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Despite the wide range of applications of the electron cyclotron resonance~ECR! plasma sources,
the ECR plasma processing control is tricky at certain operation parameters. There are several
reports of regimes where abrupt changes and instabilities in plasma parameters occur. In the present
work we report extensive probe measurements of plasma potential, electron temperature, ion beam
energy, and velocity as well as plasma density over a mode change appearing when the neutral
argon gas pressure is changed. The parameters were measured over the entire pressure range from
0.15 to 7 mTorr. We found a large drop in electron temperature and plasma potential when the
pressure increased from 0.15 to 0.4 mTorr. At 0.4 mTorr the temperature reached a minimum and
the density a local maximum, while at 1 mTorr the density reached a minimum. When increasing the
pressure above 1.2 mTorr the temperature decreased and the density increased rapidly. While the
plasma appearance at low and high pressure can be explained by a global conservation model, the
behavior in the intermediate pressure between 0.4 and 1.2 mTorr needs a deeper investigation. We
discuss the possibility that the mode change is connected to the competition between stepwise and
direct ionization of neutral argon and excitations to metastable argon atoms. ©2001 American
Vacuum Society.@DOI: 10.1116/1.1387053#
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I. INTRODUCTION

Plasma sources based on the electron cyclotron reson
~ECR! are widely used in plasma processing applications1,2

However, at certain control parameters the ECR plasmas
play sudden changes in the plasma parameters, resultin
bistable plasma modes and hysteresis.

The ion density is found by some authors to exhibit
hysteresis as the microwave input power is increased
then decreased.3–6 They all find that at certain levels of inpu
power the ion density increases discontinuously from a lo
density to a high-density mode when the power is increas
When the power is decreased, the ion density falls back
the low-density mode but at a lower input power level. A
though the qualitative behavior is the same in argon4,5 as in
nitrogen,6 the actual power level at which the transitions o
cur is different from case to case.

In the cases of mode transitions as a function of press
there are no reports of hysteresis. The mode changes
observed as a sudden decrease in floating potential, ion
ration current, and heat flux5,7,8 together with increased fluc
tuations and instabilities at the transition pressure.5,9 Hence,
the earlier mentioned works indicate that slightly differe
phenomenology exists for the cases with power variation
pressure variation.

No unanimous conclusions have yet been drawn reg
ing the nature of these transitions. By most authors they
explained as resulting from the wave propagation in
plasma.3,4,8,10 The left-hand polarized~LHP! wave has no
direct resonance at the electron cyclotron frequency and,
pending on the plasma density, may or may not be able
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propagate in the plasma. Mode changes in the plasma
pearance, i.e., density,4 radial profile, and light intensity,8

have been reported with simultaneous measurements of
crowave field intensity. It was found that the microwave i
tensity was more than three orders of magnitude highe
the downstream area at low density, which is in agreem
with the assumption that LHP waves are not effectively a
sorbed in this mode.

Some authors7,5 found that by keeping the ratio of pres
sure over the wall lining temperature constant, the disc
tinuous changes in floating potential were avoided. Hen
they concluded that the neutral density, and not the press
was the primary parameter governing the mode change.

It has also been reported9 that the mode change was su
pressed with the introduction of silane to a nitrogen plasm
and that the instabilities and mode changes were depen
on chamber history.

There are no investigations on the full range of plas
parameters in the transition regions. As mostly ion satura
currents, floating potentials and in one case ion energies
reported there is a lack of knowledge on the behavior of
plasma parameters in these transition regions. In this ar
we report measurements of the full set of plasma parame
in a mode transition arising in an ECR plasma with arg
pressure variation. We report the changes in electron t
perature, plasma potential, as well as ion densities and
beam energies in the entire transition region. We suggest
the competition between excitation, stepwise- and dire
ionization processes may play an important role in the m
change.

The article is organized as follows. In Sec. II, we descr
the experimental setup, diagnostics, and analysis techniq
In Sec. III, the results are presented and discussed, and
24461Õ19„5…Õ2446Õ7Õ$18.00 ©2001 American Vacuum Society
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conclusions with suggestions for future research are give
Sec. IV.

II. EXPERIMENT

The ECR plasma source, ‘‘Menja,’’ has been describ
elsewhere,11 and the source is shown in Fig. 1~a!. The ECR
plasma chamber is a cylindrical stainless steel vacuum ch
ber with a total length of 0.85 m. It is divided into three ma
parts defined by the chamber circumference where the
duction part with the resonance zone has the smallest d
eter, followed by the downstream, and the process par
shown in the figure.

Microwaves are produced by an Astex A-5000 micr
wave power generator, which delivered power of 500 W a
frequency off 052.45 GHz. The waves are converted from
rectangular TE10 to a cylindrical TE11 mode, and then fed
into the chamber via a 7-mm-thick quartz window of 98 m
diameter.

Two sets of four coils supply the resonant magnetic fi
in a divergent field configuration, while one extra coil pr
vides improved plasma confinement. The microwave int
duction window is placed at the maximum of the magne
field to protect the window from damage due to sputteri
The microwaves propagate through a decreasing magn
field until they are absorbed by the resonance at the elec
cyclotron frequencyvce5eB/me . Heree is the elementary
charge,B is the magnetic field strength, andme is the elec-

FIG. 1. ECR device with magnetic field configuration.~a! Vacuum chamber,
production, and confinement coil arrangement. Magnetic field lines at 27
coil-current are plotted.~b! Magnetic field strength along the axis of th
chamber at four different coil currents. The horizontal line is the resona
value of 875 G, and the leftmost vertical line is the position of the vacu
window. The second and third vertical lines indicate probe port position
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tron mass. The magnetic field at the EC resonancev
52p f 05vce, is Bce5875 G. The position of the resonanc
is set by the coil current, and can be located between
microwave window and the end of the production part
shown in Fig. 1~b!.

The downstream and process parts of the chamber h
ports for diagnostics, pressure monitoring, and pumping.
gon gas is inserted through an inlet close to the microw
window, and the gas flow is controlled by a manually op
ated needle valve. The chamber is pumped at 50 l s21 with a
turbomolecular pump placed at the downstream end of
plasma chamber. The radial cross section can be scann
ports located at 0.27 and 0.45 m from the microwave w
dow. A port at the downstream end from the window w
used for axial measurements. In this work we use meas
ments carried out in the axial center 0.45 m from the mic
wave window, as well as some data from axial scans
tween 0.22 and 0.46 m.

A Langmuir probe was used to derive the plasma pot
tial Vp , electron temperatureTe , and electron and ion den
sities ne and ni . The probe was a plane circular tungst
probe with 2 mm diameter and with its plane perpendicu
to the magnetic field. The probe signals were digitized b
Tectronix 2430 8-bit digital oscilloscope at 5 kHz samplin
rate.

By sweeping the probe potentialVp from 230 to 130 V
at a sweep rate of 33 Hz, the current–voltage (I –V) charac-
teristics were obtained, providingVp , Te , andne by means
of an analysis program utilizing the standard probe theory
nonmagnetized plasmas. This method is taken to give r
able results forVp andTe also at moderate magnetic fields.12

However, as the magnetic field is about 450 G at
measurement position, the electron Larmor radiusr Le is typi-
cally about 0.1 mm for 5 eV electrons and the probe rad
r p is much larger thanr Le . Hence, the electrons are magn
tized and the electron saturation current is depleted, so
the actual electron density is much larger than derived fr
this current. Since the probe radius is large compared als
the Debye lengthlD a quasicollisionless thin sheath theo
is appropriate to estimate the ion density from the ion sa
ration current,I 1 .12 This current was extracted by applyin
a negative direct current bias to the probe and the ion den
was derived by means of the Bohm formula for slightly ma
netized singly charged ions, given by

ni52
I 1

eAs
S Te

mi
D 21/2

, ~1!

where the sheath areaAs'Ap , Ap is the probe area andmi is
the ion mass. The actual bias of the probe was se
2300 V, but the resulting current has been adjusted to ma
that of a250 V bias to avoid the effects of sheath expansio
To achieve this, the ion current was multiplied by a fac
0.6 before deriving the density. To calculate the plasma d
sity from Eq.~1! we used the electron temperature measu
by the Langmuir probe.

The ion velocity distribution was measured using a gr
ded ion energy analyzer~IEA!. The analyzer consists of a
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entrance slit, three grids, and a collector as shown in Fig
The bias on the grids were set in order to obtain a smo
current–voltage characteristics and to minimize the seco
ary electron effects. The second grid potential,Vg , was
swept from 0 to 60 V to obtain the ion velocity distributio
The ion velocity distribution function is proportional to th
differential of the measured ion current,I c , with respect to
the grid potential,Vg , given by13

f ~v !52A
mi

e2

dIc~Vg!

dVg
, ~2!

whereA is a proportionality constant, andv5(2eVg /mi) is
the ion velocity. The ion beam energy is defined as the wi
of the normalized Gaussian velocity distribution at the 1e
point.

Differentiating the I –V characteristic containing nois
will increase the noise level in the obtained distributi
which becomes distorted and generally lead to an under
mation of the distribution width. If the characteristic
smoothed by some averaging methods before differentiat
the ‘‘knee’’ in the characteristic will be smoothed out
shown in Fig. 3~a!. The slope will then be reduced, whic
will lead to a broadening of the distribution and consequen
an overestimation of the beam energy will be the res
Hence, if the characteristic is carefully smoothed so it s
contains some noise when differentiating, the under-
overestimation will cancel out, but the distribution will b
noisy as shown in Fig. 3~b!. In order to find the most correc
ion energy distribution and beam energy from the meas
ments a polynomial of order 10 was fitted to the charac
istic, rather than applying a smoothening or averag
procedure. This method gave an excellent fit to the ac
characteristics as shown in Fig. 3~a!. The polynomial was

FIG. 2. Potential distribution configuration of the IEA probe.
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then differentiated numerically over the energy range to
tain the ion distribution, and the ion beam energy was in t
derived from a Gaussian fit to the ion velocity distribution
shown in Fig. 3~b!.

III. RESULTS AND DISCUSSION

The electron temperature,Te , and plasma potential,Vp ,
derived from the Langmuir probe are shown as a function
pressure in Figs. 4~a! and 4~b!, respectively. At the lowes
pressure, 0.15 mTorr, the electron temperature is about 6
When the pressure increasesTe drops abruptly reaching a
minimum of 2 eV at 0.4 mTorr. With further increase
pressureTe rises to 4.5 eV at 2.3 mTorr and then decrea
slowly with increasing pressure.

The plasma potential decreases from its highest value
50 V at 0.15 mTorr down to 30 V at 0.4 mTorr. From th
transition pressure at 0.4 mTorr, marked by the vertical l
in Fig. 4, the plasma potential still decreases, but at a m
smaller rate. Around 2.3 mTorr, where the electron tempe
ture reaches a local maximum, the plasma potential shift
a lower value and then decreases still further at the same

In Fig. 4~c! the plasma density from the ion saturatio
current measurement is plotted. The plasma density ha
local maximum.231017m23 at the transition pressure, an
then it reaches minimum of;1.531017m23, at a pressure
slightly higher than for theTe minimum. At pressures abov
2 mTorr the density increases with increasing pressure.
saturation was obtained after a sharp increase from 231017

to 3.531017m23 within our range of measurements.

FIG. 3. ~a! I –V characteristic measured by the IEA probe, the polynom
curve fit, and the smoothed curve.~b! Ion energy distribution obtained from
the smoothed curve~1!, smoothed again~2!, and the polynomial~3! which is
fitted with a Gaussian distribution to find the ion beam energy.
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The error bars ofVp andTe were obtained by analyzing
severalI –V characteristics at the same point. The errors
ni originates from the electron temperature and the ion s
ration measurements. By a rough estimate, given 15% e
in I 1 we have an estimated error inni of 16%–17%.

The results from the ion energy analyzer are shown
Fig. 5. When the pressure is low the ion distribution functi
has two peaks, with the smallest peak having a high p
velocity and low ion beam energy, but this small peak is
plotted in the figure. As the neutral pressure is increased
peak velocity decreases and the second peak becomes
prominent and vanishes. The beam energy increases

FIG. 4. Electron temperature~a!, plasma potential~b!, and ion density~c!
from Langmuir measurements vs argon neutral pressure.

FIG. 5. Ion peak velocity and ion beam energy obtained from the IEA pro
JVST A - Vacuum, Surfaces, and Films
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pressure up to 2.3 mTorr where a local maximum occurs
the same pressure as theTe maximum.

At the pressure below 0.4 mTorr and above 2 mTorr
plasma parameters changed qualitatively with neutral
pressure as expected from the literature.1,14,15The rapid drop
in the electron temperature at very low pressure, betw
0.15 and 0.4 mTorr, can be explained by the nature of
ionization rate coefficient for electron neutral collisions wi
increasing pressure. The coefficient depends approxima
on the electron temperature as1

K j~Te!.s jve~Te!expS 2
Ej

kTe
D , ~3!

whereve(Te)5(8kTe /pm)1/2 is the mean electron therma
velocity, K j is the rate coefficient,s j is the collision cross
section, andEj is the threshold energy for processj , e.g.,
ionization or excitation.

In a steady state plasma the global rates of creation
loss of ions are equal, and the balance between the
volume ionization and the loss of particles to the wall, n
glecting the recombination of charged particles in the v
ume, is derived by Lieberman and Lichtenberg1

Kiz~Te!

Cs~Te!
5

1

ngdeff
, ~4!

whereKiz is the rate constant for ionization,Cs is the ion
sound speed,ng is the neutral gas density, anddeff is an
estimated effective length of the discharge which depends
the chamber size and the fraction between the bulk and
edge plasma density. Hence, when the neutral gas dens
increased by increasing the pressure, the ionization rate
efficient must decrease to maintain the particle balan
which requires a decrease in the electron temperature. F
Eqs. ~3! and ~4! it is evident thatTe is more sensitive to
changes inng at lower pressure and therefore decrea
faster when increasing the pressure in this region. T
change in the plasma density is correlated with the chang
the electron temperature and ion impact energy.15 The reason
for the low ion density at very low pressure may be due
the fact that the ionization efficiency of the source dro
Since the temperature is so high at this pressure a large
tion of the input power will go to maintain the plasma p
tential and drive ions to the walls, and less power is left
ionization.

For the pressure above 2 mTorr the same argument
given earlier are valid. For very high pressure the plas
density is expected to reach a saturation, owing to the
crease in the ionization rate since the electron tempera
decreases below the threshold energy for ionization. Also
radial plasma losses will increase via collisions with neut
particles which also participate to reach a dens
saturation.16 The plasma was difficult to ignite at the highe
pressures above 7 mTorr, and therefore data was not
tained at pressures where density saturation is believe
take place.

A trend of decreasingTe and increasingne with pressure
has been observed in several experiments8,16,17and also ob-.
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tained by modeling and simulations.15,18 At the intermediate
pressure range between 0.4 and 2 mTorr the plasma pa
eters were not as expected from the theory. This phenom
is not unique and is observed in several experiments, but
yet obtained in simulations.

The microwaves that are introduced into the plas
chamber are plane linearly polarized waves. They can
represented as a superposition of a right- and left-ha
polarized wave, RHP and LHP waves respectively. The R
waves will be effectively absorbed at the ECR position, b
the LHP waves are not directly absorbed at this resona
These waves will either propagate downstream to low
magnetic field or be reflected back when reaching a thres
plasma density, i.e., the cutoff density.

The cutoff density for the LHP wave in a magnetiz
plasma whereB.Bec, is given by19,10

nc5nc0S 11
vB

v D5nc0S 11
B

Bce
D . ~5!

vB5eB/me is the electron cyclotron frequency at the ma
netic fieldB. nc0 is the cutoff density for the LHP wave in
an unmagnetized plasma where the wave frequency is e
to the plasma frequency, and is given as

nc05
mee0v2

e2 , ~6!

where v is the wave frequency, ande0 is the permittivity
in vacuum. Using the microwave frequencyf 052.45 GHz,
the cutoff density at zero magnetic field isnc057.45
31016m23. The LHP-cutoff density at the ECR pos
tion is nc52nc051.531017m23, while nc52.6nc051.9
31017m23 at the microwave window whereB51400 G.
The LHP wave propagates downstream at densities be
nc , whereas at higher densities it is reflected back to
microwave generator, or it transforms to longitudinal plas
waves or RHP waves in the region wherene'nc .4,10 Hence,
in the case where the LHP wave propagates in the un
dense regime it will carry away some of the power, which
the overdense regime is effectively absorbed in the reson
zone. Consequently the ionization is less efficient and
plasma density will remain smaller than the cutoff dens
The net microwave power has been measured downstrea
a mirror field ECR plasma source.8 A microwave power in-
crease by three orders of magnitude in the pressure ra
between 0.13 and 2.8 mTorr, was measured where the
multaneously observed an underdense mode. It is also
ported elsewhere that below the critical density there i
state where the plasma is nearly transparent to microwa
which results in standing waves within the chamber due
reflections.4 These results compared with our results seem
indicate that the sudden change in our plasma parame
might be a transition from an underdensene,nc to an over-
dense modene.nc .

However, during the gas breakdown, before steady sta
obtained there will be a short time where the plasma den
is low and the LHP wave is able to propagate in the plas
chamber. When the plasma reaches the steady state
J. Vac. Sci. Technol. A, Vol. 19, No. 5, Sep ÕOct 2001
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mechanism must ‘‘decide’’ if the plasma density stays bel
or grows above the cutoff density. Since the LHP wave
initially able to propagate in the plasma it is reasonable
believe that the propagation or cutoff of this wave is not t
mechanism responsible for our mode change, but is an e
of this mode change.

There are also several reports that are inconsistent
the wave-cutoff theory. Aydilet al.5 and Jarnyket al.7 report
mode changes similar to ours, where the plasma density
sometimes about ten times larger than the cutoff density b
before and after the transition, and additionally the auth
observed a mode change at two distinct pressures and
sequently two different densities. Mode changes where
plasma densities were too low for the LHP cutoff to occ
are also published.20

In our experiment the plasma density was measu
downstream at about 30 cm from the resonance zone. G
the conservation of the magnetic flux along the cham
axis, the relation between the measured density and the
sity in the resonance zone is

nres5
Bres

B
n, ~7!

whereBres andB are the magnetic field strengths in the res
nance and measured position, respectively. Here we ass
that the charged particles moving along the magnetic fi
lines are adiabatic, the ion velocity in the resonance zone
downstream are approximately equal, and that the do
stream production of charged particles is neglected. In
probe position the magnetic field is 450 G so that the plas
density in the resonance is estimated to be about twice
large as the measured density. In Fig. 6 are shown ion d
sities measured as a function of distance from the microw
window at two different pressures, one just below the mi

FIG. 6. Profiles of the ion density as a function of distance from the mic
wave window, at 0.4 and 1.5 mTorr neutral gas pressure and coil cur
270 A. Some typical error bars are shown.
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mum density pressure~0.4 mTorr! and the other within the
density minimum at 1.5 mTorr. The data at 1.5 mTorr sho
slightly higher values at 45 cm than the data set of Fig
This might be due to some inaccuracy in the pressure re
ing, as this pressure is close to the transition where the d
sity increases rapidly with pressure. The position closes
the window~22 cm! corresponds to the region at the botto
end of the steepest part of the magnetic field gradient sh
in Fig. 1~b!, where the field strength is about 600 G. At th
point the densities have increased by 30%–40% relativ
the densities at 45 cm. This indicates that the density at
resonance is indeed 1.9–2 times higher than measured 4
from the window, in agreement with the estimate before.

The mean plasma density depends primarily on the po
deposited in the plasma. Since we keep the microw
power constant, at 500 W, the changes in the plasma de
is in our case a consequence of the change in either
electron temperature or the neutral gas density, or b
Jarnyk et al.7 suggested that the neutral gas density is
sponsible for the mode change. They showed that by con
ling the neutral density, which was done by controlling t
ratio between the pressure and the neutral gas tempera
the mode change was avoided. When the same experim
was done by a pressure control only, a mode change
curred. The neutral gas temperature increased from 29
343 K after 5–10 min. Hence, when the experiment w
controlled by the pressure the density, using ideal gas
would increase with a factor 1.16. Using Eq.~4! we see that
the ionization rate constant will fall with the same factor, a
from Eq. ~3! it follows that the electron temperature wi
decrease, but insignificantly. As we observe in the mo
change the electron temperature falls, and the resul
Jarnyk et al.7 shows that the floating potential falls in th
mode change, but the effect of the neutral gas heatin
probably insignificant for our phenomena. According
some authors6 the mode transition occurs at essentially t
same microwave power at several pressures, which
shows disagreement with the neutral gas heating assump
We also observe that the mode change occurs both w
going down and up in pressure continuously without turn
off the plasma which indicates that gas heating is insign
cant in our case.

In the intermediate pressure range the electron temp
ture increases with neutral gas density, which is in contra
tion with Eq. ~4! where we expect the temperature to d
crease with neutral density, as observed at lower and hig
pressures. This increase inTe is not yet understood. Equatio
~4! is found from the balance between the creation and
of ions. Hence, some of the assumptions made in deriv
this equation fail in this pressure range, and the particle
ance equation is probably more complex. A global mode
high density argon plasma where the time evolution of
electron temperature and the plasma density are calcu
by solving the particle and energy balance equation, w
several different reactions considered, has been develope
Ashidaet al.21 This model shows that about 16% of the io
ization takes place from the 4s and 4p excited states at an
JVST A - Vacuum, Surfaces, and Films
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electron temperature of about 3 eV, and hence, the contr
tion of excited states to the entire ionization process is
negligible. Comparing the rate constants for direct and st
wise ionization, i.e., ionization through an excited sta
given in Ref. 22 shows that the stepwise ionization is m
important at lower electron temperatures,5 eV. The rate
constants for electron-neutral collisions which create io
from the ground state and excitation to a metastable stat
a function of electron temperature are shown in Wuet al.,15

and the expressions can be found in other reference
well.1,21,22 It was shown that at temperatures less than 3
the production of metastable atoms has a higher rate than
production of ions by the direct ionization process, and
temperatures higher than 3 eV the direct ionization proc
rate is the largest of these two processes. Thus, the obs
tions indicate that when the electron temperature falls be
about 3 eV a larger fraction of the input power goes to p
duction of metastable atoms in either the 4s or 4p state,
which may result in a lower and almost constant ion dens
in this pressure range. The full investigation of the differe
processes as a function of temperature and pressure is o
the scope of this article, but it is likely that the explanati
for the anomalous behavior occurring in the intermedi
pressure lies in the nature of the criteria for different re
tions appearing in the discharge. Hence, we suggest tha
production rate of metastable atoms and stepwise ioniza
as functions of the electron temperature may be impor
factors in understanding the observed mode change.

IV. CONCLUSION

A comprehensive investigation of changes in electr
temperature, plasma potential, ion density, and ion beam
ergy as a function of pressure has been reported. The pla
parameters were measured over the entire pressure r
from 0.15 to 7 mTorr. We found that for low pressu
,0.4 mTorr, and high pressure.2 mTorr the qualitative
plasma behavior with neutral gas pressure could be
plained by a global conservation model where the creation
ions by direct ionization in the volume is balanced with t
loss of particles to the wall.1,15 For the intermediate pressur
between 0.4 and 2.0 mTorr there was an anomaly in
plasma appearance characterized by a low but increa
electron temperature and a low and almost constant ion d
sity. This anomaly may be explained as a mode cha
where the production of metastable atoms increases and
ionization becomes less effective.

A more complex model of the particle balance equation
a function of temperature and pressure may be develo
where the different processes are taken into account, as
in Ashidaet al.21 for the calculation of the time evolution o
Te andni . The mode change will be thoroughly investigat
in future work where the neutral gas density, the metasta
atom density, and the mass spectra will be investiga
which hopefully will provide more answers to the questi
why these mode changes occur.
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