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The electron velocity distribution function is measured for B&B (azimutha) direction in a
cylindrically symmetric, planar, sputtering magnetron discharge as a function of height above the
cathode. Near the cathode, the distribution function is approximately a warm Maxwelli@an (
~2 eV) shifted in theE X B direction, indicating a strong azimuthal drift. Farther above the cathode,
the distribution function is characterized by a colll£0.5 eV), Maxwellian bulk with energetic,
asymmetric tails. ©1998 American Vacuum Socief$s0734-210098)05304-4

[. INTRODUCTION IIl. APPARATUS

In a magnetron discharge, crossed electric and magnetic Measurements were made for a cylindrically symmetric,
fields, E and B, respectively, confine electrons in closed ~Planar magnetro(i76.2-mm-diam cathodéhat has been de-
X B drift loops near a negatively biased cathode tatdet. scribed elsewheréThe magnetic fieldFig. 1(a)] is domi-

Here, E is provided by the plasma sheath and presheatnated by the dipole moment of an outer magnetic ring, so

while B is produced either by permanent magnets or currentJE at field lines above the magnetic trap region are predomi-
. P! eroyp 't mag nantly in the axial direction. This magnetic configuration is
carrying coils. The confined electrons ionize neutral gas at

. ; . o i classified as a type Il unbalanced magneftam that the
oms, creating a region of intense ionization adjacent to th%Iominant electron losses are axial rather than radial. The

cathode. lons born in the electron trap region are then accelpagnetic field in this device is tangential to the cathode at a

erated by the plasma sheath to the cathode tdiges are  yadjusr =17 mm[B, =245 G, Fig. 1b)], and this is where

essentially unmagnetizgdand impact there with several the etch track is deepest.

hundred electron volts of energy, sputtering atoms from the For the measurements reported here, we use a one-sided

target and causing secondary electron emission. The seconglanar Langmuir protfe(3.4-mm-diam to deduce the re-

ary electrons are accelerated back into the magnetic trap reluced electron velocity distribution functiog(v,) in the

gion, helping to sustain the discharge. azimuthal direction. At any point in space the electron dis-
The presence of an electrdix B drift has been inferred tribution function f depends on three orthogonal velocity

experimentally in several ways: through the difference incomponents, i.ef=f(v,,vy,v,), where ¢,0,2) represents

current collected by one-sided Langmuir proB@s{, changes three locally orthogonal directions rather than a global coor-

in the magnetic field above the dischafgend from the dis- ~ dinate system. Using a planar probe we measure the current—

tortion of cylindrical probe characteristiésAn azimuthal ~ Voltage characteristic in the azimuthal directios., 6) and

electron drift has also been observed in Monte Carlo simuthéreby determine the,, dependence of the distribution

lations of electron orbité. Though these observation confirm function.. In other Wordsf(”f ’V(*:Vz) is reduced t@(v,) by
that anE X B drift is present, they suffer from the deficien- integrating over the two directions orthogonal to the probe

cies that they are indirect, and that they do not provide de[ace, .e.r andz, giving

tails about the electron distribution function. o o
In this article, we use a one-sided, planar Langmuir g(va)=f dvrf dv,f(v,,vg,v,). )
probé to directly measure the electron velocity distribution o o
function in theEX B (azimutha) dlregtlon in a cylindrically _The positive- and negative-velocity halves gfv,) are
symmetric, planar magnetron. We fmd_ a strong electron driffound by measuring the current—voltage characteristic in an-
near the top of the magnetic trap, while outside the trap theiparallel directions, wherg(v,) is recovered from the first
distribution function is seen to have cold Maxwellian andderivative of the probe characteristifor more details see
energetic tail components. In Sec. I, the magnetron and diRef. 6).
agnostics are described, and results are presented and dis-The “first derivative” method outlined above makes
cussed in Sec. lll. Conclusions are given in Sec. IV. fewer assumptions about the distribution function than other
analysis techniques. For example, in the most common pro-
dpresent address: Space Plasma and Plasma Processing Group, Plasmag@dure a distribution function is assumedsually, a station-
search Laboratory, Research School of Physical Sciences and Engineeringry Maxwellian and plasma parameters are found by fitting
Australian National University, Canberra, Australian Capital Terri- a predicted characteristic to the probe daihile. if the
tory 0200, Australia. Electronic mail: terry.sheridan@anu.edu.au « P o . P o
bpresent address: Princeton Plasma Physics Laboratory, P.O. Box 4515€cond _der_|vat!ve methOd IS used to measure the electron
Princeton, New Jersey 08543. energy distribution function, isotropy is assumed. Such as-
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Fic. 1. (a) Magnetic-field configuration in the—z plane and(b) z depen-
dence of magnetic-field componers andB, for r=17 mm. The magne-
tron is a cylindrically symmetric, planar device with the cathode-a0.
Crosses ina) mark the locations where the azimuthal electron distribution

function is measured.
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Fic. 2. Reduced electron velocity distribution functiongv,) at r
=17 mm for heightz=15, 20, 25, 30, 35, and 40 mm above the cathode.
The abscissa is logarithmic. Each distribution function begins &is1a *

at the position indicated on thg axis. An EXB drift is clearly seen ag
=15 mm.

muthal direction at a radius=17 mm (above the deepest
part of the etch tragkand for six heights above the cathode
z=15, 20, 25, 30, 35, and 40 mm, as shown in Fi¢g).1
Unfortunately, it was not possible to make measurements
nearer the cathode, as the presence of the probe caused a

sumptions make sense at high pressures where the electrlge decregsel in th? discharge curre{.mhis (_)bserva_tion
mean-free path is short. However, they are not justified irRgrees qualitatively with Monte Carlo simulatiGrehowing
low-pressure, anisotropic discharges such as the sputteridfat the trap region extends 10 mm above the cathode.

magnetron.

Once the reduced distribution functiar(v,) has been
determined, moments can be compuftédcluding the elec-
tron densityn,, the azimuthal drift velocit v,), and the
average electron energy, IM?.vﬁ). The azimuthal current
density isJ,=eng(vy). When the distribution function is

Note in Fig. 1 thatr=17 mm, z=15 mm is almost on the
magnetic “separatrix,” i.e., forz=15 mm, magnetic-field
lines begin and end on the cathode, giving a rough indication
of the trap region, while forz=15 mm, magnetic-field lines
connect the cathode to the anode, allowing energetic elec-
trons to escape axialfy.

non_Maxwe”ian, as will be the case here, the average ran- The measured electron VelOCity distribution functions
dom energy can be related to an “effective temperature” byd(v,) are shown in Fig. 2, where positive velocities are in

Ter=m(v—(v) )k

lll. RESULTS

the EX B drift direction and the vertical axis is logarithmic to

bring out detail in the tails. A shifted-Maxwellian curve is

used to interpolate the distribution functfoaroundv,=0.
The most striking feature of the distribution function near-

A copper cathode was used with Ar gas at a pressure dést the cathodez& 15 mm) is a clear drift in th&EX B di-

1.0 Pa. The discharge voltage wa<l00 V dc, and the dis-

rection. Here, the distribution function consists of a warm

charge current was 51 mA, giving a current density at theMaxwellian (T~1.9 eV) shifted in the positive direction by
cathode of~46 A/m?. Measurements were made in the azi-the EX B drift. The distribution function is asymmetric about

J. Vac. Sci. Technol. A, Vol. 16, No. 4, Jul/Aug 1998



2175 Sheridan, Goeckner, and Goree: Electron velocity distribution functions 2175

8 . 600 .
(a) (c)
500
6 —
«I’a“ 400
I &
S
)
2 a4t < 300 |
z -
& 200 |
2 -
100
0 | | | 0 |
6 T T T 2.5 T
(b) (d)
5 5 |
@ 4r
€ ~ 151
S 3t 3
= [
T 1+
Z 2|
1L 05
0 ! ! L 0 I ! |
0 10 20 30 40 0 10 20 30 40
z (mm) z (mm)

Fic. 3. Axial dependence of thé) electron densityn,, (b) average azimuthal velocityv,), (c) azimuthal current density,, and (d) the electron
temperature. Here,, is the total electron density computed by integratirfg,), Ny is the density of the fitted Maxwellian componefi; is the effective
temperature found from the second moment of the distribution functionTgpdis the temperature of the fitted Maxwellian.

its peak, with a small tail in the negative-velocity direction main axial flowf—the scattering cross section in Ar is largest
that may be due to backscattered electrons. The drift velocitat ~10 eV, while the electron distribution function is cutoff
of the distribution found from fitting the shifted Maxwellian above the inelastic threshold so that electrons with energies
is 6.0<10° m/s, while that found by integrated is (v,) just below that threshold should be scattered preferentially.
=5.2x10° m/s, which is slightly smaller due to the The shoulder on th&Xx B side of the distribution is always
negative-velocity tail. If we assume thgtis in thez direc-  higher than that on the opposing side, giving a small residual
tion, then the magnitude of tHexX B drift in the 6 direction ~ EX B drift. For larger values of the asymmetry seen in the
is E,/B, where B,~0.0040 T [Fig. 1(b)] implying E, tails of the distribution may be due to energetic electrons
~24 V/cm. For comparison, using a cylindrical proks r scattered out of the trap since elastic scattering is predomi-
=19 mm andz= 13 mm and for a lesser pressure of 0.42 Panantly forward.
a drift velocity of 1.34x 10° m/s was inferred, indicating that Both the total and bulk electron densities decrease sharply
the drift velocity may increase as the pressure decreasesutside the trap region, and become nearly constant for
Such an increase has also been inférfasn changes in the  z=20 mm as shown in Fig.(8). Here, the bulk density is
magnetic field above the cathode, and would seem to indifound from the fitted Maxwellian(i.e., without the tailj
cate that the electric field increadge., the sheath growss  while the total density is found by integratig The total
the pressure decreases. density is only slightly greater than the bulk density, as the
Forz=20 mm, g(v,) consists of a cold, stationary Max- fraction of tail electrons is quite small. The valuemffound
wellian (T~0.5eV) with nearly rectangular taild=ig. 2). atz=25 mm is in good agreement with that calcul&t&dm
Here, the cold population most likely consists of electronsthe axial reduced distribution functiog(v,) at the nearby
trapped in the “axial” plasma potential well, as has previ- positionr =15 mm, z=25 mm, indicating that the measure-
ously been seen for measurements in zheirection® The  ment is internally consistentThe total density should be the
distribution function falls off rapidly above|v,~2  same irrespective of the direction for whighis measured.
X 1P m/s due to the removal of high-energy electrons above The average azimuthal drift velociffFig. 3(b)] is largest
the inelastic threshofdfor Ar (11.55 eV or 2.0% 10° m/s). near the cathode, due to the strong asymmetgrronly for
Rectangular tails such as those seen here are consistent witl- 15 mm is the peak of the fitted Maxwellian shifted appre-
approximately monoenergetic electrons having an isotropiciably from zero. Foz=20 mm, the small drift velocity is
velocity distribution after “reduction” using Eq(1).2>!*1t  due to the asymmetry of the tails, rather than to a shift of the
may be that these electrons are scattered elastically out of thmilk.
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The azimuthal current densifl, [Fig. 3(c)] is the product may be misinterpreted as a stationary distribution with an
of the electron density and the azimuthal drift velocity, anderroneously high electron temperatdrét has previously
so is quite large nearest the cathode since both the electrdoeen reported that the electron temperature increases as pres-
density and the drift velocity are greatest there. The azisure decreasés approaching values as high as 20 eV in the
muthal current density then decays rapidly wites both the trap region. However, at least part of this apparent increase
density and drift velocity decrease outside of the magnetiéin temperature may be due to an increasing drift velocity.
trap region and , becomes approximately constant far above Finally, the EXB electron drift increases the ionization
the cathode. For=15 mm, J, is ~10 times larger then the rate above that due to a stationary Maxwellian of the same
average current density to the cathode, while farther from théemperature by raising the average electron energy, espe-
cathode the two quantities are comparable. cially closer to the cathode, where both the electric and mag-
The effective electron “temperatureT.; is computed netic fields are larger. This effect may contribute signifi-
from the second moment @f and is, therefore, sensitive to cantly to the overall ionization rate in certain regimes.
the tails of the distribution, while the bulk temperatdrg,,
is found from the fitted Maxwellian(Previously'? two elec- ACKNOWLEDGMENTS
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