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Electron cyclotron resonance harmonics and wall material effects
in a microwave discharge
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In this article we investigate a 2.45 GHz microwave discharge operated at the electron cyclotron
resonancg ECR) and the second harmonic, by applying a divergent magnetic field where the
maximum is changed from 1400 to 500 G. The magnetic field is continuously decreased so that the
ECR zone is moved axially along the chamber from about 15 cm away to very close to the
microwave window. When the field is reduced to below 875 G the ECR disappears and only the
second harmonic is present in the source. We observe that the second harmonic is not efficient
enough for breakdown at microwave power of less than 500 W and gas pressure of 0.48 Pa, and it
is shown that an overdense plasma can not be generated by use of the second Hardep@ndent

of gas type. It is also shown that the wall material close to the ECR zone is extremely important,
probably due to an effect similar to that of the antenna material in capacitively and inductively
coupled plasma sources. The possibility of measuring the thickness and location of the effective
ionizing resonance zone is discussed. A calculation of the plasma density as a function of the
magnetic field is performed, which takes into account the conservation of magnetic flux and the
secondary emission from the wall, and excellent agreement with the measured results is obtained.
© 2003 American Institute of Physic§DOI: 10.1063/1.1611613

I. INTRODUCTION configurationé Increased local ion beams due to harmonic

. . . resonances have not been observed in divergent magnetic
Microwave discharges were developed in the 1960s anﬁﬁ g 9

. ) . : elds.
are widely used in the semiconductor industry today. In the Although much has been written about the dependency
early days these sources were usually operated under elegf- t

tron cyclotron resonancéECR) conditions where the elec- he magnetic field configuration in ECR sources, litle
Y .attention has been paid to investigations where harmonics of

t_ronsl are con_tinuously accelerated by the microwave electn(r‘he ECR is exclusively present in the source, and operation at
field.” Extensive research and development have been do w magnetic fields is still poorly understood. In this article

to improve and optimize the ECR sources for a wide range o e consider the effect from a variable divergent magnetic

applications. It has been shown that the most |mp0rtan¥|ve|d where the position of the ECR can be moved along the

lasma parameters, like ion energi lasm nsiti lec- . . . ?
plasma p eters, like ion energies, plasma densities, e eghamber axis as a function of the distance from the micro-

tron te_mperature_s, homogenelty etc,, depend subs_tan_nally RWave introduction window. We investigate the plasma pa-
the microwave introduction methéd and magnetic field

. . a_s rameters as the ECR position changes from about 15 cm to
configuration’

The maanetic field confiaurations described and studie ery close to the introduction window, to well below the
. - magnetic T 'gurati ! uda %oint where the ECR disappeaB,,,,<875 G, and only the
in the literature span over a variety of radially and axially

uniform magnetic fields, divergent, mirror, and cusp fields second harmonic, =437 G, is present in the source. As
9 ! gent, ' P 'tPe ECR zone moves axially along the source chamber, the

The preferred field configuration depends on the purpose QVall material changes from stainless steel to copper due to a

Then prllazma rSI(I)uIrf[:e,thbur; Venryti Ogeﬂj Iti:e mlc:ﬁv?t\r/]esEgr opper gasket. In this work we also demonstrate that the wall
aunched paraflel to the magnetic Tie €s so that the material in ECR sources might be of importance for plasma

icno?r?:lggﬁcrocz “;gerzzeféné I-I; (:E;?'? d_og;:g (03r sTer:/:rrslht;n\::s optimization in a similar manner as for the antenna materials
: ) o Pee— - EIE NS in capacitively and inductively coupled rf plasmids?
been reports on microwave discharges obtained in uniform

and mirror magnetic fields, where the field intensity is

slightly higher or lower tham.., and where breakdown and

microwave absorption appear in the vicinity of the ECR at;, expERIMENT

weel 0=0.8—1.4%° Second harmonics of the ECR coexisting

with the fundamental resonance, giving rise to an additional  With the exception of the microwave insertion, the ECR

maximum in the ion beam current where the harmonic resoplasma source has been described in detail elsewharg

nance occur, have been reported using cusp or mirror fielgs shown in Fig. 1. Briefly, rectangular & microwave
modes, at 2.45 GHz, are fed into the vacuum chamber via a

aAuthor to whom correspondence should be addressed; electronic maif:s-8 mm thick reCtangma_r quartz WindOV\_/ connected to a cy-
ane@phys.uit.no lindrical port of 10 cm diameter. The microwaves enter the
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FIG. 1. A schematic drawing of the ECR device with the magnetic field
configuration.

narrow part of the vacuum chamber, 10 cm in diameter and
15 cm long. The diffusion chamber is 30 cm in diameter and
70 cm long.

Two sets of four coils supply a divergent magnetic field
configuration, while one extra coil provides improved
plasma confinement. The nine coils are connected in series
having the same current flow, which is changed from 280 to

v, V]

100 A, corresponding to a maximum magnetic field from 100 150 200 250
1400 to 500 G. The maximum field is placed at the micro- 4.0 : T —
wave window to protect the window from damage due to I d)

sputtering. The gas flow is monitored by two MKS mass-
flow controllers. The operation pressure is measured by a
Baratron and the base pressure by an ion gauge. The total gas
pressure is 0.48 Pa where two gas mixtures are {sea%

Ar, 10% N, and(ii) 90% N,, 10% Ar, which will be referred

to as the Ar and Bldominant case, respectively. The micro-
wave power is constant at 500 W where 10-15 W is re-

1.5 : : .

flected. A . :
A cylindrical Langmuir probgLP) 25 cm from the mi- 1.0 ! : L .
100 150 200 250

crowave window, on the axis of symmetry, is used to obtain

the plasma densityr{), plasma potential\(,), floating po-

tential (V¢), and electron temperaturd ). A nonmagne- FIG. 2. (a) Plasma density; , (b) plasma potentiaV/,,, (c) floating poten-

tized theory for analyzing the LP characteristics is usedtial V¢, and(d) electron temperaturg, as a function of the coil current,
P ith constant microwave power of 500 W and constant pressure of 0.48 Pa.

Howgve_r, to compensate for t.he magnet_lc field the p_lasm%iamonds are results obtained with 90% Ar and 10% While triangles are

density is found by use of the ion saturation current with anpiained with 90% and 10% Ar.

effective probe area corresponding to the projection of the

probe surface in the direction of the magnetic fiel@he LP

analysis is described in more detail in previous wdfk¥

Coil current {A]

the current in the magnetic field coils. The Ar ang domi-

nant cases are shown as diamonds and triangles, respectively.
The plasma density, plasma potential, floating potentiaEach experimental set is carried out starting at 280 A, reduc-

and electron temperature are shown in Fig. 2 as a function dhg the current to 100 A, avoiding any hysteresis effects. As

Ill. RESULTS AND DISCUSSION
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indicated by the dotted lines in Fig. 2 the result can be di- — 20 " "

vided into three regimegl) below 170 A,(2) between 170 E t ad;  @nd Jst ECR

and 210 A, and3) above 210 A. g 15F .
The plasma density, Fig(®, is higher in the Ar than in ﬁ [

the N, dominant case. Below 170 A; is constant or slightly e 10f ]

decreasing with increasing coil current. Between 170 and 8 /

210 A, n; increases rapidly~50%) with the coil current in g 5 t/ 1

the Ar dominant case, whilg; increases by 15% and then §

decreases by 40% in the,ldominant case. Above 210 A; & 0 I ‘ .

increases linearly by~30% with the coil current in both 0 100 200 300

cases. The plasma potential, FigbR slightly increases with Coil current [A]
increasing coil current below 170 A. Between 170 and 2:LOFIG 3. The calculated resonance position as a function of coil current

. . . .o u It u | Il CU y
A, Vp Increases raP'dW from about 8 to_ 10V and _8_12 v N where zero position is at the microwave window. Only the resonance zone
the Ar and N dominant case, respectively, all is con-  closest to the window is shown, and the fundamental ECR, the second and
stant above 210 A. Below 170 Np is highest for the Ar third harmonics are indicated between the dotted lines.
dominant plasma, while above 170 A it is higher in the N
case. The plasma potent[&ig. 2(b)], floating potential{(c),

and electron temperatui@) are related within 20% a¥/, servations.

—Vi~5kTe. The second harmonic is not efficient enough to break

Note that below 170 A breakdown has not beengown the argon nor the nitrogen gas, but the microwaves can
achieved, and for pressure belowd.1 Pa the plasma easily pe apsorbed if the plasma already exists. This can be ex-
switches off when reducing the coil current below this value.p|amed by considering the basic principle of the ECR heat-
Below 100 A the plasma is severely difficult to sustain, anding which is described in detail elsewhereBriefly, the lin-
the coil current and the tuning have to be changed carefullyearly polarized microwave field launched into the source
However, the plasma has been sustained at currents as low @amber parallel to the magnetic field can be represented as
10 A, i.e.,,Bnax<50 G. a superposition of right- and left-hand circularly polarized
(RHP and LHP waves, respectively. The LHP wave is not
directly absorbed at ECRand the influence of this wave

The resonance position in the source is obtained by cakyill not be discussed here. At the ECR position, where the
culating the magnetic field strength from Amperes law. Thefrequency of the gyrating electrons and the RHP wave is
resonances are obtained at magnetic fields givenBRy equal,w./w=1, there is a continuous energy gain from the
=mw/ek, where the integek=1,2,3,... indicates the funda- wave to the electrons, and the microwaves are effectively
mental resonance, the second, third harmonics and so oabsorbed. No collisions are needed to ensure energy transfer
Generally, 95% of the microwave power is absorbed at thet this resonance, so ECR plasmas can be obtained at very
resonance surface located closest to the microwavidw pressuré. However, at the second harmonias,./ o
introduction® However, by generating a mirror trap magnetic =0.5, the electrons are both accelerated and decelerated, so
field it has been reported that the ECR surfaces might chander the wave to continuously add energy to the plasma, col-
to multiring structures and an increase in the ion beam can bésions are necessary. Since the collision frequency increases
observed where the lower harmonics are locatefihese  with pressure, the harmonic resonance can absorb energy
“local” ion beam currents have not been observed in de-from the wave above a threshold pressure, but are not effi-
creasing magnetic fields where the ECR exist in the sourcesient enough for breakdown, at least for microwave power
Therefore only the first resonance that appears after the miess than 500 W.
crowave introduction window is calculated, and the position ~ In nonmagnetized plasmas the electromagnetic waves
of the resonance zone as a function of the coil current i§annot penetrate the plasma if the wave frequency less
shown in Fig. 3, where the zero position is at the microwavehan the plasma frequenci,e= Ve“ne/eme. The critical
window. 172 A is the minimum current for which the ECR is densityn. is therefore given as
obtained in the source, and the ECR zone moves from about m 2

. .. e€0W _

4 to 15 cm from the window when the current is increased  n,=——>—=7.4x10"° cm % at 2.45 GHz, (1)
from 180 to 280 A. The second harmonic, at 437 G, is €
present at coil currents between 90 and 172 A, and the thirdnd plasmas with densities higher than this value are called
harmonic at 218 G, between 60 and 90 A. Below 60 A sevoverdense plasmas. There is no density limitation for the
eral lower harmonics are closely spaced and obtained in thRHP waves launched and propagating along magnetic field
narrow part of the chamber, simultaneously. Experimentallyines® However, it has been shown experimentally that at
we observe that the plasma switches off either at 170 A ofow magnetic fields wheres../w<1 the RHP wave is re-
when reaching the third harmonics at 100 A, not inbetweenflected on the boundary of the overdense plasma, as for un-
Although reports on microwave absorption in the vicinity of magnetized plasmasAt coil currents below 170 A, i.e., at
ECR, wherew ./ w= 0.8 throughout the entire plasma have low magnetic fields, the plasma densities in the Ar and N
been published,our plasma is maintained by the seconddominant cases are almost equal, and approachingvhich

harmonics below 170 A, due to the above experimental ob-

A. The second harmonic resonance
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can be explained as follows. As long as<n. the RHP
wave can propagate and become absorbed at the resonance
zone. As soon as the plasma density reach the critical density
the waves can not easily propagate, due to the low magnetic
field, and most of the energy will be reflected. Hence, in the @
case where the ECR condition is not fulfilled, and the micro-
wave power is high enough, the plasma density will reach a
threshold density equal o, but will not increase above this
value. Instead the excess power will go to heating of cham-
ber walls and waveguides after being reflected back and forth
between the plasma boundary and the stub tuners.

At coil currents larger than 170 A the ECR condition is
fulfilled and the RHP wave propagates and is effectively ab-
sorbed at the resonance. The cross section for the electron
impact excitation is generally higher in,Nhan in Ar plas-
mas; loosely speaking, the creation of an electron—ion pair in
a nitrogen plasma has a higher energy cost compared to an
argon plasma® Hence, the plasma density typically de-
creases as Ns added to an argon discharfe}’ which is in 160 180 200 220 240 260
agreement with our results shown in FigaR Coil current [A]

Vp, Vi, andT, shows slightly different behavior in the
Ar and N, case. It is shown elsewhere that a nitrogen p|a3m§IG. 4. (a) The secondary en_1ission functiqz@e(l),_ the effective ionization _
with some mixing of argon obtains a slight increase in thezonec_ie_(l), and the convolution of these that glve.s.the p_Iasr_na production

L . effectivity, F(1). Two cases ofy,{l) are shown:(i) solid line y{l
electron temperatur€,and this is in agreement with the re- 15 oy~ 1 and i) dotted line y.{l <185 A)=13. (b The calculated
sult of T in Fig. 2. The lowV; in the N, case is believed to density compared with the measured density in the Ar dominant case, as a
be related to the electron temperature increase as well as timction of the_coil current above 160 A. Doyted and solid lines correspo_nd
different quality and characteristics of Ar and, ldlasmas to the cases given ite). The dashed-dotted line corresponds to the density
which is out of the scope of this article. as calculated from Eq(3) for constantys,=1.

160 180 200 220 240 260

n, [1010 cm_?’]

above 210 A(within 10%), which verify that the plasma
B. Wall surface effects density changes due to the conservation of magnetic flux.

. The plasma density calculated for the base is shown
The two regimes above 170 A are both produced at the,q the dashed—dotted lines in Fighls wheren (1) =0.92

ECR, so why are two different regimes present in this case?, 1 gg (1) using n,=4.0x 10" cm~3 at 200 A as a refer-
. . . . p i .
When increasing the coil current the resonance positiognce The calculated and measured plasma density agrees
moves away from the window closer to the probe, whichyyiiin 3006, Howevern,, is somewhat lower than what is

results in a decreasing loss area along the field line. ASSUmy o 45 red in the Ncase, and is probably due to downstream
ing conservation of magnetic flux along the chamber axisjqnization processes, for example collisions between meta-
the relation between the measured densify, and the den-  giopje argon atoms and nitrogen, *ArN—Ar+N* +e

sity at the resonance surfatgy;, is which is not taken into account in the calculation.
Necr  Np Even though the above calculation is in very good agree-
BB (2 ment with the measured densities above 210 A, both for ar-
ecr p

gon and nitrogen, there is a significant disagreement between
where B, and B, are the magnetic fields at the resonancethe calculation and the measurements at coil currents be-
and the probe position, respectively. Since the input power isyeen 180 and 210 A, particularly in the Ar case.
constant the fractiome./Bec, is constant. The densitye, Focusing first on the argon case, one possible explana-
can be found from a power balance calculation. However, thgon for this dramatic increase in the plasma density at these
calculation is S|mpI|f|ed without loss of the phySiC3.| informa- currents will be given in detail below. The narrow region of
tion, by applying as a reference the data at 210 A, wherghe plasma chamber consist of two parts connected with a CF
n,=8.5x10" cm* andB,=434 G. The calculated density, flange, and as a result a copper gasket is directly exposed to
Ncai, at the probe as a function of the coil current is then  the plasma in a narrow area where the plasma production
n,(210 A occur at a certain magnetic field. The work functidsy,,
Neall)= B (1)=1.96x 16°B(1). 3 and the secondary emission coefficiepd,, are material de-
B,(210 A) P P : .
pendent and will change along the chamber wall when going
Figure 4b) shows the measured and calculated plasma derfrom stainless steel to copper. For ion-induced electron emis-
sity at coil currents above 160 A. The diamonds are the measion, vy, depends orE, and the ionization energy of the
sured densities in the Ar case and the dashed-dotted line ispinging atom. For electron-induced electron emissiag,
the calculated density from E@3). There is a very good depends on the electron energy at impingemght. A
agreement between the measured and calculated densitfiange in the secondary emission along the wall might
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3 ' ' ' ' ] Fig. 4a) as well. The plasma density is now given as

[ a)
2:_ ; Nea(1) = 1.96< 1G°B (1) - F(1), (@)

where the density measured at 210 A in the Ar case again is
used as a reference. The plasma density calculated from Eq.
(4) is plotted as the solid line in Fig(d). The actual value of

vse depends on surface conditions, morphology, impurities,
and contaminatiortsand can be difficult to estimate exactly.
The above resultsolid line) is obtained assuming that is
equal for the two assembled parts and only different within a
region close to the copper gasket. However, the two parts of
the chamber might have a differemt, due to surface con-
tamination. Assuming thay,.=1.3 along the part close to
the microwave window give the result shown as dotted lines
in Fig. 4. As can be seen, the calculated and measured den-
sity between 170 and 260 A are in very good agreement.
With a “complete” control of the wall surface, i.e., by ad-
justing the thickness of the copper area etc., the thickness
and shape of the resonance zone can be found when moving
the ECR zone over the copper area by controlling the mag-
FIG. 5. (a) The secondary emission functiond1) for the N, case, the  netic field.

effective ionization zonel(l), and the convolution of these that gives the A calculation equivalent to the one above is obtained and

plasma production affectivity-(1). (b) The calculated density compared shown for the N case in Fig 5. We can only speculate that
with the measured density in the, dominant case, as a function of the coil P

current above 160 A. The dashed-dotted line corresponds to the density 5@9 Secondary emission coefficient ir_' th? dase is different
calculated from Eq(3), and the solid line corresponds to the calculated than in the Ar case. If the change ine is mostly due to

density from Eq(4). electron-induced electron emissiththis coefficient would

be lower in the nitrogen case since the electron energy dis-
change the ionization efficiency in a manner similar to thetribution function for N is generally less populated for
multipactor effect in rf plasma¥. The only requirement is higher energies compared to an argon plasma. By assuming a
that the work function of the metal, the ionization energy, ory,.=1.7 for the copper gasket area we obtain an agreement
the primary ion or electron energy at impingement results irwithin 30% between the measured and calculated result as
a yse=1. In this case we estimate that, change relatively shown in Fig. %b).
from 1 to 2.5 at the interception between stainless steel and To further test the proposed mechanism a more accurate
copper® Hence, ys{X) is represented as a step function of control of the magnetic field is needed, and the results can be
width Ax=0.6 cm, relative height of 2.5, localized at 7 cm compared with interferometry measurements.
where the copper gasket is placed. The resonance position,
can be replaced by the coil curremt,that obtain 875 G at
this position. Hence, the step function can be giveygd),
where x=7 cm is equivalent to 190 A andx=0.6 cm

equivalent to 10 A as shown in Fig(a. The location, thick-  The authors are grateful for fruitful discussions with C.
ness and shape of the resonance zone is set by the magnetifarles and V. Guerra, and for the technical assistance by
field configuration and might be modified by the Doppler |nge Strammesen and Kjell Arne Willumstad. This work was

effect for the electrons leading to a broadening of the Zlone-supported by the Norwegian Research Council, Grant No.
The wave absorption is determined from the imaginary part31953/432.
of the wave number which decay exponentially alonde-
pending on the magnetic field gradient, frequency, plasma
density, and temperature. The interferograms of the wave _ ‘ o _
a|0ng the device axis of an ECR etch tool were measured anaM. A. Lleb_erman and A J. Irlchtenberg’,rlnmples of Plasma Discharges
h that the wave decays to zero after 1-2 cm Wher&and Materials ProcessingWiley, New York, 1993.
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