is of length L,, the same as the HCS length. If we assume the
diffusion coefficient D to be constant in space, then the solution to the steady state diffusion
equation which gives the electron density distribution ng as a function of the elevation z

above the cathode surfaceis:
Z
Ne = No(1- L—) : (11)
0

where ng isthe plasmadensity on the cathode surface. The average time for an electron to

2
diffusetoz=LisT= ;LD' The minimum operating pressure, or corresponding neutral

10



density ng, can be estimated from the time it takes a energetic primary electron to diffuse a

distance z = L out of the HCM system. The pressure can only be so low that when an

2
primary electron diffuses out of the HCM, the average diffusion time, equal to %’

should be greater than (y,; )*timestheionizationtime (v;)*

L. 2
r=25 >y v =3 v, (12)

where we have assumed (y,, )= 3. This alows sufficient numbers of electron-ion pairs

to be formed to sustain the discharge in steady-state as discussed in section V. Using <ov>

=2x 107 cm¥s asthe ionization rate coefficient for 40 - 400 eV electrons,'® we find the
ionization frequency v, (sec’)=2x 10" n, (cm®) and obtain

n,>D/(3x 10°L ) (13)
For aBohm diffusion coefficient appropriate to the parameters of the primary eectrons in

the HCM, Te= 3 eV, B <100 gauss, and Lo = 6.9 cm, this yields a minimum density

n,> 1x 10" cm?, (14)

which corresponds to a minimum pressure of about 4 x 10° mTorr, too small compared
with the experimental minimum pressure of 0.31 mTorr in our HCM discharge. For a

Bohm diffusion coefficient appropriate to 300 €V electrons, the primary electrons, equation

(13) gives n, = 1 x 10" cm®, comparable to the observed value. And as readily inferred

from the values of Rz and R, in no region of density will Coulomb collisions predict the

proper n,, while a diffusion coefficient appropriate to neutral collisions can fit, based on
this heuristic picture.
These estimations are based on an overly-smplified model and conservative values

for all the parametersinvolved. Detailed calculation will be presented in section 1V.
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D. Cathode Erosion Profile and Plasma Shape
It is observed in PSMs that cathode erosion is most rapid and the plasma density
and emissivity greatest where the loca magnetic field is nearly pardld to the cathode
surface. Hence there the ions and photons responsible for secondary emission are most
plentiful; secondary electrons are emitted primarily from there. At that position the sheath

electric field is nearly perpendicular to the magnetic field. Thisregion liesbetweenrm1 < r

< rm2, shownin FIG. 7.
The width and location of this region were studied by Wendt and Lieberman’® for

PSMs. For HCM operation at pressures greater than 10 mTorr, an electron born where B is

parale to the surface accelerates away from the cathode a distance equal to the gyroradius,
Pe O Ve 2/ B, approximately 0.5 cm for a bias of about 500 volts. These electrons
may move aong B and are reflected deep in the cathode sheaths which have thickness
~)\D(V/Te)3’4 ~ 0.1 cm.*® The motion aong B sets the sputter trench width w. It is

determined geometrically by the electron gyroradius r, and the radius of the curvature of the

magnetic field line which istangential to the cathode, a. Wendt and Lieberman found
W =2,/2arg. (25)
when the sheath thickness is small compared with electron gyroradius, equivdent to a

plasmadielectric constant.

From the discussion in section |11.C, at pressures greater than 10 mTorr, Reg < 1,

hence primary electron transport is dominated by collisons and it is appropriate to use D,

Eqgn (8), as the verticd transport coefficient. As an order-of-magnitude estimation, it was

found that the vertical diffusion length Z is determined by Z = perE/Ug for a primary
electron to loss al of its energy. For E = 500 eV, Uy=40 eV, Z is about 1.8 cm. From

ANSY S code caculation of the magnetic field distribution, it is seen that the B field line

12



there starts and ends at the main cathode surface, not the HCS. Therefore al the primary
electrons starting where B istangential to the cathode |ose their energy without reaching the
HCS. lonization mainly takes placesin the small volume at where B isparalel and close to
the cathode. The cathode erosion profile, as we observed experimentally at pressures above
10 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 electrons
have amuch longer mean-free-path and a higher energy from the higher cathode bias (about
1 kV). The higher energy causes the primaries to reach a more distant field lines and to
retain their energy longer. For Bohm as well as collisona diffusion, the lower B at these
higher elevations and higher energy further promote more rapid diffusion away from the
cathode. Electrons moving along more distant magnetic field lines are confined
electrostatically, by reflection from HCS. Ionization takes place in alarger volume than that
a high pressures. lon bombardment occurs over a larger cathode surface area. W, as

observed experimentally, is much larger than estimated using the PSM model.

IV. 1 - D diffusion model
In this section, we present a 1-D diffusion model for primary electron energy
deposition in a HCM discharge. The dimension of interest here is the elevation above the
cathode surface: z. At the cathode surface, z =0.
The diffusion equation for steady-stateis

d.dng_ lg
— D——=-E5(2), 16
dzU dzU e @) (16)

where e is the elementary charge. |, the cathode electron current, is related to the total

cathode current as discussed in section I11.
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The average primary electron energy as a function of eevation is derived as the

following: Energy loss is assumed to be by ionization and excitation alone with a rate given
by

dE/dt =- n, <o_,v.>U,, 17)
where EisineV. U, isthe energy loss for creation each ion-electron pair, we assume it to
be 40 eV for simplicity. The ionization cross section data for Ar was taken from

McDanidl."” Us ng the drift speed of the particle,

dz
Vg = —, 18
d =G (18)
Eqgn. (17) becomes
dE 1
— =—="nNn < 0anVa > Up. 19
&z vy o < OeaVe >Ug (19
The drift speed is also given by
1dn
Vq=-D——. 20
d s (20)

We areinterested the solution of the above diffusion equation fromz=0to L. As
discussed in section I11.A, L corresponds to the magnetization distance, beyond which the
magnetic field has not effect on eectron motion. We can pose two kinds of boundary
conditions a z = L to the above diffusion equation. 1) unrestricted-flow boundary
condition, the drift velocity is equivalent to electron kinetic energy a z = L; and 2)
ambipolar-limited boundary condition, where the maximum electron drift speed is the ion-
acoustic velocity, C..

Case 1 correspondsto

,atz=L. (21)

14



Solution of the diffusion equation gives

L
n(Z):Iﬁi+l_e %
evp e3;D
(22)
1 1 Lldz

vg vp 32D
for0<z<L.

Case 2 correspondsto

Vg =GCs = 9.79X105\/@, az=L. (23)

in cm/sec. For our case, y = 3 and u=40 for Ar. The solution isidentical to Egn. (22), with

v, replaced by Cq.

Because the magnetic field and primary electron energy vary with position, the
diffusion coefficient D = D(z) is position dependent. We numerically solve the diffusion
equation with either boundary conditions. The numerical model includes the magnetic field
as afunction of elevation above the cathode surface from the ANSY S code. Due to the 2-D
nature of our field, the field strength used in our calculation is gpproximated 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 = 9.8
cm. Similar calculations were performed for D = 6.6 cm. The caculated resdua energies
for 500 eV primary electrons are shown in figures 9 a), b), ¢) and d) as a function of
elevation above the cathode for the Bohm transport assumption, with and without the
ambipolar congtraint and with the temperature set to one-haf the primary electron energy.
Each figureis for adifferent neutral density: 1.1 x 10*, 3.6 x 10** , 3.6 x10* and 10.8 x
10" cm®, corresponding to gas pressures of 0.3, 1, 10 and 30 mTorr. For al pressures,
“pure’ Bohm diffusion without ambipolar constraint at the boundary is too rapid to explain
electron energy lossrate that is required to sustain the discharge. For a gas pressure of 30

mTorr, 10 mTorr, ambipolar-limited Bohm transport resultsin energy lost within ~0.1 cm

15



of the cathode, a distance on the order of plasma sheath. This distance is physicaly

unreasonable since it is shorter than p,. For cases where transport is slow, ionization will

occur at + p,.

At 1.0 mTorr, the distance for electrons lose their energy is substantiadly larger,
about 2 cm. However, a a experimental value of minimum operating pressure of 0.3
mTorr, the primary electronslose only ~ 85 €V if the ambipolar-limited Bohm transport is
operable, not enough to sustain the discharge. This aomic modd is very smple. For
example, it does not contain metastables which might increase the ionization rate
sufficiently to alow the ambipolar-limited Bohm model to fit the experimental results.

Low pressure simulations were performed for higher energy primary electrons.
FIG. 10 showsthe results for 900 eV primariesat 0.3 mTorr. At the critical length L = 6.3
cm, primaries can lose only about 50 eV for Bohm type of diffusion with the ambipolar
constraint.

A smilar set of runs was made for collisonal transport, see FIG. 11. At a gas
pressure of 0.3 mTorr, the result is smilar to Bohm type. Because the collisiona limited
diffusion gives the lower limit in transport speed for any transport process, this result
leaves adilemmato be resolved, by amore realistic model including higher dimensions and
more detailed atomic physics.

One attempt, which can not be justified by sound physical reasons but simply
allows a concrete numerical estimate of the required transport rate, was through using
Bohm diffusion coefficients with bulk electron temperature up to about 7.2 eV, so-cdled
“cold’ -Bohm diffusion. For this, residual energies of the primaries were reduced to about
120 eV at the critical length, FIG. 12.

A summary comparing these results with the experiment is in TABLE Il. “Yes’
means that adequate energy loss within the observed distance is predicted by the code to

match the experiments.
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V. Hollow-cathode effects
Built upon the results of the diffusion model, this section starts with a statement of
the sufficient condition to sustain a discharge, i.e., the generation of sufficient secondary
electrons at the cathode to replenish those lost by transport. Hollow-cathode effects such as
improvements upon ion-collection efficiency is estimated. An explanation for the critical

length, which is related to lower operation pressure, for aHCM is obtained.

A. A sufficient condition
HCM plasmas, smilar to PSM ones, are sustained by primary eectrons which
originate from ion- and photon-induced secondary electron emission by the cathode. The
secondary electrons are emitted with initiad energy of about 5 eV. When secondary
electrons move across the cathode sheath, they become energetic primary electrons whose
energies mostly come from the cathode bias, typicaly 400 to 900 eV in these HCM
experiments. These primary electrons create additional so-called ultimate eectrons by

ionization of the working gas. The ultimate electrons have a quasithermal distribution with

a temperature near 3 ev.” A steady-state HCM discharge replenishes energetic primary

electronslost by transport to the anode and by energy loss (via ionization, excitation, elastic
scattering, or particle-wave interactions) into the distribution of ultimate el ectrons.
For each primary eectron lost, the number of ion-electron pairs created, Nj, is

described by

X
N; = I noo;dy
0 : (24)

where ng is the neutral gas density and o; is the (energy-dependent) cross section for

ionization. The integration is aong the trgjectory of the electron. x is the called the path

length of the primary electron, which is the length of the actua electron trgectory, not the

17



guiding center, that starts from where the electron is born (cathode) to where the electron

disappears (such as the anode).
Similarly, the number of energetic (UV) photons created Np, at frequency v is

X
Npy = [ngoy,dy
0 , (25)

where 0, isthe excitation cross section.

A sufficient condition for steady-state in a HCM plasma is the replenishment of

primary electrons described by
WG + 3 yyNp G, =1 (26)
0 :
where the summation is over the different frequencies of the energetic photons emitted. G
is ion-collection efficiency of the cathode, Gy is the photon-collection efficiency of the
cathode for photon frequency v, y isthe secondary emission coefficient for an ion striking

the cathode, and y, is the secondary emission coefficient for an photon striking the

cathode. For Ar* striking Cu, the value of y is~0.05 from 0to 500 V and then rises

linearlyto0.1at 1 keV.™ For the Ar resonance lines (916.7 and 1085.7 A°), the value of

y, isnearly constant a 0.1; for the 1199 A° resonance liney,, drops to 0.04.%° From

these, we estimate the ratio R, = N/N, ~ 0.5, i.e., about twice as many UV photons are

created as ion-electron pairs due to the ratio of ionization to excitation cross sections. G and

Gy are positive quantities that are equal to or lessthan 1. Increases of G and Gy are readily

expected due to the change in HCS geometry, discussed in section V. B.

Inserting  Eqns (24) and (25) for N, and N, yields the condition sufficient for

steady State:
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0 X X U
NoyGfoidy + 3 y,G, Jo,dyn=1
H'GO 1% 0 E . (27)

B. Collection efficiencies
The HCSincreases the ion and photon collection efficiencies, G and G,. An ion or
photon born within the plasma may move in any direction, depending upon its arbitrary
initia velocity vector. Without a HCS, many ions and photons do not reach the planar
magnetron cathode and are lost without creation of secondary electrons. For an ion (or
photon) born a a position (rg, 0, Zg) in cylindrical coordinates from the cathode, the
probability of its reaching the cathode, or the cathode collection efficiency is determined by

solid angle of the cathode subtended from that position:

12 R Zordr
G_erde S 2 o TR (28)
0 0 (Zo +r§ +r —2rrocose)

Here Ry = D/2isthe inner radius of the HCS. For ry = 0, the integration can be worked
out analyticaly as

G=lp-_ %

2 (Zg N |%)1/2]'

For Zp<< Ry=4.9 cm, G = 50%. For Z5=1.5 cm, G = 35%. For rg other than zero, the

(29)

integration can be calculated numerically. For example, Ry = 4.9 cm, ry = 2.0 cm and
Zp=1.5cm, G = 33%.
InaHCM, those ions (and photons) which reach the HCS will produce additional

secondary electrons. The increase in G (G) is determined by the solid angle of the HCS

subtended at where the ion (photon) isborn, as illustrated in Fig. 13. The tota solid angle

determined by areas of the HCS and the cathode with respect to the position of theion Gis
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. 2n Ry _
G=1—i;d9; (L —=Zy)rdr

3/2
4Ty 0 ((L—Zo)2+r02+r2—2rrocose)

(30)

where L isthe HCS length. Again for ry = 0, the integration can be solved analytically as

0 O
é:%H-"' L_ZZOZ:L/ZE (31)
d [-202+R] H

When Zp<< Ry = 4.9, L =6.9 cm, G = 91%. The net increase in collection efficiency

dueto HCSis AG = G - G = 91% - 50% = 41%. For Zy = 1.5 cm, AG = 52%. For 1y
other than zero, the integration can be calculated numerically. For example, ro = 2.0 cm and
Zp=15cm, AG = 51%.

Numerical calculationsof G and AG dependence upon the ion elevation above the
cathode are shown in FIG.14af. In the calculations, L = L= 6.9 cm are used. FIG. 14a-
carefor Ry =4.9 cmandionradius ry = 0.0,2.0, and 4.0 cm, while FIG. 14d - f are for
Ry =3.3cmandionradius ryp = 0.0, 1.5, and 3. FIG. 14a- carefor Ry = 4.9 cm and
ionradius ry = 0.0, 2.0, and 4.0 cm. These values of L, Ry, rg and Z; are typica for our
HCS configuration.

From the numerical result, we see that HCS has a collection efficiency ranging from
40 - 80%, while the cathode has one ranging from 10 - 50 %. From our earlier
measurements' of current distribution between cathode and HCS, for pressures greater than
10 mTorr, the total current from HCS accounts for only about 15% of the total cathode
current, or the ratio of the HCS current to that of cathode is 20%. To explain the
experimental data, knowledge of the number of ionization as a function of position is
needed, in addition to the collection efficiency. FIG. 15 shows a distribution of ionization
events from the 1-D diffusion mode for high pressure of 10 mTorr and low pressure of

0.3 mTorr. At pressure of 10 mTorr, ions are mostly created within a distance of 0.1 cm,
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the same order of magnitude as the cathode sheath. Because such an ionization region is
close to the cathode, sheath dectric field is probably important to modify the ions from a
simple isotropic distribution once they are created. They will preferentialy goes to the
cathode, that is probably why the side wall current is only about 20% of the cathode
current. However, information about electric field is needed to determine the anisotropy of
the ion motion. At lower pressure of 0.3 mTorr, the ionization events happens everywhere
along the HCS, number of ionization event drop dramatically at a distance of about 1.0 cm
according to FIG. 14, we expect that HCS will collect more cathode current than at higher

pressures, as observed experimentally.

C. Critical Length Lg
The previous sections showed that the addition of HCS to a PSM: 1) provides an
electrostatic barrier for primary electrons following magnetic field lines that intersect with
HCS; 2) provides primary electrons an additiona drift length to slow down and deposit
their energies through collisions with neutrals; and 3) improves the collection efficiency of

theions and UV photons. All these effects may contribute to setting the value of Lg.

Consider the magnetic field distribution first. In a HCM there is an aea

surrounding the cathode center, 0 < r < rg, FIG. 7, where the magnetic fidd is
perpendicular to the cathode surface and whose field lines do not intercept the HCS. There
E // B and primary electrons are lost in their first transit (10”7 sec) to the vacuum chamber

wall. All other field lines intersect the HCS or cathode. Primary electrons originating from r

> r, are electrostatically confined by the HCS. To obtain a value of rg, we choose a length

for each HCS diameter, and then follow afield line from the remote edge of the HCS to the
cathode, see FIG. 6. In thisway, we see how r, varieswith L and D. This, however, does

not give insight to what relatesr, to L,..
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In section I11. A, we discussed how the electron magnetization length depends on
discharge pressure. At lower pressures, eectrons are magnetized farther away from the
cathode surface compared with that at higher pressures because of less collisions with

neutrals. Primary electrons are magnetized up t0 Zpag= 6.25 cm for D = 9.8 cm and
Zmag= 540 cm for D = 6.6 cm. These numbers give a clear physica link to the

experimenta critical length data. Extension of the HCS to a length longer than Z
essentially operates the discharge far away from the cathode in a low-aspect-ratio
unmagnetized hollow-cathode discharge mode.

In section IV, we have modeled the primary electron diffusion out of the discharge
system. The model shows that a pressures of more than 1 mTorr, ambipolar-limited
diffusion processes can slow down primary eectron diffusion, promoting rapid energy
lossfrom their initial ~500 eV value to bulk electron energy of afew eV within a distance
of 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 to
create sufficient ionization events to sustain the discharge. The critica length is set by the
diffusive loss rate. The diffusive loss rate depends on magnetic field. Among the various
diffusion mechanisms discussed, ambipolar limited Bohm diffusion with a rate determined
by the bulk electron temperature up to 7.2 €V can explain the critica length as observed

experimentally.

VI. Summary and Conclusion
Through measurements of HCM VP characteristics as functions of HCS
dimensions, we have identified acritical length Lo for fixed HCS inner diameter D beyond
which hollow-cathode effects are most strong and substantially lower pressure operation is
possible.
The pattern of cathode erosion due to ion bombardment can be explained by the

PSM modd for HCM pressure greater than 10 mTorr. However, a low pressures
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accessible only to HCMs, a larger cathode erosion area, as observed experimentaly, is
expected.

Hollow cathode effects on the ion and UV collection efficiency are estimated from
the solid angle calculations. 40 - 80% collection efficiency increase due to HCS are
expected depending on the ion birth position. It’s necessary to have better knowledge of the
eectric field distribution in aHCM to explain the current distribution between HCS and
cathode. Because electric field affects the primary electron drift motion, and aso modify the
motion of ions.

The minimum operating pressure is related to the primary electron energy
deposition in the plasma. The energy deposition is set by the electron transport. Electron
transport mechanismsin the non-uniform HCM magnetic field are discussed. The basdline
diffusion transport speed as determined by collisions does not give enough number of ion-
electron pair creation as observed experimentally, therefore, further study is necessary. An
attempt -without physical judtification- was to use Bohm diffusion coefficient with bulk
€electron temperature, can adequately describe the data in al pressure ranges. An ambipolar
constraint to transport is both physical and of the right magnitude to explain most results.

The existence of acritical length Lo for sub-mTorr operation is discussed based on

primary electron motion in the magnetic field configuration. Collisions with neutrals, and

therefore gas pressure, is important to affect the value of Lo, Lo can be explained by

magnetization length of the electron.
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TABLE .I.Dimensions of HCS Studied. L isthe length of aHCS, D isthe diameter of a
HCS, see FIG. 1.

L(cm 216 108 8.1 5.7 2.5 216 10.7 45 2.5
D(m) 9.8 9.8 9.8 9.8 9.8 6.6 6.6 6.6 6.6
Ra= 2.2 11 083 058 025 33 1.6 0.68 0.38

L/D

TABLE I1. comparison of results using different diffusion models with experimental data.

500 eV 900 eV
1, 10, 30 mTorr 0.3 mTorr
pure Bohm’ No No
Bohm + ambipolar yes No
collisional No No
collisional +ambipolar yes No
cold Bohm’ + ambipolar yes yes
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Caption for thefigures:

Figure.1. Scematic of the HCM configuration showing definitions of cathode length L and
diameter D.

Figure. 2. VP curvesfor fixed cathode currents. L = 10.8 cm, D = 9.8 cm, Ar discharge.
Figure. 3. Comparison of VP curvesfor D = 9.8 cm, Ar discharge, | = 300 mA.

Figure. 4. A HCS critical length Lo = 6.9 cm was found for both Ar and N2 discharges
when D = 9.8 cm. Cathode current | = 300 mA.

Figure. 5. A HCScritical length Lo = 3.5 cm was found for both Ar and N2 discharges
when D = 6.6 cm. Cathode current | = 300 mA.

Figure. 6. Extended magnetic field configuration of the HCM.

Figure. 7. Detailed HCM magnetic field configuration, showing the definitions of different
regions on the cathode surface.

Figure. 8. Magnetization distance of energetic electrons. Regions below the curves are
where the primary electrons are magnetized.

Figure. 9. Caculation of the residual energy of electrons as afunction of elevation above
the cathode. Bohm and ambipolar-limited Bohm transport were modeled for electrons
with initial energy of 500 eV. Energy lossis by ionization and excitation. Four different
pressures were modeled. a) 30 mTorr, b) 10 mTorr, ¢) 1 mTorr, d) 0.3 mTorr. Gyroradius
effects are not included.

Figure. 10. Calculation of the residual energy of electrons as afunction of elevation using
Bohm and ambipolar-limited Bohm transport for electrons with initial energy of about 900
eV at 0.2mTorr.

Figure. 11. Calculation of the residual energy of electrons as afunction of elevation using
collisional diffusion for electrons with initial energy of about 900 eV at 0.2 mTorr.

Figure. 12. Calculation of the residual energy of electrons as afunction of elevation using
Bohm diffusion at bulk electron temperature for Electrons with initial energy of about 900
eV at 0.2mTorr.

Figure. 13. Increasing utilization of ionsin aHCM, dueto aincrease in solid angle of Q,
which is determined by the position where theion is born, and the area of the HCS.

Figure. 14. Calculation of ion and photon collection efficiency by HCS and cathode
respectively, assuming solid angle effects only. Electric field effects are not included.

Figure 15. lonization events as a function of elevation for low and high pressures.
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FIG. 1. A HCM configuration with definition of cathode length L and diameter D.
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FIG. 2. VP curves for fixed cathode currents. L = 10.8 cm, D = 9.8 cm, Ar discharge.
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FIG. 3. Comparison of VP curves for D = 9.8 cm, Ar discharge, I = 300 mA.
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FIG. 7. Definition of different regions on the cathode surface.
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