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The frequency dependence~13.56–70 MHz! of the ion energy distribution at the ground electrode
was measured by mass spectrometry in a symmetrical capacitive argon discharge. Reduced sheath
impedance at very high frequency allows high levels of plasma power and substrate ion flux while
maintaining low levels of ion energy and electrode voltage. The lower limit of ion bombardment
energy is fixed by the sheath floating potential at high frequency, in contrast to low frequencies
where only the radio frequency voltage amplitude is a determinant. The capacitive sheaths are
thinner at high frequencies which accentuates the high frequency reduction in sheath impedance. It
is argued that the frequency dependence of sheath impedance is responsible for the principal
characteristics of very high frequency plasmas. The measurements are summarized by simple
physical descriptions and compared with a particle-in-cell simulation. ©1996 American Vacuum
Society.
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I. INTRODUCTION

The interest of very high frequency~VHF! ~30–300 MHz!
plasma processing, compared with the conventional 13
MHz frequency, is demonstrated by experiment1–10 and
modeling.2,5,11–15 Measurements and/or scaling laws fro
numerical simulation show high deposition rates,1,3,6 im-
proved uniformity3,13 and reduced stress15 of the deposited
films, and thinner sheaths8,12,13,16,17with low energy,3,5–7,12

high flux5–7,12 ion bombardment at the substrate. VHF pla
mas have also proved advantageous for reactive ion etch7

and microcrystalline silicon deposition.9,10

Ion bombardment is necessary for surface spec
reactivity18,19 but can damage the film during plasm
deposition19 or etching20 by high-energy ion impact cause
by acceleration across high-voltage sheaths. The sheath
age can be controlled independent of the radio frequency~rf!
voltage and power by varying the self-bias~inherently re-
quiring electrode asymmetry,21 which is impractical for uni-
form, large area deposition! by an imposed direct curren
~dc! bias ~not recommended for plasma processing due t
risk of dielectric breakdown!21,22 and in triode19 devices.
Dual frequency systems use, for example, inductive coupl
for plasma generation and an independent low power
~13.56 MHz! source to control the plasma potential an
hence the ion bombardment energy. The VHF techniq
achieves ion bombardment control with a single rf sour
provided that the rf frequency and electrode voltage can
suitably adjusted.3–6,12,14

In this article, we investigate the sheaths and ion flux
VHF discharges to gauge the extent to which VHF behav
can be explained by the sheaths,6 before invoking frequency
effects on the electron temperature or distributio
function.2,23 The frequency dependence of ion bombardme
has previously been studied below 13.56 MHz,22 whereas
quantitative experimental data for ion energy and flux
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VHF plasma deposition has been lacking until recently.6

In this work, the ion distribution function was monitored
by quadrupole spectrometry at the ground electrode for a
range of excitation frequency~13.56–70 MHz!, rf electrode
voltage~10–210 V amplitude!, and plasma power~1–14 W!.
The discharge studied was symmetric~self-bias'0 V22! for
all parameters to avoid any extraneous reactor geometry ef
fects due to frequency-dependent self-bias.7,24 This symme-
try also permitted comparison with a one-dimensional
particle-in-cell ~PIC! code25 and is relevant to large-area-
deposition plasma reactors. Argon plasmas involve only one
neutral and one ionic majority species and thus avoid radica
chemistry complications. This simple discharge type was
chosen with the aim of investigating the inherent properties
of the VHF technique which are not gas, process, or machine
dependent.

II. DESCRIPTION OF THE EXPERIMENT AND
NUMERICAL SIMULATION

The rf capacitive reactor shown in Fig. 1 is comprised of
two cylindrical stainless steel electrodes, 130 mm in diam-
eter with a 30 mm fixed electrode gap, with the upper elec-
trode and the walls of the chamber grounded. The argon
pressure was 0.1 Torr with a 50 sccm flow throughput to
maintain gas purity. The lower rf electrode was capacitively
coupled via ap matching box and rf power meter to a wide
band rf amplifier and signal generator. A passive probe
mounted on the back face of the rf electrode was used to
measure the rf voltage amplitudeVrf and electrode self-bias
Vdc. The probe and its oscilloscope were integral compo-
nents of the reactor and so introduced no perturbation to the
system impedance. The areas of the ground and rf electrode
were equalized by confining the plasma within concentric
stainless steel screens, as shown in Fig. 1, to obtain approx
mately zero self-bias of the rf electrode~Vdc/Vrf,5% for all
experiments!; the discharge was thus considered to be sym-
metric.
1326/14(1)/132/7/$6.00 ©1996 American Vacuum Society
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A Hiden Analytical limited26 plasma monitor HAL-EQP
500 was used to measure the mass and energy of ions
pinging on the ground electrode at the electrode axis~Fig. 1!.
The ions entered the monitor first through a 5-mm-diam o
fice in the ground electrode and then through a 100mm
aperture in the negatively biased~250 V! extractor head. A
45° electrostatic energy analyzer selects the ion energy
fore the quadrupole mass filter and also eliminates ions th
have inelastic collisions after crossing the ground plane
the electrode surface.

The codeXPDP125 is a 1D PIC and Monte Carlo collision
code applicable to a symmetric plasma geometry. It provid
a fully kinetic representation of plasma ions and electron
Cross-sectional models for ion-neutral and electron-neut
collisions in an argon plasma simulate charge exchange c
lisions, ionization, excitation, and elastic scattering. Usin
200 grid points across the electrode gap and a time step
10210 s, with each numerical particle representing 6.107 ions
in the plasma, this code was implemented on a MUSIC17

parallel computer allowing long simulations~103 rf periods!
of the experiment. The rf electrode voltage in the simulatio
for a given rf frequency was taken from the experimental

FIG. 1. Schematic of the reactor and mass spectrometer. The inset shows
cylindrical electrodes, concentric screens, mass spectrometer orifice,
extraction electrode. The rf voltage and self-bias were measured by
voltage probe on the back face of the rf electrode. The rf screen heightH
~16 mm! was adjusted to obtain zero self-bias.
JVST A - Vacuum, Surfaces, and Films
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measured applied voltage corresponding to the required
plasma conditions to be simulated, and the remaining input
parameters~electrode gap, gas pressure, and rf frequency!
correspond to the experiment described above.

III. RESULTS

A. Ion energy distributions and determination of the
time-averaged plasma potential

The argon ion flux energy distributions in Fig. 2 were
obtained by experiment and simulation for the same rf fre-
quency and electrode voltage. The dispersion of the Ar1 dis-
tribution is caused by symmetric resonant charge exchange
in the sheath with argon neutrals.27 The peaks in intensity12,17

are due to the interaction of the oscillating rf potential and
charge exchange collisions28 as the ions cross the sheath dur-
ing several rf periods. This structure is visible on both the
experimental and simulation data and can be used to deduce
the time-averaged sheath potential profile.17

The ArH1 ion, a minority species formed by Ar1 reacting
with hydrogen from residual water in the reactor, does not
suffer charge exchange because its equivalent neutral does
not exist and most reach the electrode with no inelastic col-
lisions. Their energy distribution is a single peak since the
ions only respond to the time-averaged sheath potential22 as
they cross the sheath during several rf cycles: the rf fre-
quency is between the ion and electron plasma frequencies
so that only the electrons can follow the time-varying rf
fields. Both the maximum Ar1 energy~for those Ar1 ions
that cross the sheath without collision! and the ArH1 peak
therefore correspond to the time-averaged sheath voltage a
the ground electrode which equals the time-averaged plasma
potentialVp. The well-defined ArH1 peak is used in a man-
ner similar to Köhleret al.21 for the experimental estimate of
Vp, and the PIC simulation givesVp as an output parameter.

the
and
the

FIG. 2. Energy distribution of the Ar1 flux at the ground electrode by
particle-in-cell simulation and experiment. The measured ArH1 energy
spectrum is also shown. The maximum ion energy by experiment was taken
to be 60 eV. Excitation frequency 25 MHz with 3 W power in the plasma.
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B. Ion energy as a function of rf frequency and rf
voltage

For rf capacitively coupled discharges with asymmetr
electrodes, the rf electrode voltage isV(t)5Vdc1Vrf sinvt,
whereVrf is the rf voltage amplitude andVdc is the dc self-
bias voltage21,22 given by

Vdc5Vrf~Ct2Cw!/~Ct1Cw!,

whereCt andCw are the sheath capacitances at the rf a
ground electrode, respectively. In our reactor, the rf a
ground electrode areas were symmetrically adjusted~see Fig.
1! to obtainVdc50, whereuponCt5Cw and the plasma po-
tential Vp(t) is of equal amplitude and in antiphase wit
respect to each electrode. The time-averaged plasma po
tial Vp for an equivalent circuit sheath description is the
given by21,22

Vp5KVrf1DV~Te ,Vrf! ~Vdc50!, ~1!

whereK is a constant which depends only on the wave for
Vp(t) of the plasma potential and is in the range 1/p<K<
1
2; the upper and lower limits correspond to sheaths which
purely capacitive@sinusoidalVp(t)# and resistive@half-wave
rectifiedVp(t)#, respectively.

21,22 The termDV~Te ,Vrf! is a
correction to the equivalent circuit model21 to account for
residual differences compared with electron temperature a
self-rectification effects.29,30 These latter effects arise natu
rally in a plasma description where the time-averag
electron/ion currents at each electrode cancel giving29,31,32

Vp5Vf1~kTe /e!ln@ I 0~eVrf/2kTe!# ~2!

for a sinusoidally varying sheath potential of amplitudeVrf/2,
whereI 0 denotes the zeroth order modified Bessel function

29

k is Boltzmann’s constant, andTe the absolute electron tem-
perature in kelvin. In the limit of smalleVrf /kTe , the plasma
potential is positive with respect to the electrode by the flo
ing potential33Vf'16 V in argon, takingkTe/e'3 eV. In the
limit of large eVrf/kTe , the asymptotic expansion ofI 0
gives21,31

Vp5Vf1Vrf /22~kTe/2e!ln@2p~eVrf/2kTe!#, ~3!

which is approximately linear with unity gradient in Fig. 3
The Vp vs Vrf data for different rf frequencies are com

pared with Eqs.~1! and~2! in Fig. 3, where the ArH1 energy
was used for the measurement ofVp. Comparable rf power
ranges were used at each frequency, and the rf power co
sponding to eachVrf value is shown in Fig. 4~a!. There is
very good agreement with the plasma description of Eq.~2!,
using the same valuekTe/e'3 eV irrespective of rf power or
excitation frequency. This is also experimental confirmati
of the recent approach of Wang~see Ref. 32 witha51

2 for
symmetric electrodes! in applying the Garscadden and
Emeleus29 expression to capacitive discharges. Both expe
ment and simulation in Fig. 3 show that the sheaths beh
capacitively at these frequencies~the discrepancy between
experiment and simulation may be due to systematic err
in the measurement and/or imprecision in the different
cross sections used in the PIC code!; the PIC simulation and
J. Vac. Sci. Technol. A, Vol. 14, No. 1, Jan/Feb 1996
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an analytical solution for rf sheaths34 also demonstrate sinu-
soidally varying sheath potentials with only a weak contri-
bution from higher harmonics. This result is independent of
the value of sheath capacitance, plasma power, or rf fre
quency and agrees with other findings16,35,36 that the dis-
placement current dominates the charge-carried current in
the sheaths.

From Fig. 3 and Eq.~3!, the maximum ion energy
( ' eVp) therefore increases almost linearly at high values of
applied rf voltageVrf , as shown also by scaling laws,

5,12 but
tends to a nonzero energyeVf in the limit of smallVrf . This
lower limit of ion energy is not of practical importance in
capacitive symmetric discharges below 13.56 MHz22 because
the discharge power density at low frequency must be very
small for Vrf to become comparable toVf . VHF operation
allows access to this region becauseVrf can reach sufficiently
low levels even with significant plasma power due to re-
duced capacitive sheath impedance at high frequencies. I
the VHF regime, the plasma is sustained even withVrf

smaller than the argon ionization potential5 of 15.76 eV. The
maximum ion energy at constantVrf is independent of
frequency12 to within experimental accuracy as expected,
since all plasma potential wave formsVp(t) are the same
~sinusoidal! for the range of frequencies studied here.

Figure 4~a! shows the plasma power range used at fre-
quencies corresponding to the experimental data in Fig. 3. A
13.56 MHz the maximum power used was 3 W because the
ion energy at higher powers exceeded the energy range of th
mass spectrometer. The plasma powerPp was estimated
to within 15% accuracy37 by subtracting the input

FIG. 3. The maximum ion energy at the ground electrode as a function of rf
electrode voltageVrf . The range of electrode voltage was covered by using
different excitation frequencies with rf powers between 1 and 14 W~see Fig.
4!. The full curve was calculated according to Eq.~2! with kTe/e53 eV and
Vf516 V. The PIC data were obtained for frequencies 25–70 MHz for rf
powers 3 and 7 W.
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135 Schwarzenbach et al. : Sheath impedance in VHF plasmas 135
power measured without plasma at a given electrode volta
from the input power with plasma at the same voltage.3,38

The results are therefore independent of machine-depen
network losses and so are valid for any reactor with equiv
lent dimensions becauseVrf andPp are one-to-one functions
for given plasma parameters~including rf frequency!; that is,
the plasma is unchanged by transfer to other reactors wh
the external circuit can maintain the sameVrf across the
plasma/sheath system. In fact, the results are applicable
the same plasma parameters to any symmetric reactor w
the same electrode gap, provided that the plasma power
ion flux are scaled with the electrode area.

The approximate proportionality ofVrf
2 andPp in Fig. 4~a!

~observed also by Andrieset al.39! along with the capacitive
sheath behavior deduced from Fig. 3 suggest a commo
used equivalent series circuit of a resistive plasma~resistance
R! bounded by two capacitive sheaths~Ct5Cw5C at each
electrode for this symmetric plasma!. The proportionality
may be in part fortuitous because this simple model does
account for ion power gained from theVrf source;

36 however,
this contribution is small compared with dissipation in th

FIG. 4. ~a! The electrode voltage and corresponding plasma power ranges
several of the frequencies used in Fig. 3;~b! frequency power-law scaling of
the ratioVrf

2/Pp for all experimental data points shown in Fig. 3.
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bulk plasma at the lowVrf values
36 associated with VHF

frequencies. The measured constant of proportionality be
tweenVrf

2 andPp as a function of rf frequency is shown in
Fig. 4~b! for all the data of Fig. 3. For theC-R-C circuit,
where C and R may each depend on the frequency, this
relation is

Vrf
2/Pp5@R21~2/vC!2#/R'4/v2C2R5 f ~v! ~4!

since the plasma resistanceR is much smaller than the sheath
impedance 1/vC even at 70 MHz.8 A power law fit to the
data in Fig. 4~b! gives f ~v!}v22.460.2. An inverse square
frequency dependence would correspond to constantC and
R ~and agree with simulations5,12,14!. However, the sheath
thicknessds is well documented5,7,8,12,16,17to decrease with
excitation frequency~see also Sec. III D! so thatC5e0/ds
~per unit electrode area! increases. Since the sheath imped-
ance is 1/vC, any high frequency effect is therefore accen-
tuated by this simultaneous increase inC. The vC term
should be accounted for before any frequency dependence o
the bulk plasma impedanceR is invoked. Equation~4! shows
why the plasma powerPp increases strongly with rf fre-
quency for constantVrf , physically because the sheath ca-
pacitive impedance is short circuited at VHF and more rf
voltage appears directly across the bulk plasma. Equiva
lently, the power factor cosf'vCR ~whereR,1/vC! in-
creases because the total impedance becomes less reacti
For the same reason, the rf amplitude of the bulk plasma
electron current, which approximately equals the sheath dis
placement current (vC)Vrf , also increases with frequency.

An additional representation is shown in Fig. 5 by varying
the frequency at constant plasma power. The electrode volt
age and ion energy, by experiment and simulation, both de
crease with excitation frequency but the ion energy reaches
lower limit determined by the floating potential, whereasVrf
continues to fall—this limit was overlooked in an earlier
article.3 This means that, for a given rf power density, there

for

FIG. 5. Frequency scaling of the rf voltage and maximum ion energy~by
experiment and simulation! for a constant rf plasma power of 3 W.
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is a corresponding frequency above which no significant
ther reduction in ion energy is obtained~approximately 70
MHz in Fig. 5!; this frequency being the same for any sym
metric reactor with the same electrode gap and plasma
rameters.

C. Ion flux as a function of rf frequency and rf
voltage

Since low-energy ion bombardment can be beneficial
plasma deposition18,19and reactive ion etching,20 it is impor-
tant to produce a sufficient flux of these ions. Surface da
age during plasma deposition occurs above a threshold in
energy, and so the following experiments evaluate the in
ence of excitation frequency on ion flux for a fixed upp
limit of bombardment energy.

Figure 6 shows the Ar1 ion energy distributions, normal
ized to the total flux, for a maximum ion energy of 29 e
obtained by adjusting the rf power at each frequency. Fr
Fig. 3, this is closely equivalent to using the sameVrf as the
frequency is varied. The mean energy of the ion flux alm
doubles in passing from 13.56 to 70 MHz~see Fig. 7!, in
general agreement with simulations.5,12 This is due to the
lower probability of charge exchange collisions in the thinn
sheaths at high frequency, and is demonstrated in Fig. 7
the ratios of sheath width to mean free path obtained
fitting the Davis and Vanderslice distribution function27 to
the data17 of Fig. 6.

The frequency dependence of the total ion flux integra
over energy is given in Fig. 8 for constant maximum energ
of 29 and 39 eV. At 70 MHz, the measured fluxes are a fac
of 30 more intense than at 13.56 MHz, with af 2.160.2 power
law dependence~in agreement with simulations!5,12 and no
indication of saturation with frequency.

The relationship between flux and plasma power diss
tion can be described by a power balance equation: follow
Misium et al.,40 the rf powerPp dissipated in the plasma i

FIG. 6. Ar1 ion flux energy distributions, normalized to the total flux at ea
frequency, obtained by adjusting the rf power at each frequency in orde
obtain the same maximum ion energy~29 eV here!.
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distributed between electron collisions, the ion flux power
2G(eVp), and the electron flux power 2G(4kTe) per unit
area to both electrodes~the time-averaged ion and electron
flux G are equal to maintain quasineutrality!. Each ion rep-
resents an energy loss ofeVp even though charge exchange
means that most ions do not arrive with the full sheath
energy—the energy deficit of the final ion appears as ga
heating by production of fast neutrals. The electron collision
term includes ionization, excitation, and elastic collisions
which can be combined by defining an average collision en
ergyecoll(Te) per electron.

40 The total power balance per unit
electrode area is therefore

Pp5G@2eVp18kTe1ecoll~Te!#5G@2eVp1F~Te!#, ~5!

ch
r to

FIG. 7. Ratio of sheath width to charge exchange mean free path~approxi-
mately 0.5 mm at 0.1 Torr! obtained by fitting the Davis and Vanderslice
distribution function~Ref. 27! to the curves in Fig. 6. The mean ion energy
of the corresponding distributions for a fixed maximum ion energy of 29 eV
is also shown for different excitation frequencies.

FIG. 8. Measured frequency dependence of the total ion flux for constan
maximum ion energies of 29 eV~the normalized distribution functions are
shown in Fig. 6! and 39 eV. The curves represent power-law fits to the
experimental data points.
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where F(Te) is the total electron energy dissipated pe
electron–ion pair created. SinceVp is a constant for each
curve in Fig. 8, and insofar asTe can be taken to be inde-
pendent of frequency~see Sec. III B and Refs. 5 and 6! to a
first order approximation, this gives the ion fluxG approxi-
mately proportional to the rf powerPp . This simplified de-
scription therefore yields a qualitative agreement for the fr
quency dependence of the flux~f 2.160.2! in terms of the rf
power dependence~f 2.460.2 from Eq. ~4! with Vrf/2 ' Vp

5 constant!. The increased discharge power factor, due
reduced sheath impedance at high frequencies with con
quently higher discharge rf currents for the sameVrf , is at
the physical origin of the higher ion flux and rf power.

Improved deposition rates at constant rf power in VH
plasmas1,3,6 ~and therefore with lower ion energy3,6—see Fig.
5! may be due in part to an increased fraction of the rf pow
in the electron dissipation termF(Te) of Eq. ~5!, yielding
higher dissociation rates at the expense of proportionat
less ion flux power.5 The question is further complicated by
various issues such as enhanced dehydrogenization at
surface of the growing film18,19 due to higher ion bombard-
ment flux in VHF plasmas;6 this is beyond the scope of the
present study.

Figures 3, 5, and 8 demonstrate the possibility of contro
ling the ion energy and flux via the rf frequency an
power.5,12 Once the rf electrode voltageVrf has been deter-
mined to give the required maximum ion energy~using Fig.
3!, the required ion flux can be chosen by varying the exc
tation frequency~and power! as in Fig. 8. The technical dif-
ficulty of variable frequency operation applies only to th
pilot reactor because once the excitation frequency has b
chosen to optimize a given process, subsequent plasma p
cessing reactors need only operate at this fixed frequency

D. Sheath width and ion density as a function of rf
frequency

The ion flux at the electrodeG equals the ion flux entering
the sheath from the bulk plasma~excepting any ionization in
the sheath region!. Ions from the bulk plasma enter the
sheath with velocityAkTe /mi , satisfying the Bohm criterion,
and so the strong increase in ion flux with frequency show
in Fig. 8 represents a parallel increase in plasma io
density5,12 ~provided thatTe does not change strongly with
frequency!.6 The ion density just in front of the electrode
nis , also increases with frequency albeit less strongly th
the flux because of the frequency dependence of the dis
bution function shown in Fig. 6.

The time-averaged charge densitye(ni 2 ne) throughout
the sheath is approximately constant17 and equal tonis be-
cause the time-averaged electron densityne is negligible
near the electrode surface. Poisson’s equation integra
across the time-averaged sheath widthds therefore gives

ds5A2e0Vp/enis. ~6!

It follows that the sheath for constant electrode voltage
thinner at high frequencies, in agreement with Fig. 7 an
simulations,12–14 due to an increase in sheath ion densit
JVST A - Vacuum, Surfaces, and Films
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Similar considerations for VHF plasmas at constant rf power
also show thinner sheaths,6,8,16,17 principally due to lower
values ofVp ~see Fig. 5! in Eq. ~6!.

In summary, the reduction in sheath impedance 1/vC at
high frequency is responsible for a higher power factor, lead-
ing to higher ion fluxes and ion density for a given plasma
potential, which in turn reduces the sheath width@by Eq.~6!#
and increases the sheath capacitance; this accentuates the e
fectiveness of the frequency~as mentioned in Sec. III B! by
reducing the sheath impedance still further. Coincidental ad-
vantages associated with thinner sheaths are improved ion
flux uniformity,5,13 a shorter path length for reactive radicals
from the plasma bulk to the substrate,8 and improved ion
directionality due to reduced scattering.5,12,13,41

IV. CONCLUSIONS

The frequency dependence~f513.56–70 MHz! of the ion
energy distribution in a symmetrical argon discharge was
used to investigate the inherent properties of very high fre-
quency plasmas.

Ion energy measurements and a particle-in-cell simulation
show that the sheaths are capacitive. Independent of the fre-
quency, the maximum ion energy~in eV! is approximately
half of the rf voltage amplitude except at the lowest voltages
where the minimum ion energy range is determined by the
floating potential (Vf'5kTe/e).

At high frequencies, the reduced impedance of the capaci-
tive sheaths raises the discharge power factor, and the mea
sured ratio~rf power!/~electrode voltage!2 varies approxi-
mately asf 2.4. Significant rf power can therefore be applied
at low rf voltages thereby maintaining the ion bombardment
energy near to the minimum value. At constant electrode
voltage, the measured ion flux increases approximately as
f 2.2. This is qualitatively explained by the increase in rf
power with frequency, as shown by consideration of the elec-
tron and ion power balance in the plasma. The ion flux and
energy can therefore be independently controlled by appro-
priate choice of the rf voltage and frequency, as shown in
simulations by other authors.5,12,13

The capacitive sheaths are thinner at high frequencies due
to the combination of higher ion density and/or reduced
sheath voltage, which accentuates the effectiveness of very
high frequency operation by reducing the sheath impedance
still further.

In conclusion, it has been shown that diminished sheath
impedance is responsible for several intrinsic advantages of
very high frequency plasma deposition such as high ion den-
sity, thin sheaths, and high ion flux with low ion energy at
the substrate.
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