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Frequency variation under constant power conditions
in hydrogen radio frequency discharges

E. Amanatides and D. Matarasa)
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P.O. Box 1407, 26500 Patras, Greece

~Received 20 June 2000; accepted for publication 8 November 2000!

The effect of driving frequency~13.56–50 MHz! on the electrical characteristics and the optical
properties of hydrogen discharges has been studied, under constant power conditions. The
determination of the discharge power and impedance was based on current and voltage wave form
measurements, while at the same time spatially resolvedHa emission profiles were recorded. As
frequency is increased, the rf voltage required for maintaining a constant power level is reduced,
while the discharge current increases and the impedance decreases. Concurrently the overallHa

emission intensity decreases and its spatial distribution becomes more uniform. Further analysis of
these measurements through a theoretical model reveals that frequency influences the motion of
charged species as well as the electron energy and the electric field, resulting in a modification of
their spatial distribution. Moreover, the loss rate of charged species is reduced, leading to an
increase of the plasma density and to a decrease of the electric field. Under these conditions, the
total power spend for electron acceleration increases with frequency, but combined to the higher
electron density, leads to a drop of the average energy gained per electron, a drop of the mean
electron energy, and an enhancement of the low-energy electron-molecule collision processes
against high energy ones. ©2001 American Institute of Physics.@DOI: 10.1063/1.1337597#
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I. INTRODUCTION

Capacitively coupled rf glow discharges, operating at
industrial frequency of 13.56 MHz, are widely used
sources of reactive species for plasma deposition, etchin
surface treatment. Alternatively, the use of very high f
quency has been proposed by some authors as leadin
higher deposition and etching rates.1,2 As a result, a growing
number of experimental and theoretical studies concern
the issue have appeared in literature during the last
years. From the theoretical point of view: A particle in ce
Monte Carlo ~PIC/MC! simulation3 of helium glow dis-
charges has been used to reveal changes in the disch
structure at frequencies between 30 and 120 MHz. The
sults show that the plasma density and the rf current sca
the square of the applied frequency while the plasma po
tial is not affected and the sheath length varies almost
versely with frequency for a given rf voltage. A verificatio
of these frequency-scaling laws combined with a more p
cise analysis of the uniformity and directionality of the io
flux towards the surfaces has been performed using a
dimensional~2D! PIC/MC simulation at conditions of con
stant applied voltage.4 Moreover, self-consistent fluid equa
tions have been used by Colganet al.5 to study structural
features of argon discharges at frequencies ranging f
13.56 to 54.4 MHz. The effect of frequency on plasma d
sity, sheath lengths, power consumption, and plasma po
tial at conditions of fixed voltage and fixed rf current ha
been reported and have been compared to the ea
mentioned PIC/MC simulations.

a!Electronic mail: dim@chemeng.upatras.gr
1550021-8979/2001/89(3)/1556/11/$18.00
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Concerning experimental studies, the most import
difficulty in performing a true only frequency dependent e
periment, is to ensure the proper discharge and external
cuit conditions. Moisanet al.6 in a review article concerning
surface-wave discharges~SWDs! have proposed that in orde
to compare different frequency plasmas, one has to main
a constant electron density. As this condition is difficult to
achieved experimentally, constant power dissipation tha
the case of SWDs corresponds to constant total elec
power has been alternatively proposed in an attempt to
late frequency effects from the influence of other discha
parameters as much as possible.

Following this method in capacitively coupled dis
charges, the effects of frequency on silane plasmas and m
precisely on the deposition rate ofa-Si:H, as well as on the
dissociation and dissociative excitation rates of silane, h
been reported.7,8 These studies have shown that the depo
tion rate and the gas phase processes are both enhanc
the increase of frequency in the range from 13.56 to 70 M
Silane discharges have also been studied by another g
for frequencies varying between 40 and 250 MHz again
der constant power conditions.9 Their results show a sligh
increase of the silane dissociation and an almost cons
dissociative excitation rate, while the observed increase
the deposition rate is attributed to an enhanced surface r
tivity of the film precursors.9 In addition, Kitajimaet al.10

have reported 2D time-resolved profiles of Ar excitation ra
and reported a more efficient production of excited spec
and a higher plasma density at 100 MHz compared to 13
MHz.

Although, through these studies, a significant progres
the understanding of frequency effects on discharge pro
6 © 2001 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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ties has been achieved, the results concerning the enha
ment of high-energy processes with frequency appear to
controversial. The discrepancies found in literature are
lieved to be mainly due to the following reasons. First, th
oretical studies have been mainly focused on the simula
of noble gas discharges in constant voltage conditions,
no information is available on the effect of frequency
plasma structure and density under constant power diss
tion. Second, the proper discharge conditions that lead
constant power dissipation depend strongly on discharge
rameters like the gas mixture, the pressure or the intere
trode distance; these parameters have to be taken into
count when comparing results from different groups. Thi
in the case of capacitively coupled discharges in contras
SWDs, the constant power dissipation is not conseque
followed by constant electron power and the fraction of
power consumed for ion acceleration in the sheaths has t
considered. Finally, an accurate determination of the
power consumed in the discharge is required. In all the
perimental studies mentioned earlier, the power actually c
sumed in the discharge has been determined using the
tractive method. At 13.56 MHz, this rather simple meth
gives comparable results with other more precise method11

However, in the case of variable frequency operation, a v
careful design of the matching network is required in ord
to minimize losses in the external network, and to av
instabilities and matcher nonlinearity due to temperat
changes, over the entire range of frequencies studied. In
cases9,10 the accuracy of the method is questionable beca
readjustment of the forward power and retuning of t
matching network during the measurements have been
ported.

The present work attempts to clarify the effect of fr
quency on electron impact processes under constant p
conditions, assured by a much more accurate method inv
ing current and voltage measurements at the powe
electrode.12 For this purpose, a study of pure hydrogen d
charges at the frequency range between 13.56 to 50 MHz
been performed. Hydrogen has been preferred instead
noble gas, as in most plasma etching and deposition
cesses molecular gases are used. In these cases, the rota
and vibrational excitation of molecules, from impact wi
low-energy electrons, will strongly influence power dissip
tion, electron energy, momentum, and energy transfer c
sion frequency. As these parameters with respect to
change of the rf period, are very important when compar
discharges at different excitation frequencies, hydrogen
expected to simulate better processes that involve other
lecular gases. In addition, hydrogen is very often used a
buffer gas in the deposition of microcrystalline silicon a
diamond like carbon.

The values of voltage, current, and impedance, that
required for constant power dissipation as frequency is v
ied, are firstly discussed and then used in an theore
model of rf discharges, together with spatially resolved op
cal emission spectroscopy measurements of thea Balmer
line of atomic hydrogen. The results are thoroughly d
cussed against other experimental findings concerning
issue,7–10,13while a comparison with theoretical prediction
Downloaded 06 Mar 2001 to 150.140.190.25. Redistribution subject t
ce-
be
e-
-
n

us

a-
to
a-
c-
ac-
,
to
ly
e
be
al
x-
n-
ub-

.
ry
r
d
e
th

se

e-

er
lv-
d

-
as
f a
o-
ional

-
li-
e

g
is
o-
a

re
r-
al
i-

-
he

based on the solution of the time-dependent Boltzma
equation for hydrogen discharges14,15 is also performed.

II. EXPERIMENT

A capacitively coupled UHV parallel plate system, ha
ing a base vacuum of 1029 Torr has been used in this work
The 120 mm in diameter rf electrode is fixed to the cham
while the 90 mm in diameter grounded electrode can
moved to vary the interelectrode distance. For this serie
experiments, the electrode distance is set at 17 mm. Th
electrode is powered by a Dressler WLPG 101D wideba
~5–125 MHz! generator, through an L-type matching ne
work. A fcc model F-35-1 current probe and a Lecroy PP
100:1 attenuating voltage probe are attached to the po
lead after the matching network. Voltage and current sign
are recorded using a Lecroy 9400 digital oscilloscope a
then transferred to a computer for Fourier analysis. T
method for the measurement of the real power consume
the discharge at 13.56 MHz has been presented in d
elsewhere.12 In this method an electrical equivalent circu
accounting for the stray impedance of the cell is used
order to convert the current and voltage wave forms, m
sured outside the chamber to equivalent waveforms at th
electrode. A shunt circuit is externally connected for incre
ing the accuracy of the method, while the electrical circuit
complemented to account for power losses in a stray re
tance in both the shunt circuit and the cell itself. In t
present case, fast Fourier transform and the counterbal
of cell and shunt resistance increase phase shift resolu
accuracy.11 However, at frequencies higher than 13.56 MH
phase shift errors can be due to the probe bandwidth16

Thus, in order to check the applicability of the method at t
range of frequencies studied here, a procedure analogou
that in Ref. 17 has been followed. The empty cell has b
excited at different frequencies and the results were use
calculate the inductiveL, capacitiveC, and resistiveR com-
ponents of the cell. The experimental measurements and
fitting with the RLC model used for the calculation of vol
age and current wave forms on the rf electrode are show
Fig. 1. The excellent agreement between the experime
and the RLC model results, confirms the applicability of t
method at least up to 50 MHz. These results are used
derive the following electrical characteristics of the react
inductanceL540 nH, capacitanceC5285 pF, resistance
R50.8 V, and a resonance reactor frequency of 43 MHz.

In all cases, ultrahigh purity hydrogen~BOC, ultra large
scale integration 99 9999%! is fed in the reactor at a flow rat
of 20 sccm and a total pressure of 500 mTorr. Pressure
flow rate are independently adjusted by a downstre
throttle valve controller and an upstream mass flow cont
ler, respectively.

The experimental setup used for recording emission
tensity profiles of excited radicals has been described in
tail elsewhere.18,19 The difference in the present case is th
instead of moving the reactor for recording emission inte
sity from a specific discharge volume, the optical syste
consisting of two slits and an optical fiber manifold,
moved.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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III. RESULTS

Different sets of power and impedance measureme
have been performed for 500 mTorr H2 discharges, at exci
tation frequencies of 13.56, 30, 35, and 50 MHz. The va
tion of the discharge power density as a function of the e
trode voltage amplitude is presented in Fig. 2. As freque
increases, a significant drop of the amplitude of the volta
required to operate the discharge at the same power lev
observed~solid line, Fig. 2!. A similar behavior has also
been observed in all the studies that concern frequency v
tion under constant power conditions,7,9,10 however, with a
less pronounced drop. In the present case the electrode
age amplitude, scales with frequency asVel}v21/2, pointing
out two important parameters that should be strongly
fected by the change of the driving frequency. First,
power consumed for ion (Pi! and electron (Pe! acceleration,
depend on the discharge voltage in a different manner
thus, changes on their relative contribution in the total d

FIG. 1. The reactive component of the chamber impedance, as a functi
the excitation frequency, resulting from experimental measurements
RLC equivalent circuit model.

FIG. 2. Power consumed in the discharge as a function of the pow
electrode voltage amplitude in 0.5 Torr hydrogen discharges at four diffe
driving frequencies. The solid line represents constant power dissipatio
40 mW/cm2.
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charge power are expected. Second, the significantly dif
ent values of voltage required for constant power dissipa
reflect changes of the balance between ionization and ch
loss rates. The charge loss rate is strictly related to the
conduction current in the sheaths that, as it will be shown
Sec. IV A, decreases with frequency and this will probab
affect the ionization rate.

Information concerning the power dissipation for io
and electrons acceleration can be extracted from the
charge current since the ratio betweenPi and Pe at a fixed
pressure and electrode distance,20 scales asPi /Pe}(I /v2!.
The total discharge current as a function of the electro
voltage amplitude is plotted in Fig. 3. For constant pow
dissipation, the discharge current is more than doubled, s
ing as I}v1.2 ~solid line, Fig. 3! and thus the ratioPi /Pe

decreases with frequency, revealing that a larger fraction
power will be consumed for electron heating as frequen
increases.

Except for the information concerning power dissip
tion, the current flow in the discharge can also be used
the estimation of the effect of frequency on the discha
electric field and the electron density. This can be done
taking into account the different manner of current cond
tion in the bulk and in the sheaths. The time-varying to
current densityJ in the discharge can be expressed as
sum of the ion conductionJi , the electron conductionJe and
the displacement currentJd :

J5Ji1Je1Jd5eniu11eneue1v«0E, ~1!

whereE is the rf Electric field,ni , ne the ion and the elec-
tron density respectively,u1 , ue the ion and electron drift
velocity, e the electron charge, and«0 the permittivity of
vacuum.

The displacement current is expected to dominate in
sheaths17 and thus in this case eq.~1! can be rewritten as

J'Jd5v«0E. ~2!

Taking into account the relative increase of the discha
current and frequency, Eq.~2! indicates that for constan

of
nd

ed
nt
of

FIG. 3. Total discharge current as a function of the electrode voltage
plitude at the conditions of Fig. 2. The solid line represents constant po
dissipation of 40 mW/cm2.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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Downloaded 06
TABLE I. The values of the sheath fields and lengthsE, d, ion conduction current densityJ, and average charge
density nav , as calculated from the model of ion transport in the bulk and in the sheaths, at conditio
constant power dissipation.

Frequency
~MHz!

Edp

~V/cm!
Edg

~V/cm!
Eop

~V/cm!
Eog

~V/cm!
Jip

~mA/cm2)
Jig

~mA/cm2)
dpd

~cm!
dgd

~cm!
nav

~108 cm23!

13.56 174 76 25 16 0.024 0.014 0.85 0.42 2.95
30 135 72 21 12 0.018 0.012 0.61 0.37 3.98
35 141 74 19 11 0.017 0.011 0.55 0.32 5.12
50 142 78 17 9 0.014 0.010 0.48 0.27 6.72
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power dissipation, the time averaged field in the rf electro
drops significantly from 13.56 to 30 MHz and remains
most constant from 30 to 50 MHz~see Table I, Sec. IV!.

On the other hand, in the bulk plasma, the current flow
almost completely due to electrons, and thus Eq.~1! becomes
in this case

J'Je5eneue5e2ne

Eb

meAvm
2 1v2

, ~3!

wherene is the electron density,Eb the bulk field,vm the
momentum transfer collision frequency, andme the electron
mass.

According to Eq.~3! the increase of the current densi
observed at higher frequencies~Fig. 3! at constant power
dissipation, will be a combined result of changes in the el
tron density, the bulk electric field, and the momentum tra
fer collision frequency. In turn, the bulk field and the col
sion frequency depend on changes in the electron energ

The existing literature includes controversial results c
cerning the influence of frequency on electron energy
density. Thus, according to Heintzeet al.,9 electron tempera-
ture and density remain almost constant in the range betw
40 and 250 MHz. On the other hand, Yan and Goedhe21

predict an increase of electron density and a decrease of
tron temperature as frequency varies from 13.56 to 65 M
Moreover, in conditions of constant bulk field that have be
proposed by Beneking17 as describing very well discharge
operating at different frequencies, a solution of the Bol
mann equation predicts an increase of the electron ener15

Thus, since existing data do not permit the extraction of
ambiguous conclusions for the estimation of these par
eters at the present experimental conditions, further ana
is needed.

The discharge impedance can reveal information c
cerning the electron-molecule collision frequency and
bulk field. The complex discharge impedance is given by12

Z5
Vel

I el
ej wel5R1 jX, ~4!

wherewel is the phase of the electrode voltageVel , relative
to the electrode currentI el .

The ohmic component of the impedance that can be
tributed to the power dissipation in the discharge, is given

R5
Vel

I el
cosfel . ~5!

This can be further analyzed to:22
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~a! The plasma resistanceRv corresponding to electron
molecule collisions,

~b! an additional plasma resistanceRst corresponding to
stochastic collisions of electrons with the oscillatin
plasma-sheath boundary, and

~c! a parallel or in series sheath resistanceRi accounting
for ion acceleration in the sheaths.

The reactive part of the discharge impedance is given

X5
Vel

I el
sinfel ~6!

with X being the result of the competitive capacitive a
inductive behavior of the sheath and bulk plasma, resp
tively. At 13.56 MHz electrons suffer many collisions per
cycle, and thus the usual estimation is that they oscillate
phase with the bulk electric field~pure ohmic bulk!, the out
of phase motion of electrons being neglected. However,
out of phase oscillation of electrons increases with f
quency. During this motion, electrons cannot impart any
ergy to the gas. The importance of this stochastic moti
and its weight in the reactive part of the impedance, w
depend on the ratio of excitation frequency to the electr
molecule collision frequencyv/vm .

In Fig. 4~a! the total resistive componentR is plotted as
a function of the discharge current. A decrease of the re

FIG. 4. Resistive~a! and reactive~b! part of the discharge impedance as
function of the total discharge current at four different excitation frequ
cies. Solid lines represent constant power consumption while the dashed
in ~a! is an approximation of constant bulk field.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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tive part of the discharge impedance is observed at hig
frequencies. This decrease, according to the earlier anal
can be a result of a decrease of the electron energy, w
will strongly influence electron-molecule collision fre
quency, and/or an increase of the electron density. Moreo
it can also be a result of a decrease of the power consu
for ion acceleration in the sheaths, while stochastic collisi
at this pressure~500 mTorr! can be neglected. The solid lin
in Fig. 4~a! is again the line of constant power, while th
dashed line is approached byR5f~I! curves at low currents
The observation that this curve describes a relation of
form

R5const3I m~m'21! ~7!

has been used by Beneking17 to calculate bulk field values
suggesting that the field remains almost constant, indep
dent of frequency. In the present case the approximation
constant bulk field, is not accurate~m'21.7! and thus the
bulk field value cannot be calculated using this assumpt
However, a relation of the formR}I 21.7 @dashed line, Fig.
4~a!# indicates a drop of the bulk field with frequency.
reduction of the bulk field will be followed by a decrease
the electron drift velocity. Thus, the higher current flows th
have been observed~Fig. 3!, according to the analysis o
current conduction in the bulk@Eq. ~3!#, impose the require-
ment of an increased electron density. This increase is v
fied by a more precise study of the charge transport in
bulk that will be presented in Sec. IV B.

The increase of plasma density with frequency will
followed by changes in the discharge structure, i.e., a
crease of the sheath lengths. This decrease will lead to
increase of the sheath capacitance and consequently to
duction of the discharge reactance.12 This is reflected in Fig.
4~b! where the absolute value of the discharge reactanceXpl ,
at conditions of constant power dissipation~solid line!,
shows a significant drop with frequency.

These changes in the discharge structure, together
information concerning the effect of frequency on the ioniz
tion rate, can also be extracted from emission measurem
Thus, Fig. 5 shows axial emission profiles of the electro
cally excitedHa , at different excitation frequencies, und
conditions of constant power dissipation. This process
pure hydrogen discharges, results from one electron im
dissociative excitation of molecular hydrogen23 and its en-
ergy threshold and cross section are very close to those o
one electron impact ionization process

H21e→H* ~n53→2!1H~1s! 16.6 eV

H21e→H2
112e 15.4 eV.

This allows the use of emission profiles~Fig. 5! as an ap-
proximation of the time averaged ionization rate function
space.

It is obvious from Fig. 5 that the effective electron pop
lation for this specific process is reduced at higher frequ
cies. Under these conditions, the interaction of electrons w
the high-field oscillating sheath is the main electron heat
mechanism, producing electrons that have energy above
threshold of the specific process. Thus, the drop of the sh
field that has been predicted, using the displacement cur
Downloaded 06 Mar 2001 to 150.140.190.25. Redistribution subject t
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@Eq. ~2!# can be responsible for the drop of emission inte
sity with increasing frequency. Furthermore, at higher f
quencies, the maximum excitation rate moves closer to
powered electrode, confirming the reduction of the she
lengths estimated from impedance measurements.

To summarize the observations based on the experim
tal results presented so far, the sheath electric field and
sheath lengths decrease, while the fraction of power tra
ferred to electrons increases with frequency, under cons
power conditions. The emission measurements verify the
crease of sheath lengths and show that the population
electrons having energy above 16.6 eV decreases with
quency. Only suggestions have been made about the incr
of electron density and the drop of electron energy, ioni
tion, and charge loss rates with frequency. These need t
verified by the following theoretical analysis.

IV. ANALYSIS

The model used in this study has similarities to that p
sented by Lieberman,24 in the sense that the discharge
distinguished in sheaths and bulk and uses an expressio
the form of Child’s law for the sheaths. It is one dimension
and the basic assumptions that have been used are:

~a! Ions respond only to the time-averaged electric fie
and the ion motion is collisional with a constant mean fr
path.

~b! The time-averaged values of the electric field and
electron density in the rf sheath have been calculated ass
ing that the sheath-plasma boundary oscillates asds(t)
5dp(11sin vt). Results for the sheath of the grounde
electrode have been extracted by shifting the phase of s
tion of rf sheath byvt5p.

~c! An ambipolar transport in the bulk has been assum
and although the electron distribution function is not e
pected to be Maxwellian, a use of electron temperature
been made for an initial estimation of the ambipolar dc fie
and the determination of ambipolar diffusion coefficient.

FIG. 5. Spatial distribution of Ha emission intensity in 500 mTorr hydroge
discharges at four different excitation frequencies and conditions of cons
power dissipation.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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The formulation of the model is not self-consistent in t
sense that it requires the self-bias voltage, the discharge
rent, the ohmic part of the discharge impedance, and
spatial distribution of the ionization rate. The output para
eters of the model are the spatial distribution of electrons
ions, the distribution of the electric field, the power dissip
tion to ions and electrons, and the mean electron energy

A. Ion transport in the sheaths

The transport of ions in the sheath is usually described
a collisionless or collisional, space charge limited motio
The charge conservation condition and the assumption o
ionization or recombination in the sheath impose the requ
ment of a constant ion flux. In reality, ion density gradua
decreases while ion drift velocity increases, from the plas
sheath boundary towards the rf electrode:25

Ji5eni~x!u1~x!, ~8!

where,ni(x) the ion density andu1(x) the ion drift velocity.
The ion mean free pathl1 of hydrogen ions in 500

mTorr H2 discharges is about 0.2 mm being much sma
than the sheath thickness in any case.26 Thus, the mobility
solution of the Child–Langmuir law27,28 for a collisional
sheath, can be used to calculate the ion flux. The value
the sheath electric fields are expected to be high enoug
the conditions studied here, allowing thus to express the
drift velocity in the sheath using the high-field mobility fa
tor

u15kA E

Pg
, ~9!

where the value ofk(61 m3/2Torr1/2/V1/2s!, obtained by in-
terpolating mobility data.29

By combining Eq. ~9! to Poisson’s equation@dE/dx
5eni(x)/«0#, the expression of ion current density@Eq. ~8!#
is transformed to a relation of the form of Child’s law

Ji5
2

3
k«0F Ē3/22Ē0

3/2

x
G , ~10!

whereĒ is the time averaged value of the sheath field at
position x, and Ē0 is the value of the electric field at th
plasma-sheath boundary~x50!. The use of nonzero value o
the field at the plasma-sheath edge is necessary to elim
the singularity for the ion density in the collisional case30

while the value of Ē0 is determined by the relationĒ0

5Te /lD describing the plasma sheath transition.
According to Eq.~9! for constant ion flux, the distribu

tion of the time-averaged field in the sheath can be written

Ē~x!5A3 S ~Ēd
3/22Ē0

3/2!S x

dD1Ē0
3/2D 2

, ~11!

whered is the mean sheath thickness andEd the field value
at the electrode.

The distribution of the electric field can then be com
bined to Poisson’s equation to calculate the ion density
tribution
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Ni~x!5
2«0~Ēd

3/22Ē0
3/2!

3ed F ~Ēd
3/22Ē0

3/2!S x

dD1Ē0
3/2G21/3

~12!

and the voltage distribution in the sheath

V̄5
3d

5~Ēd
3/22Ē0

3/2!
S ~Ēd

3/22Ē0
3/2!S x

dD1Ē0
3/2D 5/3

2
3dĒ0

5/2

5~Ēd
3/22Ē0

3/2!
. ~13!

Furthermore, the electrons in the sheath are assumed to
Boltzmann equilibrium and have a Maxwellian distributio
Therefore, the electron density distribution is of the form31

n̄e~x!5n̄e~0!expS V̄~x!2V̄~0!

Te
D , ~14!

wheren̄e(0) andV̄(0) is the electron density and the voltag
at plasma-sheath boundary.

The time-averaged values of the electric field and
sheath thickness, required for the solution of the set of E
~9!–~13!, are calculated as follows: The mean values of
powered and grounded sheath lengths are found assum
pure capacitive nature of the two sheaths. The power
grounded sheath reactive impedances can be distinguis
and the sheath lengths can be then calculated using32

dpd5
VpdvA«0

I d
and dgd5

VgdvA«0

f I d
, ~15!

whereI d is the total discharge current andf a factor related to
the fraction of the total current conducted by the ground
electrode33, with respect to the applied voltage for each fr
quency.

The values of the sheath fieldsEd at x5d are calculated
using Eq. ~3!, with the assumption that almost all of th
sheath current is a displacement current

Epd5
I d

v«0A
1Eop and Egd5

f I d

v«0A
1Eog. ~16!

For the values of the field atx50 ~sheath-bulk interface! the
Godyak–Sternberg model30 for the presheath is used andĒ0

is calculated by equalizing the velocity of ions injected fro
the plasma into the sheath with the velocity of ions in t
sheath, in Eq.~9!:

ATeq

Mi
S 11

plD

2l i
D 21/2

5kAE0

P
⇒ Te

lD

5TeS qP

Mik
2

2
p

2l i
D . ~17!

The necessary electron temperature estimation results in
case from equation

Vdc1Vp5
Te

2
lnA Mi

2.3me
1Te lnH I 0F ~12 f !Vel

Te
G J , ~18!

with Vp the plasma potential, andI 0 the zero-order modified
Bessel function of the first kind.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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B. Ion transport in the bulk

In order to relate the time-averaged values of the fi
and the charged particle densities in the sheaths to their
ues in the bulk, ambipolar diffusion dominated ion transp
is considered29

2Da

]2N

]x2
5S~x!, ~19!

whereS(x) is the time averaged ionization rate in space a
Da is the ambipolar diffusion coefficient.S(x) is approxi-
mated using the emission profiles of thea Balmer line of
atomic hydrogen~Fig. 5!. Hydrogen being an electropositiv
gas, electron-ion recombination can be neglected, and du
the low ion densities, the same is true for ion–ion recom
nation.

The ambipolar diffusion coefficientDa , is determined
by the electron temperature and the ion mobility

Da5m1

kTe

e
. ~20!

Since, the values of the electric field in the bulk are expec
to be rather weak, a low field mobility34 of m1Pg50.92
(m2 V21 s21! Torr is used instead of the high field mobilityk
used to describe ion drift motion in the sheaths.

Thus, the ambipolar diffusion Eq.~22! is solved fordps

<x<dgs, with the boundary conditions

DaU]ni

]x U
X5dps

5
Jip

e
and DaU]ni

]x U
X5dgs

5
Jig

e

ni ux5dps
5Nps and ni ux5dgs

5Ngs,

wheredpd, dgd are the mean powered and grounded she
lengths,Jip , Jig the ion conduction current densities, an
Npd, Ngd the charge densities at bulk-powered and groun
sheath boundaries, respectively.

Furthermore, the distribution of the ambipolar elect
field Eab is calculated using the equation24

Eab52Te

1

ni

dni

dx
. ~21!

The results of the earlier calculations at different excitat
frequencies and conditions of constant power dissipation
summarized in Table I.

C. Power dissipation

The calculation of the ion flux density in both sheat
permits the estimation of the power consumed for
acceleration22

Pi5VsI i . ~22!

The power consumed for electron heating can then be dis
guished as the difference between the total power consu
in the discharge and the power consumed for ion accelera

Pe5PTOT2~Pips1Pigs!. ~23!
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In order to relate the different paths of power dissipati
with the ohmic part of the discharge impedance, an in se
equivalent circuit is assumed for the discharge.17,22

The resistance related with ion acceleration in the po
ered and grounded sheath is calculated using the formul22

Rips5
2VpsI ips

I d
2

and Rigs5
2VpsI ips

~ f I d!2
. ~24!

The resistive componentRn related with electron-molecule
collisions is then calculated using the expression

Rv5R2~Rips1Rigs!, ~25!

whereR the total resistive component as calculated from E
~5!, is strictly related to the frequency at which the electro
relax their momentum22

ṽm5
RvAe2nav

dbme
, ~26!

wherenav ~Table I!, is the average plasma density anddb the
bulk length.

The results concerning power dissipation at different f
quencies are summarized in Table II.

D. Electron heating and mean electron energy

The power consumed for electron heatingPe that has
been calculated earlier represents the total power transfe
to electrons. However, significant variations are expected
the spatial distribution of electron heating. In order to follo
the changes in the spatial variation of electron heating,
time-averaged power transferred per electronu can be used.
This parameter can be expressed as a function of the
averaged electric field and the electron-molecule collis
frequency

u~x!5
e2

me

ṽm

ṽm
2 1v2

Eb
2~x!

2
. ~27!

The changes in electron heating will be reflected in the va
of the mean electron energy, resulting from the balance
tween the energy gained from the field and the energy
per collision:

d«̄

dt
5eueEeff2k̄ ṽm«̄, ~28!

where the value of the effective~ohmic! part of the rf bulk
electric field has been used

TABLE II. The power consumed for electron heatingPe , the power con-
sumed for ion acceleration at the powered and the grounded sheathPip , Pig

and the mean collision frequency for momentum transfernm , as calculated
from the model of power dissipation in the discharge.

Frequency
~MHz!

Pe

~W!
Pip

~W!
Pig

~W!
vm

(109 Hz!

13.56 4.38 0.17 0.032 6.32
30 4.50 0.07 0.024 3.84
35 4.53 0.06 0.018 2.97
50 4.62 0.03 0.010 1.86
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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Eeff5
Eb

A2

ṽm

Aṽm
2 1v2

, ~29!

ue is the electron drift velocity andk̄ is the mean energy los
factor. In fact,k̄ is a function of electron energy and in ou
case where mean electron energy is around 2 eV, the valu
k̄ is assumed to be 0.05.29

Assuming a sinusoidal rf field and substituting electr
drift velocity as35

ue5
eEeff

me
Aṽm

2 1v2
sin~vt2w!, ~30!

where f5tan21(v/vm! is the angle by which the electro
drift motion lags the field Eq.~28! results in a differential
equation of the form

d«̄

dt
5

e2Eeff
2

me
Aṽm

2 1v2
sinvtsin~vt2f!2 ṽe«̄ ~31!

that has the solution

«̄5
e2Eeff

2

2ṽeme
Aṽm

2 1v2

3F cos~2f!2
cos~2vt2f!1~2v/ ṽe!sin~2vt2f!

11~2v/ ṽe!
2 G ,

~32!

whereve is the mean collision frequency for energy transf
resulting from the product ofk̄ times vm . The term

eEeff
2 /( ṽemeAṽm

2 1v2)5«dc can be attributed to the mea
electron energy that would be observed in a dc electric fi
of strengthEeff .

The calculated values of the mean electron energy
the power transferred per electron, at different frequenc
and conditions of constant power dissipation, are sum
rized in Table III.

V. DISCUSSION

The increase of the excitation frequency, under cons
power conditions, has a primary influence on the ion mot
in the discharge leading to a continuous decrease of the

TABLE III. The power transferred per electronu, mean collision frequency
for energy transferve , electron oscillatory drift velocityue , and mean
electron energy«, as calculated in Sec. IV D. The drift velocities of ion
uip1 , uig1 at the powered and grounded plasma-sheath boundaries are
included.

Frequency u uip1 uig1 ue ve «
~MHz! 10213 W 106 ~cm/s! 106 ~cm/s! 107 ~cm/s! (107 Hz! ~eV!

13.56 29.8 1.43 0.91 2.72 12.6 3.3
30 6.48 1.21 0.81 2.62 7.7 2.7
35 3.71 1.12 0.81 2.38 5.9 2.4
50 2.3 0.92 0.68 2.01 3.7 1.8
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ambipolar velocity in the bulk and the drift velocity in th
sheaths. This is followed by a reduction of the charge l
rates, at both electrodes, as shown in Fig. 6, that is m
significant for the powered electrode. This decrease of
charge loss rate imposes an analogous behavior for the
ization rate~Fig. 5!.

The decrease of the ion drift-diffusion velocity is fo
lowed by a gradual enhancement of electron trapping in
bulk, since electron motion in the glow is also mostly co
trolled by diffusion. This is shown in Fig. 7, presenting th
spatial variation of the electron density, as calculated fr
the analysis of ion transport in the sheaths and in the b
As frequency increases, the electron density increases a
ery point of the interelectrode space while the maximum
the distribution is shifted towards the rf electrode. This
sults in a change of the discharge structure and a be
plasma confinement, the discharge having less contact
the reactor walls. In addition, the sheaths become thinne
calculated using electrical measurements~Table I! or seen in
the emission profiles~Fig. 5!.

lso

FIG. 6. Charge loss rates at both powered and grounded electrodes c
lated from the ion conduction current, as a function of the driving frequen

FIG. 7. Spatial distribution of electron density at four different frequenci
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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The decrease of the ion flux combined with the drop
the applied voltage with increasing frequency will also le
to a modification of the power deposition mechanisms. Th
the fraction of power consumed for ion acceleration in b
sheaths, as calculated using Eq.~22! ~Table II, Pip , Pig! is
reduced as frequency increases, due to the smaller vo
drop across the sheaths and the decrease of the ion flu
all cases, this fraction is a small part of the total discha
power exceeding 6% only at 13.56 MHz.

Therefore, at these conditions almost all the power
used for electron acceleration~Table II, Pe!. However,
changes in the way electrons gain and lose energy are
pected, at different frequencies. At the present experime
conditions, the discharge operates in thea regime, where
interactions of the electrons with the high field oscillati
sheaths and bulk ohmic heating are the primary mechanis
In both cases, electrons gain energy from the high freque
electric field. Therefore, it is useful to review the spat
variation of the time-averaged electric field, as presente
Fig. 8. At higher frequencies, the electric field distribution
the bulk becomes more uniform, and takes lower values
ther in the sheaths or in the bulk. At all frequencies,
electric field is much higher in the sheaths and thus elec
acceleration is expected to take place near the plasma-sh
boundary where the electric field and the electron den
have sufficiently high values. Thus, as observed in Fig
electron heating mostly occurs in the plasma-sheath regi
it is slightly increasing with frequency, and is always high
for the powered sheath compared to the grounded one
13.56 MHz due to the rather large sheath lengths, powe
and grounded sheaths appear to be very close, making
distinction between sheath and bulk heating meaningl
since all electrons have the chance to interact with
sheaths at some point of the rf cycle.

On the other hand, the slight increase of total elect
heating with frequency, does not lead to an enhancemen
the dissociative excitation~Fig. 5! and ionization rates o
hydrogen. This can be understood, if one takes into acco
the significantly different effect of frequency on the electr
density and the total power transferred to electronsPe . The

FIG. 8. Spatial variation of the time-averaged electric field.
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average electron density has been found to increases sig
cantly, scaling asnav}v1.7 ~Table I, Fig. 7!, while the de-
pendence ofPe on frequency appears to be almost line
scaling asPe}v ~Table II!. This is consequently followed
by a decrease of the power acquired per electronu the spatial
distribution of which is presented in Fig. 10. As in the ca
of the total electron heating, the value ofu is higher near the
plasma-sheath boundaries, taking very low values in the b
at all frequencies. Under steady-state conditions,u reflects
the balance between the rate electrons gain energy from
electric field, and the rate this energy is lost by elastic
inelastic collisions.6 The relation ofu with electron energy
losses can be expressed as

u5S 2m

M D ^vel~u!eu&1(
j

v j
in~u!eVj , ~33!

where the first right-hand term represents losses in ela
collisions, while the second term losses in total inelastic c
lisions. In high-energy processes like excitation and ioni

FIG. 9. Total electron heating as a function of the position in the intere
trode space at four different frequencies.

FIG. 10. Time-averaged power per electron as a function of the intere
trode space.
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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tion, large amounts of energy are lost per collision and t
such collisions will tend to give a rise inu. Therefore, the
observed drop of the excitation rate with increasing f
quency~Fig. 5! and the analogous predicted drop of the io
ization rate, are in agreement with the drop ofu. Thus, con-
sidering that the increase of the total electron power~Table
II, Pe! does not lead to an enhancement of high-energy p
cesses, the increase of frequency is expected to favor lo
threshold processes~hydrogen vibrational excitation and dis
sociation!.

The earlier interpretation of the effect of frequency
high-energy processes, based on the electron energy bal
appears to be in a good agreement with the theoretical
dictions resulting from the solution of the time-depende
Boltzmann equation.14,15 In these studies, comparison of h
drogen discharges for the same applied field, in the rang
frequency~p3107,v,p3108! used in the present cas
have shown a decrease of the mean power input per elec
with increasing frequency. Power losses in excitation, dis
ciation and ionization of hydrogen have been found to
crease while losses to vibrational excitation and elastic
lisions were increasing with frequency. In addition, t
oscillation up to 40 MHz, of the electron energy distributio
function ~EEDF! with the high frequency field that has bee
reported in Refs. 14 and 15 appears also to be effective in
present case. The modulation of EEDF with the time-var
field is reflected on the temporal evolution of the mean el
tron energy that has been predicted using Eq.~32!. The de-
crease of momentumvm ~Table II! and energyve ~Table III!
transfer collision frequencies combined to the increase
frequency, leads to a modification of the electron energy
cillation during the rf cycle that is presented in Fig. 11. A
observed, the mean electron energy drops with freque
being in agreement with the earlier-mentioned decreas
the power transferred per electronu. At 13.56 MHz, ^«& is
fully modulated during the rf cycle taking values in the ran
from 0 to 5.5 eV, while the increase of frequency is acco
panied by a continuous decrease of the mean electron en
oscillation that at 50 MHz has an almost dc behavior.

The drop of excitation and ionization rate with frequen

FIG. 11. Modulation of the spatially averaged mean electron energy^«&
during the rf cycle, at four different frequencies.
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that has been experimentally observed, can be very well
plained by the electron energy balance and is in agreem
with theoretical predictions. However, in all previous stud
concerning the issue7–10,13 an enhancement of dissociatio
and dissociative excitation rates with frequency has been
served. This discrepancy can be the result of the rather
ferent pressure, gas, and power levels used, while the a
racy of the method used for the measurement of power
also play an important role. In the present work, the drop
the hydrogen dissociative excitation and the ionization rat
dictated by the higher increase of the electron density co
pared to the increase of the total power gained by electr
with frequency. Both electron density and power per elect
will be affected in a different manner by changing one of t
earlier mentioned discharge parameters. Further work
volving different gases and pressures is in progress in o
to study the effect of frequency on various energy gas-ph
processes.

VI. CONCLUSIONS

Hydrogen discharges operating at different rf freque
cies and in conditions of constant power dissipation ha
been investigated using electrical and optical diagnost
and a theoretical discharge model.

A constant power consumption level in the dischar
with increasing frequency is obtained by decreasing the
eration voltage. This is followed by an increase of the d
charge current and a decrease of the discharge impeda
These changes indicate variations in electron density and
ergy that are reflected in the outcome of electron-molec
collision processes.

The drop of the operation voltage is followed by a dr
of the charge loss rates due to the lower ambipolar ion
locity in the bulk plasma and the lower ion drift velocity i
the sheaths. The decrease of the ion loss rate enhances
tron trapping in the bulk, resulting in a higher electron de
sity and a lower bulk field. Therefore, the increase of t
discharge current with frequency will be the result of t
significant increase of electron density and a simultane
decrease of the electron drift velocity. Furthermore, the
crease of plasma density with frequency is followed by
drop of the discharge reactance due to the decrease o
sheath lengths, and a drop of discharge resistance due t
higher plasma conductivity.

The power consumed for ion acceleration has be
found to decrease with frequency, being always a small fr
tion of the total power dissipated in the discharge, over
entire range of frequencies studied. Almost all of the pow
is consumed for electron acceleration, and this amoun
slightly increasing with frequency. The relative increase
the electron density and the total power transferred for e
tron heating results in a decrease of the average power tr
ferred per electron and consequently in a drop of the m
electron energy. Modulation of the mean electron ene
during the rf cycle almost stops as frequency increases a
transition from a time dependent to a time independ
o AIP copyright, see http://ojps.aip.org/japo/japcpyrts.html
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EEDF has been predicted to occur in the frequency ra
studied here, as the ratio ofv/ve crosses unity at 30 MHz.

Finally, under these conditions, hydrogen dissociat
excitation and ionization rates have been found to decre
with frequency, revealing that the balance between the t
electron energy gained from the field and lost in collisio
with molecules is ensured at higher frequencies by an
hancement of the lower energy threshold processes.
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