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Electron cyclotron resonance harmonics and wall material effects
in a microwave discharge

Ane Aaneslanda) and Åshild Fredriksen
Physics Department, University of Tromsø, N-9037 Tromsø, Norway

~Received 16 April 2003; accepted 11 July 2003!

In this article we investigate a 2.45 GHz microwave discharge operated at the electron cyclotron
resonance~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 harmonic~independent
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 Physics.@DOI: 10.1063/1.1611613#
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I. INTRODUCTION

Microwave discharges were developed in the 1960s
are widely used in the semiconductor industry today. In
early days these sources were usually operated under
tron cyclotron resonance~ECR! conditions where the elec
trons are continuously accelerated by the microwave elec
field.1 Extensive research and development have been d
to improve and optimize the ECR sources for a wide range
applications. It has been shown that the most import
plasma parameters, like ion energies, plasma densities,
tron temperatures, homogeneity etc., depend substantiall
the microwave introduction method2,3 and magnetic field
configuration.4–8

The magnetic field configurations described and stud
in the literature span over a variety of radially and axia
uniform magnetic fields, divergent, mirror, and cusp fiel
The preferred field configuration depends on the purpos
the plasma source, but very often the microwaves
launched parallel to the magnetic field lines so that the E
condition,v5vce5eB/m, is obtained once or several time
in the source, for 2.45 GHz that is,Bce5875 G. There have
been reports on microwave discharges obtained in unif
and mirror magnetic fields, where the field intensity
slightly higher or lower thanBce, and where breakdown an
microwave absorption appear in the vicinity of the ECR
vce/v50.8– 1.4.9,5 Second harmonics of the ECR coexistin
with the fundamental resonance, giving rise to an additio
maximum in the ion beam current where the harmonic re
nance occur, have been reported using cusp or mirror fi
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configurations.8 Increased local ion beams due to harmon
resonances have not been observed in divergent mag
fields.

Although much has been written about the depende
of the magnetic field configuration in ECR sources, lit
attention has been paid to investigations where harmonic
the ECR is exclusively present in the source, and operatio
low magnetic fields is still poorly understood. In this artic
we consider the effect from a variable divergent magne
field where the position of the ECR can be moved along
chamber axis as a function of the distance from the mic
wave introduction window. We investigate the plasma p
rameters as the ECR position changes from about 15 cm
very close to the introduction window, to well below th
point where the ECR disappears,Bmax,875 G, and only the
second harmonic, atB5437 G, is present in the source. A
the ECR zone moves axially along the source chamber,
wall material changes from stainless steel to copper due
copper gasket. In this work we also demonstrate that the w
material in ECR sources might be of importance for plas
optimization in a similar manner as for the antenna mater
in capacitively and inductively coupled rf plasmas.10,11

II. EXPERIMENT

With the exception of the microwave insertion, the EC
plasma source has been described in detail elsewhere,12 and
is shown in Fig. 1. Briefly, rectangular TE10 microwave
modes, at 2.45 GHz, are fed into the vacuum chamber v
6.8 mm thick rectangular quartz window connected to a
lindrical port of 10 cm diameter. The microwaves enter t
il:
6 © 2003 American Institute of Physics
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narrow part of the vacuum chamber, 10 cm in diameter
15 cm long. The diffusion chamber is 30 cm in diameter a
70 cm long.

Two sets of four coils supply a divergent magnetic fie
configuration, while one extra coil provides improve
plasma confinement. The nine coils are connected in se
having the same current flow, which is changed from 280
100 A, corresponding to a maximum magnetic field fro
1400 to 500 G. The maximum field is placed at the mic
wave window to protect the window from damage due
sputtering. The gas flow is monitored by two MKS mas
flow controllers. The operation pressure is measured b
Baratron and the base pressure by an ion gauge. The tota
pressure is 0.48 Pa where two gas mixtures are used:~i! 90%
Ar, 10% N2 and~ii ! 90% N2, 10% Ar, which will be referred
to as the Ar and N2 dominant case, respectively. The micr
wave power is constant at 500 W where 10–15 W is
flected.

A cylindrical Langmuir probe~LP! 25 cm from the mi-
crowave window, on the axis of symmetry, is used to obt
the plasma density (ni), plasma potential (Vp), floating po-
tential (Vf), and electron temperature (Te). A nonmagne-
tized theory for analyzing the LP characteristics is us
However, to compensate for the magnetic field the plas
density is found by use of the ion saturation current with
effective probe area corresponding to the projection of
probe surface in the direction of the magnetic field.13 The LP
analysis is described in more detail in previous works.12,14

III. RESULTS AND DISCUSSION

The plasma density, plasma potential, floating poten
and electron temperature are shown in Fig. 2 as a functio

FIG. 1. A schematic drawing of the ECR device with the magnetic fi
configuration.
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the current in the magnetic field coils. The Ar and N2 domi-
nant cases are shown as diamonds and triangles, respect
Each experimental set is carried out starting at 280 A, red
ing the current to 100 A, avoiding any hysteresis effects.

FIG. 2. ~a! Plasma densityni , ~b! plasma potentialVp , ~c! floating poten-
tial Vf , and ~d! electron temperatureTe as a function of the coil current
with constant microwave power of 500 W and constant pressure of 0.48
Diamonds are results obtained with 90% Ar and 10% N2 , while triangles are
obtained with 90% N2 and 10% Ar.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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indicated by the dotted lines in Fig. 2 the result can be
vided into three regimes:~1! below 170 A,~2! between 170
and 210 A, and~3! above 210 A.

The plasma density, Fig. 2~a!, is higher in the Ar than in
the N2 dominant case. Below 170 A,ni is constant or slightly
decreasing with increasing coil current. Between 170 a
210 A, ni increases rapidly~;50%! with the coil current in
the Ar dominant case, whileni increases by 15% and the
decreases by 40% in the N2 dominant case. Above 210 A,ni

increases linearly by;30% with the coil current in both
cases. The plasma potential, Fig. 2~b!, slightly increases with
increasing coil current below 170 A. Between 170 and 2
A, Vp increases rapidly from about 8 to 10 V and 8–12 V
the Ar and N2 dominant case, respectively, andVp is con-
stant above 210 A. Below 170 A,Vp is highest for the Ar
dominant plasma, while above 170 A it is higher in the2
case. The plasma potential@Fig. 2~b!#, floating potential,~c!,
and electron temperature~d! are related within 20% asVp

2Vf;5kTe .
Note that below 170 A breakdown has not be

achieved, and for pressure below;0.1 Pa the plasma easil
switches off when reducing the coil current below this valu
Below 100 A the plasma is severely difficult to sustain, a
the coil current and the tuning have to be changed caref
However, the plasma has been sustained at currents as lo
10 A, i.e.,Bmax,50 G.

A. The second harmonic resonance

The resonance position in the source is obtained by
culating the magnetic field strength from Amperes law. T
resonances are obtained at magnetic fields given byBk

5mv/ek, where the integerk51,2,3,... indicates the funda
mental resonance, the second, third harmonics and so
Generally, 95% of the microwave power is absorbed at
resonance surface located closest to the microw
introduction.5 However, by generating a mirror trap magne
field it has been reported that the ECR surfaces might cha
to multiring structures and an increase in the ion beam ca
observed where the lower harmonics are located.15 These
‘‘local’’ ion beam currents have not been observed in d
creasing magnetic fields where the ECR exist in the sou
Therefore only the first resonance that appears after the
crowave introduction window is calculated, and the posit
of the resonance zone as a function of the coil curren
shown in Fig. 3, where the zero position is at the microwa
window. 172 A is the minimum current for which the ECR
obtained in the source, and the ECR zone moves from a
4 to 15 cm from the window when the current is increas
from 180 to 280 A. The second harmonic, at 437 G,
present at coil currents between 90 and 172 A, and the t
harmonic at 218 G, between 60 and 90 A. Below 60 A s
eral lower harmonics are closely spaced and obtained in
narrow part of the chamber, simultaneously. Experiment
we observe that the plasma switches off either at 170 A
when reaching the third harmonics at 100 A, not inbetwe
Although reports on microwave absorption in the vicinity
ECR, wherevce/v50.8 throughout the entire plasma ha
been published,9 our plasma is maintained by the seco
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harmonics below 170 A, due to the above experimental
servations.

The second harmonic is not efficient enough to bre
down the argon nor the nitrogen gas, but the microwaves
be absorbed if the plasma already exists. This can be
plained by considering the basic principle of the ECR he
ing which is described in detail elsewhere.5,1 Briefly, the lin-
early polarized microwave field launched into the sou
chamber parallel to the magnetic field can be represente
a superposition of right- and left-hand circularly polariz
~RHP and LHP! waves, respectively. The LHP wave is n
directly absorbed at ECR,5 and the influence of this wave
will not be discussed here. At the ECR position, where
frequency of the gyrating electrons and the RHP wave
equal,vce/v51, there is a continuous energy gain from t
wave to the electrons, and the microwaves are effectiv
absorbed. No collisions are needed to ensure energy tran
at this resonance, so ECR plasmas can be obtained at
low pressure.1 However, at the second harmonics,vce/v
50.5, the electrons are both accelerated and decelerate
for the wave to continuously add energy to the plasma, c
lisions are necessary. Since the collision frequency increa
with pressure, the harmonic resonance can absorb en
from the wave above a threshold pressure, but are not
cient enough for breakdown, at least for microwave pow
less than 500 W.

In nonmagnetized plasmas the electromagnetic wa
cannot penetrate the plasma if the wave frequencyv is less
than the plasma frequency,vpe5Ae2ne /e0me. The critical
densitync is therefore given as

nc5
mee0v2

e2 57.431010 cm23 at 2.45 GHz, ~1!

and plasmas with densities higher than this value are ca
overdense plasmas. There is no density limitation for
RHP waves launched and propagating along magnetic fi
lines.5 However, it has been shown experimentally that
low magnetic fields wherevce/v,1 the RHP wave is re-
flected on the boundary of the overdense plasma, as for
magnetized plasmas.9 At coil currents below 170 A, i.e., a
low magnetic fields, the plasma densities in the Ar and2
dominant cases are almost equal, and approachingnc , which

FIG. 3. The calculated resonance position as a function of coil curr
where zero position is at the microwave window. Only the resonance z
closest to the window is shown, and the fundamental ECR, the second
third harmonics are indicated between the dotted lines.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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can be explained as follows. As long asni,nc the RHP
wave can propagate and become absorbed at the reson
zone. As soon as the plasma density reach the critical den
the waves can not easily propagate, due to the low magn
field, and most of the energy will be reflected. Hence, in
case where the ECR condition is not fulfilled, and the mic
wave power is high enough, the plasma density will reac
threshold density equal tonc but will not increase above thi
value. Instead the excess power will go to heating of cha
ber walls and waveguides after being reflected back and f
between the plasma boundary and the stub tuners.

At coil currents larger than 170 A the ECR condition
fulfilled and the RHP wave propagates and is effectively
sorbed at the resonance. The cross section for the elec
impact excitation is generally higher in N2 than in Ar plas-
mas; loosely speaking, the creation of an electron–ion pa
a nitrogen plasma has a higher energy cost compared t
argon plasma.16 Hence, the plasma density typically d
creases as N2 is added to an argon discharge,16,17which is in
agreement with our results shown in Fig. 2~a!.

Vp , Vf , andTe shows slightly different behavior in th
Ar and N2 case. It is shown elsewhere that a nitrogen plas
with some mixing of argon obtains a slight increase in
electron temperature,17 and this is in agreement with the re
sult of Te in Fig. 2. The lowVf in the N2 case is believed to
be related to the electron temperature increase as well a
different quality and characteristics of Ar and N2 plasmas
which is out of the scope of this article.

B. Wall surface effects

The two regimes above 170 A are both produced at
ECR, so why are two different regimes present in this ca

When increasing the coil current the resonance posi
moves away from the window closer to the probe, wh
results in a decreasing loss area along the field line. Ass
ing conservation of magnetic flux along the chamber a
the relation between the measured density,np , and the den-
sity at the resonance surface,necr, is

necr

Becr
5

np

Bp
, ~2!

whereBecr and Bp are the magnetic fields at the resonan
and the probe position, respectively. Since the input powe
constant the fractionnecr/Becr is constant. The densitynecr

can be found from a power balance calculation. However,
calculation is simplified without loss of the physical inform
tion, by applying as a reference the data at 210 A, wh
np58.531010 cm23 andBp5434 G. The calculated density
ncal, at the probe as a function of the coil current is then

ncal~ I !5
np~210 A!

Bp~210 A!
Bp~ I !51.963108Bp~ I !. ~3!

Figure 4~b! shows the measured and calculated plasma d
sity at coil currents above 160 A. The diamonds are the m
sured densities in the Ar case and the dashed-dotted lin
the calculated density from Eq.~3!. There is a very good
agreement between the measured and calculated de
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above 210 A~within 10%!, which verify that the plasma
density changes due to the conservation of magnetic flux

The plasma density calculated for the N2 case is shown
as the dashed–dotted lines in Fig. 5~b!, wherencal(I )50.92
3108Bp(I ) using ni54.031010 cm23 at 200 A as a refer-
ence. The calculated and measured plasma density ag
within 30%. However,ncal is somewhat lower than what i
measured in the N2 case, and is probably due to downstrea
ionization processes, for example collisions between m
stable argon atoms and nitrogen, Ar* 1N→Ar1N11e,
which is not taken into account in the calculation.

Even though the above calculation is in very good agr
ment with the measured densities above 210 A, both for
gon and nitrogen, there is a significant disagreement betw
the calculation and the measurements at coil currents
tween 180 and 210 A, particularly in the Ar case.

Focusing first on the argon case, one possible expla
tion for this dramatic increase in the plasma density at th
currents will be given in detail below. The narrow region
the plasma chamber consist of two parts connected with a
flange, and as a result a copper gasket is directly expose
the plasma in a narrow area where the plasma produc
occur at a certain magnetic field. The work function,Ef ,
and the secondary emission coefficient,gse, are material de-
pendent and will change along the chamber wall when go
from stainless steel to copper. For ion-induced electron em
sion, gse depends onEf and the ionization energy of th
impinging atom. For electron-induced electron emission,gse

depends on the electron energy at impingement.18,11 A
change in the secondary emission along the wall mi

FIG. 4. ~a! The secondary emission functiongse(I ), the effective ionization
zonede(I ), and the convolution of these that gives the plasma produc
effectivity, F(I ). Two cases ofgse(I ) are shown:~i! solid line gse(I
,185 A)51 and ~ii ! dotted linegse(I ,185 A)51.3. ~b! The calculated
density compared with the measured density in the Ar dominant case,
function of the coil current above 160 A. Dotted and solid lines corresp
to the cases given in~a!. The dashed-dotted line corresponds to the den
as calculated from Eq.~3! for constantgse51.
P license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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change the ionization efficiency in a manner similar to
multipactor effect in rf plasmas.10 The only requirement is
that the work function of the metal, the ionization energy,
the primary ion or electron energy at impingement results
a gse>1. In this case we estimate thatgse change relatively
from 1 to 2.5 at the interception between stainless steel
copper.10 Hence,gse(x) is represented as a step function
width Dx50.6 cm, relative height of 2.5, localized at 7 c
where the copper gasket is placed. The resonance positiox,
can be replaced by the coil current,I, that obtain 875 G at
this position. Hence, the step function can be given asgse(I ),
where x57 cm is equivalent to 190 A andDx50.6 cm
equivalent to 10 A as shown in Fig. 4~a!. The location, thick-
ness and shape of the resonance zone is set by the mag
field configuration and might be modified by the Dopp
effect for the electrons leading to a broadening of the zon1

The wave absorption is determined from the imaginary p
of the wave number which decay exponentially alongx de-
pending on the magnetic field gradient, frequency, plas
density, and temperature. The interferograms of the w
along the device axis of an ECR etch tool were measured
shows that the wave decays to zero after 1–2 cm w
reaching the resonance field.19 Hence, using the equivalenc
between the positionx and the coil currentI as above, we
assume that the effective ionization zone decays to zero
20 A, which correspond to;1.5 cm. The effective ionization
zone, de(I ), is shown in Fig. 4~a!. When the coil current
increases the resonance zone moves axially and intercep
copper region at a certain coil current. The plasma prod
tion effectivity, F(I ), can therefore be estimated as a conv
lution of gse(I ) andde(I ), which is calculated and shown i

FIG. 5. ~a! The secondary emission functiongse(I ) for the N2 case, the
effective ionization zonede(I ), and the convolution of these that gives th
plasma production affectivityF(I ). ~b! The calculated density compare
with the measured density in the N2 dominant case, as a function of the co
current above 160 A. The dashed-dotted line corresponds to the dens
calculated from Eq.~3!, and the solid line corresponds to the calculat
density from Eq.~4!.
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Fig. 4~a! as well. The plasma density is now given as

ncal~ I !51.963108Bp~ I !•F~ I !, ~4!

where the density measured at 210 A in the Ar case aga
used as a reference. The plasma density calculated from
~4! is plotted as the solid line in Fig. 4~b!. The actual value of
gse depends on surface conditions, morphology, impuriti
and contaminations1 and can be difficult to estimate exactl
The above result~solid line! is obtained assuming thatgse is
equal for the two assembled parts and only different withi
region close to the copper gasket. However, the two part
the chamber might have a differentgse due to surface con-
tamination. Assuming thatgse51.3 along the part close to
the microwave window give the result shown as dotted lin
in Fig. 4. As can be seen, the calculated and measured
sity between 170 and 260 A are in very good agreeme
With a ‘‘complete’’ control of the wall surface, i.e., by ad
justing the thickness of the copper area etc., the thickn
and shape of the resonance zone can be found when mo
the ECR zone over the copper area by controlling the m
netic field.

A calculation equivalent to the one above is obtained a
shown for the N2 case in Fig. 5. We can only speculate th
the secondary emission coefficient in the N2 case is different
than in the Ar case. If the change ingse is mostly due to
electron-induced electron emission,10 this coefficient would
be lower in the nitrogen case since the electron energy
tribution function for N2 is generally less populated fo
higher energies compared to an argon plasma. By assum
gse51.7 for the copper gasket area we obtain an agreem
within 30% between the measured and calculated resul
shown in Fig. 5~b!.

To further test the proposed mechanism a more accu
control of the magnetic field is needed, and the results ca
compared with interferometry measurements.
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