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Plasma confinement in a mirror magnetic field was applied to the electron cyclotron resonance
(ECR) plasma enhanced dc sputtering discharge sustained at pressures befoal0on current
densities up to 12 mA/cfn plasma densities about #0cm™23 and electron temperatures about

25 eV were measured by a Langmuir probe. The cathode current was maximum when the ECR zone
was close to the cathodg <10 cm(measured from the center of the cathpd® mirror ratio

MR=3 was necessary for sustaining the discharge at simultaneously large microwave powers and
cathode voltages. An application of the system studied to the ion assisted deposition of metallic and
compound thin films with a controlled crystal structure is proposed.19®7 American Vacuum
Society[S0734-210(197)02004-4

[. INTRODUCTION for ECR sputtering. Such a system could provide a steady
) operation at very low pressures<10 2 Pa with a large ion
Microwave electron cyclotron resonan¢ECR) plasma  fiyx to a substrate. The microwave ECR discharge in the
enhanced sputterinhereafter abbreviated as ECR sputter-mjrror magnetic field has been used previously in the plasma
ing) is an advagced deposition technique developed during,sion research and for the ion sources. However, it is not
the last decad®:” lonization and excitation of the working  clear to what extent the presence of the cathode and of the
medium by a microwave ECR discharge result in low work-gpttered metal atoms will affect the discharge characteris-
ing pressures down t0X%610 2 Pa, large substrate ion fluxes tics.
of 1-10 mA/cnt and in a high reactivity of the molecular  The present article is devoted to the investigation of ECR
gas. A number of examples of the beneficial influence of theypyttering with plasma confinement in a mirror magnetic
microwave ECR plasma enhancement of the sputtering disield and a hollow cylindrical cathode located in the plane of
charge on the deposition of various types of thin films can b&ymmetry of the magnetic trap. The measurements of the
found in the literaturé: o cathode current and plasma parameters as a function of the
One of the advantages of ECR sputtering is the low workyjscharge parametergcathode voltageU,, microwave

ing pressure. A good confinement of plasma electrons alongowerpw argon pressurp, spatial distribution of the mag-
magnetic field lines is crucial for the operation of the ECRgtic field are reported.

discharge at pressures of about #@Pa and lower. In prin-

ciple, the electrons can be reflected back into the plasma b|¥ EXPERIMENTAL DETAILS

a negative potential of an electrodelectrostatic confine- ] ) _

men) or by the forceF = — u.gradB (magnetic confine- A schematic pf th_e microwave ECR sputtering apparatus
meny, where u = %mevé/B is the magnetic moment of an vv_|th the magnetic-mirror plasma confinement is presented in
electron with the velocity ., , m, is the electron mass and Fig. 1. A_ water—copled st_amless steel_vacuurr_l champer of
gradyB is the gradient of the magnetic flux densBy The 135 mm in inner diamete(i.d.) was equipped with a cylin-

symbols| and_L denote vector components parallel and per-drICaI wateric(;cc))oled holllow csthogizvath a c_op_p(;ar_;[_?]rget. Th?
pendicular to the magnetic field. target was mm in length an mm in i.d. The part o

The configuration of the ECR sputtering which includesthe chamber between the flangeith a waveguidgand the

a divergent magnetic field and a hollow cylindrical cathode was apprpmmately 200 mm in Iength. . .
cathodé~3 employs a combination of electrostatic and mag- The m_agne_ztlc_ f'EI_d was produced b_y t\.NO identical C.O.”S'
netic confinementéEMCs) of electrons along magnetic field The spatla_ll Q|str|but|0n Qf the magnetic field was modified
lines. A confinement between two electrostatic mirrors isb%/ the \lia”?#]on ofkthe dlst_ancde Off coﬂ)sBand/orhpykthe fus_e
employed in the system with a planar cathode and a cylin9 a yoke. The yoke consisted of two 8 mm thick soft iron

drical cathode connected by magnetic field liRghis is in El.atef t_?ﬁt were plﬁced ?t thte m:cw?rr] side of tt.hef.c%lsd,_ste.e
principle similar to the magnetron, where a number of mag- g. 1. The main characteristics ot the magnetic Tield distri-
tion are the mirror ratioNIR), i.e., the ratio of the mag-

netic field lines crosses the same cathode. ECR sputteri L :
with a magnetron was also studi#d%’A pure magnetic etic field at the throat and at the bottom of the magnetic trap

field confinement in the mirror field has not yet been tested"Ind the axial d|stange of the ECR zone from the.center of the
cathodezgcg; see Fig. 1. BottMR and zgy are increased

dpermanent address: Institute of Physics, Academy of Sciences of the Czectn{ mcreafsm.g coil .dIStanC& or by using the yOke' A Iarg.er
Republic, Na Slovance 2, 180 40 Praha 8, Czech Republic; ElectroniéNiTor ratio is achieved for the sanzmcr when the yoke is
mail: misina@fzu.cz used.
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Fic. 1. Schematic of the ECR plasma enhanced dc sputtering apparatus with magnetic-mirror plasma confinement. An axial distribution of the magnetic flux
densityB at the axis is shown in the upper part for coil currept 420 A and coil distance =35 cm.

Microwaves of 2.45 GHz frequency and up to 1.3 kW argon flow. The values given in this article refer to the read-
power were launched into the plasma along the apparatuegs of the ionization gauge prior to the ignition of the dis-
axis by direct coupling of a rectangular waveguide with thecharge. The actual pressures in the discharge region could
vacuum chamber. The microwave transmission line condiffer considerably from these values due to gas heating,
sisted of a magnetron, a ferrite isolator with a dummy loadenhanced desorption and burnout of the gas in the
an E-H tuner and a quarter-wavelength transformer to a naplasma:®*® As we had no control over the gas pressure in
row waveguide followed by an E corner that coupled thethe region of discharge, only these nominal values are given.
waveguide to the vacuum chamber. A quartz window be- An axially and radially movable planar Langmuir probe
tween the transformer and the E corner was used to seal thveas used for measurements of plasma paramépasma
vacuum. An E corner of the 104 mib4.6 mm cross section and floating potentials, plasma density, electron tempera-
was used in first experiments. In this case the quartz windowure). The probe consisted of the tip of a molybdenum wire
was screened from atoms sputtered from the cathode; hov? mm in diameter, shielded by a ceramics tube. The probe
ever it was covered by the material from the inner wall of thewas constructed in such a way that measurements could be
waveguide sputtered by the plasma ions accelerated in thmade during deposition of the metal films. An electrically
gradient of the magnetic field and in the plasma sheath. Nfloating metal plate with a slot for the Langmuir probe was
deposits were observed on the quartz window after manysed for the radial distribution measurements of the plasma
hours of operation after replacing the E corner with a narronparameters. The metal plate stabilized the plasma which was
104 mmx 13.1 mm cross-sectional one with a double bendonly slightly affected by the probe position as confirmed by
The incident microwave power was inferred from the anodea minor variation of the reflected microwave power and of
current of the magnetron while the reflected power was meahe cathode current with the radial position of the probe.
sured by a crystal sensor attached to a directional coupler in
the side branch of the ferrite isolator. Ill. RESULTS AND DISCUSSION

The vacuum chamber was evacuated by a turbomolecul
pump (500 //s) to the base pressumy=<1.5x10 * Pa. The
discharge was operated in argon at pressures ranging from Operation of the ECR sputtering discharge was possible
4x10 2 Pato 210 ! Pa. The pressure was adjusted by thein the pressure range fromx410™ 3 Pa to 2x 10" ? Pa. The

r.. .
6}5\. Discharge characteristics
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Fic. 2. The microwave power-cathode voltage parameter space of the self- microwave power [W]
sustained discharge fpr=5x 102 Pa and two mirror ratiodylR=2.3 and
MR=2.9. The substrate holder was not in the vacuum chamber.
100 -
Up
ECR discharge was generally not self-sustained at lower 80 -
pressures, although under some conditions we obtained dis- 60 4
charge even fop<4x10 2 Pa. However, in these cases %
a faint light emission from the plasma seemed to originate = 40 4 U
from a narrow channel around the device axis and only small £ 20 f
cathode currents of about 10 mA were measured. This is not < ]
enough for an efficient sputter deposition and therefore we 0 -
did not pay more attention to this plasma mode. A micro-
wave breakdown occurred inside the vacuum part of the -20 T T T 1
waveguide at pressures higher thax 20 2 Pa. Most of 0 200 400 600 800

microwave energy was then absorbed before entering the dis-
charge chamber and, consequently, the cathode current was
again too small. Fic. 4. Plasma density, electron temperature, plasma and floating potentials

In the test without the substrate holder in the vacuumnes a function of microwave power measuredzat3 cm andr=0 cm for
chamber it was found that the discharge is not self-sustaingde=0 V. P=5310"% Pa,zgcq=10 cm andMR=2.9.

when large microwave powers and large cathode voltages are

used simultaneously. This is quite opposite to the case Qfggion of the self-sustained discharge in the microwave

EMC, where at pressures Iower_than‘f(Pg the discharge is hower-cathode voltage parameter space moves to higher val-
self-sustained only when a sufficiently high negative bias ig,eg with increasing mirror ratiMR; see Fig. 2. The values
applied to the cathod®.In the present case, the border of the of P, andU4 which are available foMR=2.9 already en-

" .

microwave power [W]

able sputtering with a reasonable deposition rate. Moreover,
the discharge became self-sustained uf’te=1.3 kW and
800 Ug=1 kV (maximum outputs of the sources used in the
v=35 cm, yoke . experiment when an electrically floating substrate holder
substrate holder: | w e ="= g% was placed close to the ECR zone, further distant from the
6007 z=taem = == =735 cm, yoke microwave launcher, see Fig. 1. The cathode current also
SRR :Zj‘; o was increased in this case; see Fig. 3. On the other hand, the
400 . - discharge was extinguished by a positive lesout+25 V)
oz of the substrate holder.
200 _e All these phenomena can be explained by changes in the
o mae confinement of plasma electrons:

cathode current [mA]

(1) With increasing microwave power the electron tempera-
ture increases; see Fig. 4. Larger electron temperature
results in larger diffusion coefficients of electrofgsg.,

Dg=KkT/16B for the Bohm diffusion across the mag-

Fic. 3. Cathode current as a function of the coil currentder5x 102 Pa, netic field, i.e. the losses of electrons increase.

Uy=300V, P#:200Wa_nd_var|ous configurations of magnetic coils. From (2) The electrons are confined in the plasma also thanks to

the uppermost curve: coil distance=35 cm, yoke, substrate holdésH) at . . "

z,=12 cm;v =35 cm, yoke, without SHy =40 cm, without SHp =45 cm, the _potentlal well, i.e. by the large positive plasma po-

without SH. tential Uy, . U, ~60 V was measured by the Langmuir

90 330 200 450 500 550
coil current [A]
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Fic. 7. 1-V characteristics of the ECR sputtering discharge for
ltage [V
cathode voltage [V] p=5x10"2 Pa, variousP , , Zgcg=10 cm,MR=2.9 andz,=12 cm.

80 . . . . . .
proved by increasing the mirror ratio or by inserting an
60 electrically floating plate which reflects all the electrons
_ U, with the parallel component of energy smaller than
S 40 ’ e(Up—Uy), wheree is the electron charge ardy is
% the floating potential.
[0]
3 20 The efficiency of the method for sputter deposition was
0 characterized by measurement of the cathode cutigat
U a function of process parameters: magnetic coil curtgnt
20 4 : . . . f : cathqde voltag@Jq, pressurep and.microwave powerP, .
0 100 200 300 400 500 | y increases with increasing until I .=1., and then satu-

rates; see Fig. 3.;,; is a function of the magnetic field dis-
tribution. We compared various parameters of the magnetic
Fic. 5. Plasma density, electron temperature, plasma and floating potenti field distributions forl =1, : the magnetic flux densities at
as .a .function of cath)gde voltage m?easuredégg cm andr=0 cr?1 Flzor a{ﬁe bOtt,om, and at the throat O_f,the trap, the ,gradlent of the
P,=200 W,p=5xX 10" Pa, zgcr—10 cm andMR=2.9. magnetic field at the ECR position and the distanggs of

the ECR zone from the center of the cathode. Among those

parameters it was the distanzg-k that exhibited the small-
probe. This positive plasma potential decreases with inest scattering being 10—11 cm in three cases and 7 cm in one

creasing negative bias of the cathodelg~40 V (see case’! We conclude that smaltgcg<10 cm is the most

Fig. 5 and the electron losses increase again. relevant condition for achieving the maximum cathode cur-
(3) In the mirror machine of the present geometry the electent.

trons escape from the plasma mainly along the chamber |4 as a function oP, or Uy can be described in a similar

axis, i.e., along magnetic field lines. Confinement is im-way; see Figs. 6 and 7: first a rapid increase vith (U)
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Fic. 6. Cathode current as a function of the microwave power forFiG. 8. Cathode current as a function of the argon pressure §er400 V,
p=5%x10"2 Pa, variousJy, Zgcg=10 cm,MR=2.9 andz,=12 cm. P,=100 W and 300 Wzgcg=10 cm,MR=2.9,2,=12 cm.
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Fic. 9. Plasma density and electron temperature as a function of axial posi '6'
tion z for Uy4=0 V, P,=200 W, p=5x10"° Pa, zgcg=10 cm and 5 20 4
MR=2.9. g
g 600V
[
increasing up to 300 W200 V), then a much smaller in- g 10 1
crease or even saturatiohy varied only slightly with the B
pressure; see Fig. 8. 2 0
B. Langmuir probe measurement of plasma 0 1 2 3 4 5
parameters radius [em]
Floating and plasma potentidl;; andU,, electron tem-
peratureT, and plasma density,, were measured by means 80 -
of a plane Langmuir prob@.P) for 5x 10~ 2 Pa pressure and )——O\O_B—dio’\é/o
for the magnetic field configuration which was characterized 60 ﬁ
by zecg=10 cm andMR=2.9. Plasma density was inferred . Uy
from the saturated ion current densify, and T, using the = 40
equationn, =il (m;/kTe)"¥e, wherek is the Boltzmann 8 BEPTTYY
constant andn; is the ion mass. £ 20-
The axial distributions ofT, and n,, confirm that the a 0V A U
plasma is confined between the ECR zones as was reports 0
by Arata et al;?? see Fig. 9. The absolute values of 600 V
Ny~10" cm™3 and Te~15-20 eV are smaller and larger, o0

respectively, than the values reported by Junck and &etty
for the magnetic-mirror confined plasma and the same pres ’ 0 1 rgdius [Cn"f] 4 5
sure and microwave power as in the present experiment.

The comparison of the radial distributions of,, T, . _ _

Ug and Upl for Ug=0 V and 600 V at the axial position Fic. 10. Plgsma den§|ty, eleitron temp‘irature,glasma arld floating potentials

_ - . . . . as a function of radius for=12 cm, p=5x10"° Pa, P,=400 W, two
z=12 cm is presented in Fig. 10. The negative bias of th§ ¢ o the cathode voltadd,=0 V' (open symbolsand Uy=600 V
cylindrical cathode results ifi) reduction ofU, from about  (solig symbol, zecr=10 cm andViR=2.9.

+60 V to +30 V; (ii) decrease off ., which is especially
large at large diametens=3 cm, where the electrons are
probably cooled down by collisions with sputtered atoms;can be then ascribed to the action of secondary electrons
(iii) homogeneous distribution of,, for radiir<3 cm; and  from the cathode. Note that the dc power dissipated at the
(iv) a sharp, large peak of,; atr=3.5 cm with its value at cathodePy,=600 W is larger than the microwave power
the maximum twice as large ag, for r<3 cm. The location P,=400 W.
of this peak at =3.5 cm andz=12 cm is connected along The radial distributions ofi, and T, for Ug=0 V with
a magnetic field line with the cathode surface, whose posithe maxima off the axis reflect the radial distributions of the
tion is given byr =5.5 cm and-5 cm=z<5 cm. As plasma ionization rate and electron heating due to the absorption of
transport occurs mainly along magnetic field lines, the peaknicrowaves. The distribution of microwave power density
of np measured by the LP at=3.5 cm shows an increase of with a minimum at the axis is a consequence of the depen-
ny in the vicinity of the cathode. This means that a dcdence of the refractive index of microwaves on the plasma
discharge sustained by the microwave plasma has probabdlensity and, possibly, the occurrence of the plasma reso-
developed. The increased plasma density near the cathodance absorption of the microwav&sThe plasma density is

J. Vac. Sci. Technol. A, Vol. 15, No. 4, Jul/Aug 1997
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15 - cylindrical hollow cathode is characterized by low working
P, W] pressures 510 3 Pasp<2x10 2 Pa, cathode currents
up to 1 A and high ion fluxes to the substrate up to
800 12 mAJ/cn?. These characteristics predestine this process for
10{ 600 X—x—X"" ion-assisted deposition of metal and compound thin films
with controlled crystal structure.
400 Details of the operation of the sputtering apparatus were
200 +—+ investigated. It was found _that the cathode current is maxi-
54 100 mum when the ECR zone is less than about 10 cm from the
center of the cathode. The electron confinement worsens
with increasing microwave power and negative cathode bias
due to increasing electron temperature and decreasing
0 T ' T Y . plasma potential, respectively. In this way the discharge is
0 1 2 3 4 not self-sustained for large microwave powers and negative
cathode biases if the electron confinement along the mag-
radius [cm] netic field lines is not sufficient. The electron confinement is
improved by a largeM R and/or by a negatively biased sub-
Fic. 11. The radial di§t3ribution of the saturated ion current density atstrate holder. The discharge was self-sustained at least up to
z,=12 cm forp=5X10"~ Pa,U4=0V, zgcg=10 cm,MR=2.9 andP,, - - _
ranging from 100 W to 800 W. P,=13 kW andUy=1 kV for MR=2.9 and substrate
holder potentialJ ;< Uy .
Measurements of the axial and radial distributions of
the plasma parameters by Langmuir probe show that the

ion current density [mA/cm?]

just about the value of the critical plasma density
— 0 —3 H
Ner =710 cm? for the microwave frequency 2.45 GHz. plasma densities,;~10" cm™2 and electron temperatures

The radial distribution of the ion current densit, also T __25 ey are maximum between the ECR zones and off the
has a minimum at the axis. The minimum fills up with in- 5yis The measurements revealed a decrease in electron tem-

creasing microwave power; see Fig. 11. The values of theera1ure and a doubling of plasma density at positions con-
substrate ion current densitie§,~10 mA/cn? may enable nected to the cathode by magnetic field lines.
extensive ion assistance during the deposition of thin films. |, 4 subsequent experiment ECR sputtering with

The plasma parameters were also measured asa functigi, gnetic-mirror confinement was used for deposition of
of the microwave power and the cathode voltage; see Figs. dstalline TiNi thin films at low substrate temperatures
and 5. The increasing, results in increasing,, U, and T.~300°C%

Uy . IncreasingUy results mainly in decreasing . The
consequences of these variations of plasma parameters for
the confinement of the electrons were discussed above.
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